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)ere are many kinds of vibration forms of drillstring in petroleum drilling. Whirl is one of the main vibration modes when
drilling tools are drilling, and it is also the main reason of fatigue failure of the drillstring. In this paper, the causes of drillstring
whirl are analyzed. )e results show that the speed of rotation (RPM) is a major factor that affects the severity of the whirl. )e
greater the speed of rotation, the more intense the whirl.)e whirl of the drillstring will produce bending stress.)e severity of the
whirl of the drillstring is the main factor affecting the bending stress.)e increase of RPM and weight on bit (WOB) will lead to the
increase of bending stress. )e RPM has a great influence on the bending stress. Given the complex stress condition of drillstring,
the calculation model of safety factor is established. )e bending stress and safety factor are calculated under the different WOB
and RPM. )e relationship between dynamic bending stress and the safety factor of drilling tools is analyzed. Bending stress has
great influence on the safety factor of drillstring. )e variation trend of safety factor is opposite to that of bending stress caused by
whirl. It provides a theoretical reference for the optimization of drilling tools in drilling engineering construction.

1. Introduction

During the drilling process of the oil drillstring, the working
environment is harsh, and its force is extremely complicated.
)e drilling tool vibrates continuously during drilling, which
can easily cause fatigue failure due to the influence of alter-
nating stress and impact load caused by vibration. Research
shows that drill tool vibration and alternating stress are the
main reasons for drill bit and drill tool assembly damage and
drilling performance declination [1–3]. Statistics show that
more than 50% of drillstring failures are caused by fatigue.
Drilling dynamics and vibration have become a research focus
in oil-and-gas industry because of drilling inefficiency and
drilling performance declination [4].

)e lower part of the drilling rig is the drillstring, which
is normally composed of three parts: bottom hole assembly
(BHA), high weighted drill pipe, and drill pipe [5]. In the
process of drilling in complex geological conditions, the
upper and lower sections of the drillstring continuously bear
tensile, compressive, bending, and torsional stresses. )ese
will lead to the failure of drilling tools, decrease of ROP, and
increase of the extra time required to replace the failed tools

[6]. Millheim and Apostal combined the finite element
method with computer technology and simulated the two-
dimensional stress and deformation of the drillstring and
then gradually expanded the research content to the three-
dimensional dynamic analysis [7]. Tucker and Wang
established the dynamic equation of the drill pipe system.
Given the interaction between the drill bit and the rock, the
axial vibration, lateral vibration, torsional vibration, and
stick-slip vibration were analyzed [8]. Knight and Brennan
found that any stress concentration combined with a
moderate bore eccentricity will result in a significant re-
duction in the fatigue life of the drill pipe under bending
loads [9]. Wang et al. collected many cases of drillstring
failure and observed that the fatigue failure of the drillstring
is mostly caused by the extra-large tensile or compressive
stress [10]. )e large and complex dynamic stress during
drilling leads to excessive vibration and premature failure of
drillstring [11]. Jiang proposed a model to calculate bending
stress and life of drillstring. Based on Rubinsky theory, the
bending model is established and this model considers the
fatigue life. )e bending stress of dangerous parts of drill-
string is obtained by this model [12]. Heisig and Neubert
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studied the impact between drillstring and borehole wall and
deduced the lateral vibration model of drillstring [13].

)e downhole vibration of the drilling tool mainly
contains axial vibration, lateral vibration, and torsional vi-
bration, which is an important cause of precocious failure of
drilling [14, 15]. )e lateral vibration has always been the
main cause of the fatigue failure of the bottom hole assembly
[16]. Mitchell and Allen analyzed and studied the movement
of BHA with different degrees of freedom based on the finite
element principle, considered the borehole trajectory, WOB,
and other variables, and determined that the lateral vibration
can seriously harm the safety of drilling tools [17]. A large
amount of MWD data shows that BHA has severe lateral
vibration, which is far more harmful than axial and torsional
vibration [18, 19]. Johnson found that the whirl of the drill
bit is the main reason for the damage of the PDC bit.
)rough the improvement of bit, the possibility of bit whirl
is reduced. Field practice shows that this method can reduce
the damage of the bit and increase the ROP, which shows the
damage of whirl to the drill tool indirectly [20]. Gha-
semloonia et al. used the variation of drilling parameters
(such as RPM and bit weight) to predict the change of vi-
bration type of drilling tool. At the same time, they analyzed
the effects of mud damping, driving torque, and axial load on
the vibration of drilling tools. )ey found that coupled
nonlinear axial vibration, lateral vibration, and lateral in-
stability can cause damage to the drillstring [21].

