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Abstract

:

Wind-power generation is one of the fundamental sources of renewable energy. However, due to the increasing size of wind turbines, they cause unwanted interference with radar systems for civic protection, especially for on-shore locations. This paper presents parameter studies performed on different wind-turbine models, with a focus on differences of the aerodynamical shape of the rotor blades. Numerical simulation is employed to estimate the influence of different wind-turbine design parameters, with the aim of deriving strategies to minimize wind-turbine influence on radar systems for civic protection. Due to the complex nature of the aerodynamic shape of the blade, a general model cannot be derived from the studies. However, further steps to eventually achieve this goal are outlined.






Keywords:


radar cross section; wind turbines; numerical simulation












1. Introduction


For more than 20 years, wind power use is expanding in Germany and other countries in order to increase the regenerative and, therefore, sustainable production of electricity. In Germany, the goal is to produce 80% of the total electrical power by means of regenerative sources, with a focus on wind power [1]. In addition to large off-shore locations, further allotments of on-shore locations as well as “repowering” activities (i.e., replacing older wind turbines by newer ones with increased performance and efficiency) will be necessary in order to fulfil the goals of reducing the carbon footprint as prescribed by the German Climate Protection Plan [2].



Increasing density of wind parks, especially on-shore, however, is an issue for radar systems, as the large wind turbine rotors cause “radar clutter”, i.e., unwanted signal return, most notably for aviation safety radars and weather radars. The “Deutsche Wetterdienst” (DWD, German Meteorological Service) generally requires a clearance of at least 5 km around its radar installations as well as a height limit for surrounding wind turbines in order to limit wind-turbine influences. An additional field of conflict is the fact that radar systems and wind turbines have overlapping requirements for their location: places that are good for radar installations usually are also well-suited for wind turbines [3,4]. This is also true for radars for aviation safety, where air traffic surveillance radar is also negatively influenced by wind-turbine clutter [5,6].



The aim of the study presented in the following is to qualify and quantify the influence of different constructive parameters of idealized and typical wind turbines with respect to their radar cross section (RCS). This number represents a compounded virtual “area” of the radar target. It is directly linked to detectability: larger RCS means better detectability. As weather radars also include polarimetric measurements [7], dependence on polarization is also investigated.



The phenomenon of radar disturbance has been studied in many measurement campaigns for wind parks [8,9,10,11] as well as for single turbines [12,13,14]. The aspect of modifications of the aerodynamic parameters, to the author’s best knowledge, has not yet been investigated separately. Therefore, special focus is put on the aerodynamic parameters of the rotor blades.




2. Method


In this section, the assumptions and input parameters of the study are presented.



2.1. Frequency Bands Overview


National and international regulations reserve several frequency bands for air-traffic surveillance radars (see Reference [15] for a complete list). Among them are the bands from 1250–1260   M Hz   and from 1340–1350   M Hz  . In Germany, several frequency bands in the lower   M Hz   range (46–48   M Hz  ) up to nearly 10   G Hz   (9300–9600   M Hz  ) are reserved for meteorological purposes (international allocations also in Reference [15]). The World Meteorological Organization describes the use of weather radars in the frequency range from 3–10   G Hz   in detail in Reference [16].




2.2. Wind Turbines


A wind turbine’s principal assemblies are tower; nacelle (containing the generator and supporting machinery, e.g., the transmission); and rotor, consisting of hub and rotor blades. Table 1 gives an overview of the average sizes of wind turbines installed in Germany in 2015 and 2018. The next generation of wind turbines will most likely feature rotor blade lengths of 60  m  and beyond and a nacelle height of more than 150  m , resulting in a foot-to-tip height of more than 200  m .



The tower is made of thick steel plates, while the nacelle and rotor hub are made of a steel frame cased with a thinner sheeting of either metal or fiber-reinforced plastic (FRP). Modern rotor blades are lightweight-design products, usually made of fiber-reinforced plastic (FRP) or carbon-reinforced plastic (CRP) [17], following the design rules for airfoils [18,19]. They also contain trimming elements, such as chambers filled with lead, usually located at about 2/3 of the blade’s total length. For lightning protection, the tips are made of metal, usually aluminum [20]. Thick conductors are installed inside the blade, which are connected to the metallic hub flange’s lightning protection rings.



