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 Introduction 

 This memo aims to give a sufficient technical foundation on vertical axis wind turbines (VAWTs) 

 for the ideation phase to start successfully. This memo will cover an overview and detailed 

 comparison between HAWTs and VAWTs, provide a technical foundation of Savonius and 

 Darrieus type VAWTs, and give an overview of the structural mechanics associated with wind 

 turbines. 
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 HAWT vs VAWT 

 Horizontal axis wind turbines (HAWTs) and vertical axis wind turbines (VAWTs) are two broad 

 categories of wind turbine. VAWTs have an axis of rotation perpendicular to the direction of the 

 wind. These differ from HAWTs, which have an axis of rotation parallel to the wind. HAWTs 

 and VAWTs have different benefits, drawbacks, and applications, which will be discussed in this 

 section. 

 HAWTs are typically used in large wind farm applications in remote and offshore locations with 

 access to clean and undisturbed air [1]. HAWTs function well when their rotors are facing the 

 wind flow, so they are usually equipped with a self-starter and a yaw system which turns the 

 blade towards the wind [1][2]. Their ideal aerodynamic efficiency is reported within the range of 

 40-55% under steady wind, however, their performance diminishes sharply in low or unsteady 

 wind conditions. Most commercial wind turbines are HAWTs due to their high efficiencies and 

 overall better performance [1]. 

 In 2023, wind power made up about 10.2% of total U.S. electricity generation [9]. Nearly all of 

 this comes from horizontal-axis wind turbines (HAWTs), with vertical-axis wind turbines 

 (VAWTs) contributing under 1% of total generation. 

 In contrast, VAWTs are a much less developed technology. Although they are less prominent, 

 they have many advantages over HAWTs depending on the application. A key benefit is their 

 multidirectional nature, allowing them to take advantage of wind in multiple directions without a 

 direction control mechanism. This allows them to function better in the turbulent wind conditions 

 found in urban areas. In addition, they tend to be simpler, lower cost in both construction and 

 maintenance, and they have lower noise emissions and vibrations due to their slower rotational 

 speeds [3]. However, they struggle with low efficiencies and low market penetration. 

 In recent years, the trend in wind power has been to increase the size of the turbines. For 

 off-shore applications, this is especially important because foundation and installation costs are 

 so high that it is more economical with larger, higher power output turbines. HAWTs have 

 become so economical that VAWTs may not be able to beat them for large scale applications. 
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 However, small VAWTs can play a role in areas where HAWTs are not effective, such as within 

 urban environments [1]. 

 The following table summarizes these key differences between HAWTs and VAWTs: 

 Table 1 : Benefits, drawbacks, and applications of VAWTs and HAWTs 

 VAWT  HAWT 

 Benefits 

 ●  Smaller [10] 

 ●  Lower noise [4] 

 ●  Lower vibration [4] 

 ●  Better performance with 

 changing wind directions and 

 turbulence [2][3] 

 ●  cheaper/easier maintenance [5] 

 ●  Lower upfront costs [5] 

 ●  40-55% efficiency under 

 steady wind [7] 

 ●  Better all around performance 

 [7] 

 ●  Proven technology widely 

 used in wind farms [2] 

 ●  Wide range of commercial 

 product options [2] 

 ●  Cost effective [5] 

 Drawbacks  ●  Less efficient [7] 

 ●  Not well proven [2] 

 ●  Lower market penetration 

 ●  Performs poorly with changing 

 wind directions [2] 

 ●  Higher noise and vibration [4] 

 ●  Larger [10] 

 Applications  ●  Urban environments [7] 

 ●  Distributed energy [7] 

 ●  Smaller scale [7] 

 ●  Medium to large scale 

 ●  centralized/grid level energy 

 ●  Flat terrain wind conditions [3] 
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 What are the causes of urban airflow conditions that are tricky for HAWTs? Why are 

 VAWTs better? 

 There are many challenges associated with urban airflow conditions for both HAWTs and 

 VAWTs. Urban areas include structures that increase the surface roughness when compared with 

 flat terrain, impacting the velocity field as shown in Figure 1 [2][3]. The increased surface 

 roughness causes the average wind speeds to be lower in urban areas [2]. The power that can be 

 extracted from the wind increases with the cube of wind velocity as shown in Equation 1 [2]: 

 (1)  𝑃 
 𝑤𝑖𝑛𝑑 

=  1 
 2 ρ 𝐴  𝑈  3 

 Figure 1: 4. Urban boundary layer and velocity profile in urban environments (right) and flat 

 terrain (left) [3] 

 However, as air is forced around buildings, trains, and structures, regions with higher local 

 average velocities and increased density are created. This obstruction of the flow path also 

 causes rapid changes in flow direction and higher levels of turbulence intensity [2][3]. 