)ere is a positive correlation between drillstring vibration
and internal stress. )e internal stress is calculated by the
model, and then the reliability of BHA is evaluated according to
dynamic stress level [22]. It is an effectivemeasure to reduce the
possibility of vibration and downhole premature failure op-
erating the drillstring above or below the critical speed and
conducting predrilling and real-time analysis of drillstring
dynamics [23, 24]. Although these studies show that the whirl
of the drilling tool has a greater impact on the safety of the
drilling tool, the causes of the fatigue failure of the drilling tool
are rarely discussed from the perspective of the force of the
drillstring. )e stress that the downhole drilling tool bears is
extremely complex, and different types of stress play different
roles in the fatigue failure process of the drilling tool.)erefore,
it is very necessary to explore the influence of different types of
stresses on the safety during whirl, when considering the fa-
tigue conditions of drilling tools.

In this paper, the research mainly focuses on the impact
of bending stress produced by whirl, which has a great effect
on the safety of drillstring. Firstly, we have studied the re-
lated principles of whirl and analyzed the correlation be-
tween the whirl severity and the RPM or WOB. )en the
bending stress was calculated in the process of drilling tool
whirling. )en, we calculated the alternating stress and
fatigue safety factor of drilling tool and studied the corre-
lation between stress and safety factor.

2. Modeling and Methods

2.1. Whirl Model of Drillstring. )e drillstring not only ro-
tates during drilling but also generates whirl under the
conditions of the interaction between the drilling tool and

the well wall. )e large alternating bending stress caused by
eccentric reversal and working load often causes fatigue
failure of the drillstring in a deviated well. )e probability of
pure rolling backward whirl is much higher than that of
forward whirl during PDC bit drilling.

Figure 1 shows state and deformation of drillstring on
circumstances of whirl. When the drill pipe rolls along the
well wall (without sliding backward whirl), there exists the
following relationship between the whirl angular velocity
and the angular velocity [25].

ωP � −
ωrDo

Dw − Do

, (1)

where ωp is the whirl angular velocity and ωr is the angular
velocity. Dw is the borehole diameter. Do is the drillstring
diameter.

According to equation (1), when the drilling tool is rolling
purely along the borehole wall, the whirling angular velocity
of the drilling tool is proportional to the rotation.)e RPM of
the drilling tool will affect not only the whirl speed of the
drilling tool but also the frequency of contact between the
drilling tool and the borehole wall.When the drillstring whirls
regularly, the trajectory of a point on the outer edge of BHA
along the wellbore can be described by geometricmethod, and
the trajectory and velocity of point P of the drilling tool can be
analyzed by using equation (2) [26].

Assume that x is the X coordinate of point P, y is the Y
coordinate of point P, Vx is the transverse velocity, Vy is the
longitudinal velocity, and Vs is the velocity. So, the model can
be established by trajectory and velocity related in point P. )e
angular velocity is negative in the Cartesian coordinate system.

(1) Trajectory model of point P is as follows:
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(2) Velocity model of point P is as follows:
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2.2. Bending Stress while Drillstring Whirling. Drill collar
fatigue failure often occurs during drilling. After analysis, it
is found that the fatigue failure of drill collar is caused by the
cyclic bending stress caused by severe downhole vibration
[27]. )e NOV-Grant-Prideco analysis data obtained from
the fatigue test of drilling tools show that repeated bending is
one of the causes of drillstring fatigue.
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When drilling in the well, due to the action of centrifugal
force, the drilling tool deflects and constantly contacts with
the borehole wall. Due to the frictional force and axial load
caused by contact with the borehole wall, the drilling tool
can easily produce counterclockwise reversal speed. As long
as the friction is high enough, the drilling tool can produce
reverse motion at any speed [28]. )e rapid change of the
bending moment on this moving drill pipe produces high
amplitude bending stress cycles, which leads to reduced
drilling efficiency, borehole wear, and premature failure of
the drilling tool [29].

