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Abstract. Piercing connectors are widely used in power line erection. However, piercing connectors are
susceptible to fatigue failure induced by wind load andmulti-field coupling. Therefore, this study aims to predict
the fatigue life of piercing connectors. First, the thermal-electrical-mechanical coupling model is created.
Second, the electrical contact resistance (ECR) of piercing connectors is experimentally measured and converted
into the heat generation rate (HGR) by the thermal equivalence method. Meanwhile, the breeze vibration load
(BVL) of the conductor is calculated by the wind vibration theory. Then, the HGR and BVL are applied to
perform the multi-field coupling calculation and fatigue life prediction. Finally, the effect of installation torque
on the highest temperature, maximum stress, and fatigue life of piercing connectors is analyzed in detail. The
results show that the ECR of piercing connectors decreases with the mounting torque, and ultimately tends to
be stable. The highest temperature and maximum stress are located on the piercing blade, which is likely to
become the failure origin. Within the allowable range of installation torque for piercing connectors, an optimal
installation torque exists to minimize the maximum stress fluctuation and prolong the fatigue life.

Keywords: Fatigue life / piercing connector / breeze vibration / multi-field coupling /
electrical contact resistance
1 Introduction

With the rapid growth of the demand for electrical energy,
this phenomenon brings serious challenges to electricity
transmission. High-voltage overhead lines are the key
components of power transmission, and piercing connec-
tors are widely used in electrical lines. However, in practice,
the failure of a large number of distributed piercing
connectors leads to power line failures and even serious fires
[1]. The available study exhibits that the failure mode of
piercing connectors mainly includes fatigue fracture,
fretting wear, and corrosion [2,3]. In recent years, the
fierce winds induced by environmental degradation and
electric-thermal-mechanical coupling caused by high
currents make the piercing connectors more easily fatigue
fracture [3]. Therefore, conducting relevant studies on the
fatigue life of piercing connectors under the action of multi-
field coupling and breeze vibration is necessary.

The finite element method (FEM) was an essential tool
for multi-field coupled analysis. For example, Semmar et al.
[4] and Technology et al. [5] analyzed the temperature
distribution of electrical connectors at room temperature
eiwang@hfut.edu.cn
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and the structural characteristics of electrical connectors
under the temperature loads. He et al. [6] consider the
influence of the contact surface state of electrical
connectors on the electrical contact resistance (ECR)
and heat generation rate (HGR) and performs a coupled
evolution analysis of the temperature and the stress-strain
field. Xu et al. [7] analyzed the thermal behavior of power
connectors and performed a deep study of the thermal-
structural coupling failure mechanism. The results show
that the multi-physics field coupling of the electrical
connector generates significant HGR, which makes the
electrical connector subject to a large thermal load. The
HGR depends on various factors. Angadi et al. [8] revealed
the impact of material and roughness on the temperature
rise of electrical connectors via a multi-field coupling model
with multi-scale rough surfaces. Israel et al. [9] also built a
thermal-electrical coupling model of electrical connectors
to explore the transient temperature rise under short
circuits. Thus, material properties, surface contact con-
ditions, and current strength have significant effects on the
temperature rise of electrical connectors.

Temperature generates a vital impact on the failure of
electrical connectors. Sun et al. [10,11] conducted a study
on the premature failure of gas-insulated substation (GIS)
monsAttribution License (https://creativecommons.org/licenses/by/4.0),
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Fig. 1. Piercing connectors.
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Fig. 2. 3D model.
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Plummer connectors and found that overheating easily
occurs when the insertion depth of the connector was
insufficient. Moreover, Beloufa et al. [12] investigated the
influence of wire diameter on the temperature rise of
automotive connectors, and the results showed that a
suitable wire diameter can reduce the highest temperature
and decrease the failure rate. Tang et al. [13] indicated that
the distribution of current in the point-contact contact was
circular, which manifests that the heat source and thermal
stress distribution were similar. In summary, the tempera-
ture rise of electrical connectors under multi-field coupling
is a key factor to promote the failure of electrical
connectors. Hence, the life prediction of electrical con-
nectors is necessary under multi-field coupling.

