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Abstract: Typhoons are a serious threat to transmission towers and lines in coastal areas. The anti-
wind performance of a transmission tower needs to be reinforced and optimized to avoid tower
collapse. Here, an improved real-time wind-field mathematical model and a tower-line coupled
simulation model were established to reproduce the wind field distribution, mechanical vibration,
and interaction between the wind field and tower. The damage prediction of the transmission tower
was analyzed. Furthermore, an actual scaled tower-line model was built, which was used to measure
the acceleration and displacement responses in the anti-wind experiments. The research results show
that the improved model is feasible and correct based on the verification of Typhoon Mujigae. The
tower’s vibration response is mainly characterized by low frequencies, whereas the lines indicate a
high frequency response. The transmission line has a remarkable impact on tower vibrations in high
turbulence. A flow direction angle of 50° and a long span are dangerous conditions for transmission
systems in coastal regions. The acceleration and displacement responses of the main bars show
opposite trends to that of the auxiliary cross-bars. The contribution of this article is the possibility of
tower collapse prediction and prevention.

Keywords: typhoon weather; wind field; tower-line coupled model; anti-wind performance; coastal
areas; tower collapse

1. Introduction

Typhoon is a very dangerous weather that may cause a tower collapse for the trans-
mission system in coastal area [1-3]. In 2015, the super typhoon “Mujigae” damaged
80 towers, impacting thousands of transmission lines, as shown in Figure 1. Due to the
high-rise structure of transmission towers, which are sensitive to strong wind, it requires
highly-reliable, anti-wind ability for the transmission tower to keep itself stable and ensure
normal power system operations, especially in the coastal area. Therefore, it is important
to further research the mechanical properties of the transmission towers and lines, aiming
to strengthen towers’ anti-wind performance, as well as providing an early warning for
tower collapse.

Figure 1. Tower collapse in typhoon weather.
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The main causes for tower collapse include the high-rise structure of the tower, the
pull-drag force of lines, and the strong turbulence of a typhoon [4-6]. By now, some studies
just focus on the typhoon wind field distribution and tower’s vibration.

Some wind-field simulation models, such as Batts, Shapiro, CE, and Yanmeng wind-
field model have been developed in the last 40 years. Batts model was a first generation
typhoon wind-field simulation model proposed by Martin E. Batts in 1980, while this
simple model ignored the effect of ground surface friction [7]. The Shapiro model calculated
the wind-field based on the momentum balance equation of airflow and considered the
typhoon’s asymmetric boundary [8]. The CE model, adopted by the US navy, used the
N-S fluid dynamic equation and took ground surface into consideration [9]. The Yanmeng
model took advantage of Holland’s pressure model to simulate pressure gradient and
calculate wind field distribution; meanwhile, the Yanmeng model also took into account the
friction effect of ground surface [10,11]. In China, some scholars summarized the historical
typhoon data in the southeast coastal area, and compared it with the former wind-field
simulation models [12,13]. It showed that the Yanmeng wind field using Holland pressure
had the smallest error in simulating extreme wind speed of a typhoon. Regarding the
tower’s vibration, Battista established a simulation model of three towers and two lines, and
studied the stability and vibration characteristics of the model under normal wind [14]. Wu
Xingiao tested the wind vibration response of a single tower by installing an acceleration
sensor at the tower body [15]. Other research mostly used the discrete stiffness method
to simulate the stiffness of each part of the tower on the premise of the Cauchy number
criterion [16-18].

However, few studies focus on the anti-wind experiments of the tower-line coupled
model in various conditions of wind speeds, wind directions and turbulence; meanwhile,
the mechanical properties in real-time and frequency aspect are needed to predict tower
damage condition.

Here, the improved real-time wind field calculation method and tower-line coupled
simulation, as well as the anti-wind experiments are investigated. The special contributions
of this paper are that: the surface roughness is two-dimensional refined according to the
complex coastal landform, and the cyclone attenuation coefficient is optimized to reproduce
typhoon field distribution well; furthermore, an actual scale model of transmission towers
and lines are developed to conduct anti-wind experiments. The rest is organized as
follows. Section 2 proposes the typhoon mathematical model and ANSYS simulation
model. Section 3 analyzes the simulation results and tower damage prediction. The actual
anti-wind experiments are conducted in Section 4. Finally, we conclude this article in
Section 5.