According to the research, the bending stress of the
drillstring is actually caused by the propagation of self-
excited transverse vibration of multiple fulcrums (drill
pipe joints) along the drillstring. Taking a single drill-
string as the research object, the maximum bending stress
in backward whirling is obtained. A single drillstring with
longitudinal force under rotation and backward whirl
conditions can be regarded as a simply supported beam
model in a certain state, as shown in the figure below [30].
Figure 2 shows whirl, stress distribution, and strain of
drillstring.

It is assumed that the maximum deflection of the center
point of a single drilling tool is δmaxpl. Bending stress consists
of two parts: one is the centrifugal force generated by the
rotation of drillstring, and the other is the bending stress
caused by the vibration of drilling tool during drilling. When
the drillstring is applied with longitudinal load, the maxi-
mum bending deflection of the pipe is as follows:
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where E is Young’s modulus, P is the longitudinal load, I is
the inertia moment, L1 is the length of a drilling tool, cs is the
unit weight of drillstring, A is the cross-sectional area, and R
can be obtained by R � (Dw − Do)/2.

Maximum bending moment Mmaxpl is as follows:
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where ωlal is the natural frequency of drillstring,
ωlal �
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, and ρ is the drilling tool density.
)e expression for the bending stress σw is given by
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)e expression for I/C is given as I/C � πD3
o(1 − θ4)/32,

and θ can be obtained by θ � Di/Do.

2.3. Fatigue Safety Factor Model. )e drillstring is affected
by alternating stress during drilling. Alternating stress
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P
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P
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Figure 1: Schematic diagram of whirl. Rw � borehole radius, Ro� drillstring radius, ωr� rotation velocity, and ωp�whirl angular velocity.
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leads to fatigue of metal, and drillstring tensile strength is
reduced, which can easily cause fatigue failure. Lateral
vibration can decrease quickly the fatigue life of drilling
tool. In the case of whirling, the drillstring bears axial
pressure, bending moment, torque, and hydraulic
pressure.

)e alternating stress causes metal fatigue of the drill
pipe, and its tensile strength decreases, which makes the drill
tool prone to fatigue failure.

2.3.1. Axial Stress. )e axial stress of drillstring is composed
of gravity,WOB, and so forth.)e effective axial stress at any
axial section is as follows.

)e axial load Fa is determined via the following
equation:

Fa � Lqsm − P, (7)

where L is the distance from section to bottom hole, P
represents the WOB, and qsm can be expressed as
qsm � csKf; Kf is the buoyancy factor, and cs represents
weight per unit length of drill pipe, so computational
equations of axial stress are given as follows:

σae �
L · cs · Kf − P

A
. (8)

2.3.2. Bending Stress. )e bending stress caused by back-
ward whirling of drilling tool can be calculated by equation
(6).

2.3.3. Shear Stress. During the drilling process, the rotary
table transmits the torque to the drill bit through the
drillstring, so there are shear stresses on each cross section of
the drillstring. )e equations for calculating torque M and
shear stress τmo are as follows [31]:

M �
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where n is the RPM, Ns represents power required for
drillstring rotation (n< 230 rpm), and Nb is the power of bit
for breaking rock (roller bit).

2.3.4. Circumferential Stress σt and Radial Stress σr. )e
radial and circumferential stresses on any cross section of the
drilling tool under the internal and external pressure of the
drilling fluid can be calculated by Lame equation:
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Figure 2: (a) Schematic diagram of drillstring whirl. (b) Schematic diagram of stress distribution. (c) Schematic diagram of strain.
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2.3.5. ;e Calculation of Stress Synthesis and Safety Factor.
According to the fourth strength theory, the equivalent
stress can be obtained:

σemax �

�����������������������������������������
1
2

σae + σw − σr( 􏼁
2

+ σr − σt( 􏼁
2

+ σt − σae − σw( 􏼁
2

􏼐 􏼑

􏽲

,

σemin �

�����������������������������������������
1
2

σae − σw − σr( 􏼁
2

+ σr − σt( 􏼁
2

+ σt − σae + σw( 􏼁
2

􏼐 􏼑

􏽲

.

(11)

Taking the shear stress into account, the equivalent stress
is

σeqmin �

�����������

σ2emin + 3τ2max

􏽱

,

σeqmax �

�����������

σ2emax + 3τ2max

􏽱

.