The breeze vibration load (BVL) also affects the fatigue
life of the piercing connectors. Currently, theoretical studies
on the effect of wind load on wire vibration are commonly
used, and themost reliableway is the energybalancemethod
proposedbySlethei et al. [14].With thedevelopmentoffinite
element technology, Zhang et al. [15,16] adopted fluid-solid
coupling and free vibration modes to analyze the coupled
vibrationofwind loadandwire.Theabove study showsBVL
is an important factor affecting the vibration of the
conductor, and reveals the general vibration law of the
conductor under different wind load conditions, which lays
the foundation for the breeze vibration fatigue analysis of
piercing connectors. Kong et al. [17] derived a transmission
line breeze vibration fatigue life calculation formula
considering the wind speed and wind direction probability
distribution based on Miner theory. However, the effect of
multi-field coupling is ignored. Therefore, this paper
integrates the multi-field coupling and breeze vibration to
conduct the fatigue life calculation and prediction studies of
the piercing connector.

In the current study, themulti-field coupledmodel of the
piercing connectors is created first. Second, to simulate
thermal influence, the ECR was experimentally measured
under different installation torques and converted into the
corresponding HGR by the thermal equivalence method.
Simultaneously, the BVL of the wire is calculated by the
wind vibration theory. The HGR and the BVL are loaded
into the computational model, and the thermoelectric
coupling and structural steady-state and transient analyses
of the piercing connector are performed based on the
sequential coupling method. Finally, the steady-state high-
est temperature and maximum stress under different
installation torques are obtained. Meanwhile, the effect of
installation torque on the fluctuation magnitude of the
maximumstress is researched.The fatigue life of the piercing
connector in this area is predicted based on the probability
distribution of wind speed and direction in a city for 1 yr, as
well as Mine’s linear cumulative damage criterion.
A theoretical basis is provided to formulate suitable mainte-
nance and replacement period for the piercing connector.

2 Multi-field coupling calculation

2.1 Three-dimensional model

The photograph of the piercing connectors is shown in
Figure 1. The piercing connectors used for the 10-kV
distribution line are comprised of fastening bolts, clip
blocks, piercing blades, and so on. The piercing blades
contact the wire to form a current conduction path when
the tightening force from bolts is applied. The copper set
will be twisted off if the tightening force further increases.
The design of the copper set facilitates the installation
process to avoid uneven force on the piercing blades due to
different installation torque. Meanwhile, appropriate
installation torque is applied. Eight piercing blades, each
with eight piercing contacts are observed. To obtain good
electrical and thermal conductivity, the piercing blades are
made of copper alloy. The insulating cage is used to
maintain the overall structure and protect the internal
electrical interface from corrosion and contamination.

To facilitate the mesh division, an appropriate
simplification of piercing connectors (e.g., bolt threads
and so on) is necessary. Figure 2 depicts the simplified
model, which is 82� 62� 98 mm3 in length, width, and
height.

2.2 Material properties

Table 1 lists the mechanical and thermoelectric properties
at room temperature [6]. The piercing connectors suffer
from a certain temperature rise after power on, but the
highest temperature does not exceed 100 °C. Therefore, the
influence of temperature rise on the material properties is
negligible, and the material properties are assumed to be
constant. In general, the contact interface between the
blade and wire under preload maintains a strong mutual
extrusion effect, which makes the material prone to plastic
deformation. Consequently, a nonlinear stress-strain
relationship in Figure 3 is adopted to perform the
mechanical calculation for the blade and wire.



Table 1. Material properties.

Structure Piercing blade Insulation cage Clip block,
washer, bolt

Wire

Material type Copper alloy Polybutylene terephthalate Mild steel Alumi-num
Young’s modulus (MPa) 1.24 � 105 1.42 � 105 2.06 � 105 6.8 � 104

Poisson’s ration 0.32 0.35 0.30 0.36
Electrical resistivity (cm ·mV) 1.65 / 2.85 2.65
Coefficient of thermal conductivity
(W ·m�1 · °C�1)

394 0.34 64.8 222

Specific Heat Capacity
(J · g�1 · °C�1)

0.46 1.46 0.88 0.88

Density (g · cm�3) 8.9 2.5 7.85 2.7
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Fig. 3. The mechanical properties.
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2.3 Computational model

