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Drill string vibrations and shocks (V&S) can limit the optimization of drilling performance, which is a key problem for trajectory
optimizing, wellbore design, increasing drill tools life, rate of penetration, and intelligent drilling. The directional wells and
other special trajectory drilling technologies are often used in deep water, deep well, hard rock, and brittle shale formations.
In drilling these complex wells, the cost caused by V&S increases. According to past theories, indoor experiments, and field
studies, the relations among ten kinds of V&S, which contain basic forms, response frequency, and amplitude, are summarized and
discussed. Two evaluation methods are compared systematically, such as theoretical and measurement methods. Typical vibration
measurement tools are investigated and discussed. The control technologies for drill string V&S are divided into passive control,
active control, and semiactive control. Key methods for and critical equipment of three control types are compared. Based on
the past development, a controlling program of drill string V&S is devised. Application technologies of the drill string V&S are
discussed, such as improving the rate of penetration, controlling borehole trajectory, finding source of seismic while drilling, and
reducing the friction of drill string. Related discussions and recommendations for evaluating, controlling, and applying the drill

string V&S are made.

1. Introduction

With increasing demand for oil and gas, conventional oil and
gas production is declining. The trend of the global oil and
gas exploration is from conventional to unconventional oil
and gas resources [1], from deep well to ultra-deep well, from
the deep water to ultra-deep water [2-4]. In order to achieve
industrial production capacity of unconventional oil and gas,
directional well, horizontal well, and rotary steering system
(RSS) must be used in the drilling process [5]. Vibrations are
unavoidable since drilling is the destructive process of cutting
rock either by chipping or by crushing. Different drill string
vibrations and shocks (V&S) occur in complex drilling envi-
ronments [6-16], especially the poor drillability formation
with extreme drill bit V&S, deep well and ultra-deep well with
the long drill string, the deep water to ultra-deep water with

vortex-induced vibration (VIV) of slender marine structures,
coal and shale formation with borehole instability, irregular
borehole diameter, and well trajectory increasing the level
of drill string V&S. Drill string V&S cause serious failures
of drilling tools and while-drilling-monitoring equipment
such as drill pipe, drill collar [17, 18], logging while drilling
(LWD), measuring while drilling (MWD) [19], pressure and
temperature while drilling (PTWD), engineering parameters
while drilling (EPWD), pressure while drilling (PWD) [20-
22], and drill bits [23]. Typical drilling tools failure due to the
different drill string V&S are presented in Figure 1. According
to statistics [18-23], nonproductive time (NPT) caused by the
drill string V&S account for 25% of total NPT every year,
which seriously restrict the development of automatic drilling
and the rate of penetration (ROP) as shown in Figure 2.
On the other hand, the application of drill string V&S can
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FIGURE 1: Typical drilling tools failure due to the different drill string V&S.
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FIGURE 2: The relationship of drilling parameters, ROP, and input
energy.

bring immeasurable economic benefits for the oil industry.
Consequently, the research and investigation of drill string
V&S are an important and interesting problem.

Over the past 70 years [6], an increasing number of
researchers have put effort in the investigation of the drill
string V&S to understand its root causes, modelling, evalu-
ation, control, and applications. Several review articles about
the theories and experiences of drill string V&S have been
published. The causes of severe drill string vibrations and
guidelines of passive control were explained by Dareing
[24]. The paper only focused on the bottomhole assembly
(BHA) natural frequency to control drill string vibration.
An overview on vortex-induced vibration (VIV) of slender
marine structures was provided by Pan et al. [25]. The
research and progress of concerning deep water riser VIV
were overviewed and discussed, including evaluation of VIV

analysis tools, experiments, appropriate fatigue calculation
criteria, and coupling effects induced by axial and inline VIV.
The computational fluid dynamics (CFD) need to be given
more attention in the future work [25]. The comparative
review of drill string torsional vibrations was focused by
Patil and Teodoriu [26]. In this paper, the modelling and
controlling torsional vibrations and experimentation using
laboratory setups were reviewed. Based on the complexity of
drilling phenomenon, using of the laboratory experiments
to study the drill string torsional vibrations has been the
best method. Another survey of approaches for stick-slip
vibration suppression has been presented by Zhu et al. [27].
The passive vibration control and active vibration control
were reviewed. A broad survey of drill string vibration
modeling literature was presented by Ghasemloonia et al.
[28]. In this survey, the models for torsional, axial, and
lateral vibrations (uncoupled and coupled), boundary con-
dition assumptions, and application to vibration mitiga-
tion were reviewed. Another broad study of seismic while
drilling (SWD) technology has been presented by Poletto
and Miranda [29, 30]. The general theory, data acquisition,
date preprocessing, data processing, and applications of SWD
were overviewed which can provide essential guideline for
the researchers. However, there are very few overview article
about the comprehensive evaluation, control, and application
technologies for the drill string V&S.

From the above analysis, a broad overview of evaluation
technologies, control methods, and applications of almost
all drill string V&S types in the field of oil and gas wells
can help the engineers and researchers to develop more
advanced technologies which can be applied to control and
take advantage of the drill string V&S. The structure of the
paper is as follows. The first part mainly compares the forms
and evaluation technologies of drill string V&S; the second
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part pays attention to the passive control, active control, and
semiactive control of string V&S. The third part summarized
the applications of drill string V&S. The key problem of
applications of drill string V&S is discussed.

2. Vibrations Forms and Evaluation Methods

The investigation of drill string V&S can be traced back to
the 1960s [69, 70]; the researchers focused on the dynamic
behaviors of drill string bottom hole assembly (BHA). In the
1990s [71, 72], experts began to study the V&S characteristics
of whole drill string system. These results pay attention to the
impact of bit-formation interaction on the drill string V&S
[39]. Based on systematic research results, related discussions
and recommendations of key problems are proposed and
discussed such as basic concepts, the classification and
comparison of drill string V&S forms, and the development
and important indicators of vibration measuring instrument.

2.1. Vibrations and Shocks Forms. As a whole drilling system,
slenderness ratio of the drill string is large, and the stiffness
is very small, which is prone to deformation as shown
in Figure 3. Drill string V&S is divided into three basic
forms such as axial (longitudinal) mode, torsional (rota-
tional) mode, transverse (lateral) mode [24-28]. When the
drill string moves along its axis of rotation, this is called
axial vibration/shock. Torsional vibrations are caused due
to an irregular rotation of the drill string when rotated
from the surface at constant speed. When the drill string
moves laterally to its axis of rotation it is called lateral V&S.
Due to many factors, very complex drill string V&S are
produced during actual drilling. According to past theories,
indoor experiments, and field studies, the relationship of ten
kinds of V&S is listed, which contains basic forms, modes,
frequencies, amplitudes response, and tool damage as shown
in Table 1.

Based on the research in Table 1, some important results
and concepts were summarized and illustrated. Maximum
frequency and amplitude of drill string V&S are 350 Hz
and 200 g, respectively. Stick-slip [17, 27], whirl [10, 18, 33,
34], VIV [25], lateral shock [39, 40], bit-chatter, and bit
bounce [31, 32, 73] are the key research objects as shown in
Figure 4. The stick-slip causing the drill string to periodically
be torqued up and then spin free is a phenomenon of
nonuniform drill string rotation. The whirl is the eccentric
rotation of the BHA & bits and is associated with the BHA
rolling around the wellbore. Drill string lateral shock not only
causes harm to drill string itself but also can cause whirl
and serious damage to the wellbore quality [74]. VIV can be
produced by the riser-water interaction during deep water
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drilling process [25] and is a kind of special lateral vibration,
which has a great damage to the deep water drilling riser. Bit-
chatter is the high-frequency resonance of BHA and bits. Bit
bounce is the axis impact motion of drill string. The typical
environment of drill string V&S forms is also different and
very complex. The drilling environment where longitudinal
vibrations develop frequently is hard rock, vertical well,
cone bits (one-cone bits, two-cone bits, and tricone bits),
and hybrid bits [19, 24]. The drilling environment where
torsional vibrations develop easily is hard formations or salt,
directional or deep wells, polycrystalline diamond compact
(PDC) bits with high WOB, drag bits, and hybrid bits
[17]. The drilling environment where transverse vibrations
develop typically is softer or interbedded formations with
different lithology, vertical, or horizontal wells [17, 19, 40].
The borehole instability occurs easily in the interbedded
formations and causes the borehole size enlarging. The lateral
drill string V&S can be induced from either bit whirl or drill
string flexes during bit bounce.

