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Abstract: The interaction of U-shaped rings used for power transmission hardware with a wind-sand field is simulated numerically. A standard 
k−ϵ
 turbulence model is used in synergy with an Eulerian-Lagrangian approach. The results show that the wind pressure on the windward side of the U-shaped ring is the highest, a negative pressure zone appears on both sides of the U-shaped ring, while a Kármán Vortex Street is created on its leeward side. There are three possible regimes of motion for the sand grains in the wind field. Sand grains with size below 0.125 mm can follow the airflow directly into the contact area of two U-shaped rings. When the sand size is about 0.1 mm, the number of sand grains that are blown into the contact area attains a maximum. Through the simulation of U-shaped rings in the wind-sand field, the dynamics of such processes are explained in detail, thereby providing relevant information for the subsequent protection and design of connecting hardware used for power transmission.
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1  Introduction

More and more Ultra High Voltage (UHV) transmission lines have been built in recent years [1]. However, UHV transmission lines pass through region with the harsh environment, the annual average number of fresh gale is more than 100 days, and the maximum average wind velocity can reach 44 m/s [2,3]. Under strong wind environment, when the components such as power connection hardware (PCH) and wires are subjected to wind load, on the one hand, the flow characteristics around components will change. On the other hand, the PCH will be hit by sand grains, which not only cause erosion of the surface of the PCH, but also sand grains will enter the contact area of the hardware to accelerate the wear of hardware. This phenomenon not only cause lots of waste of human and financial resources, but also bring hidden dangers to the safe and reliable operation of transmission line. Therefore, it is necessary to study the aerodynamic performance of PCH in wind-sand field and clarify the characteristics of wind-sand around PCH.

Wear test on U-shaped ring of PCH under strong wind environment was studied to illustrate the failure mechanism by Yang [4]. Deng et al. [5] studied the wear of U-shaped rings in different wind-sand environments and concluded that the sand grains would accelerate the wear failure of hardware. The test was used to study the influence of wind, sand and other factors on the corona of transmission line hardware by Zhao et al. [6]. Using finite element software, Wang et al. [7] analyzed the static and dynamic characteristics of the U-shaped ring by numerical simulation and found that the U-shaped ring had the most serious deformation at the sixth order. Lu [8] used ANSYS to analyze the statics and dynamics of the U-shaped ring, and obtained the maximum equivalent stress and dangerous contact area of the U-shaped ring. The breeze vibrations were investigated on large transmission lines by Rawlins [9]. Urchegui et al. [10] studied the influence of different factors on the fretting wear of steel strand and put forward measures to alleviate the wear of steel strand. Lu [11] collected the climate information where the 750 kV transmission line is located and simulated the process of wind-sand flow around the wire by FLUENT software. The research of the above experts and scholars mainly focused on the use of experimental or simulation methods to study the wear failure mechanism, the inherent characteristics, stress and strain, but did not fundamentally study the flow characteristics around U-shaped rings.

In view of the limitation of the above studies, the standard 
k−ε
 turbulence model was used to study the flow characteristics of the three-dimensional stationary wind field and wind-sand field in synergy with an Eulerian-Lagrangian approach by using FLUENT software. The simulation results provide support for the safe and stable operation of the transmission lines.

2  Aerodynamic Simulation Study

2.1 Governing Equation of Flow Field

Fluid dynamics simulation is a numerical method to solve the governing equations of flow field [12]. When the airflow velocity is about 30 m/s, the airflow can be considered as the viscous incompressible and steady flow. The flow is isothermal at room temperature. Consequently, the three-dimensional steady incompressible Reynolds average Navier-Stokes equation is used in Dai et al. [13].

The continuity equation of fluid flow can be derived from the law of conservation of mass.


∂(a)∂x+∂(b)∂y+∂(c)∂z=0
(1)

where a, b and c are the velocity components in the x, y and z directions, respectively.