The 3D hexahedral element Solid 45 is used to conduct
mechanical calculations for the puncture blades, clip
blocks, and wires, and the tetrahedron element Solid 95
is employed for the insulating cage. Solid 45 and 95 are
replaced by a 3D coupled-field Solid 226 in the thermo-
electric analysis. To facilitate the preload application, a
preload element Prets 179 is created in the middle section
of the bolt. Meanwhile, the 3D contact elements Contact
174 and Target 170 are defined on the surface of the
piercing blade and the wire. The contact elements possess
the same degrees of freedom (DOFs) as the body element.
To guarantee the accuracy of the contact calculation, the
Gaussian integration point is selected as the contact
detection point. In addition, appropriate allowable pene-
tration and friction coefficient of 0.3 are required. The
default convergence tolerance factor of 0.1 is adopted in
ANSYS. A factor of less than 0.2 is also recommended if
convergence is still difficult.

The 3D contact elements are used to simulate heat and
electricity conductance between the contact surfaces.
Therefore, the thermal contact conductivity (TCC) and
electrical contact conductivity (ECC) described in detail in
ANSYS help are important. The heat flux q is defined as the
product of TCC and temperature difference DT. More
apparently, a larger TCC implies that the contact is
more perfect, and the effect of ECC has a similar law. The
literature [18] indicates the order of magnitude of TCC is
10-106 W ·mm�2 · °C�1 for perfect thermal contact.
Accordingly, in this paper, the contact is also assumed
to be perfect, and a larger TCC of 106 W ·mm�2 · °C�1 is
defined. References [19,20] state that ECC is 100-106

S ·mm�2 in perfect electrical contact. Thus, ECC is 106

S ·mm�2.
In light of the experience of finite element analysis,

smaller mesh sizes are beneficial to obtain the stress
concentrations at the contact edges more accurately, but a
longer computation time is required. Accordingly, themesh
size needs to be optimized. Figure 4 demonstrates the
contact pressure at the contact edge versus the grid size.
The lesser the grid dimension, the greater the contact
pressure at the contact edge and the more time consuming
the process. Furthermore, the contact pressure at the
contact edge varies slightly when the grid size is less than
0.12mm. Thus, the minimum element size is 0.12mm. The
grid size away from the contact edge is 1.50mm. After the
completion of grid division, Figure 5 shows the computa-
tional model with 1,245,325 nodes and 956,359 elements.
2.4 Multi-field coupling calculation program

The direct coupling method and load transfer method are
used to perform the multi-field coupling calculations for
different research objects [21]. Although the numerical
calculations are executed on a high-performance worksta-
tion that has a 3.6GHz Intel(R) Core(TM) i9-9900K CPU
and 64 GB RAM, the computational efficiency is low using



Fig. 5. Computational model.

Fig. 6. Multi-field coupling calculation program.

Table 2. Comparison of computation time.

Method Calculation time

Direct coupling method 5 weeks
Load transfer method 6.5 h
Improved load transfer method 32.5 h

Fig. 7. Boundary conditions of the computational model.
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the direct coupling method. Consequently, the load
transfer method is employed. To consider the bi-directional
coupling effect between multiple fields, an improved load
transfer method is proposed. Figure 6 depicts the multi-
field coupling calculation procedure. Table 2 represents the
calculation time for each method. Although the improved
load transfer method is more time-consuming than the load
transfer method, the computational efficiency is acceptable
and the accuracy is significantly improved.

2.5 Boundary conditions

Heat transfer mainly includes heat conduction, heat
convection, and thermal radiation, of which heat conduc-
tion is the most basic [22]. Heat conduction follows
Fourier’s law:

q ¼ �l
dT

dx
ð1Þ
where q represents the heat flux, l expresses the heat
transfer coefficient,Tmeans the temperature and x denotes
the position.

The heat convection follows Newton’s law [18]
expressed as follows:

f ¼ hcA Tw � Tf

� � ð2Þ

where ’ is the heat flow, hc represents the coefficient, A
expresses the area, and Tw and Tf are surface and fluid
temperature, respectively.

Thermal radiation efficiency is the lowest in the
atmosphere [23]. The effect of heat radiation is very small
and even ignorable. Thus, the film coefficient of 4.85
W ·m�2 · °C�1 at a room temperature of 22 °C is defined for
the outside surface of the piercing connector.