From above review, there is a very complex coupling
relationship of the drill string V&S. The relationship has not
been clarified so far. Many years of research for drill string
V&S guide us to find new method to study the key problem.
Simplistic research methods and models are difficult to solve
the complex dynamic engineering problems of drill string.
At present, rapidly developing computer technology has
penetrated into all social sectors which can solve complex
coupling issues. In order to clarify the rules of dynamic
drill string, the researchers should fully utilize modern
computing methods and try to establish a model close to
the real drilling environment. According to field measured
data correct theory model, the macro- and micromethods
should be combined; complex V&S problems of drill string
may have a clear understanding. Macromethods mainly focus
on the structures dynamics and multibody dynamics. The
micromethods should pay more attention to the response
mechanism of V&S signals of bits breaking rock at the micro-
and mesoscales, because the V&S signals contain complex
motion characteristics of drill string and bits.

2.2. Evaluation Technology. Before controlling the drill string
V&S, the relationship between vibration forms, vibration
level, and downhole tools failure must be clarified, so the
evaluation technologies to solve the problem of drill string
dynamic failure need to be studied. Downhole drilling tools
failure occurs in two typical modes [49]. On the one hand,
when the vibration frequency is close to the natural frequency
of drill string, the drill string resonance occurs, and the peak
response value approximates or exceeds the limit strength of
drilling tools breakage failure. On the other hand, the drilling
tools show fatigue damage in an environment with long-term
or repeated vibrations or impacts. Fatigue is the main reason
for drill string failure [75]; more than 75% of the fracture
failure belongs to fatigue fracture [76]. According to statistic
data [75, 76], gas drilling accounts for 50% and fluid drilling
accounts for 16% in all the drilling tools failure.

Evaluation technologies were established by long-term
theoretical research and application of measurement tech-
nologies. There are two kinds of evaluation methods for drill

string V&S. One kind is to establish the failure model and
predict the life of the drill string based on fracture mechanics
and damage mechanics. The failure of drill string joints and
load calculation methods under various working conditions
was studied by Bailey and Smith [77]. It is remarked that
material fatigue strength decreases with the increase of
static stress, but the model did consider the dynamic stress.
Permanent scratches on the drill pipe surface were analyzed
by Hossain et al. [78]. It is noted that permanent scratches
lead to stress concentration and fatigue damage of the drill
pipe. A comparative design approach to reduce the drill string
fatigue was established by Hill et al. [79]. This design method
is to quantitatively express the relative fatigue performance
based on the crack extension model. A fatigue life model was
proposed by Wu [80]. This model considers the calculating
bending stress and fatigue of the dangerous drill string parts.
The bending stress is directly related to the lateral drill string
V&C. The force and deformation of drill string using finite
element method (FEM) were investigated by Millheim and
Apostal [71]. 2D and 3D model of drill string V&C were
developed. According to different rotating speed, the drill
string rotational energy levels can be divided into low energy
stable, moderate energy unstable, high energy unstable, and
high energy stable. This study is a typical achievement of
drill string V&C. A dynamic failure model of drill string was
proposed by Chi et al. [43]. This model considers the effect
of torsional vibration and axial vibration at the same time. A
cumulative failure method of drill string V&C was suggested
by Baryshnikov et al. [75]. This method based on full-scale
drill string fatigue test results considers the fatigue damage
and crack propagation. However, this method is difficult to
calculate the drill string fatigue behavior under the downhole
coupling V&S conditions. A working life calculation method
of drill string V&C considering the temperature for MWD
was developed by Wassell [81]. The method is used to
establish vibration limitation and determine accumulative
vibration damage. A drill string failure model using the
fault tree analysis method was established by Zang et al.
[82]. This model considers many factors such as corrosion
load, material strength, manual operation, and tool quality,
but it did not quantify the effect of vibration. The above is
theoretical research about the evaluation of drill string V&C.
In the process of practical application, these models and
methods provide important support for the failure prevention
of drill string. However, because of the complexity of drill
string V&G, the predicted results had a large deviation from
actual results on account of the above evaluation methods of
drill string.

Therefore, the practical measuring method is another
effective evaluation method of drill string. In order to obtain
dynamic failure model range and experience model, the
measured V&S data and the observed failure are combined.
Hence, the vibration measurement tools are the key technol-
ogy and determine the accuracy and stability of evaluation
approach. The development of dynamic parameter measure-
ment technology can be divided into four stages as shown
in Table 2. In the first stage [61], downhole measure and
storage is an obvious characteristic, and the main purpose is
to record bit data under different drilling conditions, which
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FIGURE 5: Typical and latest vibration measurement tools.

is provided for bit design. In the second stage [61-63, 65],
data real-time transmission became a reality. It can be divided
into wired transmission and wireless transmission. Wired
transmission (cable transmission) rate is high, but it cannot
be applied to rotary drilling, and field operations are cumber-
some. Wireless transmission (mud pulse transmission) rata is
lower than wired transmission, but the operation of wireless
transmission is easy. In the third stage [8-10], monitoring
downhole drill string V&S is research priority, and reducing
drill string resonance is a main purpose. Sensor installation
site has drill collar and bit. In the latest stage [11-15, 50—
52], the measuring instrument of dynamic drilling parameter
(MIDDP) is combined with the rotary steerable system (RSS)
and no drilling surprises (NDS) to solve practical problems.
MIDDP has been successfully developed to improve the
ability to control the drilling process and reduce drilling risks.

There are several typical vibration measurement tools. A
detailed view section of these tools is depicted in Figure 5 and

they are the latest vibration measurement tools in the field
of drilling engineering of oil industry. The extreme working
conditions are as follows. The maximum work pressure of
these measurement tools is 206.8 MPa and the maximum
work temperature is —40°C~180°C. Measurement parameters
contain weight on bit (WOB), torque on bit (TOB), bending
stress, revolutions per minute (RPM), acceleration, annulus
pressure, mud pressure, the drill bit pressure drop, and
temperature. The measuring system consists of four parts,
downhole sensors (speed sensors and acceleration sensor),
data acquisition, underground storage, interpretation, and
the ground data processing system. MIDDP can be installed
on the wellhead [10, 61], drill collar [62], and bit [65], or
multiple sensors can be installed at the same time [12]. In-
bit dynamic sensor (Figure 5(b)), BlackBox Eclipse downhole
measurement tool (Figure 5(d)), and BlackBox HD downhole
dynamics recorder (Figure 5(e)) are installed on the bits
which can obtain the accurate vibration of bits. DDS sensor
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FIGURE 6: HTHP classification system.
TABLE 3: Lateral vibration level classification.
Levels Axial acceleration Lateral acceleration Limit time
RMS (g) RMS (g)
Low <1 <1 No
Medium 1~2 1~3 24 hours, suggest reducing vibration
High 2~4 3~6 12 hours, must reduce vibration
Severe >4 >6 30 minutes, immediately reduce vibration
TABLE 4: Torsional vibration level classification.
Level Stick-slip (/r/min) State Limit time
Low 0~40 No
Medium 40~60 Torsional vibration No
Medium 60~80 Suggest reducing vibration
High 80~100 Stick-slip Completely, must reduce vibration
Severe >100 Stick-slip 30 minutes, immediately reduce vibration

(Figure 5(a)), annular pressure while drilling measurements
(Figure 5(c)), BlackBox enhanced measurement system tool
(Figure 5(g)), engineering parameters while drilling tool
(Figure 5(h)), and vibration memory module (Figure 5(i)) are
installed on the BHA. Data acquisition method contains real-
time transmission [7, 8, 13] and downhole storage method
[62]. Maximum storage frequency is 650 Hz [62] and maxi-
mum sampling frequency is 2080 Hz [11]. But the time delay
problem is serious in real-time transmission. Although the
real-time transmission can dynamically monitor the down-
hole conditions, the downhole storage method is a better way
to analyze the high-frequency signals characteristics of drill
string V&C.