2. Simulation Model
2.1. Real-Time Wind Field Mathematical Model

The real-time distribution of typhoon wind fields, whose characteristic is super high
turbulence, is considerably different from normal strong wind. The Yanmeng wind field
model is a better model for calculating the wind field distribution in complicated coastal
areas. Based on Holland’s atmospheric pressure model, and the surface friction of the
ground, as well as considering the typical typhoon data from Guangdong Province in
China to modify the formula of the radius of the maximum wind speed, the improved
Yanmeng model can be expressed as [11,19]:

%—Zt’—f—v'Vv:—%—kav—i—F

P = P+ APexp[—(Rm/1)"] 1)
9
Ren = 0.0016 x 214 ( i)
where v is the real-time wind speed. v is composed of the horizontal speed v and the

vertical gradient speed vg. p is the atmospheric density. P is the pressure of the region when
the typhoon is coming. f is the Coriolis force. k is the fitting parameter. F is the surface
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friction and can be ignored when calculating the atmospheric pressure gradient. P. is the
pressure of the typhoon center. r is the radius. B is Holland’s coefficient. V,, and V. are the
maximum wind speed and the wind speed of radius 7, respectively. Ry, is the radius of the
area covered by the maximum wind speed.

In the view of pulsed power excitation, the Von Karman power spectrum is adopted.
The Von Karman expression regards the turbulence gradient as a constant. In fact, the
turbulence tends to increase as the height rises. Therefore, the variation in the Von Kar-
man spectrum intensity in the vertical direction needs to be added. The modified Von
Karman power spectrum that can satisfactorily solve the pulsating wind speed is expressed
as [20,21]:

(f) = 4.407L,
oh(i) (1+ 108/Ly )0'83

@
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where vh(i) is the average wind speed. ¢ is the variance of the pulsating wind speed. Ly is
the turbulence integral length. f is the harmonic frequency. I,(#) and Iyon are the turbulence
intensities based on the actual measured data in reference [20] and the Von Karman power
spectrum at the calculating point i under the same average wind speed, respectively.

The definition of the typhoon’s flow direction and polar coordinate are shown in
Figure 2. In the calculation, the center of the typhoon is taken as the origin of the polar
coordinate system. The flow direction angle is defined as the angle between the typhoon’s
moving direction and the east direction.
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Figure 2. Definition of the flow direction and polar coordinate.

To simulate the real-time distribution of the wind field, a calculation program is
compiled in MATLAB software. The process is shown in Figure 3.

2.2. Tower-Line Coupled Calculation Model

The SZ631-33 tower, which had the highest probability of collapse of the 220 kV
transmission systems during the Typhoon Mujigae, is taken as a target to study. Moreover,
in consideration of the pull-drag forces of lines on both sides, the tower-line coupled
simulation model is established, as shown in Figure 4. The parameters of the simulation
model are listed in Table 1. Because the typhoon wind speed and turbulence intensity
vary in height, the tower model is divided into six parts, and various wind excitations
are uploaded on these six different positions. Combined with the wind speed obtained
from the real-time wind field model in Part A, the typhoon wind excitation that should be
applied on various bar elements can be computed by the following equations:

Py = 3007
Ep= 0.00125 X apige(d + 25)1H1<h2% x sin? 0 3)
Ep= 0.00125 x kLkaTAC%
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where v is the real-time wind speed; p is the air density; and P is wind pressure. According
to Py, the wind excitation on the tower and line, which are represented as EL and ET,
respectively, can be obtained. « is the nonuniform coefficient of the line pressure. jis is the
line shape coefficient; in the absence of ice, yisc = 1.2. d is the radius of the line conductor. §
is the ice thickness. Iy is the horizontal span. Kj, is the coefficient of wind speed variation.
6 is the angle between the transmission line and the wind moving direction. ki, is the shape
coefficient of the line wind excitation. kz is the coefficient of the wind pressure variation.
kr is the coefficient of the wind excitation adjustment; for this SZ5631-33 tower, kt = 1.5. A¢
is the windward area of each bar.