Wind turbines come in several shapes and forms, specific to product and manufacturer. The tower is usually a truncated cone. Some manufacturers also use a tapered shape. While the rotor hub is almost always teardrop shaped, which is optimal regarding aerodynamics, the nacelle rarely “completes” the teardrop shape. Box shapes, with or without rounded corners, are much more usual, albeit a worse choice from an aerodynamics point of view.



Dielectric Material Properties of FRP


Material measurements of fiber-reinforced plastic samples were performed in the laboratory on a sample taken from a glider wing spar in order to determine the FRP’s dielectric permittivity as an input parameter for the simulations. The measurements were performed with a sample fitted in an RF waveguide, using the methods described in [23,24] in the frequency range of 8.25–12.4  G  Hz . The measured value of the relative dielectric permittivity yielded    ε r   =  4.35    and a low loss tangent   tan δ = 0.05  . Literature on measurements of FRP [25,26], which were performed at much lower frequencies and considered general theory on permittivity [27], suggest that the measured values can be used for lower frequencies down to about 1   G Hz  .





2.3. Radar Cross Section


In order to characterize the features to investigate, the radar cross section (RCS), is employed. It is defined by the radar equation [28]:


    P r   P t   =     G t   4 π  R t 2    ︸    Tx       G r   4 π  R r 2    ︸    Rx      λ 2   4 π   ︸      σ ︸        RCS        antenna aperture       



(1)




with subsript r for terms belonging to the receiver (Rx), subscript t for terms belonging to the transmitter (Tx), P for powers (in W), G for antenna gains (no unit), R for distances (in m), and  λ  der wavelength of the transmitted and received electromagnetic wave (in m). Looking at the units of Equation (1), one sees that the unit of  σ  is   m 2  : an area (for a more detailed explanation, see Reference [29]). If the sender and receiver are identical,  σ  is called monostatic RCS.  σ  is used to characterize and classify radar targets. The monostatic RCS of aircrafts is usually recorded for an azimuth plane cut, which can be referred to in order to identify the aircraft type. However, by just knowing the RCS value, no conclusions can be drawn about the actual shape of the investigated object. For the RCS prediction of regular shapes, several approximations and hybrid numerical approaches can be employed (see Reference [30] for an in-depth treatment). Prediction of the RCS of an object of arbitrary shape, however, is possible only by numerical simulation. In References [31,32], numerical methods for the computation of the RCS of wind turbines are compared with regard to computational feasibility as well as plausibility and quality of results.




2.4. Wind-Turbine Parameters Influencing the RCS


The parameters influencing a wind turbine’s RCS can be classified by material:




	
Electromagnetic properties of the blade’s construction material: fiber-reinforced plastic (FRP) is an isolator, while carbon-reinforced plastic (CRP) is a conductor [33,34].



	
Surface treatment, e.g., lacquer/varnish to protect against UV radiation, rain, or moss growth.








It can be classifed by constructive design parameters:




	
Tower/nacelle height.



	
Rotor diameter, blade length.



	
Blade wall thickness.



	
Aerodynamic shape.



	
Position and size of lightning protection equipment.



	
Inner structure: hollows, trimming weight location, and spar size and location.








Also, it can be classied by parameters of operation:




	
Rotational speed (turns per minute): This is an important parameter for all Doppler radars, as the movement causes a Doppler shift in the signal, which can be misinterpreted (e.g., Reference [6]).



	
Blade pitch angle: the blade’s angle relative to the airflow (“angle of attack” in context of aircraft).



	
Wind turbine azimuth angle: the “look direction” angle, i.e., the angle facing the wind.








The rotor’s elevation angle is usually fixed at about 2   ∘   upwards.



Additionally, considering weather radars, polarimetric measurements are used to infer the shape of rain drops [7]; polarization studies should therefore be included.




2.5. CAD Models


Figure 1 shows the CAD models used for simulation. Two tower models were used as shown in Figure 1a,b with different constructive parameters as presented in Table 2. The truncated cone shape is the most common shape, while exponentially tapered towers are noteworthy exceptions.



