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Abstract

:

With the widespread adoption of 5G telecommunication networks, to reduce construction costs, it has become necessary to add new equipment or antennas to existing 4G and 3G telecommunication towers. This significantly changes the original aerodynamic shape of the towers, leading to a substantial increase in the wind load, which may exceed the original structure’s bearing capacity and pose a threat to the structure’s safety. This study employed three-dimensional numerical simulation methods to systematically investigate the impact of various antenna arrangement parameters, such as the arrangement number, arrangement form, and arrangement layers, on the wind load characteristics of telecommunication towers. The findings revealed that the antenna arrangement form significantly affects the sensitivity of the telecommunication tower’s wind load to the wind direction, with more uniform antenna arrangements resulting in less sensitivity. Compared to the drag coefficient and the windward base overturning moment coefficient, the tower’s lateral force coefficient and the crosswind base overturning moment coefficient are more sensitive to changes in the wind direction. The change patterns in the tower’s overturning force coefficient and overturning moment coefficient with the antenna arrangement number are essentially the same. However, as the antenna arrangement number increases, the growth rate of the tower’s overturning moment coefficient is about twice that of the overturning force coefficient. The tower’s overturning force coefficient increases approximately linearly with the increase in antenna arrangement layers, while the tower’s overturning moment coefficient exhibits a nonlinear increase with the increase in antenna arrangement layers. The rate of increase in the wind load with the antenna arrangement layers is significantly greater than that with the antenna arrangement number. Thus, to reduce wind load, it is advisable in practical engineering applications to increase the antenna arrangement number per layer, thereby reducing the antenna arrangement layers. The study also summarized a calculation method for the structural wind load of telecommunication towers, taking into account the influence of antenna arrangement parameters, providing a reliable basis for the structural design and safety assessment of telecommunication towers in practical engineering.
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1. Introduction


Slender tower structures are widely used, such as in street lights, telecommunication towers, masts, etc. These structures are characterized by small cross-sections, large aspect ratios, and high flexibility, making them wind-sensitive structures. Wind load is one of the primary controlling loads in the design of slender tower structures and has a critical impact on their safety.



Wind tunnel testing is a reliable method to obtain the aerodynamic characteristics of slender tower-like structures. Kim et al. [1], using wind tunnel tests, found that polygonal towers have better aerodynamic stability and vibrational response than traditional circular towers. Mannini et al. [2] focused their wind tunnel experimental studies on the aerodynamic loads during the pre-assembly stage of offshore wind turbine towers, discovering that the height of the tower significantly impacts aerodynamic loads. Azzi et al. [3] used aeroelastic models to assess the response of multi-span transmission line systems under various wind speeds and directions, indicating the differences in aerodynamic response between multi-span systems and individual lattice towers. Prud et al. [4] studied the aerodynamic coefficients of single cylindrical bodies and developed a local calculation method to compute the wind loads on lattice structures. Martín et al. [5] measured the drag coefficient and interference factors of square-section lattice towers with dish antennas through wind tunnel experiments, finding that interference factors depend on wind direction and the position of antennas on the tower section. Torrielli et al. [6] explored the uncertainty in the response of tower structures to storm oscillations, emphasizing the importance of the accurate estimation of wind speed extremes, structural damping, and aerodynamic coefficients in assessing tower responses. Xia et al. [7] conducted wind tunnel tests to measure the wind loads on a model of the Foshan TV tower, comparing the experimental results with those calculated using the complete quadratic combination method.



In recent years, many scholars both domestically and internationally have begun to research the wind resistance of slender tower structures using numerical simulation methods. Battista et al. [8] used a 3D computational model to assess the aerodynamic behavior and structural stability of the Brasília Telecommunications Tower, finding that antennas and brackets significantly affect aerodynamic forces and response amplitudes. Winterstein et al. [9] proposed a high-fidelity simulation method, which was validated against field measurement data, demonstrating its potential in assessing transient effects induced by wind on slender structures. Cheng et al. [10] introduced a new method for controlling the along-wind vibration of chimneys by adjusting the lining, which was proven to be more effective than traditional dampers through validation with beam models and finite element shell models. Poddaeva et al. [11] combined numerical simulation and wind tunnel testing to study the effects of wind on lattice structures, exploring the vortex resonance excitation mechanisms of these structures. Fu et al. [12] proposed a method for the wind-resistant dimensional optimization of lattice structures, emphasizing the importance of geometric nonlinear analysis and constraints of nonlinear critical load factors. Ribeiro et al. [13] analyzed wind-induced fatigue in guyed lattice steel towers, pointing out that the modular connection area is the most critical part for fatigue damage. Qin et al. [14] conducted studies on the aerodynamic performance of single-pole telecommunication towers using both wind tunnel tests and numerical simulations, demonstrating that numerical simulation techniques can serve as an effective alternative to wind tunnel tests for assessing the aerodynamic behavior of single-pole telecommunication towers. Kumar et al. [15] compared the aerodynamic characteristics of single-pole and self-supporting telecommunication towers at different heights, finding that self-supporting towers have smaller lateral displacements under the same loads.