First, the mechanical-thermal coupling calculation is
performed based on the preload of 26 N ·m and fixation
constraints. Then, the thermoelectric analysis is executed
by applying the deformed mesh, voltage, current, and
HGR. Then, the mechanical-thermal coupling computa-
tion is performed again to realize the cyclic load transfer.
The cyclic process does not exist until the global
temperature reaches a steady state. Finally, the tempera-
ture and wind loads are loaded to carry out the transient
mechanical analysis. Figure 7 gives the detailed boundary
conditions.

The transient results are imported into the nCode, a
fatigue analysis software, after the mechanical calculation.
The S-N curve of the material andmean stress correction of



Fig. 8. Experimental circuit and measurement instrument of
ECR.
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the Goodman equation are defined. The damage factor and
fatigue life of the piercing connector are then calculated
based on the Mine linear cumulative damage criterion.

2.6 Electrical contact resistance equivalent treatment

Figure 8 shows the experimental circuit and apparatus.
Thereinto, the micro-ohmmeter based on the four-wire
method possesses sufficient measure accuracy [24]. The
ECR under different installation torques is measured
(Fig. 9). The average value of three measurements under
the same conditions is taken as the final result to reduce the
measurement error.

Figure 9 shows that the ECRdecreases nonlinearly with
the increase of the installation torque. The ECR shows a
significant change in the installation torque under the
installation torque of<30 N ·m. The ECR tends to plateau
when the installation torque is >30 N ·m. This is mainly
because the piercing blade is not completely in contact with
the wire under a smaller torque, and the better the contact
as the torque increases. The contact effect is not
significantly improved, which stabilizes the ECR when
the torque increases to a certain level.

The main heat source is from ECR, and an accurate
heat equivalence method is necessary [25]. For the piercing
connector model, the ECR exists only at the contact area,
so the equivalent HGR q is calculated as in equation (3):

q ¼ p

s
¼ i2Rc

2S
ð3Þ
where i denotes the current intensity, Rc is the ECR, and S
expresses the total contact area.

Assuming the current strength of 290 A, the real
contact areas under different mounting torque are obtained
via themechanical simulation, and then the HGR is defined
based on the experimentally measured contact resistance
and the numerically calculated real contact areas to
perform the subsequent thermal-electrical coupling calcu-
lations.

3 Breeze vibration characteristics

3.1 Wind vibration theory

The phenomenon of the “Karman vortex” indicates that the
long-span conductor is always in a steady vibration state
[26]. According to the Karman vortex properties by
Kalman and Storroha, the vibration frequency of the
cylinder is related to the wind speed as follows:

f ¼ S
v

D
ð4Þ

where f is vortex frequency (in Hertz), v is wind speed (in
meters per second), D is the column diameter, and S
represents the Strohal number (value range, 0.185–0.21).

The “Karman vortex” induced by the breeze vibration of
the wire can be calculated using the energy balance method
[27], mainly considering the wind load input energy,
damping energy consumption, and energy consumption of
the anti-vibrator:

Pw ¼ Pc þ Pd ð5Þ
where Pw is the wire wind load input power, Pc denotes the
damping energy consumption, and Pd represents the
energy consumption of the anti-vibrator.
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In this work, the 10-kV distribution line has no anti-
vibration measures, so Pd=0. The wind load input power
Pw uses the fitting formula proposed by Diana and Falco:

Pw ¼ bw

y

D

� �2a1 y

D

� �a2
ea3f3D4ðy < 0:6DÞ

Pw ¼ 27:51bwf
3D4 0:6 < y < Dð Þ

Pw ¼ 0 y≥Dð Þ

8><
>: ð6Þ

where a1, a2, and a3 are 0.0526, 1.4074, and 4.0324,
respectively; y is the single amplitude; and D is the wire
diameter.

The actual environment may influence wind energy. An
inhomogeneity factor bw is introduced to correct the wind
input power [28], as calculated by the following equation:

bw ¼ 1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Iv

IL

� �2
r ð7Þ

where IL is the locking constant, 0.09, Vw is the average
wind speed, sv is the standard deviation of wind speed, and
Iv is the turbulence of the wind at the suspension point of
the wire, Iv=sv/Vw, or estimated by the following formula:

Iv ¼ 2:45
ffiffiffi
k

p Zr

Z

� �a

ð8Þ

where k is the ground friction coefficient, a implies a
terrain-related constant, Zr represents the reference height,
and Z denotes the height of the suspension point. In this
work, k and a are 0.004 and 0.15, respectively.