 Turbulence intensity measures turbulence strength and is defined as the standard deviation of the 

 horizontal wind speed divided by the mean wind speed over a time period [71]. High turbulence 

 intensity signifies large fluctuations in wind speed, which puts extra loads on wind turbines [3]. 

 The slower average wind speeds combined with turbulent flow characterized by rapid changes in 
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 wind direction and velocity pose challenges for the design of efficient and effective wind 

 turbines [2]. 

 HAWTs are designed to operate well in open areas with consistent wind conditions. To function 

 well, their rotors need to be facing the wind flow. While they do have yaw systems that allow the 

 turbine to rotate to face the wind, the constant change in directions of air in urban areas exceeds 

 this ability. Because of this, HAWTs have lower performance in the turbulent wind conditions 

 found in urban areas [2]. 

 VAWTs perform better in these areas due to their omnidirectional nature which allows them to 

 take advantage of winds with changing flow directions [2]. In addition, their lower “cut in” wind 

 speed allows them to take advantage of the slower winds as well [1]. 

 In a simulation of airflow around a symmetric flat-roofed building with length much greater than 

 its height performed by Toja-Silva et.al, it was found that in an urban environment, the 

 multidirectional character of the wind plays a more important role than the incident velocity. 

 Various wind turbines were then superimposed on the resulting velocity fields using a wind 

 speed of 1m/s. The results of this qualitative analysis show that for HAWTs, the multidirectional 

 wind conditions are incompatible with normal turbine operation and subject the HAWT to loads 

 beyond its design specifications. In contrast, when a generic VAWT (valid for Darrieus, Giromill, 

 or Savonius) was superposed over the same airflow conditions, the conditions were shown to be 

 compatible with wind turbine operation [3]. This demonstrates that while HAWTs perform better 

 in open, flat-terrain environments, VAWTs are superior for high-density building environments 

 with turbulent airflow conditions [3]. 

 Who are potential users for VAWTs? What locations are best suited? 

 Some potential beneficiaries of the advancement of VAWT technology are residential 

 buildings [11][12], commercial and industrial buildings [13][14], single-family homes [15], on 

 top of utility poles [16], highrise buildings [17][18], offshore and onshore wind farms [19], and 

 campuses going carbon neutral [20]. There are many different users and locations our VAWT 

 could be designed towards, however we chose to focus on campuses going carbon neutral. Smith 
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 is an easily accessible campus with the goal of going Carbon Neutral by 2030, so we will be 

 designing a VAWT for a Smith building. Though targeted towards colleges, our VAWT has the 

 potential to provide insight for the technology in any urban to semi-urban location. This research 

 could be applied to residential buildings, commercial and industrial buildings, or single-family 

 homes in areas with turbulent wind conditions. 

 How much do VAWTs minimize noise and vibration compared to HAWTs? 

 VAWTs minimize both noise and vibration as compared to HAWTs on a similar scale. 

 When comparing noise levels, it is important to understand what sound is. Sound is a pressure 

 wave that travels through a medium [21], and it can be divided into two types of measurements. 

 Sound emission is the sound power level and it is defined by Equation 1, as the rate of sound 

 production energy of a given source: 

 [1]  𝐿 
 𝑊 

=  10    ·  𝑙𝑜𝑔 
 10 

(  𝑃 
 𝑃 

 𝑜 
)

 where  is a reference power level given of  Watts and P is the pressure in the sound wave  𝑃 
 𝑜 

 1  0 − 12 

 in Pascals. As seen in Equation 1, the sound power level is the total acoustic energy emitted by 

 the given source, and it is measured in decibels, relative to the given reference power. Decibels 

 are a unit of measurement for the intensity or amplitude of sound. Since the Decibel is on a 

 logarithmic scale, each 10 decibel increase means a tenfold increase in the sound power. For 

 reference, human hearing ranges from around 65 dB (the sound of a speaking voice) to 150 dB 

 (the sound of fireworks or jet engines) [22]. 

 The other way to measure sound is the sound pressure level, or noise immission. The sound 

 pressure level measures the pressure fluctuations caused by sound waves to quantify “loudness.” 