According to Newton’s second law, the momentum equation of the fluid can be derived:


ρ(∂(ui)∂t+∂(uiuj)∂xj)=−∂p∂xi+∂τij∂xi+ρgi
(2)

where p is pressure, 
τij
 is stress tensor, 
ρ
 is density.

2.2 Turbulence Model

The standard 
k−ε
 model with high stability and calculation accuracy is used to solve the governing equations. The calculation equations are as follows [14]:


∂(ρk)∂t+∂(ρkui)∂xi=∂∂xj[(μ+μtσk)∂k∂xj]+Gk+Gb−YM+Sk
(3)


∂(ρε)∂t+∂(ρεui)∂xi=∂∂xj[(μ+μtμε)∂ε∂xj]+C1εεk(Gk+C3εGb)−C2ερε2k+Sε
(4)

where 
Gk
 depicts the turbulent kinetic energy generated by the average velocity gradient, 
Gb
 represents the turbulent kinetic energy caused by buoyancy, 
YM
 is the influence of compressible turbulent pulsating expansion on the total dissipation rate, 
C1ε=1.44,C2ε=1.92,C3ε=0.09,
 
σk
 and 
σε
 are Prandtl numbers corresponding to turbulent kinetic energy and turbulent dissipation rate, respectively.

2.3 Discrete Phase

Since the sand grains concentration in the wind-sand environment is less than 10%, the discrete phase model is chosen to simulate the wind-sand flow. The particle trajectories of discrete phases are solved by integrating the differential equation of force balance. Assuming that the sand grains are spherical, the interaction between sand grains is not considered [15]. The force balance equation of sand grains is shown as follows [16]:


dupdt=FD(u−up)+gx(ρp−ρ)ρp+Fx
(5)


FD=18μρpdp2CDRe24
(6)

where u is the airflow velocity, up is the sand grains velocity, μ is hydrodynamic viscosity, ρ is airflow density, 
ρp
 is sand grain density, dp is sand grain diameter, Re is Relative Reynolds number, CD is drag coefficient, gx is the acceleration of gravity in the X direction

3  Numerical Model

3.1 U-Shaped Ring Model

U12 PCH were taken as the research object, and NX10.0 was used to conduct three-dimensional model (Fig. 1). The radius of the arc at the bottom of the U-shaped ring was 25 mm, the height of the U-shaped ring was 75 mm, and the diameter of the U-shaped ring was 20 mm.
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Figure 1: U-shaped ring model

3.2 Computational Domain and Boundary Conditions

The flow field was a cube, 500 mm × 500 mm × 500 mm (Fig. 2). ‘Inlet’ is set as ‘velocity-inlet’. ‘Outlet’ is set as ‘pressure-outlet’, and the pressure is 0 Pa. Because the wind velocity around U-shaped rings varied between 8–20 m/s [11], the wind velocity was set as 10 m/s, 20 m/s and 30 m/s, respectively. For discrete phase, the left surface of flow field was set as ‘surface injection’. The U-shaped rings surface were set as ‘wall’. The Erosion/Accretion model was selected. The discrete phase reflection coefficient is shown in Tab. 1.

Table 1: Discrete phase reflection coefficient
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Figure 2: Flow field model

The sand density is 2650 kg/m, the specific heat capacity is 1230 j/kg k. The sand grain velocity was the same as the wind velocity, and the sand flow rate was 0.1 kg/s [17]. Due to the sand grain size was mainly concentrated between 0–0.25 mm, so the sand grain size was set to 0.25 mm [18]. Considering the effect of gravity.

3.3 Computational Mesh

The flow field was discretized by the tetrahedral mesh. Mesh thinning was performed on the boundary layer via the expansion layer. The expansion layer number was 5 and the growth rate was 1.2. The mesh independence tests were carried out through three different mesh sizes. In this paper, the wind velocity around the U-shaped ring is more concerned. Therefore, the influence sphere with different mesh sizes is used to refine the mesh, as shown in Tab. 2. The base size is the largest size of the mesh. The wind velocity was 20 m/s.