Although the study of wind load characteristics on slender towers has always been a focal point of interest among scholars both domestically and internationally, existing research and industry standards mostly target individual tower structures [16,17,18,19,20,21,22,23]. With the acceleration of modernization, some slender tower structures need to have ancillary facilities installed around them to meet usage requirements. The arrangement of these ancillary facilities significantly impacts the wind load characteristics of slender towers. For instance, since 2019, with the widespread adoption of 5G networks, to reduce construction costs, most 5G telecommunication towers have been established by adding new equipment or antennas to existing 4G and 3G telecommunication towers [24,25,26,27,28,29,30]. Adding telecommunication antennas and other ancillary facilities to telecommunication towers significantly alters their original aerodynamic shape, leading to a substantial increase in wind loads, which might exceed the original structural capacity and threaten the safety of the structure. In light of these considerations, existing research, while extensive, offers limited guidance on assessing the impact of ancillary facilities such as antennas on the wind loads experienced by slender towers. Therefore, this study employed three-dimensional numerical simulation methods to systematically analyze the impact of various antenna arrangement parameters, such as arrangement number, arrangement form, and arrangement layers, on the structural wind loads of telecommunication towers. It also summarized a calculation method for these wind loads considering the impact of antenna arrangement parameters, providing a reliable basis for the structural design and safety assessment of telecommunication towers in practical engineering applications.




2. Numerical Calculation Method for Telecommunication Towers


2.1. Numerical Calculation Model for Telecommunication Towers


The subject of the study was an actual single-pipe telecommunication tower, with a height of H = 35.0 m. The diameter of the circumscribed circle at the top is D1 = 0.5 m, and at the bottom is D2 = 1.0 m. Through surveying, it was found that the tower can accommodate up to three layers of telecommunication antennas, with each layer exhibiting the same antenna arrangement number and antenna arrangement form, up to a maximum of six per layer. Therefore, the total antenna arrangement number on the tower can range from 1 to 18. The top surface elevation of the first layer of antennas is at 1.0H, the second at 0.85H, and the third at 0.71H. Figure 1 shows the mesh of the telecommunication tower and the schematic of the wind loads when 18 antennas are arranged [31].



Since the antennas were symmetrically arranged, the wind loads on the surface of the telecommunication tower structure were calculated for all wind directions from 0° to 180°. This primarily included the drag force FD acting in the windward direction on the entire tower, the lateral force FS in the crosswind direction, the windward base overturning moment MD, and the crosswind base overturning moment MS, with the moment center located at the center of the tower’s base. By non-dimensionalizing, we obtained the drag coefficient CD, the lateral force coefficient CS, the windward base overturning moment coefficient CMD, and the crosswind base overturning moment coefficient CMS, as specifically shown in Equations (1)–(4):



Drag coefficient:


   C D  =    F D    0.5 ρ    U 10   2  A    



(1)







Lateral force coefficient:


   C S  =    F S    0.5 ρ    U 10   2  A    



(2)







Windward base overturning moment coefficient:


   C  M D   =    M D    0.5 ρ    U 10   2  D  H 2     



(3)







Crosswind base overturning moment coefficient:


   C  M S   =    M S    0.5 ρ    U 10   2  D   H  2     



(4)




where A represents the windward surface area of the telecommunication tower (m2); ρ is the air density (kg/m3); U10 is the reference wind speed at a height of 10.0 m (m/s); D is the average value of the diameters of the circumscribed circles of the top and bottom surfaces of the telecommunication tower (m); H is the height of the telecommunication tower (m).



By superimposing the drag coefficient and the lateral force coefficient, the overturning force coefficient CF was obtained; by superimposing the windward base overturning moment coefficient and the crosswind base overturning moment coefficient, the overturning moment coefficient CM was derived, as specifically shown in Equations (5) and (6):



Overturning force coefficient:


   C F  =      C D   2  +    C S   2     



(5)







Overturning moment coefficient:


   C M  =      C  M D    2  +    C  M S    2     



(6)








2.2. Computational Domain and Mesh Division Strategy


The accuracy of numerical simulation results is directly influenced by the selection of the computational domain. The scale independence of the domain was verified by choosing domains of different sizes. As shown in Figure 2, the computational domain’s inlet is located 6H away from the telecommunication tower, the outlet of the flow domain is at 12H, and the left and right boundaries are 3H from the tower, with the domain’s height set to 6H, where H represents the height of the telecommunication tower. The mesh division of the flow domain is shown in Figure 3. To enhance the accuracy of the numerical simulation, an unstructured mesh was used to refine the mesh around the tower cylinder and antennas. This involved the addition of an inflation layer near the walls of the tower cylinder and antennas to address areas of high-stress concentration. The mesh of the inflation layer, which was achieved by stretching along the boundary normals, improved the mesh accuracy and consisted of a combination of triangular and quadrilateral meshes. The distance of the first layer of mesh nodes to the wall surfaces satisfies y+ ≤ 5. The mesh around the telecommunication tower is shown in Figure 4.



To ensure the simulation results were not affected by the quality of the mesh, while also considering computational costs, this paper conducted a grid independence verification. For both the bare tower condition without antennas and the condition with a single layer of six antennas arranged, three different mesh schemes of varying densities and numbers of elements were divided for each condition, as shown in Table 1 and Table 2, which present the calculated average drag coefficient and lateral force coefficient for the telecommunication tower. With the increase in the number of elements, the average lateral force coefficient of the tower is very small, approximately zero; the drag coefficient gradually increases. In Table 1 and Table 2, the relative errors for the drag coefficient between mesh scheme 1 and scheme 2 are 3.8% and 5.4%, respectively. Furthermore, the differences in the drag coefficient between scheme 2 and scheme 3 are even smaller, with relative errors of only 0.8% and 1.1%, respectively. Therefore, to obtain accurate simulation results within the constraints of limited computational resources and time, the second mesh scheme was chosen for calculations. The total number of elements used in this scheme ranges from 4.34 to 10.7 million.