However, one of the key problems of measurement tools
is the adaptability to the ultra-deep wells and extremely
cold area; the working temperature is the key factor. The
performance of these measurement tools, in comparison with
the HPHT classification system [87], can adapt to the ultra-
high pressure environment, but only to high temperature

environment as shown in Figure 6, which limits the measure-
ment of drilling engineering parameters in ultra-high tem-
perature and extreme HTHP formation. So the “drilling blind
spot” of ultra- and extreme-HTHP formation has not been
recognized without the true and real-time downhole drilling
parameters. The research and development of MIDDP adapt
to the HTHP environments which is one of the future key
problems for the drill string vibration evaluation.

Another key problem of practical measuring method is
the date processing of dynamic signals and establishing of
evaluation criterion. Several new methods and suggestions
are investigated and discussed. According to the root mean
square (RMS) and the experience threshold of measured
acceleration value, evaluation criteria for drill string V&S was
developed by Halliburton [7], Baker Hughes [8], APS [12],
NOV, and Schlumberger [14, 15] as shown in Tables 3 and
4. The applicable scope of practical measuring method to
evaluate the drill string V&S levels is limited by the method
accuracy, because of the fact that different oil fields have
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different stratigraphic characteristics. The practical measur-
ing method must be based on lots of measures and analyses
for the target oil field. A power spectrum density processor
(PSDP) is located near the drill bit while drilling [88]. The
PSD of the vibrations generated by the bit while drilling
was computed by PSDP. The PSD date is telemetered to the
surface, which is used to enhance drill bit seismic techniques,
as shown in Table 5.

Recently, there is no unified evaluation standard for
drill string to be used in oil industry. Lack of systematic
research of evaluation methods for drill string V&S is the
key problem [7-15, 50-52, 61-66, 88]. However, there are
many kinds of evaluation methods about seismic level [83].
In order to establish a unified evaluation method, we can
learn some knowledge from the area of seismic research. The
approach used for quantification of vibration-related risks
was based on the indices used in geotechnical earthquake
engineering to describe the destructive potential of seismic
movements [83-86, 89-94]. Vibration intensity was used to
objectively determine the intensity of shaking by measuring
the acceleration of transient seismic waves as the time integral
of the square of the ground acceleration. An estimation
of the average intensity of vibrations along the run was
provided by power index [86]. Acceleration root square
is determined by obtaining the root square value of the
plain integral of the squared acceleration [93]. Characteristic
intensity was defined as a parameter related linearly to an
index of structural damage due to maximum deformations
and energy dissipation [84]. Real-time quantification of drill
string failure risk is shown in Table 6.

Vims is the root mean square, T), is the signal’s period,
V(t) is the time dependent signal, g is the acceleration due
to gravity, a is the acceleration as a function of time, I,
is the Arias intensity, and T}, refers to total time of the bit

run.

3. Control Technology

With increasing well depth and wide application of special
trajectory technology [4, 6], the drill string V&S can cause
a great economic loss. A variety of control measures have
been developed. According to the control theory and control
engineering knowledge, the control method of drill string
V&S can be divided into passive control, active control,
and semiactive control. Comprehensive induction and clas-
sification are discussed such as the typical structure of
key equipment, principles and core control methods, and
representative results. Comparative analysis and discussion of
the key methods, the corresponding key control equipment
and application ranges are carried out. Control program
is formulated based on the previous research results; the
future research direction of control of the drill string V&S is
discussed.

3.1 Passive Control. Passive control of drill string V&S is that
the control system did not need any external power but the
energy of existing system. Early control technologies belong
to passive control.

3.1.1. Preventing Drill String Resonance. Preventing reso-
nance is the first and the most common methods of drill
string passive control [24]. The main contents include estab-
lishing a mathematical model, solving the inherent frequency,
and conducting modal and harmonic analysis. This method
focused on the optimizing drilling parameters and changing
the BHA structure in order to avoid the resonance frequency
of drill string.

Lots of researchers have focused on the solution of natural
frequency and optimizing drilling parameters of drill string.
The trial and error method to solve approximate natural
frequency of drill string was studied by Finnie and Bailey
[69]. The frequencies of torsional and longitudinal vibrations
were observed, but the effect of damping was not considered
in the method. The differential equation of torsional vibration
was established by Aarrestad et al. [44]. The differential
equation assumed that rotary table was fixed, bit was free,
and the torsional vibration frequency had nothing to do with
RPM, WOB, and damping. The effect of BHA length on the
drill string vibration was focused by Huang and Dareing [95].
It is noted that the method in this paper can determine the
natural frequency of the lateral vibrations of long vertical pipe
subjected to end thrust loads. However, this method cannot
be used to the horizontal well. Therefore, the transversal
vibration of drill string contacting with the borehole wall
in horizontal well was studied by Heisig and Neubert [41].
The analytical solution for the threshold rotary speed has
been derived and is verified using the finite element model.
It is remarked that a drill string in a horizontal borehole can
vibrate in a snaking or in a whirling mode. A rigid model
of drill string was proposed by Menand et al. [96]. Where
the helical buckling critical load of rotating drill string was
about 50% of nonrotating drill string. The lateral vibration
equation and the buckling critical equation of drill string
were derived by Wang [42]. The equation takes into account
the effect of flow inside drill string, but the equation cannot
be verified in the field of drilling engineering. A natural
frequency calculating model of drill string vibration was
developed by Qu et al. [97], where the effects of fluid flow
and temperature were considered. It is noted that the increase
of fluid flow rate in the wellbore can induce the instability of
the lateral vibration of dill string. The BHA backward whirl
using the rotor dynamic theory was analyzed by Yucai and
Zhichuan [34]. The theory model was verified by the indoor
model test. Optimizing drilling parameters of dynamic is also
a good way to prevent drill string resonance. The relationship
of WOB, RPM, and vibration for PDC bits was summarized
by Wu et al. [59] as shown in Figure 7. The optimum zone is
defined as a closed domain in the space of WOB and RPM.
The drilling parameters in the optimum zone theoretically
guarantee stability. The scope of the optimum zone depends
on the bit and the rock to be drilled. Real-time optimization
of drilling parameters by combining the monitoring vibration
data was carried out. The stability map of high-frequency
torsional vibration in the field was summarized [98, 99] as
shown in Figure 8, which provided a basis for controlling
the drill string V&S. The low and high amplitude vibrations
distinctly fall into zones, which indicate that high-frequency
torsional vibration occurs at higher WOB and low RPM.
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TABLE 6: Real-time quantification of drill string failure risk.

Name of equation Equation Units

1 (%
Root mean square [83-85] Vs = \jF J V(t)dt g
Vibrations intensity [86] I, =
Acceleration root square [83]

RMS acceleration [83]

1 (T
Power index [86] P= = a(t)’dt g’/h
a Jo
Characteristic intensity [84] Ic=al2ty g"*h*?
Peak acceleration [83] 4 = Gpear g

Buckling due to
excessive WOB

WOB

Optimum zone

Forward whirl

RPM

F1GURE 7: The relationship of WOB, RPM, and vibration for PDC
bits.