 Sound pressure levels are also measured on a logarithmic scale, and use a reference level  of  𝑝 
 𝑜 

 20  for air. Since the sound pressure level is a measurement at a specific point, this µ 𝑃𝑎 

 measurement depends on the distance from the source and the environment, or in other words, 

 this measurement will decrease with distance. 
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 [2]  𝐿 
 𝑝 

=  10 ·  𝑙𝑜𝑔 
 10 

(  𝑝  2 

 𝑝 
 𝑜 

 2 )   

 Sound pressure levels and sound power levels differ in that one varies with distance and 

 environment while the other is a constant property of the source, respectively. Sound power 

 levels are useful in comparing different sources, while sound pressure is useful for knowing the 

 sound levels at a certain location given by one source. 

 Currently, the legal noise limit for current horizontal axis wind turbines is 40 to 45 dB(A) 

 at a distance of 300m, because most wind farms are kept at a minimum of 300m away from 

 people who would be hearing the noise [28]. Legal sound levels for VAWTs are regulated state 

 by state, and for Massachusetts specifically, this is regulated by the Department of 

 Environmental Protection (MassDEP) noise policy and local municipal bylaws. The MassDEP 

 performed the Kingston Wind Independence (KWI) Turbine Acoustical Monitoring Study in 

 April 16, 2015 to determine the sound regulations for the state, and this was conducted in 

 response to requests from KWI and the Kingston Board of Health to the Massachusetts Clean 

 Energy Center (MassCEC) and Massachusetts Department of Environmental Protection 

 (MassDEP). From the study, MassDEP concluded that sound emissions cannot exceed 10 dBA 

 above the ambient sound level at the nearest property line. This applies to all new noise sources, 

 including vertical axis wind turbines [29]. 

 Noise emitted from wind turbines can also be divided into mechanical and aerodynamic 

 noise. The mechanical noise comes from the gearbox and the mechanics of the system while the 

 aerodynamic noise is due to the wind force on the blades, and the movement of the blades 

 through the fluid (air). For HAWTs most of the aerodynamic noise is generated by the wing tip 

 as the blade travels down, which relates to moving airfoil [23]. Due to lower tip speed ratio, as 

 compared to HAWTs, the blade velocity that generates aerodynamic noise is comparatively 

 lower for VAWTs. In a study performed by Möllerström, E., Ottermo, F., Hylander, J., and 

 Bernhoff, H, numerical methods were used to simulate aerodynamic noise from VAWTs. The 

 study was performed and then compared to a similar scale HAWT. The results are shown in the 

 two figures below, showing that the VAWTs have lower dB than the HAWTs at the same wind 

 speeds. [24] 
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 (a) 

 (b) 

 Figure 2: Möllerström, E., Ottermo, F., Hylander, J., and Bernhoff, H Study showing Noise 

 Models in dBA for a T1-turbine (VAWT) and a similar scaled HAWT 

 The T1-turbine (VAWT) indicates a noise emission at the absolute lower range of the similar size 

 HAWTs while running at optimum tip speed. At 8 m/s, for example, the noise emission of the 

 T1-turbine was  dBA which is significantly lower than the range of measurements  96 .  2    ±     1 .  0 

 for the HAWTs of 97.3 dBA - 102.4 dBA [24]. 

 In another study, performed in Sweden, called the Noise Propagation from a Vertical Axis 

 Wind Turbine [25], initial noise measurements were performed on a 200kW vertical axis wind 
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 turbine (VAWT) and results were compared to that of a Vestas V27, a similar size horizontal axis 

 wind turbine (HAWT). The results from the propagation measurements indicated that noise 

 declines more rapidly with distance for the VAWT than for the reference HAWT. 

 Figure [3] Noise Propagation comparing a VAWT to a similar scaled HAWT 

 As seen above in Figure 3, the noise propagation declines at a more steep rate for the red line 

 (VAWT), but also the initial recording at a distance of 20 m is lower for the VAWT, at about 47 

 dBA than for the HAWT at about 56 dBA. 
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 Figure [4] ERIK MÖLLERSTRÖM, SEBASTIAN LARSSON, FREDERIC OTTERMO, JONNY 

 HYLANDER, and LARS BÅÅTH, frequency distribution for the T1 (VAWT) on the left, and V27 

 (HAWT) on the right 

 In the frequency distribution plot, it is also evident that for the VAWT, the intensity remains 

 lower at all frequencies as compared to the similarly scaled HAWT measured under the same 

 constants and constraints. From both of these studies, it can be concluded that VAWTs produce 

 less noise and vibration as compared to HAWTs, and these levels can be further minimized 

 through the optimization phase, where we will test and simulate to design a VAWT that produces 

 the least amount of noise pollution. 

 How does the cost and noise of VAWTs compare to HAWTs at a similar scale? 