The top and bottom sides of the investigated wind-turbine rotor blades are shown in Figure 1c,d; Blade v1 is in yellow, Blade v2 is in green, and Blade v3 is in red. Blade v1 is the simplest model, made from a single aerodynamic profile, tapered towards the wing tip, and with a straight leading edge. Blade v2 also features a straight leading edge but is composed of different aerodynamic profiles along the span towards the end and also wing twist (“washout” in context of aircraft), i.e., a decreasing angle of attack from root to tip. The profiles are taken from the NACA and DU Series catalogs [35,36,37]. Blade v3 was originally created as an experimental platform for textile-based sensors by TU Dresden’s Institute of Textile Machinery and High Performance Material Technology [38]. It also features different airfoil profiles, and in addition to blade v2, it has a curved leading edge. Blade v1 is 58 m in length; blades v2 and v3 are 63 m. This corresponds to the size of current wind turbines with 3–4  M  W  nominal power output and rotor diameters of about 125 m.




2.6. Simulation Setup


Taking into account the factors and limitations given above, the simulation setup was planned. The simulation frequency was chosen to be   1.345     G Hz  , the center of an air traffic surveillance radar frequency band. This choice presents a balance between computational effort, computational method, and desired radar target size. Higher frequencies cause super-linear increase in computation time and memory consumption, which is beyond the limit of available computational resources. For the parts made of metal, the material was chosen as “Perfect Electric Conductor” (PEC), a virtual material with zero electrical resistance, a common simplification for high-frequency problems when the resistance’s influence is negligible in practice.



For the turbine blades, several materials and combinations were investigated. PEC material was chosen as an approximation for CRP. This might not be ideal, as the carbon fiber used in lightweight construction is usually chosen for its fitness of the construction purpose (not by its electrical material properties), but it can serve as a baseline because the fiber strings will be placed so close to one another that electromagnetic penetration into the turbine blade will be unlikely, which is also the case for PEC. For FRP, the dielectric permittivity was chosen    ε r  =  4.35    (see Section 2.2.1 above). In lightweight construction, a “sandwich” layering is usually employed: a layer of very stiff foam is placed between two layers of FRP or CRP. Therefore, different layering setups were also investigated. For the foam, a relative permittivity    ε r  =  1.1    was assumed. Other surface coating was neglected, as the layers are very thin (  ≪ 0.5    m m   ) compared to the wavelength   λ ≈ 22.3    at   1.345     G Hz  . The blades were assumed to be hollow in oder to limit the investigated parameters to the aerodynamic shape of the blades, and the material thickness was assumed to be constant along the blade.



Where only PEC was used, a Fast Multipole Method [39] (FMM) with the combined-field integral equation (CFIE) was used where computationally feasible. The FMM is a variation of the Method of Moments (see Reference [40] for a derivation from Maxwell’s equations). It delivers exact results (within numerical precision) at the price of a huge demand in computational resources, especially memory.



The numerical method of “Geometrical Optics/Ray Launching” (GORL) was chosen for all simulation setups containing materials other than PEC. It is derived and described in depth in Reference [41] as the “shooting and bouncing rays” (SBR) method. This method considers multiple propagation paths but, due to its discrete “rays”, might underreport signal return. This method has a significantly lower memory demand than the FMM. The method of Physical Optics (PO) [42] was not considered, as it neglects multiple reflections and penetration into the investigated object. This will make the simulated RCS value lower than expected in reality [32].



In all cases, the radar source was assumed to be an incident plane wave with an elevation angle of 0   ∘   (i.e., the direction of propagation is parallel to the x-y plane). Both methods are available in the Altair FEKO [43] software suite, which was used for this study.





3. Results


3.1. RCS of Nonrotating Components


Figure 2 shows the RCS of the nonrotating components of both investigated wind turbines. As the tower is rotationally symmetrical, Figure 2a displays the multistatic RCS in the x-y-plane. The black arrow denotes the direction of incidence of the electromagnetic wave. It can be seen that WT v2’s tower has a significantly higher monostatic RCS compared to WT v1’s tower (i.e., reflection in direction of incidence), while the multistatic RCS is a little smaller. There is no polarization dependence. The differences can be explained by the tapered shape of WT v2’s tower, as it is the only significant difference between the two models.



Figure 2b shows the monostatic RCS of the ensemble of tower, nacelle, and rotor hub. As can be seen, there are distinctive differences to the sides (at 90   ∘   and 270   ∘  ). WT v1 causes a very strong single peak, which is not as pronounced with WT v2. WT v2 in turn displays a spread of stronger echoes to directions further backwards. This is caused by WT v1’s simple box shape, which also causes a strong peak at 180   ∘   compared to WT v2’s rounded teardrop-like shape. Polarization is different, too. While WT v1 shows little polarization dependence if at all, with WT v2, the H polarization shows oscillations in the front hemisphere which are not present in the V polarization.