The right “drilling dessert (optimum zone)” within a cer-
tain range can be found by optimization drilling parameters;
optimization drilling parameters only solved the vibration
sources frequency and nature frequency of drill string.
However, the drilling efficiency could be reduced by excessive
adjustment of drilling parameters. Calculating the drill string
natural frequency and vibration mode using the mathemati-
cal model was a usual and simplified method, but it is difficult
to get accurate inherent features; the drill string V&S could
not be completely eliminated. Optimizing BHA to change the
natural frequency of the drill string is another well approach
to suppress the drill string V&C.

Commonly used method of optimizing BHA is adjusting
the quantity and site of stabilizer or reamer. Shear stress along
the BHA and the bit had greater volatility which was found
by Bailey et al. [35, 57, 100, 101]. It is remarked that there
were torque mutations in the stabilizer, and the stabilizer
was a main cause for the BHA backward whirl and stick-
slip vibration. There are two new improvements on new BHA
structure as shown in Figure 9. The near-bit stabilizer of
drilling tools was removed; roller reamer was moved to the
heavy wall drill pipe (HWDP). According to the statistical

1

analysis of RasGas and ExxonMobil [57, 101], the transverse
vibration and stick-slip of the drill string can be controlled by
new BHA. The average ROP and total footage were increased
by 36% and 36%, respectively. New BHA was conductive to
the ultra-deep well and gas drilling. The method can be used
to the PDC bits and roller bits and hybrid bits.

3.1.2. Changing Energy Distribution of Drill String. Energy
distribution was changed from the boundary condition of
drill string system. Bit mainly changed the magnitude and
forms of axial input force, and the stabilizer and reamer
changed the drill string lateral contact with the borehole wall
including distance and contact force between the drill string
and the borehole wall.

First of all, the input energy of vibration source was
reduced by the use of antivibration bit. The antivibration bit
with special structure design can suppress or mitigate the
vibration amplitude of drill bits as shown in Figures 10 and
11. The bit-rock interaction caused axial vibration and stick-
slip vibration, where this dynamic energy was transferred to
the drill string system, so the bit was the main source of drill
string V&S. The excitation source contained RPM, bit/rock
interaction, mud pump, and stabilizers [102]. The theory
study of changing energy distribution focuses on the effect of
bit structure and bit type to the dill string V&S. The effect of
tricone bit random vibration on the drill string longitudinal
vibration was studied by Skaugen [103]. The model can
be used to predict sharply increased vibration amplitudes
when rotary speed is a certain subharmonic of resonance
frequencies in the drill string. It is noted that there are
axial and rotational quasirandom components, both for axial
and for rotational movement. A coupled vibration model
of drilling string was analyzed by Yigit and Christoforou
[58]. The model considers the effect of axial, lateral, and
torsional vibration and quantitatively describe the effect of
PDC bit-rock interaction on the drill string vibration. The
phenomenon of bit whirl was studied by Sinor et al. [33].
The antiwhirl bit was firstly developed with smooth edges
and reasonable cutter layout, but the bit just considers the
basic bit design. The well deviation was affected by the bit
whirl and stick-slip, and the concept of “flexible bit” was
proposed [104]. A flexible connector was installed on the
cutting teeth of bit in order to reduce bit deviation. However,
the flexible PDC bit was not applied to the field due to the
failure of flexible connector. Based on the response law of
bit eccentric motion, a new design method was proposed
by Johnson [105], by which eccentric PDC bit increased
the centripetal force and reduced side cutting force and
transverse vibration. Detailed configuration of the two-core
PDC bit is presented in Figure10(a). A new thermostable
PDCbit to reduce bit vibration was developed by ExxonMobil
and Schlumberger [106, 107]. The structure of the PDC bit
is depicted in Figure 10(b). There were some notable features
about the PDC bit: (1) 6 blades and 16 mm cutter preferable;
(2) tooth and auxiliary tooth structure in each blade; (3)
tapered structure used. The structure reduced friction force
of bit and the friction force is the main reason of drill string
dynamic instability. The advantage of this design is making
full use of the optimizing structure and the thermostable
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FIGURE 9: Configurations for the standard BHA and redesigned
BHA.

ability. But its disadvantage compared with the two-core bit
is the poor ability of mitigating the vibration of drill string.
A new hybrid bit was produced by Baker Hughes [108].
The hybrid bit takes advantage of the high WOB ability of
cone bit and the high ROP of PDC bit. Three basic hybrid
bit designs are presented: a two-cone, two-bladed version
for smaller-diameter bits, a larger three-cone, three-bladed
version for larger diameters, and a three-cone, six-bladed
version. A detailed view section of this mount is depicted
in Figure10(c). They are based on proven four- and six-
bladed PDC bit designs in which the secondary blades have
been replaced with truncated rolling cutters. The hybrid bit
can drill significantly faster than a comparable roller cone
bit in the field applications. Another benefit is the effect
of the rolling cutters on the bit dynamics. Compared with
conventional PDC bits, torsional oscillations are as much
as 50% lower, and stick/slip is reduced at low RPM and
whirl at high RPM. A new PDC bit to eliminate stick-slip
was developed by Schwefe et al. [109]. The configuration of
this bit is shown in Figure 10(d) which can reduce the TOB
by controlling the fixed depth-of-cut (DOC) control part.

(a) Two-core bit

(c) Hybrid bit

Control part
(d) DOC bit

FIGURE 10: Typical suppression vibration bit.
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F1GURE 11: The self-adjusting PDC bit and concept illustration.

Comparing to the standard cutter without DOC unit, the
new bit with the DOC unit limits the loading of high WOB
to reduce the indentation depth of PDC cutters. The design
concept is easy to come true. However, the drilling industry
faces the task of drilling different rock type in one well with
a single bit; the PDC bit with fixed DOC control (DOCC)
elements limit vibration mitigation and the increase of ROP.
Hence, an innovative PDC bit with self-adjusting DOCC
elements was proposed by Schwefe et al. [110], which can self-
adjust its DOCC ability to the constantly changing drilling
environment and mitigate V&C while delivering improved
ROP. The detailed structure of this new concept PDC bit
is in Figure 11(a). To illustrate the concept, a hypothetical
formation with three rock types is considered as shown in
Figure 11(b). Sections B and C are prone to stick-slip. The
PDC bit with fixed DOCC elements requires offset well data
to drill the well which limit the ROP and ability of mitigating
stick-slip. The PDC bit with self-adjusting DOCC units offers
an elegant solution to resist the DOCC fluctuation at the time
scale of stick-slip in rock B and rock A. the gradual retraction
of DOCC units enables faster drilling in the soft rock A.
The advantage of the bit is anticipated to absorb shocks in
interbedded formations.

The second approach was the use of decoupled or
adjustable reamer in reaming operations. Roller reamer could
decouple stick-slip and the whirl of drill string [111]. The
configuration of the reamer is shown in Figure 12(a), because
the friction force between roller and borehole wall was
small. Roller reamer made wellbore more smooth, and repeat
reaming reduced the bending moment and TOB of BHA.
When a reamer was installed in the drill string about 40 m
from the bit, the borehole could have better quality. The
advantage of roller reamer is not only suppressing the lateral

vibration and torsional vibration at the same time but also
reducing the friction between the drill string and borehole
wall. The fixed stabilizer installed on the reamer could not
stabilize the upper drill string, which aggravated the drill
string V&S [112]. A new expandable reamer to mitigate
drill string V&S was developed by Schlumberger and Baker
Hughes [59] and its configuration is depicted in Figure 12(b).
The reamer was expanded to support the borehole wall, and
then the drill string had small bending and amplitude of
V&C. The field test of expandable reamer was carried out in
Oklahoma; the test results show that when the well deviation
is less than 30°, the ROP increased by 35%. When the well
deviation is less than 20°, the transverse vibration and whirl of
the drill string were reduced by 26%. The effect of suppressing
vibration of expandable reamer used with dual core bit is
better. There are some characteristics and advantages: (1)
Each blade has two rows of cutting tooth, with the purpose
of strengthening the ability of wear-resisting. (2) Gauge pad
can reduce the dogleg angle of well trajectory and drill string.
(3) Replaceable protection and stability block can avoid stress
concentration due to welding heat effect. However, compared
with roller reamer, expandable reamer mainly control the
lateral V&C.