2.3. Numerical Calculation Method and Boundary Conditions


The coupling of pressure and velocity in the numerical simulation was addressed using the SIMPLE algorithm, and the control equations were solved using the segregated method. The SST k-ω turbulence model was selected for its wide applicability, high accuracy, and reliability among two-equation models. The convection terms of the control equations employed a second-order upwind scheme. The convergence criteria for the calculations were set with a residual value of 10−6, while the overturning force, overturning moment, and the complex flow structures around the telecommunication tower were monitored in real time. These elements collectively served as the standards for determining the convergence of the computations.



In this study, these computations were used to solve the incompressible Reynolds-averaged Navier–Stokes equations and shear-stress transport (SST) k-ω turbulence model to obtain accurate results. The model has been proven to perform well in simulations of the attached flow to the structure [32]. In this study, the SST k-ω turbulence model was used in the wall boundary layer. The SST k-ω model was developed by Menter [33] to blend the robust and accurate formulations of the k-ω model in the near-wall region with the free-stream independence of the k-ε model in the far field. To avoid the free-stream sensitivity of the standard k-ω model, elements of the ω-equation and the ε-equation were combined.



For an unsteady state, in-viscous, incompressible three-dimensional turbulent flow, the equations of mass and momentum are written below [34].



Mass equation:


    ∂ ρ   ∂ t   + ∇ ⋅ ( ρ  V →  ) = 0  



(7)







Momentum equation:


    ∂ ( ρ  V →  )   ∂ t   + ∇ ⋅ ( ρ  V →   V →  ) = − ∇ p + ∇ ⋅ (   τ ¯  ¯  )  



(8)







The transport equations for the SST k-ω model are given by


    ∂ ( ρ k )   ∂ t   +   ∂ ( ρ k  v i  )   ∂  x i    =  ∂  ∂  x j       Γ k    ∂ k   ∂  x j      +  G k  −  Y k  +  S k   



(9)






    ∂ ( ρ ω )   ∂ t   +   ∂ ( ρ ω  v j  )   ∂  x j    =  ∂  ∂  x j       Γ ω    ∂ ω   ∂  x j      +  G ω  −  Y ω  +  D ω  +  S ω   



(10)




where k is the turbulent kinetic energy; ω is the specific dissipation rate; ρ is the fluid density; t is the time; V is the instantaneous velocity; p is the pressure; τ is the stress tensor; x is the Cartesian coordinates; Gk is the generation of turbulent kinetic energy due to the mean velocity gradients; Gω is the generation of ω; Γk is the effective diffusivity of k; Γω is the effective diffusivity of ω; Yk and Yω represent the dissipation of k and ω due to turbulence, respectively; Dω is the cross-diffusion term; Sk and Sω are user-defined source terms.



The inlet employs a velocity-inflow boundary condition (Velocity-inlet), simulating a Class B wind field in the calculations, represented by an exponential law for the average wind profile:


  U ( z ) =  U  10        z  10      α   



(11)




where U10 is the average inflow wind speed at a height of 10 m, z represents the height above ground, and α is the ground roughness index. According to China’s “Load Code for the Design of Building Structures” (GB50009-2012) [31], the α value for Class B wind fields is 0.15.



The turbulent kinetic energy and dissipation rate at the inflow plane are expressed as follows:


  k ( z ) =  3 2  ⋅   [ U ( z ) ⋅  I u  ( z ) ]  2   



(12)






  ε ( z ) =  C μ  3 / 4   ⋅    k  2 / 3   ( z )   K ⋅ z    



(13)




where Cμ is the model constant, valued at 0.09; K is the Kármán constant, valued at 0.42; Iu(z) is the turbulent intensity of the incoming flow at height z, expressed as suggested in China’s “Load Code for the Design of Building Structures” (GB50009-2012) [31]:


   I u  ( z ) =  I  10   ⋅      z  10       − α    



(14)




where the class B wind field I10 = 0.14.



The outlet employed a free outflow boundary condition (Outflow), while the lateral and top boundaries of the flow field used a free slip wall boundary condition (Free Slip Wall); all other boundaries were subjected to a no-slip wall boundary condition (No Slip Wall).




2.4. Operational Conditions


The total antenna arrangement number on the telecommunication tower ranges from 1 to 18, with the antenna arrangement layers being one to three. When each layer has an arrangement of one, three, or six antennas, the antennas are uniformly arranged on each layer, as shown in Figure 5, Figure 6 and Figure 7. When each layer has an arrangement of two, four, or five antennas, the antennas are non-uniformly arranged on each layer, as shown in Figure 8, Figure 9 and Figure 10. Since the antennas are symmetrically arranged, the study calculated the wind load on the structure of the telecommunication tower under all wind directions from 0° to 180°, with an angle increment of 30°, considering the influence of the antenna arrangement number, arrangement form, and arrangement layers.





3. Numerical Calculation Results and Analysis


3.1. Comparison of Numerical Simulation Results with Wind Tunnel Test Results


To verify the accuracy and reliability of the numerical simulations conducted in this study, we compared the simulation results with wind tunnel test results reported in the existing literature [14]. The antenna shapes and tower cylinder shapes used in the referenced literature and in this study are quite similar, and the corresponding antenna arrangement forms are essentially the same. Differences in details have a minor impact on the overall wind load. Hence, the aerodynamic coefficients obtained in the referenced literature and in this study are expected to be close. Table 3 presents the comparison of the drag coefficients of the telecommunication tower obtained from wind tunnel tests and numerical simulations when a single layer of three antennas is used. It can be seen that the values of the drag coefficients obtained by both methods are very close, and their variation trends with the wind direction are also consistent. This not only proves the accuracy of the numerical simulation method used in this study but also enhances the credibility of the research findings.