3.2. RCS of the Rotor Blades


The results of the parameter studies in the following serve to investigate the influence of construction parameters on their radar cross section. The blades were placed in the simulation domain with the leading edge parallel to the z axis, with the same orientation: with the leading edge facing 0   ∘  , the top side 90   ∘  , the trailing edge 180   ∘  , and the profile’s lower facing 270   ∘  . The blade’s tip points towards +z, and the root is placed at the origin.



In Figure 3a, the rotor blades in their default configuration, modelled with PEC material, are presented. As can be seen, common characteristics are hard to make out. There is usually a stronger signal return at the leading edge: upwards between 50–90   ∘   and downwards between 230–260   ∘  . Blade v1 features strong peaks at 70   ∘   and 235   ∘  , while blade v2 shows those at 80   ∘   and 350   ∘   and blade v3 shows those at 90    ∘   and 245   ∘  . Polarization sensitivity is low overall.



In order to quantify blade-size influence, blades v2 and v3 were simulated after being scaled to 53  m  and 63  m . The results are displayed in Figure 3b,c. As can be seen, the chance in size leads to a slight increase in RCS of about 3   d B   and to small movement of the characteristic peaks.



Figure 4 shows the different blade’s RCS, with FRP, assumed to be lossless, in different thicknesses, and the PEC simulation (see Figure 3a) as reference. The thickness was varied from 5–20   m m   in 5-mm steps [44]. Larger values of up to 10 cm are reported in References [45,46], which are considered for the multilayered panels presented below. A common feature is the increase of signal return with thickness increase. For blades v1 (Figure 4a) and v3 (Figure 4c), the signal return with FRP is only rarely greater than with PEC, although differences between the polarizations are clearly visible. However, blade v2 in Figure 4b shows significant differences depending on polarization: the H polarization shows an entirely new backside lobe at 135–200   ∘  , which is just as strong as the main front lobe at 350   ∘  . Introducing dielectric losses with a loss tangent   tan δ =  0.05    introduces only minimal changes, as shown in Figure 5.



The panel in Figure 6 shows a parameter study where a layer of foam (   ε r  =  1.1   ) of varying thickness (5–20   m m   in 5-mm steps) was placed below FRP of varying thickness (10–50   m m   in 10-mm steps). From row to row downwards, the thickness of the FRP increases by 5   m m  . The trend towards higher RCS with thicker FRP is also present here. As above, blade V2 shows significant differences depending on polarization. The RCS of the dual-layer model is only rarely larger than that of the single-layer FRP model, with the differences never larger than 3   d B  .



Figure 7 shows a parameter study with an FRP sandwich: a layer of foam encased between two layers of FRP, one on the bottom as well and one on the top side. As in Figure 6, the thickness of the FRP increases by 5   m m   from row to row downwards. Here, the estimate of a single-layer FRP-only model as a worst-case assumption for the RCS does not hold anymore. This is caused by the fact that layered structures work as resonators, which, depending on their thickness and composition, add interference, either constructive or destructive in nature.





4. Discussion


With the goal of increasing the compatibility of wind turbines with radar systems for civil protection and defense, such as weather radars (especially those for severe weather detection) and air-traffic surveillance radars, some conclusions can be drawn, which shall be presented in the following.



4.1. Nonrotating Parts


Regarding the tower: although aesthetically more pleasant, the tapered truncated cone has a larger RCS than the simpler truncated cone design, so the simpler design should be given preference.



Regarding the nacelle, the box shape causes significant signal return when the flat sides are oriented perpendicularly towards a radar installation. This issue can already be dealt with in current radar system’s signal processing. It could also be resolved by coordination with local radar installations: operation data can be exchanged online, so that the wind turbine can avoid assuming or passing through a critical angle while the radar system is “looking” in this direction. Future wind-turbine nacelle designs might also prefer rounded shapes, which spread the reflected energy over a bigger solid angle or a bevelling of the sides, which will deflect the radar beam, either downwards or upwards.



Special radar-absorbing coating, e.g., varnish or paint, can also be applied to reduce the radar echo.