Another effective method for controlling V&S was the
stabilizer installed on the drill string. Based on the study
of Dareing [24, 72, 95], longitudinal and torsional vibration
response of drill string depended on viscoelastic damp-
ing and support constant [36, 53]. The dynamic response
can lead to chaotic movement of drill string. A new V-
shaped stabilizer for stick-slip and whirl of coiled tubing
operation was developed by National Oilwell Varco (NOV)
[113]. Detailed configuration of the stabilizer is presented in
Figure 13(b). Two pieces of stabilizer blade were shaped like a
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FIGURE 12: Typical vibration reduction reamer and concept illustration.

nonaxisymmetric structure, and the core working principle is
the centrifugal force of drill string rotary. When the vibration
was transmitted to the stabilizer, the vibration mode was
eliminated. The V-shaped stabilizer can induce drill string
forward whirl (FSW) to improve ROP for the first time.
The test results of V-shaped stabilizer in the Green Canyon
section of the Gulf of Mexico show that ROP increased
by more than 50%, and stick-slip decreased by more than
75%. The downhole tool drop can be prevented by integrated
design of the stabilizer. A new expandable stabilizer was
proposed by Al-Thuwaini [37, 38]. The detailed structure
of the expandable stabilizer is shown in Figure 13(a). The
expandable stabilizer is an improvement of the expandable
reamer. The main difference is that the cutting tooth of
expandable reamer was replaced by the stabilizer blade. The
sharp edge of stable blocks with double inclined plane radial
distribution improved ROP. A new near-bit stabilizer was
developed by NOV [114]; the configuration of the bit is shown
in Figure 13(c). This stabilizer with four spiral blades was
divided into the totally enclosed type and the semienclosed
type. Fully enclosed structure could control vibration of drill
string and improved the signal-to-noise ratio (SNR or S/N)
of bit. SNR is a measure used in science and engineering
which compares the level of a desired signal to the level of
background noise and is defined as the ratio of signal power
to the noise power. Semiclosed structure was conducive to
the cuttings carrying and hydraulic parameters optimization.
Back pressure valve and vibration monitoring instrument
were installed on the stabilizer. Compared with the V-shape
stabilizer and expendable stabilizer, the advantage of the bit
is that the simple structure makes full use of the ability of
mitigating vibration and cuttings transportation.

The forth method was passive control of deep water riser.
Changing surface shape of the riser will change the flow field
around the structure, which could decelerate the formation,
development, and peeling process of vortex [54]. Passive
control methods for controlling VIV were divided into three

types [55]. The first type is the interference entrainment layer
of vertex such as ribbon fairing. The second type is the
interference of separation line or separating shear layer such
as axial bar, blade, and half spherical structure. The third type
is the effect of entrainment layer wrapped such as pipe sleeve,
screen structure. Currently the successful development and
application are spiral stripe suppression structure as shown in
Figure 14(a) and the fairing structure as shown in Figure 14(b)
[56].

Means to change energy distribution were economic,
effective, and simple, but the friction force of drill string will
be increased by this equipment. Protecting the important
equipment and the smooth work of the drill string is another
effective method.

3.1.3. Shock Absorber Balances the Dynamic Energy System
of Drill String. The shock absorber is one of the most
effective passive control methods, divided into axial ones
and rotational ones. The peak value of the drill string V&S
depended on the damping caused by mud and drill pipes
[115]. Two kinds of axial absorber are widely used in drilling
engineering. One kind is disc spring shock absorber; the
detailed structure of shock absorber is shown in Figure 16(a).
The optimal compression stroke is 10%-75% of the maximum
compression stroke. When the WOB is too high, the compres-
sion spring will absorb one part of WOB. With the decrease
of WOB releasing energy to the bit, drill process will be
always smooth. The shock absorber close to the bit controlled
severe vibrations and extended the service life of bit. The
expensive equipment was protected by the shock absorber
installed below the MWD and LWD. The connector body
strength of absorber can withstand ambient temperature of
231°C and a work time of 300 hours. The absorber is suitable
for directional drilling, hard formation, horizontal drilling,
casing side tracking window, borehole reaming, and coiled
tubing operations. The other axial absorber is hydraulic shock
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FIGURE 14: Typical deep water vortex-induced vibration controller.

absorber. The configuration of the absorber is in Figure 15.
The control principle of drill string V&C is similar to the
disc spring shock absorber. The structure of the hydraulic
shock absorber to balance the dynamic energy system of drill
string is hydraulic oil. Compared with the disc spring shock
absorber, the bearing capacity of hydraulic shock absorber is
large. A new rotational vibration absorber (antistall tool) for
deep hard formation and interaction formation of bit stick-
slip was developed by Seines et al. [116] and its configuration
is depicted in Figure 16(b). The core working principle is that

TOB was converted in the compression energy of torsional
spring to reduce the torsional vibration. An abrupt increase
in torque (M,) will cause a telescopic contraction (S) to off-
load the weight from the cutters (F, ). The concept illustration
of AST is in Figure 17. For anti-stick-slip tool (AST/antistall
tool) installation position [117], it is close to the bit as far
as possible; in order to meet the demand of RSS and sensor
measurement, AST was often installed above the MWD and
the reamer. According to the statistics [117], the test results in
Azerbaijan show that total footage and ROP utilizing the AST
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increased by 15% and 40%, respectively. Severe vibration time
decreased by 46%. Compared with the axial absorber, the
advantage of AST controls the torsional vibration and axial
vibration to mitigate the stick-slip.

Although this passive control method to reduce the drill
string V&S is simple and economic, the control of shock
absorber is limited. Because of the complex V&S on the drill
string, engineers and researchers should propose a method
with a wide range of control and flexible adjustment capacity.

3.2. Active Control. According to the dynamic characteristics
of the control system, the active control of the drill string V&S
is by active application of force in an equal and opposite
fashion to the forces imposed by external vibration. The
active control of drill string can be divided into the wellhead
control, the bottomhole control, and the whole drill string
control. Common methods include frequency methods and
root locus methods. For active control of drill string, the
drill string model and external interference should be con-
sidered, such as RPM, WOB, and damping. According to the
relationship between the input and output of control system,
the drill string system can be divided into open-loop and
closed-loop feedback control systems. Open loop control is to
reduce or eliminate extraneous force (WOB or RPM). Closed-
loop control is to change the stiffness and damping of the
drill string. Recently, vibration amplitude was reduced by
automatically adjusting the TOB and RPM is an important
method.

An active damping strategy of stick/slip vibrations was
developed by Jansen et al. [45], which was realized either
by emulating a passive absorber behavior or by using a
more advanced (typically state-variable) drill string speed
controller structures. The passive absorber behavior was
described with rotational spring and damping coefficient.
Indirect approaches are typically based on a WOB control
system coupled with the main RPM controller. An input—
output type HN controller for practical applications was
proposed by Serrarens et al. [118], but it is not quite clear
from the presented results if such a constant-parameter
high-order controller can provide consistent performance
for a wide range of drill string lengths and configurations.
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A proportional-integral (PI) speed controller based on the
spatial distribution model of drill string was designed by
Tucker and Wang [46]. However, the low order controller
was difficult to completely control the torsional vibration. The
coupled torsional and lateral vibration were eliminated by
the use of the state feedback controller [60]. A method for
handling a stuck tool situation was proposed by means of a
state controller with a WOB feedforward action [119], but it
does not consider the braking power and torque saturation
effect. A single input-output closed-loop control system (D-
OSKIL) was established by Canudas-de-Wit et al. [120], which
was verified by the indoor experimental model. A stick-slip
control model based on the error compensation method was
proposed by Puebla and Alvarez-Ramirez [121], where the
cascading and distributed control framework were derived;
the analog results can effectively control the uncertain factors
and instability of the system caused by friction. A stick-slip
control model based on the GA algorithm was developed
by Karkoub et al. [47], which combined the lead lag and
proportional-integral-derivative (PID) controller. Based on
the integrated controller, the drill string stick-slip was con-
trolled by Majeed et al. [122]. The linearization of nonlinear
system allows the pressure fluctuation to have errors, and the
analog results were ideal. A full-order state controller based
on the two-mass elastic process model was proposed by Al-
Hiddabi et al. [123], but the “critical” aspect of robustness
of full-order nonlinear state estimation in the presence
of unknown stick-slip friction is not considered. A PID