 VAWTs are not generally cheaper to manufacture and install than HAWTs when 

 compared on a similar scale for commercial-scale power generation. Additionally, VAWTs 

 energy conversion efficiency is generally lower. This means that, over time, the cost per unit of 

 electricity generated is typically higher for VAWTs: estimates place VAWT power generation 

 costs at around 20-30% higher than HAWTs on comparable scales [30]. 

 10 

10/18/25, 12:10 AM Technical Foundation Memo - Google Docs

https://docs.google.com/document/d/1jwRtoWkdlg_LgjDAdP7590t8X9Pe9Sr_hTvTQ8owHHI/edit?tab=t.0 10/46



 In addition, when comparing the manufacturing costs of VAWTs and HAWTs, it must be 

 considered that HAWTs have been produced for much longer than VAWTs and are produced in 

 large numbers. The longer history of HAWT production gives rise to smarter and cheaper 

 solutions and the large numbers decrease the price since parts can be mass produced. Finally, as 

 HAWT technology has matured, their scale could be increased, lowering the cost per installed 

 kW further. There has not been mass production of VAWTs [32] 

 In a recent study performed by Ahmad Shah Irshad, the Multi Objective Genetic 

 Algorithm (MOGA) in MATLAB software was used for the sizing of hybrid sustainable energy 

 systems with wind turbines (HAWTs and VAWTs) [26]. In Figure 5 shown below, the cost of 

 energy, net present cost, and total cost for the HAWT was calculated to be 0.02 $/kWh, $85,905, 

 and $332,240, respectively. For a similarly scaled VAWT, these values were 0.06 $/kWh, 

 $129,932, and $502,511 respectively. 

 Figure [5] Economic comparative analysis performed on a VAWT vs HAWT 

 11 

10/18/25, 12:10 AM Technical Foundation Memo - Google Docs

https://docs.google.com/document/d/1jwRtoWkdlg_LgjDAdP7590t8X9Pe9Sr_hTvTQ8owHHI/edit?tab=t.0 11/46



 In another recent study (2024) by Rosato et.al, a techno-economic evaluation was 

 conducted for three different scaled VAWTs and then compared to similarly scaled HAWTs [27]. 

 These were: Pico (<100 Watts), Micro (50-1000 Watts), and Mini VAWT (1000 - 1500 Watts). 

 Figure [6] Characteristics of commercially available VAWTs (Table 6.) and HAWTs (Table 7.) 
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 These values show that for the Pico and Micro VAWTs, the average specific capital costs are 

 6.24 EUR/W and 4.18 EUR/W, respectively. While for Pico and Micro HAWTs those values are 

 3.72 EUR/W and 1.38 EUR/W, respectively. Therefore, the average capital costs are lower for 

 the scaled HAWTs for pico and micro turbines. However, for the mini VAWTs, the average 

 specific capital cost was 1.38 EUR/W, and 2.36 EUR/W for the HAWT. So, for mini wind 

 turbines, VAWTs turn out to be the cheaper option. 

 Do VAWTs pose less risk to wildlife than HAWTs? 

 Currently, there is no empirical evidence to support the claim that vertical-axis wind turbines 

 (VAWTs) pose less risk to wildlife than horizontal-axis wind turbines (HAWTs). A review of 

 small urban wind turbines (SUWT), which includes both VAWTs and HAWTs, found that while 

 urban wildlife may be affected, only two studies in the article even mention wildlife impacts, and 

 neither provide field data [33]. Most existing work focuses on public perception or theoretical 

 risks rather than measured outcomes. In another study focused on the correlation between energy 

 production and wildlife fatalities, it was found that avian and bat mortality rate was constant per 

 unit of energy produced across all sizes and types of turbines [34]. 
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 Darrieus Wind Turbine 

 Darrieus type turbines are one of two main vertical axis wind turbine types, designed in the year 

 1931 by Georges Darrieus, a French aeronautical engineer. Darrieus wind turbines are also 

 known as the Egg Beater turbine [35]. Darrieus wind turbines are lift based meaning that they 

 generate energy from the wind by generating lift. Lift is a force acting perpendicular to the 

 direction of an object's motion through a fluid. The drawbacks of Darrieus type turbines are their 

 relatively low starting torque which means an external source must start the turbine up. 