Table 2: Mesh sensitivity analysis
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The accuracy of the numerical simulation is improved with the increasing mesh. Tab. 2 depicts that the relative error between Mesh 1 and the other two sets of mesh is larger, and the relative error between Mesh 2 and Mesh 3 is smaller [14]. Hence, Mesh 2 was selected on the premise of consideration of the calculation accuracy and calculation time. The specific mesh is shown in Fig. 3.
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Figure 3: Grid division

4  Wind Field Simulation Results

4.1 Wind Pressure

The simulation result of wind pressure is shown in Fig. 4. It can be seen that the windward side of the U-shaped ring has the maximum wind pressure. Moreover, with the increase of wind velocity, the wind pressure increases rapidly, and the wind pressure at 30 m/s is about 8 times larger than that at 10 m/s. The negative pressure zone does not appear on the leeward side, but on both sides of the U-shaped ring. Under the same wind velocity, the value of negative pressure is greater than that of positive pressure zone, and the difference between the maximum value of positive and negative wind pressure becomes larger and larger with increasing wand velocity.
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Figure 4: Wind pressure around U-shaped ring. (a) Wind velocity 10 m/s (b) Wind velocity 20 m/s (c) Wind velocity 30 m/s

4.2 Wind Velocity

The wind velocity around U-shaped ring is shown in Fig. 5. The maximum wind velocity appears on both sides of the U-shaped ring, and the maximum wind velocity is approximately 1.8 times higher than the input wind velocity. The position of maximum wind velocity is consistent with the position of minimum wind pressure. Because the maximum design wind velocity at the height of 10 meters for the transmission line is 42 m/s [19]. The input wind velocity was fitted linearly with the maximum wind speed around U-shaped ring, and the fitting results were shown as follows:


y=1.885x−1.3
(7)

where x is the input wind velocity(m/s); y is the maximum wind velocity that can be achieved locally in the U-shaped ring(m/s).
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Figure 5: Wind velocity around U-shaped ring. (a) Wind velocity 10 m/s (b) Wind velocity 20 m/s (c) Wind velocity 30 m/s

The R value of linear fitting is 1, which indicates that the input wind velocity is completely linearly correlated with the maximum wind velocity around U-shaped ring. The maximum designed wind velocity of 42 m/s was put into the above equation, and the input wind velocity was 23 m/s. Therefore, when the wind velocity exceeds 23 m/s, the local maximum wind velocity near the U-shaped ring has exceeded the maximum design wind velocity. When the U-ring works for a long time with wind velocity greater than 23 m/s, it will cause the U-shaped ring to wear and fail prematurely.

5  Wind-Sand Two-Phase Flow Simulation

5.1 Wind Field Changes and Reasons

Euler-Lagrange approach was used to simulate the wind-sand field, and the incident velocity of the sand grains was set as 20 m/s. Fig. 6 shows the cross-sectional streamline diagram of the flow field and the vector diagram of the airflow cross-section. It can be seen that when the airflow does not contact the U-shaped ring, the airflow streamlines are parallel to each other. When the airflow touches the U-shaped ring surface, which produces flow around surface, and the airflow streamline also gradually change from slow flow to sharp flow [20]. The airflow presents an area with zero wind velocity on the leeward side of the U-shaped ring. Wind velocity disturbances are severe around the lower U-shaped ring and in the middle of the upper U-shaped ring (Fig. 6(b)). Combining with the Fig. 4, it can be seen that the airflow has the highest wind pressure on the windward side of the U-shaped ring. With the effect of the airflow, the magnitude and direction of the wind velocity change dramatically from the windward surface of the U-shaped ring to both sides, which results in the positive pressure zone from the windward surface gradually into the negative pressure zone on both sides.
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Figure 6: Streamline diagram of the flow field and vector diagram. (a) Airflow cross-section streamline diagram (b) Airflow velocity vector diagram