controller based on the stable stick-slip model was designed
by Abdulgalil and Siguerdidjane [124]. Controller sensitivity
was evaluated in connection with process parameters vari-
ables. The full-order state feedback method and full-order
estimate method were unstable in the practical application. A
whole drill string control strategy based on adaptive Kalman
filter estimating drill string nature frequency was proposed
by Pavkovi¢ et al. [125], and the backward whirl of drill string
caused by the braking power of servomotor was studied. A
torque feedback PI motor speed controller for the drill string
was developed by Deur et al. [126]. The controller has a high
response speed for low inertial load tools. A state observer
was used to assess the drill string torque disturbance vari-
ables. The controller and viewer were reconciled according to
the damping optimization criterion based on amplitude. An
adaptive PID control strategy was designed by Li et al. [48].
The control strategy is suitable for the drill string stick-slip.
Kreuzer and Steidl [73] presented a method for controlling
stick-slip vibrations by exactly decomposing the drill string
dynamics into two waves traveling in the direction of the top
drive and in the direction of the drill bit. A detailed view
of this system is depicted in Figure 18. The decomposition
is derived from the wave equation governing the string
vibrations and is achieved with only two sensors that can be
placed directly at the top drive and at a short distance below
the top drive (e.g., 5m). Therefore, downhole measurements
along the string and at the bit are not necessary, which is a
major advantage compared to other control concepts for drill
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string dynamics. A linear quadratic controller for the stick-
slip vibration was established by Sarker et al. [127], which
was compared with spring damping vibration isolator. Based
on the ellipsoid method, the neutral delay comprehensive
closed-loop control model for coupled axial and torsional
vibration was proposed by Saldivar and Mondié [128]. The
model was verified by the results of numerical simulation. A

soft torque rotation system (STRS) for the torsional vibration
of drill string was developed by Javanmardi and Gaspard
[129]; the active control system is the only available system for
the engineering conditions. The detailed configuration and
working principle of STRS is in Figures 19 and 20. The STRS
was installed in the top drive, and the torsional vibration was
controlled by DC motor or AC motor. The STRS introduces
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compliance and damping in the top drive to remove torsional
vibration energy instead of allowing it to build into stick-slip.

Controller of drill string V&S was developed based on
the classical control theory. The simulation results were good,
but it was hard to get the accurate downhole vibration
date. Calculation method of controller is complex; hardware
development is difficult. Wellhead closed-loop control system
had the features of fast response and low cost but could not
reflect the real transmission law of the bottom hole vibration
signals. The delay time of system response is longer, and
calibration is difficult. Therefore, semiactive control method
is another excellent solution to eliminating the drill string
V&S.

3.3. Semiactive Control. The semiactive control technology
has the advantages of passive and active control. In order to
adapt to the optimal state of the structure, semiactive control
using passive control devices only needs less energy to change
the parameters of the passive control system and working
state. A semiactive vibration control damper (AVD) was
developed by APS [130]. The axial and torsional vibrations
can be effectively reduced by AVD. The tool chamber is
filled with magnetic fluid [131, 132]; the configuration of the
tool is shown in Figure 21. Drill string vibration signal given
was returned to the solenoid control device, and V&S were
controlled by increasing the viscosity damping of magnetic
fluid. Recently, this semiactive control found application in
the field, because of the limited ability of passive control
and the time delay of conventional active control from the
bottom hole to the surface. Many server drill V&C lost the
best opportunity to be controlled. An approach for miti-
gating downhole V&C is to continuously monitor dynamic
downhole forces and BHA motion and to intermittently
transmit the most recent vibration information to the driller
as shown in Figure 22(a). The driller then makes adjustments
to surface control parameters whenever excessive shock or
vibration levels are observed. Therefore, an intelligent self-
adapting damper in the BHA without the driller’s decision
to frequently mitigate the drill V&C is necessary. The system
is shown in Figure 22(b). The AVD can use a part of self-
adapting BHA V&C system.

3.4. Comprehensive Comparison Analysis and Discussion of
Control Technologies. Different control methods based on the
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widely known theories are summarized. One kind of V&S
has different control equipment and control system. Different
forms of vibration or shocks can use the same equipment. But
each device and system has its own limitations. Comparative
analysis of the key methods, the corresponding key control
equipment, and the application range is carried out as shown
in Table 7. The control program of drill string V&S is set out
(as shown in Figure 23) based on existing research results,
which can provide the guide of “harmless” drilling for field
drill engineers. The program of drill string V&S contains
several important segments, such as optimization of drill
parameters, real-time monitoring of vibration (Table 2), eval-
uation of vibration levels (Tables 3 and 4), and distinguishing
vibration types (Table 1) and control methods (Table 7) for
different vibration type and levels.

Control technologies for drill string V&S have made some
achievements and have achieved initial positive results. The
passive control technology of drill string V&S is mature,
especially for axial and transverse vibration. The torsional
vibration control technology was at the stage of experimenta-
tion. The control methods for axial and transverse vibration
were established. Theoretical model of passive control is
simplified, but not systematic. Theory results vary widely
with practice results. Key equipment performance is not
stable. The best parameter or new parameters by taking into
consideration many comprehensive factors need to be found,
which is to optimize the working performance of the key
equipment. In order to give full play to the role of different
types of the shock absorber, the control and optimization
model of shock absorber should be established. The design of
number and position fully considers the performance of the
shock absorber (stiffness, natural frequency, and damping)
and meets the standards for qualified transfer coefficient and
reduction efficiency. The development of viscous materials is
the next research focus of shock absorber. Other equivalent
damping force can be used to deal with drill string V&S.

Active control theory and simulation technology of drill
string V&S are relatively mature. The semiactive control has
preliminary application. During the application process of
control theory, the problem of drill string stability still has not
been completely resolved. Namely, the complex motion and
signal transfer law along the drill string are not clear. Its key
research fields are in deep water, with ultra-deep and shallow
unconventional oil and gas. The first stage of intelligent
drilling, automation drilling, and expert system is to build
a stable control system. Once the structure and parameters
of drill string system are determined, the stability problems
are identified based on the theory model, but actual drilling
conditions are complex, and slender drill string, formation,
and fluid formed a huge system. WOB, RPM, TOB, borehole
quality, and other factors synthetically restrict each other.
Every parameter has uncertain factors, which even cause
opposite regularity of theory and practice results.

Downhole dynamic parameters measurement is accu-
rate, but the development of measurement tools is difficult
and expensive. Transmission signal attenuation and slow
transmission speed are another key problem. In order to
realize the stable control system, transmission law between
bottom hole and wellhead need to be solved. The real-time
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monitoring and analysis of underground and ground date
can show the real response mechanism. Classic control
theories are based on transfer function [133]. So we do not
need to solve complicated mathematical model to study the
input signal with zero initial conditions of dynamic process.
Because of the huge drilling cost and high risk in field test,
an accurate physical model on the ground can simulate the
downhole transmission rule. However, the physical model
on the ground of transmission law of slender drill string
did not come true. It is necessary to establish the physical
model based on similarity criterion [134]. Aerospace and
military industry has developed rapidly, so the mature control
technologies in the aerospace and military industry are
introduced for the control of drill string V&S. Because the
V&S increased control difficulty and uncertainty of drilling,
it not only is related to the working life of the downhole tools
but also involves the borehole quality and drilling cost. It
is a multiobjective dynamic optimization control problem,
and the multiobjective dynamic and collaborative algorithm
track control method of vehicles in the field of aerospace and
military industry can be introduced for the control of drill
string V&S.