Timepoint
t
I
V) Vi
Pre-analysis of
measured data

| |
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| |
L

Typhoon center

Improved Yanmeng
wind-field model

l

Calculate wind
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by roughness

ind direction Timepoint
onvergence? t+1
Calculate roughness
by wind direction
Figure 3. The process of the calculation program.
Table 1. The parameters of the simulation model.
Items Value/Type Items Value/Type
Voltage level 220 kV Tower full height 489 m
Tower 57631-33 Cross-arm height 33 m
Tower main bar Q345 Root width 8.9 m
Tower auxiliary bar Q235 Tower simulation element Beam188
Line conductor LGJ-300/25 Line simulation element Link180
Grounding line GJ-50 Span between towers 300 m
Tower pattern Straight Calculation type Transient analysis

Line pattern Suspended loop line

A detailed simulation process is below. The transmission tower is a high-flexible and
lightweight building, which is sensitive to wind load and prone to bending and more easily
to deformation after the wire load. In order to simulate the deformation of this part, the
tension, compression, bending and torsional stiffness should be better simulated when the
steel unit is subjected to gravity load and wind load. Therefore, in terms of unit selection,
Beam188 unit in ANSYS is selected as the basic unit considering that the stress of steel is
similar to the beam unit. In another aspect, the wire belongs to a flexible cable structure and
does not tolerate a bending movement, so the Link180 unit is selected for modeling. In the
actual suspension of the wire, in order to avoid excessive pressure from the gravity load of
the wire itself to the cross load of the tower, it is necessary to add pre-stress at both ends to
balance the gravity load of the wire. The specification of the wire of the modeling object is
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LGJ-300/25 and the specification of the ground wire is GJ-50. In order to balance the gravity
load of the wire, it is necessary to use the deformation command UPGEOM in ANSYS to
make the simulated wire generating a pre-stress to offset the gravity load for shape forming.
A small deformation is applied to update the shape of the finite element line model, and the
hang-down size is used as the termination condition for iterative operation to achieve the
effect of stretching the initial form. After 72 iterations, the hang-down of the wire is 4.43 m.
After shape forming is completed, the tower-line coupling operation is carried out, and the
tower-line coupling system can be formed by adding the transmission tower model together.
Due to the complex structure of transmission towers, the amount of calculation increases
significantly with the addition of multiple transmission towers. In order to simplify the
calculation and facilitate convergence, the basic structure of transmission lines: single tower
and two line structure is adopted as the tower-line coupling model. During the analysis,
the analysis type is set as transient mechanical analysis, and the converted wind load data
is read from the OUTPUT folder of MATLAB, which is the results of the typhoon wind
field simulation in the first part. Due to the large wind load value, the time step is selected
as 0.0125 s for rapid convergence, and gravity load is applied globally for calculation.

- 5 Td-6
_____ Tower head main
bars: L125x10 Td-5
Auxiliary <= Td-4
bars: L63x5
Fy I'd-3

--- Tower body main ]

bars: L140x 12 I| . I‘I Td-2

Tower body cross __

bars: L90x7

Figure 4. The tower-line coupled simulation model.

3. Simulation Results and Analysis
3.1. Real-Time Wind Field Distribution

To verify the feasibility of the typhoon simulation model, Typhoon Mujigae is taken
as an example for comparison. The measured data of the Typhoon Mujigae are listed in
Table 2, and the simulation results of the wind field are shown in Figure 5.
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Table 2. The measured data of Typhoon Mujigae.
Items Value Items Value Items Value
Time 6:00, 4 October 2015  Maximum wind speed  46.8m/s  Longitude  E110.45
Pressure 94.2 kPa Cyclonic radius 2241km  Latitude N21.22

Wind speed distribution m/s Cyclonic radius m/s

DE 2 30 3 30
£ 25 é
is 21 20 = 2
5 g
220 E110.37 N21.01 5 z o
Vmax=44.38 m/s 10
19 5
0
108 109 110 111 112 113 109 110 111 112
East longitude/® East longitude/°

(a) (b)
Figure 5. The simulation wind field: (a) Wind speed distribution; (b) Cyclonic radius.

Figure 5 shows the distribution characteristics of typhoon wind at a height of 15 m.
We can see that the maximum wind speed (46.8 m/s) is not at the typhoon center; the
simulation maximum wind speed is 44.38 m/s. The position is nearly the same as the
actual measured position. The wind speed is relatively small at the typhoon center. With
increasing distance from the center, the wind speed rises rapidly to the maximum value.
At this position, the wind circle’s radius is called the maximum wind speed radius. If the
distance from the typhoon center rises further, then the wind speed gradually decreases. In
addition, the growth and decay rates of the wind speed are not completely symmetrical due
to the drive of geostrophic deflection forces and also the superposition of the typhoon wind
moving forward. The component that is the same as the moving direction is enhanced,
while the opposite direction is weakened. Thus, an eccentric wind speed distribution is
formed. These distribution characteristics are consistent with the practical development
process of typhoons. This confirms that the real-time wind field simulation is useful and
correct.