(12)

)erefore, the average stress and stress amplitude can be
obtained by the following equations:
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)e computational equation of safety factor is given as
follows:

nσ �
σ−1

σa + ψσ · σm

, (14)

where ψσ is a coefficient related to the material. )e fatigue
strength limit of the drillstring under corrosive conditions is
approximately σ−1 � 0.1275σb + 10.5 [32].

3. Simulation Parameters

(1) Actual data (Table 1) was used for the whirl state of
the drillstring simulation analysis and determining
the trajectory and velocity of point P when the drill
whirls.

(2) By using drill tool assembly parameters, we calcu-
lated the force and safety factor of the drill tool under
different conditions and analyzed the influence of
stress on the safety factor of the drill tool. )e fol-
lowing table (Table 2) shows the parameters of drill
tool assembly. We studied the force and safety of
these two groups of drill tool assemblies and ana-
lyzed the impact of different stresses on safety of
drillstring.

4. Results

4.1. Whirl of Drilling Tools. When the drilling tool is
backward whirling without sliding, the RPM of the drilling
tool is adjusted to analyze the influence of the outer diameter
of the drillstring (Table 1) on the whirl angular speed. It can
be seen from Figure 3 that the greater the speed is and the
larger the diameter of the drilling tool is, the more intense
the whirl of the drilling tool is.

From Figure 3, it can be seen that angular velocity of
backward whirling changes with diameter of drillstring. At a
well diameter of 190.5mm and a drill pipe diameter of
139.7mm, the trajectory of the P-point of the drilling tool
was analyzed over time. As shown in Figure 4, the bigger the
PRM values, the higher the frequency of point P contacting
the borehole wall.)e frequency of stress changes in the drill
tool will also be greater, which will make the drill tool more
vulnerable to damage.

Figure 5 shows the variation of velocity of point P. )e
higher the RPM, the faster speed change frequency of point
P, and the velocity of point P is also significantly higher. )e
reason for the rapid change of velocity is that point P is in
contact with the well wall and the stress is changed greatly.

4.2. Bending Stress. Whirl is one of the main factors affecting
the safety of drilling tools, and the bending stress produced by
whirling has a great influence on the safety of drilling tools. In
this section, two examples are used to analyze the bending stress
of drilling tool during whirling under different conditions.

4.2.1. Case 1. )e bending stress of drillstring whirling is
calculated by using the data of example 1 in simulation
parameters (Table 2) and the bending stress model of
drillstring in case of whirling.

Figure 6 shows the bending stress of the drilling tool
when the RPM is 80 rpm and the WOB is 80 kN. It can be
seen from Figure 6 that the bending stress of different parts
of the drilling tool is different. )e bending stress on the
upper part of the drilling tool is smaller than that of the
bottom part. )e upper part of the drill tool is subjected to
greater axial stress due to the weight of the drill tool, and the
degree of whirl is lower, so the bending stress on this part is
smaller. )e bottom of drilling tool whirls violently, and the
axial force is small, so the bending stress is large. Figure 7
shows the bending stress variation of dangerous point A
(near the connection point of HWDP and DC) under the
conditions of WOB� 60–160 kN and RPM� 40–150 rpm.

According to Figure 7, it can be seen that the bending
stress of point A increases with the increase of the RPM of
the drill. When the RPM of the drill reaches around 80 rpm,
the bending stress of the drill reaches its peak. )e bending
stress on point A generally increases with the increase of
RPM andWOB, and the WOB has a low degree of influence
on the bending stress of the drilling tool.

4.2.2. Case 2. )e bending stress of the dangerous point of
the drilling tool is calculated by using the relevant
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Table 1: Parameters of speed of rotation, well diameter, and drilling tool.

Speed of rotation ω1 � 30 rpm,ω2 � 60 rpm,ω3 � 120 rpm

Parameter 1 (mm) Dw � 190.5, DO � 60.3, 73.02, 88.9, 101.6, 114.3, 127, 139.7, 149.2
Parameter 2 (mm) Dw � 269.9, DO � 88.9, 101.6, 114.3, 127, 139.7, 149.2, 177.8, 203.2
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Figure 3: Angular velocity of backward whirling changes with drilling tool diameter (RPM� 30, 60, and 120 rpm).
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Figure 4: Schematic diagram of P-point trajectory when time t� 1-2 s.

Table 2: Parameters of drilling tool assembly.