3.2. Impact of Antenna Arrangement Number and Arrangement Form on the Wind Load of Telecommunication Towers


When only one layer of telecommunication antennas is arranged on the tower, it is possible to have one to six antennas in this single layer. When arranging one, three, five, or six antennas, there is only one arrangement form. However, when arranging two or four antennas, there are multiple arrangement forms.



When arranging two antennas, there are three forms, as shown in Figure 8. The wind load on the telecommunication tower as a function of the wind direction is shown in Figure 11. Figure 11a,b illustrate the drag coefficient and the windward base overturning moment coefficient of the telecommunication tower, respectively, while Figure 11c,d present the lateral force coefficient and the crosswind base overturning moment coefficient, respectively. The drag coefficient and lateral force coefficient were combined to derive the overturning force coefficient for the telecommunication tower, as demonstrated in Figure 11e. Similarly, the windward and crosswind base overturning moment coefficients were combined to yield the overturning moment coefficient for the telecommunication tower, as shown in Figure 11f. From Figure 11, it is evident that the lateral force coefficient and the crosswind base overturning moment coefficient are significantly smaller compared to the drag coefficient and the windward base overturning moment coefficient. Consequently, after combining, the values of the drag coefficient and the windward base overturning moment coefficient are very close to those of the overturning force coefficient and the overturning moment coefficient.



As shown in Figure 11, it is evident that the arrangement form of the antennas significantly affects the wind load on the telecommunication tower. The poorer the symmetry after antenna arrangement, the greater the values of the lateral force coefficient and crosswind base overturning moment coefficient of the telecommunication tower. The distribution curves of the tower’s overturning force coefficient and overturning moment coefficient generally follow a similar trend. When two antennas are in arrangement form 1, both the overturning force coefficient and overturning moment coefficient of the tower exhibit a sawtooth pattern as the wind direction changes. When two antennas are in arrangement form 2, from 0° to 120° wind directions, the fluctuations in the overturning force coefficient and overturning moment coefficient curves are relatively mild, but they increase rapidly from 120° to 180°, reaching their maximum values at 180°. Compared to the bare tower condition without antennas, the overturning force coefficient and the overturning moment coefficient increased by 14.7% and 26.4%, respectively. When two antennas are in arrangement form 3, the tower’s overturning force coefficient and overturning moment coefficient reach their maximum values at wind directions of 60° and 120°, and for most wind directions, both coefficients are higher than those of the other two arrangement forms.



Figure 12 shows the flow fields at the mid-height cross-section of the antennas for three different arrangement forms when two antennas are arranged in a single layer. When the circular end of the antenna faces the wind, the wake region is small, resulting in a lower overturning force coefficient; when the flat end of the antenna faces the wind, the wake region noticeably enlarges, causing an increase in the overturning force coefficient.



When two antennas are arranged in form 1, as shown in Figure 12a, within the 0° to 60° wind direction range, both antennas are located upstream of the tower cylinder, and with their circular ends facing the wind. The tower cylinder disrupts the wake and vortex formation area of the antennas. The upstream antenna significantly obstructs the inflow toward the tower cylinder, and its wake alters the characteristics of the flow, impacting the tower cylinder. At a 30° wind direction, relative to the inflow direction, one antenna is directly in front of the tower cylinder with a small gap, causing the antenna’s separation shear layer to attach to the downstream tower cylinder, significantly reducing the flow velocity in the gap and, thus, decreasing the overturning force coefficient on the telecommunication tower. At a 90° wind direction, relative to the inflow direction, one antenna is directly in front of the other, and due to the small gap, they are also in a shear layer reattachment state, resulting in a reduction of the overturning force coefficient on the tower. In the 120° to 180° wind direction range, the tower cylinder is upstream of the antennas, and with the flat end of the antennas facing the wind, the wake region enlarges significantly, leading to a greater overturning force coefficient. At a 150° wind direction, relative to the inflow direction, the tower cylinder is directly in front of one antenna, causing the tower cylinder’s separation shear layer to attach to the surface of the downstream antenna, resulting in a reduction of the overturning force coefficient on the tower. This is why the overturning force coefficient of the telecommunication tower varies in a sawtooth pattern with the wind direction. At a 180° wind direction, the presence of the two antennas causes the wall boundary layer separation point on the tower cylinder to move forward, increasing the overturning force coefficient; at the same time, the large windward angles of the flat ends of the antennas enlarge the wake region, further increasing the overturning force coefficient, thus significantly enhancing the overturning force coefficient on the telecommunication tower at a 180° wind direction.



When two antennas are arranged in form 2, as shown in Figure 12b, within the 60° to 120° wind direction range, the blocking effect between the antennas and the tower cylinder, and between the antennas themselves, is significant, reducing the overturning force coefficient on the telecommunication tower. At a 180° wind direction, the interference effect between the antennas and the tower cylinder, and between the antennas themselves, is weaker, and with the flat end of the antennas facing the wind, the wake region enlarges significantly, resulting in the highest overturning force coefficient on the telecommunication tower at this wind direction.



When two antennas are arranged in form 3, as shown in Figure 12c, at the 0° and 180° wind directions, relative to the inflow direction, the two antennas and the tower cylinder are in a serial arrangement, resulting in the strongest blocking effect among these three elements, significantly reducing the overturning force coefficient on the telecommunication tower. In the 30° to 150° wind direction range, compared to forms 1 and 2, the interference effect between the antennas and the tower cylinder, and between the antennas in form 3, is significantly weakened, thus the overturning force coefficient on the tower is higher than the other two arrangement forms.