In order to explore the reason why wind velocity on the leeward side of the U-shaped is zero, observing the Fig. 7 that a vortex is generated in the red elliptical area. The cylinder Reynolds number is used to determine whether the vortex is a Kármán Vortex Street. The formula for calculating the Reynolds number is as follows [21]:


Re=v¯ρDη
(8)

where 
v¯
 is the average velocity of the airflow, 
v¯
 = 20 m/s; 
ρ
 is the airflow density, 
ρ
 = 1.293 kg/m3 at room temperature; D is the characteristic length, D = 0.02 mm; 
η
 is the hydrodynamic viscosity coefficient, 
η
 = 
1.79×10−5Pa⋅S
 at room temperature.
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Figure 7: Cross-sectional velocity vector. (a) Airflow velocity vector diagram (b) Enlarged view of elliptic region

According to the above formula, Re = 2.8 × 104, which satisfies the condition of existence of the cylindrical Kármán Vortex Street 47 < Re < 105. From the above analysis, it indicates that the region with zero wind velocity is caused by the whirl of airflow.

Combined with the above analysis, the reasons for the formation of the wind field around the U-shaped ring are explained in detail by observing Fig. 8. On the front view of flow field (Fig. 8(a)), the airflow is obstructed on the windward surface of the U-shaped ring, and the airflow velocity decreases. Subsequently, the airflow is divided into two parts. One part of the airflow flows to the cylindrical end surface of the U-shaped ring, and the other part flows to the outside of the bottom arc of the U-shaped ring. Then the airflow continues to move forward and encounters the incoming flow. The airflow inside the U-shaped ring is also divided into two parts. The airflow near the cylindrical end face of the U-shaped ring collide and intersect with the subsequent incoming flows, which results in a vortex near the end surface in the U-shaped ring, as shown in Fig. 7(a). The airflow near the bottom bend of the U-shaped ring collides with the cylinder end at the back of the U-shaped ring. One part moves upward around the cylinder end and intersects with the incoming flow. The other part flows along the U-shaped ring toward the contact part at the bottom bend to form a ‘semi-vortex’. When the airflow reaches the leeward side of the U-shaped ring, One part forms the reverse airflow flow to the leeward side of the U-shaped ring, resulting in a large vortex. The other part continues to move forward and enters the wake area. On the top view of flow field (Fig. 8(b)), the airflow encounters the obstruction of the U-shaped ring, the airflow velocity slows down. The airflow bypasses both sides of the U-shaped ring in a symmetric way and intersect with the incoming airflow, which causes local disturbance and increasing wind speed at the side of the U-shaped rings [22].
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Figure 8: Velocity vector diagram of the flow field. (a) Flow velocity vector diagram of front view cross-section of flow field (b) Top view of flow field Cross-section flow velocity vector diagram

5.2 The Movement Regime of Sand Grains in Wind-Sand Field

By observing the Fig. 9, there are three movement regimes for the sand trajectory in wind-sand field. The first kind of sand grains are far away from the surface of the U-shaped ring. The sand grains are not affected by the change of the flow field on the surface of the U-shaped ring and fall along the parabola under the sand grains’ gravity (Fig. 10(a)). The second kind of sand grains are affected by the flow field on the surface of the U-shaped ring, but do not directly collide with the U-shaped ring. The trajectory of sand grains changes due to the effect of airflow, and local fluctuations occur during the falling process of sand grains. When the sand grains are far away from the surface of the U-shaped ring, sand grains still fall in a parabolic manner (Fig. 10(b)). The third kind of sand grains directly collide with the surface of U-shaped ring, which changes the movement direction of sand grains after bouncing off the surface (Fig. 10(d)).