Figure 6 shows the real-time average wind speed before and after typhoon landings
within 8 h. Figure 7 shows the typhoon’s instantaneous wind speed, which is superimposed
by the real-time average wind speed and pulsating wind speed (turbulence).

360 ‘ oo 140
e 270, X ¥ =
g 3000000 ©e6 G o 32 %
%g’ 180 8 -
&= W
< *wind speed =
; 90 ©-wind direction 124 §
0 ‘ : 20
-4 2 0 2 4

Time/h

Figure 6. The real-time average wind speed.
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Figure 7. The instantaneous superimposed wind speed.

3.2. Mechanical Vibration

For a single tower, due to its structural characteristics, stiffness and weight, low-mode
vibrations are the main factors that may cause a destructive shake and break. Figure 8
shows the vibrations of a single tower.

DISPLACEMENT DISPLACEMENT
STEP=1 STEP=1
SUB =1 SUB =2

FREQ=2.16581
DMX =0.023218

FREQ=2.17426
DMX =0.023055

(a) (b)
DISPLACEMENT ;ﬁ& DISPLACEMENT
®
X

STEP=1 STEP=1
SUB =3 SUB =4
FREQ=4.52392 FREQ=4.84697
DMX=0.065949 DMX =0.059469

() (d)

Figure 8. The vibrations of a single tower: (a) 1st mode; (b) 2nd mode; (c) 3rd mode; (d) 4th mode.
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The first-mode vibration makes the whole single-tower shake perpendicular to the
transmission line direction. The second-mode vibration causes the whole single tower to
vibrate along the transmission line direction. The third-mode and fourth-mode vibrations
mainly contribute to the obvious vibration of the auxiliary cross-bars in the second and
third floors, respectively, but have no effect on the other parts, as shown in Figure 8. This
vibration of the auxiliary bars indicates that the SZ631-33 tower has less safety margin on
the auxiliary bars and can be easily shaken. In the case of the action of high-frequency
pulsating wind, the vibration of this part will be much more serious, and the support
strength of the tower may be weakened.

For the tower-line coupled model, the effect of high-mode vibrations becomes impor-
tant. Four kinds of vibrations are shown in Figure 9. The amplitude of transmission line
vibration is enhanced as the mode increases, which is similar to the periodic vibration of
the sine function in terms of shape. Therefore, the vibration intensity can be described
by the number of sine function cycles. The vibration frequency on the transmission line
increases in step form, and when the sine function on the line increases by one cycle, the
frequency clearly increases. In the case of the same vibration frequency, the number of
cycles is the same, but the vibration direction is different.

| 7EN
DISPLACEMENT / N/
"\
N\
STEP=1 \ >\
SUB =1 /\«\\ N
FREQ=0.001699 W\
DMX =0.033626 q

DISPLACEMENT

STEP=1

SUB =10
FREQ=0.0017
DMX =0.021344

DISBLACEMENT

STEP=1

SUB =33
FREQ=0.004684
DMX =0.032283

< 7 ‘
— N
DISPLACEMENT
STEP=1
SUB =39 \
FREQ=0.004685
DMX =0.02295

(c) (d)

Figure 9. The vibrations of the tower-line coupled model: (a) 1st mode; (b) 10th mode; (c) 33rd mode;
(d) 39th mode.

Based on the above vibrations, it can be found that the vibration of the transmission
line takes a leader role and is more remarkable in the case of high turbulence. This is
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because the transmission line demonstrates less stiffness and its vibration frequency is
much higher than that of the insulator and steel towert, so the line’s vibration is dominant
in some high modes. If the mode further increases, then the interaction vibration of the
tower and line will appear. Therefore, it is necessary to consider the line’s impact to exactly
analyze the vibration of the tower-line coupled model under typhoon wind.

3.3. Damage Prediction

To predict the potential damage of transmission towers and lines, different wind
speeds, directions, turbulence intensities, and various structures of the tower-line coupled
model are considered to study the dynamic response. According to the dynamic response
of the simulation model, the damage condition of the transmission system is analyzed,
aiming to avoid tower collapse accidents through reinforcement and optimization.