In order to take advantages of control methods and
reduce the drilling cost, the hybrid control system should be
established based on various control methods [135]. Passive
control, active control, and semiactive control can be in a
drill string system at the same time. Different control modes
can be used according to the different levels of drill string
vibrations and impacts.

4. Application of the Drill String
Vibrations and Shocks

The serious V&S of drill string should be controlled and
eliminated as soon as possible; however, rational utilization

of the drill string vibrations will bring huge benefits to the
drilling engineering. Currently several applications of the
drill string V&S have achieved good results.

4.1. Improving ROP. ROP is one of the key technical dif-
ficulties in shale gas reservoir, which increases the drilling
time and cost. Percussive-rotary drilling (PRD) plays an
increasingly important role in improving the ROP as shown
in Figure 24. PRD is developed from rotary drilling and
percussive drilling, which take advantages of the bit V&S.
There is torsional impact drilling and axial hammer drilling.
One of the earliest reports of percussion drilling technique
occurred in 1940s [136]. Since then different terms have
been used, such as downhole hammer, percussion hammer,
Down-the-Hole hammer, percussive drill, and percussive-
rotary drill [137, 138] as shown in Figure 25. The application
and performance of air hammers were evaluated by Downs
et al. [139], but the application of air hammer was limited
due to the manufacturing and design capabilities. The ROP
with a low WOB and RPM was improved by air hammers
[140-147]. Recently, impact hammer [148, 149] has been
applied in drilling engineering. High-frequency torsional
impact drilling (HFTID) made a good use of the torsional
shock energy of drill string and bit [150, 151]. The problem of
ROP of hard and fragile formation was effectively solved by
the HFTID. The use of HFTID can greatly improve the rock
fragmentation efliciency, increase the tool life, and reduce
cost [152]. However, because of a lack of quantitative exper-
iments and experimental facilities for the HFTID, the rock
fragmentation mechanism of HFTID cannot be completely
realized, and choosing of bit and drilling parameters for
HFTID is difficult. Based on the conversion of vibration
energy of drill string and hydraulics energy, a vibration
absorption downhole pulse generator was designed by Guan
et al. [153]; the simulation model of the tool was established.



Shock and Vibration

Critical speed

| |
Motor Drill string Motor RPM
Drill string
components/location/
\l: vibration limited
N |
Finite element model Lateral Axial/torsional
Analytical solution

| )
% Static bending analysis No
No

Deflection, side forces, bending )
moment, nominal stress Advise operator

) S— —_— Yes

Vibration analysis

—*H Decrease Same Increase

Continue drilling

Revise model !
Ground date | Underground

Yes VI;%I]; ROP ROP
WOB WOB

Flow
Remote database

—

No " ] ] g

l Whirl Bit bounce Stick-slip

Change drilling
parameters
Lateral Axial Torsional

No
No Yes [ Vibration type

(Table 1)

FIGURE 23: Controlling program for drill string V&S.



Shock and Vibration

22

Joxuod reaurjuou A[guons

Jonuod u>«mwmm pue joryuod

Todurep

Tonyuod

d 3 3 ‘ d:
M r ! AOAUIEP Pl PHOUOTI SUL O3 03 S9UORY BAISUIAXS PUBNIIP St aA1)o® UeY) 19)39q Sureq ‘uonezimn £81ous Y3y ‘uorsmaid jonuo) POLIBA QAIIORIUIIDG  QATIORIUIDS
JuawdoaAdp pue YoIeasar WwalsAs [01U0))
wd)sAs uorjejox anbio) o MW 0xu0d £q uoneIqra Surns [[LIp 9onp doop uado
! ne Y08 s1 uonjeqIres ‘3uoy st awn asuodsar wd)sdg N 1o 4 TIORBIQEA SULOS [HP 2oNpYd Surns [[up a[oyMm
I ! / uonIsodwodap aAeM UOISSTWSUL] tmonun 1500 Mo pue asuodsaxr jse]  doo[ paso[d peay[om [onuos
- 4 o L ST [euSIS UOTJRI]IA JO NI UOISSIUSURI], 1P d 1 Pasop peadll oAy
JmotgIp st juswdorpaap )
. doof pasop
M / N VO/Id/A1d/CH/M  srempiey pue xadwod st uorjemnoed ‘ejep J[NSaI UOTJR[NIIS POOD) SULns 1D 10
punoiSapun ajeimosde 1o 03 pIey st 3| HASTIHP P10UM
12qI0SqE YOOys BIX 2Beurep Aurouo0sa 93149p S[duits pue 2411232 JSOW 3 12QI0S
FOSGEPOUS LSV/TPIXY 03 £sea s [003 ‘pajru] st A}[IqE [01U0D) 9P SICHS P akiape Y i dosavy
M M / ——
19 pPHIgAH £ 3
suamiys Sutfup ay) pue Aiiqe
sadins [ends/Surirey/1azifiqess
/ / I uorsua)xa Surns [[LIp 2onpax onbio) urns ASotouyda) arnjewr
A/qQ-Teau/I9)aurerp a[qeries . . uonnqrIsIp [oxu0d
[[LIP Y3 JO UOTIOLIJ U} ISBAIOUT [[IM [[eM J1qIseay pue o[duIrs DAIIOPS puUL JTWOU03 Wd)sAs SULns [[LIp Ay}
1q DO /Iowea1/)q . £S19u0 28uey) aAIssEq
3[0Y2I0q PUE S[00) UIM)IQ JOBIUOD Y],  JO SUONIPUOd LIepunoq a1} SULIIPISUOD A[UTeU ‘UOWWIOD JSOUT YT,
2102 J[qNOP/IAZI[IQEIS I[[OY
M / M saf spow uoneIqIA
mwwwwu:.ﬁﬂ“ payruu] st uonjezrumndo armonays Sutns YY) PIoAR Ued ‘UoneNI[ed )5t ‘SULNS [[LIP JO SONSLIAIBILYD JUSIAYUT B0 AR
. LIP JO [013U05 3} “payrdurs ST [9po a1y} SurIapIsuod A[ureur pasn A[UOUITOD JSOUT YY) )SIT[TLD I
I M M pimy SuIUp WY 1Y mpJo | 3 payrrduuts st Ppojy 1 SuLIapIsTOD A[uren ‘pasn A [ 9sa1fea ay,
[euone)ox TeurpnyiSuoy [exaye]
/Teuorsiof, /Ty [3sIaAsURL], sarojouyoay, saejueapesiq sadejueApy  WSIUBYDIW/POYIAN UOTEIYISSED)
wrrog oy ydepy

‘Spoyjal JOIJUO0D S A Mﬁﬁum T[Hp Jo w~w~£wﬁﬁ ®>5.®H®&EOU 0>@Q®£®.~QEOQ 1L d14V],



Shock and Vibration

Drill
fluid

23

Drill
fluid

Drill
fluid

Vibration or
shock tools ]

(a) Rotary drilling

(b) Percussive/impact/vibration/high-
frequency vibration drilling

Vibration or
shock tools ]

(c) Percussive (high-frequency
vibration) rotary/drilling

FIGURE 24: Rock fragmentation types in the dynamic drilling process.

Top sub
Shell
Hammer bit
(convex shape)
Shock
structure

Hammer bit

(concave type) Hammer bit

(a) Axial hammer

Torsional
vibration
structure

onnect the
PDC bit

Torsional
vibration
structure

Connect the
PDC bit

(b) Torsional hammer

FIGURE 25: The structure and working principle of typical and latest hammer.