The damping energy consumptionPc is mainly from the
internal friction loss between the wire strands. The semi-
empirical formula can be utilized:

Pc ¼ 1:07 � 106Eeq

ffiffiffiffiffiffiffiffi
KD

p
KSK0L

D4:5f6þb Y 0
2

� �2:5

V c
5

ð9Þ

where K0 and b are 0.0042 and 0.4256, respectively. Eeq is
the elastic modulus of the wire, KD is the empirical factor,
0.54, KS is the maximum bending stiffness discount factor,
0.5, L is the span of a wire, D is the diameter of a wire, and
Vc is the wave speed of the wire, V c ¼

ffiffiffiffiffiffiffiffiffiffi
T=m

p
.

In this work, the overhead wire with the type of JKLYJ-
240 is regarded as an example, with a span of 70m, an outer
diameter of 26.8mm, and a rated breaking force of 34.68
kN. The breeze vibration frequency is generally 5–150Hz
[29] and the maximum amplitude of the wire induced by
breeze vibration does not exceed the diameter of the
conductor itself. Thus, the minimum and maximum
vibration frequencies are 12Hz and 70Hz, respectively.
Based on the energy balance method, the relationship
between the amplitude and frequency of the wire is
obtained. Figure 10 shows that the wire breeze vibration
amplitude nonlinearly decreases with the frequency
increasing to 40Hz, a critical frequency. Under low
frequency, wind load vibration will make the piercing
connector withstand the larger vibration load.
3.2 Number of wind load fluctuations

The relationship between wind speed and wind direction
meets statistical laws in a certain period (e.g., Weibull,
Pearson). In this paper, the Weibull function is used [30]:

p V � V Cð Þ ¼ 1� exp � V C=cwð Þkw
h i

: ð10Þ

This equation represents the probability when the wind
speed is less than VC in the statistical time. kw and cw are
the shape and scale parameters, respectively. The
parameters are calculated as follows:

kw ¼ 0:74þ 0:19v ð11Þ

cw ¼ v=G 1þ 1=kwð Þ ð12Þ
where v is the annual average wind speed.

Combining equation (4), equation (10) has the
following form:

p f � fCð Þ ¼ �exp � fCD=Scwð Þkw
h i

: ð13Þ

In this paper, the extracted frequency range is uniformly
divided intoN frequency bands, and then the probability of
the i frequency band is calculated as follows:

p fCi1 � fi � fCi2ð Þ ¼ exp � fCi1D=Scwð Þkw
h i

� exp � fCi2D=Scwð Þkw
h i

: ð14Þ

The total time of the i frequency band in a year is:

ti ¼ 3:1536 � 107

� exp � fCi1D=Scwð Þkw
h i

� exp � fCi2D=Scwð Þkw
h in o

:

ð15Þ
The total number of vibrations is:

ni ¼ ti � fi: ð16Þ



Fig. 11. Wind rose chart in a city.

Table 3. Relative parameters of vibration in each
frequency band throughout the year.

Vibration
frequency (Hz)

Vibration
probability

Vibration
time (h)

Number
of vibrations
(�107)

15–19 0.0232 203.47 1.0988
20–24 0.029 254.07 1.8293
25–29 0.0337 295.34 2.6581
30–34 0.0372 325.79 3.5186
35–39 0.0394 344.71 4.3433
40–44 0.0402 352.14 5.0708
45–49 0.0398 348.83 5.6508
50–54 0.0384 336.03 6.0486
55–59 0.0360 315.50 6.2469
60–64 0.0330 289.15 6.2458
65–69 0.0296 259.00 6.0606

Fig. 12. Temperature distribution.
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The total time for which the vibration occurs is:

t ¼
X
i¼1N

ti ¼ 3:1536 � 107

�
XN
i¼1

exp � fCi1D=Scwð Þkw
h i

� exp � fCi2D=Scwð Þkw
h in o

:

ð17Þ
Distribution line wire breeze vibration is not only

related to the wind speed but also the wind direction.
Stable breeze vibration of the wire occurs when the wind
direction is at an angle of 45°–90° with the wire [31]. Only
the stable breeze vibration is considered for the conve-
nience of analysis. Moreover, Figure 11 depicts the annual
wind rose diagram in a city, and the wind direction of the
city is mainly concentrated in the south. Therefore,
the more stable vibrations occur in the wire when the
conductor is erected along the east-west direction, and the
probability of stable vibration throughout the year is
about 67.59%.