Eight typical horizontal wind speeds ranging from 30 m/s to 55 m/s are selected, and
the interval between each wind speed is set as 5 m/s. The corresponding turbulence and
the wind speed gradient in the vertical direction are combined into the wind field based on
the selected horizontal wind speed. In addition, wind direction, which means the angle
between transmission lines and flowing direction, is selected from 0 degrees (along with
transmission lines) to 90 degrees (perpendicular to transmission lines) at an interval of
15 degrees.

The instantaneous maximum stress on the main bars of the tower is shown in Figure 10.
The material and yield stress of the main bars are Q345 and 345 MPa, respectively. In
Figure 10, some calculating points have already exceeded the yield stress. The maximum
stress is concentrated on the main steel on the leeward side, which may lead to instability
of the main bars, such as deformation, bending, or even tower collapse. The maximum
stress becomes stronger as the wind speed increases. At the same wind speed, when the
wind direction changes from 0 degrees to 90 degrees, the maximum stress on the tower
bar increases first and then decreases, and it has a peak value when the wind direction
angle is approximately 50 degrees. According to the yield stress of Q345 steel and the
maximum stress distributions of each part of the tower, the damage prediction of the
transmission tower under typhoon conditions can be concluded into the following details.
(1) The maximum stress of the main bar may be larger than the material’s yield stress when
the wind direction angle is close to 50 degrees under the condition that the average wind
speed is no faster than or nearly 41.7 m/s. (2) When the average wind speed is greater
than 43.2 m/s, the possible wind direction angle for the main bar overload is 90 degrees.
(3) When the average wind speed exceeds 54.8 m/s, regardless of the wind direction
angle, stress overload always occurs. Based on the above conclusions and considering
the various terrains and surface roughness conditions around the transmission systems,
the near-ground wind speed will increase when the incoming typhoon flows from a high
roughness ground to a low roughness ground. Therefore, when designing and selecting
the location and orientation of the transmission lines, the area with low surface roughness
should not be located at the 50-degree direction of the transmission systems.

P T ) 600 ——
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E 500 | Stress=345 MPa = 500

2 ) % 400
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£ £ 300

£300- 2
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= 100 - ‘\\: . — 100 =" _ R
100 W sy 60 00 5 T, s 6

L T 40 — 030 )
Direction/° 0 30 Speed/m/s Direction/* Speed/m/s
(a) (b)

Figure 10. The instantaneous maximum stress: (a) Scatter plot; (b) Continuous plot.
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Furthermore, taking into account the fluctuations in instantaneous wind speed, the
duration of the overloaded stress on the main bars may be very short or not long enough,
and the wind speed may have already recovered into a bearable value before the main bars
yielded and bent. Therefore, it is not certain that a collapse will happen when the typhoon’s
stresses on the main bars are beyond 345 MPa. The tower is very likely to be broken if the
instantaneous wind stress exceeds the yield stress by 20 percent.

Figure 11 shows the extreme response stresses of the main bars at different spans
ranging from 200 m to 700 m. Figure 12 shows the power spectral density analysis of the
main bars. Simulation results show that the response stress increases with the expansion of
spans, and the rate of increase increases. The response power spectral densities are nearly
the same at low frequency or at the model’s main vibration frequency, while the power
spectral density gradually differs when the frequency is more than 0.1 Hz for different
spans, as shown in Figure 12. A frequency higher than 0.1 Hz mainly belongs to the
response characteristics of transmission lines. If the span is extended, the background
response contributed from transmission lines becomes larger, and the coupling effect of
the tower-line model is enhanced. As a result, the response stress on the tower can be
more intensified. Meanwhile, the vibration response caused by transmission lines will be
strengthened non-linearly with the extension of the span. Therefore, a long span should not
be implemented in coastal typhoon regions to avoid a severe stress response of the tower.

N
(o]
[e)

200

Maximum stress/MPa

400 T4
Span/m~ 300, 6 > Label

Figure 11. Extreme response stresses.
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Figure 12. The power spectral density analysis.

4. Anti-Wind Experiments

In the study of the dynamic mechanical response of transmission towers and lines
under typhoon conditions, the anti-wind experiment is more efficient in reflecting the
actual interaction between the wind field and the tower-line coupled model.