4.2. Rotor Blades


Regarding the rotor blades, the issue is more complicated. As can be seen in Figure 3a, even very simple aerodynamic shapes cause patterns that cannot be predicted by simpler means other than a complete numerical simulation. An RCS peak to the leading edge, towards the top and slightly forward as well as towards the bottom and slightly backwards, is common between the investigated models. If this can be generalized, however, is a question that needs to be investigated. In the meantime, RCS analysis of rotor blades should be part of the type-approval process.



Due to the electrically conductive properties of CRP, a PEC model can serve as a baseline prediction of the expected RCS.



The same, unfortunately, cannot be stated for FRP. While the PEC models do not exhibit polarization dependence, the FRP models do, sometimes significantly (see, e.g., Figure 4b). Furthermore, the sandwich structure common in lightweight construction cannot be omitted from the simulations as the layered structure causes interference, both constructive or destructive, depending on the angle of incidence. Simulations with dielectric losses considered showed no significant change. This makes finding a baseline “upper bound”/worst-case estimate for the RCS infeasible. It is to be assumed that features present in the FRP simulations but not in the PEC models are subject to change as more details of the internal structure (e.g., spar and trimming elements) are added. This might be alleviated in the future, as CRP is currently gaining market share in all domains of lightweight construction.



Considering the RCS values, the signal return of all investigated rotor blades is quite high, ranging from about 20 dBm2 in average to 50 dBm2 in peaks.



As with the nonrotating parts, using special radar-absorbing coating should be considered in order to reduce the radar backscattering.




4.3. Further Considerations


Exchange of operational parameters (via internet or cellular network) between radar installations and wind farms in order to reduce negative mutual influence (e.g., by communicating “forbidden positions” for the azimuth angle to the wind turbines or by communicating current azimuth angles/pitch angles/rotational speed to the radar installation for inclusion in their signal processing) could be considered. If severe weather can reasonably be expected (by forecast), weather radar installations should be given preference. This approach would probably require the least amount of investments into existing wind parks but would negatively influence the wind farm’s yield (i.e., generated electricity).



An issue of radar-absorbing materials is their quite narrow-band absorptive behavior. Applying coating for several frequencies could, therefore, very well be cost prohibitive in practice.



Additionally, using radar-absorbing material or coatings reduces the RCS of wind turbines, and rotor blades do not alleviate the problem of causing “blind zones” behind them (relative to the radar source). This issue will be of greater importance in the future, as tower heights and rotor diameters grow, with total heights reaching more than 200 m. Therefore, a wind-turbine clearance zone around radar systems for civic protection should be upheld. Where new on-shore wind parks are constructed, an analysis of the expected radar shadowing should be performed. If “blind zones” accumulate, additional radar installations should be considered.





5. Conclusions


In this paper, a parameter study of a wind-turbine components, rotating and nonrotating, was presented with the aim of deriving strategies to minimize wind-turbine influence on radar systems for civic protection, which can be employed with currently existing installations.



Unfortunately, given the complexity of the interaction of radar waves with the rotor blades, a “general” model of a wind-turbine blade cannot be derived from the presented studies. Further research, as proposed below, has the potential to improve the situation for coming generations of wind turbines.



An exchange of operational data between radar installations and wind parks could be a simple way to coordinate operations so that negative mutual influence can be reduced. However, this means additional investment with the risk of increased downtime or lower yield, which is not very desirable from an economic point of view.



From a wind-turbine manufacturer’s point of view, preference should be given to rounded-off shapes for the nacelle. This will distribute the reflected radar beam over a wider angle and thereby reduce the disturbance a single monostatic radar installation will experience. For the most sensitive frequency bands (depending on the wind turbine site), using radar-absorbing material should be considered for all of the wind turbine’s parts.



As a general recommendation regarding regulatory procedures, it seems advantageous that turbine blades are subjected to an RCS analysis in a type-approval process. This analysis can be performed by numerical simulation. A numerical method which includes the effects of multiple reflections and penetrations into the object should be chosen when dealing with nonmetallic/CRP objects, e.g., SBR/GORL. Different polarizations need to be considered. For metallic objects, using the Physical Optics (PO) method is usually sufficient.



Further Work


In order to more rapidly predict radar backscattering of wind-turbine rotors, research should be undertaken to derive a simplified model. This model should be able to compute the RCS from the used airfoil profiles, their length along the rotor blade, and the angle of incidence. These models will need to be verified with model-scaled laboratory measurements.