[image: images]

Figure 9: Sand grain velocity vector diagram
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Figure 10: Sand movement mode. (a) The first pattern of sand grain fall (b) The second kind of sand trajectory (c) The second pattern of sand grain fall (d) The third kind of sand trajectory (e) The third pattern of sand grain fall

The main impacts on the U-shaped ring are the second and third sand trajectories. Stokes numbers in the flow field are often used to describe the follow ability of sand grains to the flow. When the Stokes number is large, the inertia of the sand particles plays a leading role, and the sand particles follow poorly. When the Stokes number is small, the sand particles follow better [23]. The formula for calculating sand Stokes number is as follows:


Stk=ρpdp2V18μD
(9)

where V is characteristic flow velocity, V = 20 m/s; D is the characteristic value, D = 0.02 m; 
μ
 is viscosity; 
ρp
 is sand density.

It can be seen from the Fig. 6 that on both sides of the upper U-shaped ring, a ‘semi-vortex’ that flows to the contact part of the two U-shaped rings be generated. Sand grains with better follow ability will follow semi-vortex into the contact part of the two U-shaped rings and accelerate the wear failure of the U-shaped ring. For the third type of sand movement trajectory, on the one hand, the direct collision of sand grains will produce erosion on the surface of U shaped rings, which affects the service performance of the U-shaped ring. On the other hand, as shown in Fig. 11, the sand grains that collide with the contact area of the two U-shaped rings may be directly captured due to the fretting between the two U-shaped rings, which accelerates the wear failure process of the U-shaped rings.

[image: images]

Figure 11: Trajectory diagram of sand grains colliding with U-shaped ring contact area

5.3 Sand Size that Flows to the Contact Areas of the U-Shaped Ring

As the wear progresses, the contact state between the two U-shaped rings would gradually change from point contact to surface contact. The increase in the contact area improve the ability of sand grains to follow the airflow into the contact area of the two U-shaped rings. The sand grains with smaller sizes may follow ‘semi-vortex’ into the contact area of the two U-shaped rings. Therefore, the sand grain sizes were selected to be 0.025 mm, 0.05 mm, 0.1 mm, 0.125 mm and 0.15 mm. The sand grain diameter range that can follow the airflow into the contact area of the two U-shaped rings was determined by the sand streamline diagram (Fig. 12). When the sand grain size is within 0–0.05 mm, the number of sand grains flowing into the contact area gradually increases with the increase of grain size. When the sand particle size is within 0.05–0.1 mm, the number of sand particles flowing into contact area doesn’t change much as the sand particle size increases. But the sand is getting closer and closer to the center of the U-shaped ring contact region. When the sand grain size is within 0.1–0.125 mm, the number of sand grains flowing into contact area gradually decreases with the increasing sand size. Therefore, when the sand size is less than 0.125 mm, the sand grains can follow the airflow into the contact area. Moreover, when the particle size is about 0.1 mm, the number of sand grains blown into the contact area of the two U-shaped rings is the largest, which is consistent with the conclusion of Deng et al. [5] that the U-shaped rings wear the most, when the particle size is 0.09–0.1 mm. As shown in Fig. 12(e), when the sand size is greater than 0.125 mm, the sand grains can’t follow the airflow into the contact area.
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Figure 12: Streamline diagram of sand with different sizes (a) 0.025 mm (b) 0.05 mm (c) 0.1 mm (d) 0.125 mm (e) 0.15 mm

6  Conclusions

1.   Under strong wind environment, the windward side of the U-shaped ring is positive pressure zone, and both sides of the U-shaped ring are negative pressure zones.

2.   In the wind-sand field, the sand grains have three movement regimes. Sand grains not only collide with the U-shaped rings directly, but also enter the contact area between the two U-shaped ring to accelerate the wear and failure of the U-shaped rings.

3.   Sand grains size in the range of 0–0.125 mm can follow the airflow into the contact area of the two U-shaped rings, and when the sand size is about 0.1 mm, the number of sand grains entering the contact area of the two U-shaped rings is the largest.
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