For an arrangement of four antennas, there are three arrangement forms, as shown in Figure 9, and the variation curve of the wind load on the telecommunication tower with the wind direction is shown in Figure 13. When four antennas are in arrangement form 1, the tower’s overturning force coefficient and overturning moment coefficient are most sensitive to changes in the wind direction. At a 90° wind direction, both the overturning force coefficient and overturning moment coefficient of the tower significantly decrease, reaching their lowest values. When four antennas are in arrangement form 2, the tower’s overturning force coefficient and overturning moment coefficient significantly decrease at wind directions of 60° and 180°. When four antennas are in arrangement form 3, the variation curves of the tower’s overturning force coefficient and overturning moment coefficient with wind direction are relatively gentle, showing insensitivity to changes in the wind direction.



Figure 14 shows the flow fields at the mid-height cross-section of the antennas for three different arrangement forms when four antennas are arranged in a single layer. As shown in Figure 14, with four antennas in arrangement form 1, at a 0° wind direction, the interference effects between the antennas and the tower cylinder, and between the antennas themselves, are weaker. Moreover, all four antennas have their flat ends facing the wind, significantly enlarging the wake region, which results in the highest overturning force coefficient on the telecommunication tower; at a 90° wind direction, relative to the inflow direction, two of the antennas and the tower cylinder are in a serial arrangement, and the remaining two antennas are also serially arranged, resulting in the strongest blocking effect and significantly reducing the overturning force coefficient on the telecommunication tower. When four antennas are in arrangement form 2, at the 0° and 180° wind directions, relative to the inflow direction, there are two antennas and the tower cylinder in a serial arrangement, but at the 180° wind direction, the remaining two antennas face the wind with their circular ends, significantly reducing the wake region and, thus, lowering the overturning force coefficient of the tower. At the 60° and 120° wind directions, there is one antenna and the tower cylinder in a serial arrangement, and another two antennas are also serially arranged, but at the 60° wind direction, one antenna is completely in the wake region of the tower cylinder, and the fourth antenna is facing the wind with its circular end, also significantly reducing the wake region, resulting in a decrease in the overturning force coefficient of the tower. When four antennas are in arrangement form 3, due to the better uniformity of the four antennas, the flow field around them changes less with wind direction, making the overturning force coefficient on the tower less sensitive to changes in the wind direction.



Figure 15 shows in detail the variation of the wind load on the telecommunication tower with the antenna arrangement number for a single layer arrangement under different wind directions, where the cases with two and four antennas display the maximum wind load coefficient values for different arrangement forms.



From Figure 15, it can be seen that the values of the drag coefficient and the windward base overturning moment coefficient are always very close to those of the overturning force coefficient and the overturning moment coefficient. The lateral force coefficient and the crosswind base overturning moment coefficient of the telecommunication tower vary with the antenna arrangement number in a similar pattern and are very small in value, showing a trend of initially increasing and then decreasing as the antenna arrangement number increases. The maximum value is reached when two antennas are arranged at a 90° wind direction.



It is also clear that the sensitivity of the telecommunication tower’s overturning force coefficient to the wind direction varies with different antenna arrangement numbers. When a single antenna is used in the arrangement, the overturning force coefficient of the tower changes slightly within the 30° to 150° wind direction range and significantly decreases at the 0° and 180° wind directions, approaching the bare tower condition without antennas. When three antennas are used in the arrangement, the tower’s overturning force coefficient significantly decreases at the 60° and 180° wind directions, with the overturning force coefficient values being nearly equal at other wind directions. When five and six antennas are used in the arrangement, the variation curves of the tower’s overturning force coefficient with the wind direction are approximately sawtooth-shaped, but with five antennas, the coefficient is more sensitive to the wind direction, with a larger range of variation. Overall, when a single layer of antennas is arranged on the tower, the overturning force coefficient tends to increase with the antenna arrangement number, but the extent of the increase gradually diminishes as the antenna arrangement number increases. The pattern of change in the overturning moment coefficient of the telecommunication tower with the antenna arrangement number is basically consistent with that of the overturning force coefficient, but with an increase in the antenna arrangement number, the magnitude of increase in the overturning moment coefficient is about twice that of the overturning force coefficient.




3.3. Impact of the Antenna Arrangement Layers on the Wind Load of Telecommunication Towers


When two or three layers of antennas are arranged on the telecommunication tower, each layer can accommodate three to six antennas, with the total antenna arrangement number being 6 to 18.



Through a comparison with Section 3.2, it was found that the rate of increase in the wind load with the antenna arrangement layers is significantly greater than with the antenna arrangement number. Figure 16, Figure 17, Figure 18 and Figure 19 illustrate the flow fields around the telecommunication tower under the arrangement forms associated with the maximum wind load when one layer of antennas with six antennas per layer is used, two layers with three antennas per layer, two layers with six antennas per layer, and three layers with four antennas per layer, respectively. When the total antenna arrangement number is the same, as shown in Figure 16, Figure 17, Figure 18 and Figure 19, it can be seen that the interference effect between the antennas arranged on different layers is weak. Increasing the antenna arrangement layers significantly enlarges the wake region, thereby substantially increasing the overturning force coefficient. Therefore, to reduce the wind load, it is advisable in practical engineering applications to increase the antenna arrangement number per layer, thereby reducing the antenna arrangement layers.



The distribution pattern of wind loads on the telecommunication tower is shown in Figure 20, Figure 21, Figure 22, Figure 23, Figure 24 and Figure 25, where the values for the case of four antennas per layer represent the maximum wind load coefficient values among the three arrangement forms. By comparing Figure 20, Figure 21, Figure 22, Figure 23, Figure 24 and Figure 25, it can be observed that when arranging multiple layers of antennas, the lateral force coefficient and the crosswind base overturning moment coefficient remain significantly smaller compared to the drag coefficient and the windward base overturning moment coefficient. Therefore, the values of the drag coefficient and the windward base overturning moment coefficient are very close to those of the overturning force coefficient and the overturning moment coefficient.