 Figure 6. Darrieus Vertical Axis Wind Turbine on top of a home 
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 Benefits 

 Darrieus Wind turbines have high efficiency as compared to drag based types. This is mainly due 

 to its aerodynamic efficiency from the lift-based mechanism. This mechanism allows the turbine 

 to achieve very high rotational speeds, by utilizing the lift force, similar to how airplane wings 

 function [45]. Compared to the drag types, Darrieus types are more effective at generating 

 electricity at higher wind speeds, and have more consistent energy output. Darrieus wind turbines 

 are also omnidirectional, meaning that the rotor can receive wind from any direction. This is 

 something that horizontal wind turbines are not capable of, and why VAWTs are a great 

 innovation for the multidirectional wind conditions of urban areas. Darrieus vertical axis wind 

 turbine achieves 30% to 40% overall efficiency rate [35]. Due to their consistent and smooth 

 energy output, they are also useful in situations that require consistent energy output, like larger 

 scale applications [39]. 

 Shortcomings/Modes of Failure 

 Darrieus wind turbines have a very low starting torque, so it is very difficult to start it and it 

 usually requires an external energy source. In current research, designers have tried to optimize 

 the low initial torque by creating hybrids of the Savonius type and Darrieus (incorporating the 

 self-starting mechanism of the Savonius turbine) [47]. Additionally, current researchers have 

 used mechanical systems to optimize the blade pitch and have studied the specific blade profiles 

 that are capable of making the Darrieus self-starting [48] [49]. In another study, performed by M. 

 Douak and Z. Aouachria, variable pitch machines were tested to see if this would optimize the 

 low initial torque of a Darrieus turbine with NACA-0015 airfoil blades. Variable pitch machines 

 have blades that can be rotated about their axis, which changes the blades’ pitch angle. This, in 

 turn, alters the angle of attack and increases torque [46]. In Figure 2 shown below, the optimized 

 design is shown where the blades are allowed to rotate about an axis along its pitch, where the 

 angle of attack (α) is the acute angle between the wind and the chord line of the airfoil, U is the 

 blade speed and V is the wind speed at the rotor. 
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 Figure 7. Darrieus Design by M. Douak and Z. Aouachria 

 It is necessary to know that for any airfoil to generate lift, the attack angle must remain 

 less than the airfoil stalling angle [46]. The stalling angle of the airfoil is determined from the lift 

 coefficient curve of the airfoil. Furthermore, it was found by this study that the optimal tip speed 

 ratio λ =U/V was in the range (4°-10°). Here the attack angle remains smaller than the stalling 

 angle and so lift is produced for this range. 
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 Figure 8. Diagram of Angle of Attack and Stall Case measurements 

 Aerodynamics: 

 Darrieus wind turbines typically consist of two vertically oriented blades that rotate about a 

 perpendicular central shaft. Operation begins when a small auxiliary motor initiates the rotation 

 of the rotor. As the rotational speed increases, airflow over the blade surfaces generates 

 aerodynamic torque. This aerodynamic force sustains and enhances rotation in the direction of 

 the prevailing wind flow, allowing the device to operate efficiently once self-sustained motion is 

 achieved. Lift is created by pressure differences on either side of the blade, which are caused by 

 the airflow around the airfoil. As wind moves more quickly over the curved, longer upper 

 surface of the blade, the pressure above decreases. Meanwhile, slower airflow along the lower, 

 flatter surface produces higher pressure beneath the blade. The resulting pressure imbalance 

 generates a lifting force that acts perpendicular to the wind direction [35] [44]. 

 Parameters: 

 The rotor assembly comprises multiple curved aerofoil blades attached to the primary rotary 

 shaft. 

 Figure 9. Darrieus Wind Turbine Design Components 
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 Most modern configurations employ symmetrical NACA airfoil profiles, with thickness ratios 

 ranging from 12% to 21%, optimized for stable aerodynamic performance and reduced drag. 

 These airfoils, such as the NACA 0012 profile, are commonly used due to their well-documented 

 aerodynamic characteristics and predictable behavior under varying flow conditions [40]. 

 Figure 10. NACA 0012 AIRFOILS (n0012-il), taken from AirFoil Tools 

 Calculations 

 When calculating the power or efficiency of a Darrieus wind turbine, estimable parameters can 

 be used. The first is accessible wind power, modeled by equation 1: 

 [1]  𝑃 
 𝑤𝑖𝑛𝑑 

=  1 
 2 ρ 𝑣  3  𝐴 

 Equation 1 expresses the kinetic power available in the wind passing through the rotor area, 

 where ρ is the density of air in kg/  , v is the velocity of the wind in m/s, A is the rotor swept  𝑚  3 

 area, and P is the total kinetic power in the wind (W). Another parameter is the wind turbine 

 efficiency which is modeled by equation 2 below: 