Compared with conventional drilling tools, the device can
improve the ROP, and effectively prolong the service life of
drill bits. The ROP can be improved by the drilling tool with
high-frequency harmonic vibration (HFHVT) [154]. The
rock fragmentation mechanisms, experiments, and modeling
of HFHVT have been studied by Li et al. [155], but the
HFHVT is not used in the drilling field. Although PRD and
HFTID have been proposed for years, they do not have a wide
range of applications in oil and gas reservoirs. The ROP of
PRD is unstable in the same formation or well. One reason
is that the indentation fragmentation mechanism of rock
under dynamic loads and coupled static-dynamic loads is
unclear [156]. The indentation fragmentation mechanism of
anisotropy shale under dynamic and static loads was studied
by Dong et al. [157]. When the peak value of load is the
same, energy density under dynamic-static combination load

is higher than that under static load condition and rock
fragmentation efficiency is also improved significantly. A
quantitative evaluation method based on microindentation
test technology was proposed by Chen et al. [158, 159]
to research the mesomechanical properties of shale. The
mesoscopic elastic modulus and indentation hardness are
heterogeneous in distribution considering different influ-
encing factor. Because of the complexity of rock hetero-
geneity and dynamic mechanical characteristics, the future
efforts should focus on the comparative study of indentation
fragmentation mechanism of shale at the multiscale and
numerical simulation of dynamic damage characteristics of
rock for full-sized drill bit.

4.2. Control Borehole Trajectory. The anticollision of borehole
trajectory is one of the most important problems in drilling
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engineering. The safety warning system for reducing the
collision probability of borehole trajectory was studied by
Stagg and Reiley [160]. The acceleration sensor installed on
the wellhead receives the downhole vibration date of rock
fragmentation. The frequency range is 200 Hz~400 Hz. Based
on the signal feature of drill string, the distance of the bit and
casing pipe of adjacent well was estimated. When the signal
characteristic value goes beyond the system threshold, the
system raised the collision alarm [161], which can be used in
the cluster wells as shown in Figure 26. The technology has
great significance for the control of well trajectory, such as
deep water well, ultra-deep water well, old oilfield drilling,
and shale gas drilling.

4.3. The Source of Seismic While Drilling. Using drill bit vibra-
tion as a power source for the subsurface imaging was first
proposed by Weatherby. It is remarked that the discrete
impulse signals produced by the impact drilling tool can be
the seismic source [162]. The technology gets fast develop-
ment after the late 1980s [163]. The drill bit seismic while
drilling (DB-SWD) take advantages of the drill bit vibration
energy; the seismic signal was recorded by the offset array
geophone and hydrophone on the surface ground or see
level. The date as reference signals was measured by the pilot
sensors fixed to the top of the drill string. The reference
signals are used to the cross correlation processing with
surface receiver records as shown in Figures 27 and 28. Due
to its observation system geometric form is reciprocal to the
conventional vertical seismic profiling (VSP) [16, 29]. DB-
SWD is also known as reverse VSP (RVSP) based on the reci-
procity principle [16]. DB-SWD can obtain the overburden
velocity and time-depth information used to the prediction
of reflection and structures ahead of the drill bit. Using the

DB-SWD technology can overcome the drilling problems,
such as sticking and loss of drill strings, and improve drilling
safety and efficiency [164]; the velocity information can be
used to calibrate surface seismic imaging [165]. Compared
with the conventional VSP and VSP while drilling (VSP-WD)
as shown in Table 8, DB-SWD does not require additional
downhole explosives or air gun seismic sources. There is
no interruption to the drilling operation time, and no risk
to wellbore and downhole tools [30, 166-168]. The MWD
seismic surveying and logging operations can be realized.
However, the complexity of signal processing and downhole
working conditions increase the design difficulty of downhole
MWD seismic surveying and logging tools. The intensity
and energy distribution of seismic source is one of the key
problems of DB-SWD technology. A roller cone bit with huge
WOB and TOB break rock through shear and compression
failure. In contrast to roller cone drill bits, the diamond
bits and poly-diamond-composite (PDC) bits broken rock
through shear and grinding action; the axial loads of PDC
bits are more than 10 times lower than the vertical forces of
roller cone bit [169-173]. With the increase of well depth, the
vibration energy attenuation of the roller cone bits increases
and the geophone on the ground receives the weak source
signal. Drill-rig noise enhanced the interruption to the SNR;
the lower SNR of bit increase the difficulty of data processing
and effective signal extraction. There are some effective
solutions for the above problems. A swept impulse tool (SIT)
can generate a broadband seismic signal at the DB-SWD. The
SIT was proposed to overcome the limitations of DB-SWD
with PDC bits in lined wells and in soft formations. The signal
date volume and a large receiver array can improve the SNR
[164, 174-177]. Another approach is that the seismic signal
processing is based on interferometry by deconvolution;
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the advantage of this method is that it does not need to
know drill bits wavelet. In order to improve bit SNR, the
Karhunen-Loeve (KL) transform is used to suppress drill-rig
noise [178-182]. The uncontrolled characteristics of drilling
stochastic vibration improve the uncertainty of downhole
noise. Although an increasing number of researchers have
lots of study results for the downhole signal characteristics,
dynamic signal characteristics of the drill bit are unclear
at present. Because of the fast development of downhole
dynamic parameters measuring technologies, the acquisition
and analysis of drill bit dynamic signal should be discussed
in further work; the multiparameters, such as acceleration,
WOB, TOB, and RPM, can be obtained quickly at the
same time [183, 184]. The control technologies of drill string
vibration can be used to improve the reliability of seismic
source signals [33-38, 41, 42, 44-48, 53-60, 69, 73, 95-131].

4.4. Reducing the Friction Force of Drill String. The friction
force of drill string is a major problem in the coiled tubing
drilling and horizontal well [185-187]. One of the effective
methods to reduce the friction force is to use the drill string
vibration energy. The vibration generator installed on the drill
string changes the direction of friction force between drill
string and borehole wall. The tool was divided into rotating
sleeve and nonrotating sleeve. The rotating sleeve produces
axial vibration of drill string. An axial oscillation generator
tool (AGT) for coiled tubing drilling was designed by NOV
as shown in Figure 29. An axial hydraulic oscillation device

to reduce the friction of drill string was developed by Li
[187], but the placement of vibrator, the optimized value
of vibration frequency, and the vibration force need to be
studied. Efficient utilization of drill string V&S has become
an important scientific question. The application limitation
of AGT is that the mechanism of friction reduction is unclear.
The coulomb friction model does not explain the change law
of friction reduction caused by the AGT. A new model is
proposed by Chen based on the dynamic friction model and
microscopic contact deformation theory [188] as shown in
Figure 30. The model can provide a quantitative calculation
to predict the frictional resistance in horizontal drilling. The
Dahl model is an innovation dynamic friction model, which
can be used to study the friction change during slid drilling
with the AGT [189-192]. Although there are some theories
that provide the application of AGT, but the whole drill string
friction model with AGT needs more attention in the future
efforts.

5. Conclusions

According to past theories, indoor experiments, and field
studies, related discussions and recommendations of key
problems are proposed and discussed such as basic concepts,
the classification and comparison of drill string V&S forms,
and the development and important indicators of vibration
measuring instrument. The control method can be sum-
marized as passive control, active control, and semiactive
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control. Each control method is suitable for different condi-
tions. Passive control method is given priority in addressing
drill string V&S, as active and semiactive control method
are not yet mature. The control program of drill string
V&S was completed to provide a reference for “harmless”
drilling. Applications technologies for the drill string V&S
include improving ROP, controlling borehole trajectory, seis-
mic while drilling, and reducing the friction of drill string.
In order to further understand the evaluation and control
technologies of drill string V&S, physical experiments should
be established according to similar principles, which focus
on the signal transmission rule along the drill string and the
control system stability. The joint action system utilizing a
variety of V&S absorbers should be established. The hybrid
control technology for drill string V&S taking advantages of
passive control, active control, and semiactive control needs
to be developed.
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