The absolute values of the lateral force coefficient and the crosswind base overturning moment coefficient of the telecommunication tower, as they vary with the antenna arrangement layers and wind direction, are shown in Figure 22 and Figure 23. Compared to the drag coefficient and windward base overturning moment coefficient, the lateral force coefficient and crosswind base overturning moment coefficient of the telecommunication tower are more sensitive to changes in the wind direction. They exhibit a greater range of growth rates with the increase in the antenna arrangement layers. As the symmetry of the antennas relative to the inflow wind direction improves, the values of the telecommunication tower’s lateral force coefficient and crosswind base overturning moment coefficient become lower. When arranging four antennas per layer, at wind directions of 0° and 180°, the symmetry is optimal, resulting in the smallest lateral force coefficient and crosswind base overturning moment coefficient at these wind directions, showing insensitivity to the increase in antenna arrangement layers. The absolute values of the tower’s lateral force coefficient and crosswind base overturning moment coefficient reach 0 to 0.115 and 0 to 0.093, respectively.



Moreover, as the antenna arrangement number per layer increases, the growth rate of the telecommunication tower’s lateral force coefficient and the crosswind base overturning moment coefficient with the antenna arrangement layers initially rises and then falls. The maximum growth rate occurs when there are four antennas per layer, and the minimum growth rate is observed with six antennas per layer.



As shown in Figure 24, when the antenna arrangement number per layer is the same, the overturning force coefficient of the telecommunication tower approximately linearly increases with the increase in antenna arrangement layers. Moreover, as the antenna arrangement number per layer increases, the growth rate of the tower’s overturning force coefficient with the antenna arrangement layers also gradually increases.



When three antennas are arranged per layer, the rate of increase in the telecommunication tower’s overturning force coefficient with the antenna arrangement layers ranges from 7.0% to 15.2%. At the 0°, 30°, 90°, 120°, and 150° wind directions, the rate of increase in the telecommunication tower’s overturning force coefficient with the antenna arrangement layers is very close, significantly higher than at the 60° and 180° wind directions, i.e., approximately 1.5 times higher; when four antennas are arranged per layer, the rate of increase ranges from 11.7% to 19.5%; with five antennas per layer, the range is 8.5% to 21.4%, which is the most sensitive to the wind direction, reaching the maximum values at either the 30° or 150° wind direction; and with six antennas per layer, the rate of increase in the telecommunication tower’s overturning force coefficient ranges from 12.4% to 22.2%. At the 30°, 90°, and 150° wind directions, the rate of increase in the telecommunication tower’s overturning force coefficient with the antenna arrangement layers is very close, significantly higher than at the 0°, 60°, 120°, and 180° wind directions, i.e., approximately 1.3 times higher.



Figure 25 presents the variation curve of the overturning moment coefficient of the telecommunication tower in relation to the antenna arrangement layers and wind direction. From the figure, it is evident that when the antenna arrangement number per layer remains constant, the overturning moment coefficient of the telecommunication tower exhibits a nonlinear increase with additional antenna arrangement layers, which significantly differs from the trend observed in the overturning force coefficient. Moreover, as the antenna arrangement number per layer increases, the rate of increase in the telecommunication tower’s overturning moment coefficient with antenna arrangement layers also gradually increases, and is significantly greater than the rate of increase in the overturning force coefficient with antenna arrangement layers. As demonstrated, when three to six antennas are arranged per layer, the range of the growth rate of the overturning moment coefficient with antenna arrangement layers gradually elevates, specifically to 8.8% to 27.2%, 9.8% to 35.7%, 10.2% to 38.7%, and 10.8% to 41.0%, which is markedly higher than the growth rate of the overturning force coefficient with antenna arrangement layers.



In order to further analyze the impact of the antenna arrangement layers on the wind load of the telecommunication tower, the maximum values of wind loads for all wind directions were used to eliminate the influence of wind direction, as shown in Figure 26.



The values of the drag coefficient and the windward base overturning moment coefficient are very close to those of the overturning force coefficient and the overturning moment coefficient.



With the increase in the antenna arrangement layers, the lateral force coefficient and the crosswind base overturning moment coefficient of the telecommunication tower gradually increase. Moreover, the rate of increase in both coefficients with antenna arrangement layers is significantly influenced by the antenna arrangement number per layer, with the highest rate of increase when four antennas are arranged per layer, and the lowest when six antennas are arranged per layer.



The overturning force coefficient of the telecommunication tower increases approximately linearly with the increase in antenna arrangement layers, showing good consistency. Furthermore, the greater the antenna arrangement number per layer, the higher the rate of increase in the overturning force coefficient with antenna arrangement layers. Specifically, when four antennas are arranged per layer, the growth rate of the telecommunication tower’s overturning force coefficient with antenna arrangement layers is significantly higher than the case with three antennas per layer, but the difference narrows significantly compared to the cases with five or six antennas per layer.



As the antenna arrangement layers increase, the overturning moment coefficient of the tower also gradually increases, but the rate of increase gradually decreases. Similar to the overturning force coefficient, the rate of increase in the tower’s overturning moment coefficient with the antenna arrangement layers is significantly higher when four antennas are arranged per layer compared to the case with three antennas per layer, but the gap narrows significantly when compared to cases with five and six antennas per layer.