Energies 2022, 15, 3372

11 of 16

4.1. Scale Model and Similarity Criterion

A reasonable scale model is designed and made based on the Buckingham-7t theorem,
Froude number similarity criterion, and Cauchy number similarity criterion.

The wind tunnel’s height is 3.6 m, and the SZ631-33 tower’s height is 48.9 m. Due
to the limited space of the wind tunnel laboratory, a basic length scale of 25:1 is selected
to ensure that the distances between the scale model and the surrounding walls are far
enough to avoid impacting the wind field distribution. According to the Buckingham-7t
theorem, the functional relationship of physical parameters between the scale model and
actual transmission system must remain unchanged, such that the windward area of the
scale model should be 252:1. Furthermore, to ensure that the mechanical response of the
scale model is similar to that of the actual tower, it is necessary to similarly transform the
inertia forces, viscous forces, gravities, and elastic forces.

The Froude number similarity criterion describes the relationship between the wind-
induced response and gravity load based on a similar ratio of the inertia force and gravity,
and the equation is:

B kpV2 _kp Vi
prLrg  pmLmg
where F is the Froude number. p is the air density. L is the bar length. g is the gravity
acceleration. V is the wind speed. k is the coefficient. The corner marks P and M represent
the practical tower and scale model, respectively.
Therefore, the ratio of wind speed can be obtained:

_ Y% _ [lpr _
Ay = W~ o — VAL ©)

where Ay, A1, and A, are the ratios of the wind speed, bar length, and air density, respec-
tively. If A, =1, then Ay =5.

The Cauchy number similarity criterion reflects the response of the scale model to the
wind field based on the ratio of elastic force to the fluid inertia force. The equation is below:

4)

EL? E
=T o (©)

where E is the elasticity modulus. A is the ratio of elasticity modulus, so Ag = Ay?2.

For the design of the scale model of transmission lines, an additional similarity cri-
terion proposed by Davenport is also taken into account, and combined with the former
rules, the equations are listed below:

G _ 2lmg
F = V&Ds 5 5
A — )\7m _ /\V/\D/\S _ /\V/\S _ /\7\/
Pl = Ap AZAL ADAL D (7)

A2 A2
Ap = VAa =/t

where G and F are the loads of gravity and wind, respectively. M is the mass of transmission
lines per unit. S is the span. D is the line diameter. A is the ratio of the physical parameter
that corresponds to the special corner mark.

In summary, an H65 copper tube, with an elasticity modulus of 105 GPa, is adopted to
establish the frame of the tower model. A plumbum wire, whose diameter is 1.5 mm and
length is 1527 m, is selected and hung on the cross-arm bracket 1.5 m away from the tower
model. In addition, an acrylonitrile butadiene styrene (ABS) plastic plate, which is strictly
scaled based on the windward area and thickness of the main bars, is added and fixed on
the copper tube to simulate the shape of the triangle steel bars of an actual tower. The scale
model is shown in Figure 13.
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Figure 13. The tower-line coupled scale model. (a) Single tower; (b) Tower and lines.

4.2. Anti-Wind Experimental Method and Device

The wind tunnel laboratory is 66.8 m in length, 6 m in width, and 3.6 m in height,
compared with the scale model’s total width of 3.8 m and a height of 1.96 m. As destructive
experiments are strictly prohibited in the wind tunnel laboratory, the maximum testing
wind speed in the experiment is limited to 60% of the maximum allowable wind speed. The
dynamic responses of the scale model are measured under 25 kinds of combinations with
different wind speeds, wind directions, and various turbulence intensities. These values
are listed in Table 3. In the wind tunnel, the wind speed and direction can be adjusted by
the DC motor and model chassis at the bottom. In terms of turbulence, a meshing grille
is installed at the outlet to produce an instantaneous wind with a certain turbulence, as
shown in Figure 14. The experimental process is carried out in an environment of 25 °C
and approximately 62% relative humidity.

Table 3. Experimental parameters.

Steady Wind Transient Wind
Speed Direction Angle Speed m/s Direction Angle Turbulence
7m/s 0° 0° 0.05
8m/s 30° 30° 0.14
10m/s 45° 8m/s 45° /
12m/s 60° 60° /
15m/s 90° 90° /

Figure 14. The meshing grilles.