 [2] µ   =    ( 1 −  𝑘 )( 1 −  𝑘 
 𝑒 
)( 1 −  𝑘 

 𝑒 , 𝑡 
)( 1 −  𝑘 

 𝑡 
)( 1 −  𝑘 

 𝑤 
) 𝐶    

 Where μ is the overall (real) efficiency of the system, k is the miscellaneous mechanical and 

 aerodynamic losses,  is the electrical losses within the turbine (e.g., generator inefficiency,  𝑘 
 𝑒 

 18 

10/18/25, 12:10 AM Technical Foundation Memo - Google Docs

https://docs.google.com/document/d/1jwRtoWkdlg_LgjDAdP7590t8X9Pe9Sr_hTvTQ8owHHI/edit?tab=t.0 18/46



 internal resistance),  is the electrical transmission losses between turbine and grid,  is the  𝑘 
 𝑒 , 𝑡 

 𝑘 
 𝑡 

 fractional time lost due to operational downtime/maintenance,  is the wake losses where, a  𝑘 
 𝑤 

 wake is a cylinder of air downwind of a turbine in which the wind speed is reduced because of 

 the wind energy that has been extracted by the turbine. The loss of energy generation capacity of 

 the downstream turbines due to this wake effect is collectively referred to as wake losses [37], 

 and C is the correction coefficient for secondary losses. Each (1−k) term represents the efficiency 

 retained after a specific category of loss. Multiplying them all gives the total efficiency of the 

 turbine system from wind input to electrical output. The coefficient of power  for a lift-based  𝐶 
 𝑃 

 wind turbine can be expressed in terms of the tip speed ratio, the coefficient of lift, and the 

 coefficient of drag [16]. A derived formula that incorporates these quantities is: 

 [3]  𝐶 
 𝑃 
   =     𝐶 

 𝐿 
 1 + λ 2 (λ − γλ 2 )

 Where  is the Tip Speed Ratio defined below in equation 6, and  is the ratio of the coefficient λ γ   

 of drag to the coefficient of lift (  . Another key parameter for calculations regarding the  𝐶 
 𝐷 

 /  𝐶 
 𝐿 
)

 Darrieus wind turbine is the rotor area which is represented by equation 3, where A is the total 

 swept area, D is the rotor diameter, and H is the turbine height: 

 [4]  𝐴    =     𝐷 ×  𝐻 
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 Figure 11. Diagram of Swept Area parameters for Darrieus wind turbines 

 The total electrical power output of the turbine is given by: 

 [5]  𝑃 
 𝑜𝑢𝑡𝑝𝑢𝑡    

=    µ ×  𝑃 
 𝑤𝑖𝑛𝑑 

 Where  is the real/usable power produced  by the turbine (W), μ is the overall efficiency  𝑃 
 𝑜𝑢𝑡𝑝𝑢𝑡    

 (dimensionless),  and is the accessible  wind power (W). Another important parameter in  𝑃 
 𝑤𝑖𝑛𝑑 

 wind turbine calculations is the Tip Speed Ratio (TSR) also known as the Blade Speed Ratio 

 (BSR). It is one of the most influential parameters in the design of Darrieus VAWTs and it 

 represents the ratio between the tangential velocity of the blade and the undisturbed flow 

 velocity, given by the equation below where ω is the rotational velocity in rad/s, R is the turbine 

 radius and V is the undisturbed wind flow velocity: 

 [6]  𝑇𝑆𝑅    =    ω· 𝑅 
 𝑉 

 Velocity Triangles are another important aspect of wind turbine calculations. These are diagrams 

 that illustrate how the absolute velocity of a fluid, the tangential velocity of a blade, and the 

 relative velocity of the fluid interact within turbomachinery, such as pumps or turbines [43]. 

 Figure 12. A velocity triangle schematic 
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 Savonius Wind Turbines 

 Background: 

 Savonius turbines are the other main type of vertical axis wind turbine, designed and developed 

 by a Finnish engineer named Sigurd Johannes Savonius [51]. Fig. 1 below shows two examples 

 of Savonius wind turbines: one classical, and the other helical. 

 (a)  (b) 

 Figure 13. (a) Classical Savonius type VAWT [54],  (b) Helical style Savonius type VAWT [55]. 

 Working principal: 

 A classical two-bladed Savonius wind turbine consists of two semicircular surfaces on opposite 

 sides of a vertical shaft, one convex and the other concave as shown in Figure 13 [53][56]. 

 Savonius turbines are drag based turbines, meaning the force responsible for their rotation is the 
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 drag force [53]. The drag force is a force which acts in the opposite direction of the motion of 

 any object moving with respect to the surrounding fluid. As the wind blows and comes into 

 contact with the two opposite faced surfaces, lift and drag forces are exerted on them [58]. A 

 greater drag force is exerted on the concave surface than the convex one. This difference in drag 

 is what causes the rotation of the turbine [56]. This is why Savonius turbines are known as 

 “drag-based” turbines. Since Savonius turbines operate on drag, they cannot rotate faster than the 

 wind speed. This means that the Tip Speed Ratio (TSR) is always between 0 and 1 for Savonius 

 turbines [53]. 