Drill parameters
Drill tool assembly

Example 1 (length: 7294m) Example 2 (length: 6461m)
Drill pipe 1 127mm DP× 3335m 139.7mm DP× 3119m
Drill pipe 2 101.6mm DP× 3500m 127mm DP× 3000m
HWDP 127mm HWDP× 135m 127mm HWDP× 135m
Drill collar 1 139.7mm DC× 324m 177.8mm DC× 153m
Drill collar 2 203.2mm DC× 54m
Drill bit 190.5mm 269.9mm
WOB 60–160 kN 60–160 kN
RPM 40–150 rpm 40–150 rpm
Drilling fluid density 1.65 g/cm3 1.35 g/cm3
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parameters of example 2 (Table 2) in the simulation pa-
rameters. )is point B is located near the connection
between the heavy weight drill pipe and the drill collar.
)e figure below shows a schematic diagram of the
bending stress of point B under the different WOB and
RPM (WOB: 60–160 kN; RPM: 40–150 rpm).

According to Figure 8, the bending stress will increase
with the increase of WOB, and the overall trend of bending
stress of drilling tool will increase with the increase of RPM.
When the RPM reaches 90 rpm, the bending stress of the
drilling tool reaches its peak value (a small range). When the
RPM exceeds 100 rpm, the bending stress of the drilling tool
still increases with the increase of the RPM.

It can be seen from Figures 7 and 8 that, with the increase
of the RPM andWOB of the drilling tool, the bending stress
of the dangerous point will increase. )e influence of WOB
and RPM on bending stress is different. )e change of the
RPM has higher influence than the WOB of drilling tool on
bending stress.

4.3. Fatigue Safety Factor

4.3.1. Case 1. According to equations (11)–(14), the fatigue
strength checking program of drilling tool is compiled to
check drilling tool strength.

)rough this program, the fatigue strength of drill pipe
can be analyzed. )e program is used to analyze example 1
(Table 2), and we obtain the stress diagram and fatigue safety
factor diagram of drilling tool.

According to Figure 9(a), it can be known that the axial
stress of the drilling tool decreases as the depth increases.)is is
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Figure 5: Schematic diagram of the change in velocity of point P when time t� 1–5 s.
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because as the depth of the well increases, the length of the drill
pipe under the section decreases, and the axial load decreases
on the section. According to equation (6), bending stress of
drilling tool is related to axial pressure, RPM, and properties of
drilling tool. According to Figure 9(b), it is shown that when
the RPM is 80 rpm, the bending stress reaches maximum on
the weighted drill pipe. Figure 9(c) shows that the shear stress
on the cross section of the drilling tool decreases with the

increase of depth. Figure 9(d) shows that the radial stress of
drilling tool increases with the increase of well depth. )e
circumferential stress decreases firstly and then increases with
the increase of well depth.

According to equation (14), we can obtain the fatigue
safety factor curve of drilling tool. According to the analysis
of Figure 10, it is found that the fatigue safety factor is low in
the location of the wellhead, weighted drill pipe, and drill
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Figure 9: Schematic diagram of stress changing with distance from section to wellhead. (a) Change of axial stress. (b) Change of bending
stress. (c) Change of shear stress. (d) Change of circumferential stress and radial stress.
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collar, and there is a risk of fatigue failure during drilling.
)e safety factor is small at the wellhead position of the
drilling tool because of the influence of axial stress, shear
stress, and circumferential stress. )e main reason for the
lower fatigue safety factor in the location of the weighted
drill pipe and drill collar position is the influence of great
bending stress, radial stress, and circumferential stress of the
drill tool.

According to the analysis of Figures 9 and 10, it is found
that the axial stress and bending stress have great influence
on the safety factor of drilling tool.

)ere is a negative correlation between the safety factor
and the overall change trend of the axial stress of the upper
drilling tool.)e safety factor of the bottom hole drilling tool
is closely related to the bending stress of the drilling tool, and
the change trend of the safety factor is basically opposite to
that of the bending stress. When the drill tool assembly is
fixed, the safety factor of drilling tool is closely related to
WOB and RPM.

4.3.2. Case 2. In order to explore the correlation between
the drilling state of drilling tools and the safety factor of
drilling tools, another relevant example 2 is selected for
analysis. According to the calculation, the dangerous
point of drilling tool is near the joint of 127mm weighted
drill pipe and 177.8mm drill collar. )e schematic dia-
gram of the change of safety factor with WOB and RPM is
shown below.