Assuming an average wind speed VC=6 m · s�1, and kw
and cw are 2.07 and 7.9, respectively, by equations (11) and
(12). Combined with the relationship between amplitude
and frequency in Figure 9, the probability of vibration,
vibration time, and the number of vibrations are calculated
every 5Hz, and the results are listed in Table 3.

4 Results and discussions

4.1 Analysis of temperature rise

The steady temperature distribution is shown in Figure 12
when the installation torque and current intensities are
24 N ·m and 290 A, respectively. The temperature of the
piercing blade is the highest,∼55.44 °C. The temperature of
the cage is the lowest, ∼35.14 °C, with a temperature
difference of 20.33 °C. The whole temperature distribution
is extremely uneven. However, the temperature distribu-
tion of the piercing blade is more uniform, which is because
of the good thermal conductivity of the piercing blade. This
internal temperature concentration phenomenon is not
conducive to the long-term operation of piercing connector,
facilitating aging failure. Therefore, the cage material
possesses, as far as possible, good thermal conductivity and
strength.

Figure 13 explains the maximum, average, and
minimum temperatures of the piercing connector versus
mounting torques. The temperatures show a decreasing
trend and ultimately stabilize, which is consistent with
the ECR trend. The maximum temperature of the
piercing connector under 32 and 14 N ·m is 49.03 and
86.42 °C, respectively, when the current intensity is 290 A.
The temperature difference reached 37.39 °C, which
illustrates that the installation torque has an important
influence on the temperature rise. Reference [32] shows
that the highest temperature allowed for the piercing
connector in long-term operation should not exceed 75 °C.
Combined with the numerical results, the installation
torque should be >18 N ·m within the rated current
intensity.
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Fig. 14. Von Mises stress distribution.
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4.2 Analysis of mechanical results

Figure 14 expresses the overall von Mises stress distribu-
tion when the piercing connector is subjected to the preload
of 24 N ·m only. The maximum equivalent stress located on
the blade is 650.33MPa. Therefore, the strength of the
blade is the weakest in the overall structure. Themaximum
equivalent stress exceeds the yield strength, so the
definition of a nonlinear stress–strain relationship is
necessary.

Figure 15 shows the maximum von Mises stress versus
time under breeze vibration and different installation
torques. After the installation completion, the maximum
equivalent stress reaches the maximum at 0.03 s and
increases with the installation torque increasing. The
maximum stress reaches 860MPa under the installation
torque of 32 N ·m. The maximum stress starts to fluctuate
induced by the temperature and breeze vibration. Under
the installation torque of <28 N ·m, the maximum stress
fluctuates around a certain level, but the trend of the
maximum stress fluctuation under different installation
torques is similar. Meanwhile, the stress fluctuation curve
is roughly at the same level, and only a difference in
fluctuation amplitude is observed when the installation
torque is >28 N ·m. The larger the installation torque, the
smaller the stress fluctuation amplitude, which is due
to the suppression of stress fluctuations by a large
mounting load. Thus, the wind load vibration has less
influence on the maximum stress fluctuation under the
large installation torque condition.

For the effect of breeze vibration on the stress
distribution of the piercing connector, Figure 15 depicts
the relationship between the maximum equivalent stress
growth, fluctuation amplitude, and installation torque.
The fluctuation amplitude is a difference value between the
peak and valley value of the maximum stress fluctuation
curve, and the steady-state mean value is calculated during
the stable fluctuation period.