Figure 27 shows the flow field around the telecommunication tower when six antennas are arranged per layer, with antenna arrangement layers varying from one to three. The figure reveals that the interference effect between antennas arranged on different layers is weak, which explains why the overturning force coefficient approximately exhibits a linear increase with antenna arrangement layers.




3.4. Calculation Method for Wind Load on Telecommunication Towers Considering Antenna Arrangement Parameters


Through a three-dimensional numerical simulation, the overturning force coefficient CF and overturning moment coefficient CM of the telecommunication tower were obtained for each condition. The maximum values of the telecommunication tower’s overturning force coefficient CFmax and the overturning moment coefficient CMmax under all wind directions (α = 0° to 180°) were determined, as shown in Table 4.



To facilitate practical engineering applications, the least squares method was used to perform a cubic polynomial fit on the maximum overturning force coefficient CFmax and the maximum overturning moment coefficient CMmax from Table 4, yielding corresponding parameter values. These include the first, second, third, and fourth parameter values. This approach provides a reliable basis for the structural design and safety assessment of telecommunication towers in practical engineering.



The wind load fitting formula for the telecommunication tower obtained through numerical fitting is as follows:


   C  F m a x   = − 5.76 × 1  0  − 5    n 3  + 8.70 × 1  0  − 4    n 2  + 2.95 × 1  0  − 2   n + 0.734  



(15)






   C  M m a x   = − 2.01 × 1  0  − 5    n 3  − 1.82 ×   10   − 4    n 2  + 3.12 ×   10   − 2   n + 0.383  



(16)




where n is the total antenna arrangement number.



The data fitting results, as shown in Figure 28 and Figure 29, indicate that the fitting curves for the maximum values of the overturning force coefficient and the overturning moment coefficient have correlation coefficients close to 1.0, demonstrating high conformity with the original data.





4. Conclusions


This study employed three-dimensional numerical simulation methods to systematically investigate the impact of various antenna arrangement parameters, such as the arrangement number, arrangement form, and arrangement layers, on the wind load characteristics of telecommunication towers. It was found that the uniformity of antenna arrangements significantly reduces the sensitivity of the telecommunication tower’s wind load to wind direction changes. The lateral force coefficient and the crosswind base overturning moment coefficient are sensitive to changes in the wind direction. With an increase in the antenna arrangement number, the growth rate of the tower’s overturning moment coefficient is about twice that of the overturning force coefficient. Additionally, an increase in antenna arrangement layers leads to a linear increase in the tower’s overturning force coefficient, whereas the tower’s overturning moment coefficient exhibits a nonlinear increase. The rate of increase in the wind load with the antenna arrangement layers is significantly greater than that with the antenna arrangement number. Thus, to reduce wind load, it is advisable in practical engineering applications to increase the antenna arrangement number per layer, thereby reducing the antenna arrangement layers. The study also summarized a calculation method for the structural wind load of telecommunication towers, taking into account the influence of antenna arrangement parameters, providing a reliable basis for the structural design and safety assessment of telecommunication towers in practical engineering.
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Figure 1. Schematic of the telecommunication tower mesh and wind loads [31]. 






Figure 1. Schematic of the telecommunication tower mesh and wind loads [31].



[image: Applsci 14 02538 g001]







[image: Applsci 14 02538 g002] 





Figure 2. Diagram of the computational domain dimensions. 
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Figure 3. Mesh map of the flow domain. 






Figure 3. Mesh map of the flow domain.



[image: Applsci 14 02538 g003]







[image: Applsci 14 02538 g004] 