From Figure 11, it can be seen that the safety factor of
this point decreases with the increase ofWOB and RPM.)e
figure shows that when the RPM is less than 70 rpm, the
safety factor of the drill is greater than 1. )e fatigue safety
factor is less than 1 when the RPM is higher than 70 rpm, and
the fatigue safety factor of drilling tool is the smallest when
the RPM is 90 rpm.

4.4. ;e Relationship between Stress and Fatigue Factor.
)e change of safety factor is due to the change of stress
on drilling tool, so it is necessary to analyze the influence
of stress on safety factor. RPM and WOB are the main
factors affecting the safety factor and the stress of drilling
tools. )erefore, we can adjust the WOB and RPM of the
drilling tool to determine the change of the stress and the
magnitude of the stress, so as to judge the relationship
between the stress and the fatigue safety factor of the
drilling tool.

It can be seen from Figure 12(a) that the axial stress
decreases with the increase of WOB; Figure 12(b) shows that
the shear stress increases with the increase ofWOB.)e axial
stress and shear stress have little effect on the safety factor of
drilling tools.

)e change of WOB has little effect on the axial stress
and shear stress of the drilling tool, and the circumferential
stress and radial stress are not affected. )e change of WOB
and RPMhas great influence on the bending stress of drilling
tools. )erefore, it can be assumed that the bending stress is
the main factor causing the change of fatigue safety factor of
drilling tool.)e changes of bending stress and fatigue safety
factor can be seen from Figure 13.

Analyzing the dangerous point A in example 1, it is
found that when the RPM is about 80 rpm, the bending
stress on this point is the largest, and the safety factor is the
smallest. Generally speaking, the changing trend of bending
stress is opposite to that of safety factor.

Analyzing the dangerous point B in example 2, it is
found that when the RPM of the drilling tool is about
90 rpm, the bending stress reaches the maximum and the
safety factor is the minimum. From Figure 14, it can be
found that the change trend of the bending stress and the
change trend of the safety factor are also opposite.

)erefore, it can be concluded that the fatigue safety
factor is closely related to the whirl degree of drilling tools,
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Figure 10: (a) Safety factor diagram of drilling tool. (b) Safety factor of connection point between weighted drill pipe and drill collar (WOB:
60–160 kN; RPM: 40–150 rpm).
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Figure 13: (a) Diagram of bending stress of point A. (b) Diagram of fatigue safety factor of point A.
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Figure 11: RPM-WOB-safety factor diagram of drilling tool (WOB: 60–160 kN; RPM: 40–150 rpm).
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and the bending stress has great influence on the safety
factor of drilling tools.

5. Conclusions

Based on the analysis of various factors, such as the whirling
characteristics, the stress conditions, the calculation method
of fatigue safety factor, and drilling conditions, the following
conclusions can be drawn:

(1) )rough the research on the whirl characteristics of
the drilling tool and the analysis of the trajectory of
point P under different RPM (30 rpm, 60 rpm, and
120 rpm), it is found that the contact frequency is
greater between point P and the borehole wall when
the RPM is 120 rpm. With the increase of RPM, the
degree of drilling tools backward whirl is more in-
tense, the frequency of alternating stress changes
increases, and the fatigue life of drilling tool will be
reduced.

(2) With the increase of RPM, the bending stress of
dangerous points increases and the fatigue safety
factor decreases. With the increase of WOB, the
bending stress of dangerous points increases slightly
and the safety factor decreases. It is shown that the
RPM has a greater influence on the safety of drilling
tools (RPM: 40–150 rpm; WOB: 60–160 kN).

(3) )e variation trend of fatigue safety factor is opposite
to that of bending stress caused by whirl of drilling
tool. )erefore, the whirling degree should be con-
sidered greatly in the process of drilling tool design,
and the RPM of the drilling tool should be selected
reasonably in drilling engineering.

(4) )e downhole vibration of drilling tools is the result
of coupling of various vibration modes, and the
change of the alternating stress is extremely complex.
)erefore, if we need to further analyze the fatigue
safety of drilling tools, it is necessary to combine with
actual drilling conditions and consider the impact of
vibration to drilling tools.
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