 (a)  (b) 

 Figure 14. The Savonius wind turbine diagrams, (a) adapted from [56], (b) adapted from [57] 

 Benefits and Drawbacks: 

 Savonius wind turbines have many advantages including their simple construction and 

 installation, low cost, ability to operate at slow wind speeds, self-starting capacity, and their 

 independence of wind direction [53][56][57]. The low operating speed of Savonius wind turbines 

 also make them lower noise when compared to other VAWTs. These qualities make them 

 attractive for regions with high turbulence intensity and low wind speeds [56]. However, they 

 also suffer from major drawbacks, the most significant being high negative torque generated 
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 during operation and the associated loss of efficiency. Negative torque is the resistive force that 

 opposes the turbine’s rotation, caused by the drag force on the returning blade as the wind pushes 

 on it. This negative torque forces the turbine to overcome an additional force to start or continue 

 rotating [56]. 

 Calculations: 

 To evaluate the performance of a Savonius wind turbine, its total power output and the 

 coefficient of power (C  p  ) need to be calculated. The  following equations are all adapted from 

 [56]. This can we done starting with the drag force, expressed in Equation (1) as follows: 

 (1)  𝐹 
 𝐷 

=  1 
 2  𝐶 

 𝐷 
 𝐴 ρ 𝑉  2 

 where  is the drag force,  is the coefficient  of drag,  is the blade surface area of a single     𝐹 
 𝐷 

 𝐶 
 𝐷 

 𝐴 

 blade,  is the density of the fluid, and  is  the velocity of the blades relative to the wind. This ρ  𝑉 

 can be re-written in terms of the wind speed,  and angular velocity of the blades. For a classical  𝑈 

 Savonius turbine with two blades, the total drag for is represented in Equation (2): 

 (2)  𝐹 
 𝐷 

=  1 
 2  𝐶 

 𝐷 
ρ( 𝑈 − Ω 𝑟 ) 2 ( 2  𝐴 ) =  𝐶 

 𝐷 
ρ 𝐴 ( 𝑈 − Ω 𝑟 ) 2 

 The coefficient of power, which is defined as the ratio of the turbine’s output power to the total 

 power available in the wind is expressed in Equation (3), where  is the torque generated and  𝑇  𝑆 

 is the swept area 

 (3)  𝐶 
 𝑃 

=
 𝑃 

 𝑇 

 𝑃 
 𝐴 

=  𝑇 Ω
 1 
 2 ρ 𝑆  𝑈  3 

 The torque is related to the drag force,  ,  as shown in Equation (4):  𝐹 
 𝐷 

 (4)  𝑇 =  𝐹 
 𝑑 
 𝑟 

 (5)  𝑇 =  𝐶 
 𝐷 

ρ 𝐴𝑟 ( 𝑈 − Ω 𝑟 ) 2 

 (6)  𝑃 
 𝑇 

=  𝐶 
 𝐷 

ρ 𝐴𝑟 Ω( 𝑈 − Ω 𝑟 ) 2 
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 This can be expressed in terms of the Tip Speed Ratio (TSR,  ), which is defined as the ratio λ

 between the turbine’s blade tip to the wind speed: 

 (7) λ = Ω 𝑟 
 𝑈 

 (8) Ω 𝑟 =  𝑈 λ

 (9)  𝑃 
 𝑇 

=  𝐶 
 𝐷 

ρ 𝐴𝑈 λ[ 𝑈 ( 1 − λ)] 2 

 (10)  𝑃 
 𝑇 

=  𝐶 
 𝐷 

ρ 𝐴  𝑈  3 λ( 1 − λ) 2 

 The coefficient of power can be expressed in terms of the Tip Speed Ratio as follows: 

 (11)  𝐶 
 𝑃 

=
 𝐶 

 𝐷 
ρ 𝐴  𝑈  3 λ( 1 −λ) 2 

 1 
 2 ρ 𝑆  𝑈  3 =

 2  𝐶 
 𝐷 

 𝐴 λ( 1 −λ) 2 

 𝑆 

 Another important metric is the torque coefficient,  , which is a measure of the turbine’s  𝐶 
 𝑚 

 efficiency at converting mechanical energy into torque at a given wind speed [59]: 