Figure 16a explains that the maximum stress fluctua-
tion amplitude reduces gradually with the increase of the
mounting torque. Moreover, a significant local abrupt
change is observed, which may be due to the change of the
ECR caused by the change of the mounting torque, and the
weakening of the interaction between the multi-field
coupling. The larger installation torque, >24 N ·m,
significantly reduces the maximum stress fluctuation
amplitude. Hence, the stress fluctuation amplitude is less
affected by the breeze vibration under the larger installa-
tion torque. In addition, Figure 16b illustrates that the
steady-state mean value tends to increase with the
installation torque increase. The steady-state mean value
increment is the largest, ∼91.1MPa when the mounting
torque increases from 26 to 28 N ·m. However, a larger
mounting load will noticeably reduce the stress fluctuation
amplitude, and the smaller stress amplitude is then
beneficial to prolonging the fatigue life. In summary, the
results of the mechanical analysis show that the suitable
installation torque range is >24 N ·m.

4.3 Fatigue life analysis

The fatigue life of the piercing connector underwind speed of
6 m · s�1 and installation torque of 24 N ·m is obtained
through ANSYS nCode. Figure 17 interprets the fatigue life
of the piercing blade caused by the breeze vibration. The
number of cycles for a node with the shortest fatigue life is
extracted,∼9.489� 109. The simulation results are based on
20 complete cycles. Thus, theminimumnumber of cycles for
the piercing blade at a wind speed of 6m/s is as follows:

N ¼ 20 � 9:489 � 109 ¼ 1:896 � 1011: ð18Þ
The relationship between the frequency, amplitude, and
wind speed exists. Therefore, the fatigue life of the piercing
connector is predicted with the middle value of different
frequency intervals. Table 4 depicts the number of breeze
vibrations under the corresponding frequency. The second
and third columns are the probability and total time of load
fluctuations under the different breeze vibration frequency
bands in a year, and the fourth column is the maximum
number of load fluctuations that the piercing connector can
withstand.

According toMine theory, the fatigue life of the piercing
connector because of the cyclic structural stress and
thermal stress is calculated based on equations (19) and
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Fig. 17. Fatigue life of the piercing connector.

Table 4. The number of load fluctuations of the piercing
connector.

Serial
number

Vibration
frequency
(Hz)

Number of load
fluctuations
(�107)

Total maximum
load fluctuation
(�107)

1 15–19 1.0988 20.82
2 20–24 1.8293 92.78
3 25–29 2.6581 1026.58
4 30–34 3.5186 7518
5 35–39 4.3433 9832
6 40–44 5.0708 11906
7 45–49 5.6508 17362
8 50–54 6.0486 17766
9 55–59 6.2469 18960
10 60–64 6.2458 19178
11 65–69 6.0606 19216
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(20) [17]:

D ¼
X11
i¼1

ni

Ni
ð19Þ

L ¼ 1=D ð20Þ
where ni is the number of load fluctuations in a frequency
band, Ni is the total number of maximum load fluctuations
in every frequency band, D is the total damage factor, and
L is the fatigue life of the piercing connector.

The total fatigue damage factor due to breeze vibration
in a city is 0.078 based on the above analysis and
calculation, and the corresponding fatigue life is about
12.82 yr.

5 Conclusion

In this work, a numerical method is used to predict the
fatigue life of the piercing connector under the breeze
vibration and multi-field coupling. The conclusions are as
follows:
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–
 The ECR of the piercing connector decreases with the
increase in installation torque, while the highest
temperature is also lower, which is beneficial to
improving the working condition. The temperature of
the piercing blade is the highest. Therefore, temperature
monitoring should be placed on the blade. Furthermore,
the insulation cage should possess good thermal
conductivity to optimize internal heat dissipation.
–
 The highest temperature of the piercing connector
increases with the decrease of the installation torque
or the increase of the current intensity. The highest
temperature of <75 °C is required to ensure the stable
operation of the 10-kV distribution line. Therefore, the
minimum installation torque is 18 N ·m.
–
 The larger the installation torque of the piercing
connector, the higher the maximum von Mises stress.
However, the larger installation torque can reduce the
maximum stress fluctuation amplitude caused by breeze
vibration, especially>24 N ·m. The maximum vonMises
stress fluctuation amplitude drops abruptly to prolong
the fatigue life.
–
 According to the wind speed and wind direction statistics
in a city throughout the year, the total fatigue damage
factor of the piercing connector caused by breeze
vibration is 0.078, and the fatigue life is about 12.82
yr. The results provide scientific guidance for mainte-
nance and replacement.
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