Further research in improved signal processing algorithms for weather radar data should also be considered.



The topic of influence on Doppler radar systems has not been discussed in this paper. However, it deserves mention. A feasible research approach could be model-scaled measurements at higher frequencies (beyond 100   G Hz  ), in a rotating setup. Given the trend towards CRP, metal-coated 3-D printed rotor blades could be used.
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Figure 1. CAD models of the investigated wind-turbine components, with increasing complexity: (a) WT v1: tower, nacelle, and hub; (b) WT v2: tower, nacelle, and hub; (c) blades: bottom; and (d) blades: top. 
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Figure 2. Comparison of the radar cross section (RCS) (in   d B    m 2   ) of the nonrotating components of WT v1 and WT v2. The different tower shapes cause significant changes in the RCS, especially in the monostatic case (at 0   ∘  ) with more than 10   d B   difference. This is also the case for the tower with nacelle and hub, where the flat shape of WT v1 causes very strong peaks into a single direction. (a) Multistatic RCS: tower only; (b) monostatic RCS: tower with nacelle and rotor hub. 
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Figure 3. Monostatic RCS (in   d B    m 2   ) of the blades made of perfect electric conductor (PEC) material. Continuous lines: V polarization; dashed lines: H polarization. The different blades show very different characteristic RCS signatures. An increase of the physical size of the blades causes a small shift of the characteristic locations as well as a small increase of the RCS. The polarization of the incident field has no effect on the RCS. (a) Blades v1, v2, and v3; (b) blade v2, scaled; and (c) blade v3, scaled. 
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Figure 4. Monostatic RCS (in   d B    m 2   ) of the blades made of lossless fiber-reinforced plastic (FRP) of different thickness. Continuous lines: V polarization; dashed lines: H polarization. The polarization of the incident field has noticeable effects on the RCS, especially for blade v2, where the signal return is stronger than for a pure PEC model for H polarization. (a) Blade v1; (b) blade v2; and (c) blade v3. 
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Figure 5. Monostatic RCS (in   d B    m 2   ) of the blades made with lossy FRP (  tan δ =  0.05   ) of different thicknesses. Continuous lines: V polarization; dashed lines: H polarization. The introduction of material losses does not cause significant changes compared to Figure 4. (a) Blade v1; (b) blade v2; and (c) blade v3. 
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Figure 6. Monstatic RCS (in   d B    m 2   ) of the rotor blades (left to right) composed of a layer of FRP of different thickness (downwards) and a layer of foam of different thicknesses. 
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Figure 7. Monstatic RCS (in   d B    m 2   ) of the rotor blades (left to right) composed of a sandwich setup of FRP, foam, FRP, with variable thicknesses. (a) v1, FRP 5 mm, foam, FRP 5 mm; (b) v2, FRP 5 mm, foam, FRP 5 mm; (c) v3, FRP 5 mm, foam, FRP 5 mm; (d) v1, FRP 10 mm, foam, FRP 10 mm; (e) v2, FRP 10 mm, foam, FRP 10 mm; (f) v3, FRP 10 mm, foam, FRP 10 mm; (g) v1, FRP 15 mm, foam, FRP 15 mm; (h) v2, FRP 15 mm, foam, FRP 15 mm; (i) v3, FRP 15 mm, foam, FRP 15 mm; (j) v1, FRP 20 mm, foam, FRP 20 mm; (k) v2, FRP 20 mm, foam, FRP 20 mm; and (l) v3, FRP 20 mm, foam, FRP 20 mm. 
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Table 1. Average sizes of on-shore wind turbines installed in Germany [21,22].
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Assembly

	
Feature

	
Value in 2015

	
Value in 2019






	
Tower

	
Height of Nacelle

	
≈123  m 

	
≈132  m 




	
Nacelle

	
Shape

	
specific to product




	
Rotor

	
Aerodynamic Profile

	
specific to product




	

	
Rotor Diameter

	
≈105  m 

	
≈118  m 




	

	
Rotor Blade Length

	
≈50  m 

	
(≈57  m )
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Table 2. Parameters of the wind-turbine tower models.
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	Shape
	Height
	Bottom Radius
	Top Radius





	Tower v1
	truncated cone
	113 m
	3.4 m
	1.5 m



	Tower v2
	exponentially tapered truncated cone
	137 m
	2.5 m
	1.5 m
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