Figure 4. Mesh around the tower cylinder and antennas. 
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Figure 5. Arrangement form when 1 antenna is deployed. 
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Figure 6. Arrangement form when 3 antennas are deployed. 
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Figure 7. Arrangement form when 6 antennas are deployed. 
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Figure 8. Arrangement form when 2 antennas are deployed. (a) Form 1. (b) Form 2. (c) Form 3. 
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Figure 9. Arrangement form when 4 antennas are deployed. (a) Form 1. (b) Form 2. (c) Form 3. 
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Figure 10. Arrangement form when 5 antennas are deployed. 
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Figure 11. Variation curve of wind load on the telecommunication tower with wind direction when 2 antennas are arranged. (a) Drag coefficient. (b) Windward base overturning moment coefficient. (c) Lateral force coefficient. (d) Crosswind base overturning moment coefficient. (e) Overturning force coefficient. (f) Overturning moment coefficient. 
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Figure 12. Velocity contour and streamline diagram at the mid-height cross-section of the antennas when 2 antennas are arranged. (a) Form 1. (b) Form 2. (c) Form 3. 
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Figure 13. Variation curve of wind load on the telecommunication tower with wind direction when 4 antennas are arranged. (a) Drag coefficient. (b) Windward base overturning moment coefficient. (c) Lateral force coefficient. (d) Crosswind base overturning moment coefficient. (e) Overturning force coefficient. (f) Overturning moment coefficient. 
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Figure 14. Velocity contour and streamline diagram at the mid-height cross-section of the antennas when 4 antennas are arranged. (a) Form 1. (b) Form 2. (c) Form 3. 
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Figure 15. Impact of single-layer antenna arrangement on the wind load of telecommunication towers. (a) Drag coefficient. (b) Windward base overturning moment coefficient. (c) Lateral force coefficient. (d) Crosswind base overturning moment coefficient. (e) Overturning force coefficient. (f) Overturning moment coefficient. 
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Figure 16. Flow field around the telecommunication tower with 1 layer of antennas, 6 antennas per layer, at a wind direction of 30°. 
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Figure 17. Flow field around the telecommunication tower with 2 layers of antennas, 3 antennas per layer, at a wind direction of 30°. 
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Figure 18. Flow field around the telecommunication tower with 2 layers of antennas, 6 antennas per layer, at a wind direction of 30°. 
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Figure 19. Flow field around the telecommunication tower with 3 layers of antennas, 4 antennas per layer arranged in form 1, at a wind direction of 0°. 
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Figure 20. Variation curve of drag coefficient of telecommunication tower with antenna arrangement layers. (a) Three antennas per layer. (b) Four antennas per layer. (c) Five antennas per layer. (d) Six antennas per layer. 
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Figure 21. Variation curve of windward base overturning moment coefficient of telecommunication tower with antenna arrangement layers. (a) Three antennas per layer. (b) Four antennas per layer. (c) Five antennas per layer. (d) Six antennas per layer. 
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Figure 22. Variation curve of lateral force coefficient of telecommunication tower with antenna arrangement layers. (a) Three antennas per layer. (b) Four antennas per layer. (c) Five antennas per layer. (d) Six antennas per layer. 
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Figure 23. Variation curve of crosswind base overturning moment coefficient of telecommunication tower with antenna arrangement layers. (a) Three antennas per layer. (b) Four antennas per layer. (c) Five antennas per layer. (d) Six antennas per layer. 
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Figure 24. Variation curve of overturning force coefficient of telecommunication tower with antenna arrangement layers. (a) Three antennas per layer. (b) Four antennas per layer. (c) Five antennas per layer. (d) Six antennas per layer. 
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Figure 25. Variation curve of overturning moment coefficient of telecommunication tower with antenna arrangement layers. (a) Three antennas per layer. (b) Four antennas per layer. (c) Five antennas per layer. (d) Six antennas per layer. 
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Figure 26. Influence of the antenna arrangement layers on the wind load of the telecommunication tower. (a) Drag coefficient. (b) Windward base overturning moment coefficient. (c) Lateral force coefficient. (d) Crosswind base overturning moment coefficient. (e) Overturning force coefficient. (f) Overturning moment coefficient. 






Figure 26. Influence of the antenna arrangement layers on the wind load of the telecommunication tower. (a) Drag coefficient. (b) Windward base overturning moment coefficient. (c) Lateral force coefficient. (d) Crosswind base overturning moment coefficient. (e) Overturning force coefficient. (f) Overturning moment coefficient.



[image: Applsci 14 02538 g026]







[image: Applsci 14 02538 g027] 





Figure 27. The flow field around the telecommunication tower with 6 antennas per layer, at a wind direction of 30°. (a) One layer of antennas. (b) Two layers of antennas. (c) Three layers of antennas. 
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Figure 28. Curve of the maximum overturning force coefficient variation with the total antenna arrangement number. 
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Figure 29. Curve of the maximum overturning moment coefficient variation with the total antenna arrangement number. 
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Table 1. Mesh independence verification data table for the bare tower condition without antennas.






Table 1. Mesh independence verification data table for the bare tower condition without antennas.





	Mesh Scheme
	Number of Elements (Million)
	Lateral Force

Coefficient
	Drag Coefficient
	Change Rate of Drag Coefficient





	1
	3.34
	2.8 × 10−2
	0.690
	-



	2
	4.34
	8.0 × 10−4
	0.716
	3.8%



	3
	5.52
	8.2 × 10−5
	0.722
	0.8%










 





Table 2. Mesh independence verification data table for the condition with a single layer of 6 antennas arranged.
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	Mesh Scheme
	Number of Elements (Million)
	Lateral Force

Coefficient
	Drag Coefficient
	Change Rate of Drag Coefficient





	1
	4.87
	1.14 × 10−2
	0.795
	-



	2
	6.03
	2.95 × 10−3
	0.838
	5.4%



	3
	7.24
	1.09 × 10−5
	0.847
	1.1%










 





Table 3. Comparison of the drag coefficients of the telecommunication tower obtained from wind tunnel tests and numerical simulations.
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	Research Method
	CD at 0° Wind Direction
	CD at 30° Wind Direction
	CD at 60° Wind Direction





	Numerical simulation
	0.8241
	0.8254
	0.7729



	Wind tunnel test
	0.8289
	0.8565
	0.7481










 





Table 4. Maximum values of overturning force coefficient and overturning moment coefficient of the telecommunication tower under all wind directions.
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Total Antenna Arrangement Number

	
Arrangement Parameters

	
Maximum Values for All Wind Directions

	
Maximum Values under All Conditions




	
Antenna Arrangement Layers

	
Arrangement Form

	
Antenna Arrangement Number per Layer

	
CF

	
CM

	
CFmax

	
CMmax






	
1

	
1

	

	
1

	
0.77

	
0.42

	
0.77

	
0.42




	
2

	
1

	
Form 1

	
2

	
0.81

	
0.45

	
0.82

	
0.47




	
1

	
Form 2

	
2

	
0.82

	
0.47




	
1

	
Form 3

	
2

	
0.81

	
0.45




	
3

	
1

	

	
3

	
0.83

	
0.47

	
0.83

	
0.47




	
4

	
1

	
Form 1

	
4

	
0.86

	
0.50

	
0.86

	
0.50




	
1

	
Form 2

	
4

	
0.85

	
0.50




	
1

	
Form 3

	
4

	
0.85

	
0.50




	
5

	
1

	

	
5

	
0.87

	
0.51

	
0.87

	
0.51




	
6

	
1

	

	
6

	
0.88

	
0.52

	
0.93

	
0.56




	
2

	

	
3

	
0.93
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