Figure 15 shows the position of each sensor. Four acceleration sensors are installed
at the measuring points labelled from 1 to 4. Sensors 1, 3, and 4 are used to measure
the acceleration perpendicular to the transmission lines, while sensor 2 aims to test the
acceleration along the direction of the lines. Sensor 5 is a laser displacement sensor that can
measure the tower’s displacement in the wind direction based on a sampling frequency of
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1 kHz. During the test, the vibration response is recorded for 10 min in each experimental
condition.

Sensor 3

Figure 15. The installation of the five sensors.

4.3. Experimental Results and Analysis

Figures 16 and 17 show the five sensors’ recording results in the steady wind and
transient wind tests, respectively.

Figure 16 shows that the acceleration and displacement are magnified when the wind
becomes stronger, and the gradient increases significantly later. For the impact of the wind
direction, both the acceleration and displacement decrease first and then increase when the
wind direction angle changes from 0 to 90 degrees. This trend is opposite to the simulation
results of the main bars. The reason is that the five sensors are installed on the auxiliary
cross-bars that are within the framework rather than on the main bars at the edge, and the
position of auxiliary cross-bars is more suitable for sensors to be fixed firmly. Therefore,
the recording results of sensors can directly reflect the response of the auxiliary bars. The
extreme stress of the main bars in the simulation is the physical quantity describing the
bearing performance. The opposite trends of the main bars and auxiliary cross-bars can
be explained by the vibrations of the transmission tower. When the wind direction angle
increases, the 1st-mode and 2nd-mode vibrations are the main shake phenomena for the
tower, while the deformation and bending of local auxiliary bars are restrained in the
high-mode vibrations.
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Figure 16. Cont.
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Figure 16. The results in the steady wind test: (a) Sensor 1; (b) Sensor 2; (c) Sensor 3; (d) Sensor 4;
(e) Sensor 5.

From Figure 17, the responses of acceleration and displacement generally become
larger overall with increasing turbulence, which is consistent with the simulation results.
Under the condition of the same turbulence intensity, the trend of displacement does not
indicate a special regular change, while the acceleration has an obviously minimum value
at the wind direction angle of 45 to 60 degrees. Furthermore, based on the records of
sensors 1, 3, and 4, which are perpendicular to the transmission lines, if the turbulence
is intensified and the wind direction angle becomes larger, the acceleration increment
decreases. However, the measurements of sensor 2, along the transmission line direction,
exhibit a clear and consistent regularity, and the acceleration increment does not decrease.
The reason is that the low-frequency responses of transmission lines are significantly
enhanced as turbulence increases. For sensors 1, 3, and 4, the increase in turbulence leads to
a larger response proportion of the transmission lines but a smaller response proportion of
the transmission tower. The similar change regularity, which is caused by the distribution
coefficient of wind excitation in different directions of the transmission tower, may be
weakened by the reduction in the transmission tower response.
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Figure 17. Cont.
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Figure 17. The results in the transient wind test: (a) Sensor 1; (b) Sensor 2; (¢) Sensor 3; (d) Sensor 4;
(e) Sensor 5.

5. Conclusions

This article mainly focuses on the models, damage prediction, and anti-wind experi-
ments of transmission towers and lines. The results are summarized as follows.

(1) The real-time typhoon wind field mathematical model, which can reproduce the
typhoon instantaneous wind distribution well, is useful and correct based on the verification
of Typhoon Mujigae.

(2) For mechanical vibration, the tower’s response is mainly low frequency vibrations,
whereas the lines are characterized by a high frequency response. The vibration of the
transmission line has a more remarkable impact on the tower-line coupled model in the
case of high turbulence. A long span should not be implemented in coastal typhoon regions
to avoid the tower’s response stress going into a severe condition.

(3) For damage prediction, the maximum stress of the main bar may be larger than
the material’s yield stress when the wind direction angle is close to 50 degrees under the
condition that the average wind speed is not greater than (or nearly) 41.7 m/s. Considering
the fluctuations, it is not certain that a collapse will occur when the typhoon’s stresses
on the main bars are greater than 345 MPa. The tower is very likely to be broken if the
instantaneous wind stress exceeds the yield stress by 20%.

(4) The anti-wind experiments show that the trends of accelerations and displacements
on the main bars are opposite to those of auxiliary cross-bars under various conditions of
wind speeds, wind directions, and turbulence. The damage prediction in the simulation is
supported by testing an actual scaled model in the wind tunnel.
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