 (12) [8]  𝐶 
 𝑚 

=  𝑇 
 1 
 2 ρ 𝑆  𝑈  2  𝑟 

 (13)  𝐶 
 𝑚 

=
 𝐶 

 𝐷 
 𝐴 ( 𝑈 −Ω 𝑟 ) 2 

 1 
 2  𝑆  𝑈  2 =

 2  𝐶 
 𝐷 

 𝐴 ( 𝑈 −Ω 𝑟 ) 2 

 𝑆  𝑈  2 

 It is related to the coefficient of power as follows: 

 (14) [6]  𝐶 
 𝑃 

=  𝐶 
 𝑚 

λ

 The equations for the coefficient of power and the coefficients of torque can be differentiated 

 with respect to  to calculate the TSR that maximizes  either the coefficient of power or the λ

 coefficient of torque. 
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 Parameters: 

 There are many parameters of a Savonius turbine that impact its performance including the 

 overlap ratio (OR), aspect ratio (AR), tip speed ratio (TSR), the number of blades (n), and the 

 blade shape [57]. In this section, each parameter will be defined and relevant research will be 

 summarized. 

 Aspect ratio (AR): 

 The aspect ratio is the ratio between the height of the turbine, H, and its diameter, D, as defined 

 in Figure (2). 

 (15)  𝐴𝑅 =  𝐻 
 𝐷 

 Mahmoud et al [60] reviewed configuration at aspect ratios (  ) of 0.5, 1.0, 2.0, 4.0, and 5.0 and α

 observed that increasing the aspect ratio caused the power coefficient to increase, keeping other 

 parameters constant. Another study done by Kamoji [61] shows that an aspect ratio of 0.7 

 produced the maximum power coefficient of  .  A good performance is recorded by keeping  0 .  21 

 the aspect ratio between the range  . However,  most existing rotors keep the aspect ratios  1 .  5 −  2 

 closer to  or structural reasons [57].  1 .  0 

 Overlap ratio (OR): 

 The overlap ratio (OR) is the ratio between of the distance of overlap between the two blades,  ,  𝑒 

 and the chord length of the blades,  , as defined  in Figure (2).  𝑑 

 (15)  𝑂𝑅 =  𝑒 
 𝑑 

 The amount of wind passing through the gap between the blades increases with an increase in the 

 overlap of the blades. This leads to wind flowing through the concave side to the returning blade, 

 producing more thrust. Tania et al. [63] studied compared overlap ratios of 0.15, 0.2, 0.25, and 

 0.30 for a classical Savonius turbine and found that for wind speeds smaller than 4.0m/s, 0.15 is 
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 a suitable OR, whereas for wind speeds greater than 4.0m/s, an OR of 0.30 was more 

 appropriate. The variation in performance was accounted for by the turbulent character of the 

 wind at higher speeds. Alom et al [64] performed an 2-D unsteady simulation around the rotor 

 for elliptical blades, testing OR between 0.0 and 0.30. It was found that the coefficient of power 

 was maximized for OR = 0.15 [57]. According to Blackwell [65], the value of the optimal OR is 

 within the range 0.1 - 0.15.  J. Menet [66] found that the OR must be between 0.15 and 0.3 

 [53].While there is no widespread agreement on the optimal OR, based on these studies, it 

 appears that the optimal OR lies between 0.1 and 0.3, with 0.15 being a frequently cited number. 

 Number of blades: 

 The efficiency of a Savonius rotor is affected by the number of blades. Within literature, rotors 

 with two, three, and four blades have been studied. Saha et al. [67] conducted experiments using 

 single, double, and triple stages of Savonius turbine rotors and found that the optimal number of 

 blades was independent of the number of stages. Ali [68] concluded that a two-blade Savonius 

 rotor produced more power than a three-bladed rotor under the same testing conditions [57]. 

 Blade shape: 

 Figure (3) shown below shows four different blade shapes (semicircular, benesh, elliptical, 

 modified bach) tested by Alom et al. [64] both numerically and experimentally [57]. The 

 findings of this study are summarized in Table (1) 

 Figure 15. Savonius blade shapes [57] 
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 Table 2: Results from Alom et al [64] study on the impact of blade shape on coefficient of power 

 Blade type  Cp max numerical  Cp max wind tunnel 

 Semi circular  0.272  0.158 

 benesh  0.294  0.159 

 Modified bach  0.304  0.162 

 elliptical  0.34  0.19 

 Lee et al. [67] examined the performance of helical-shaped Savonius wind turbines by varying 

 the helical angle of the blades from 0° to 135°. A maximum power coefficient value was 

 obtained at a blade twist angle of 45° [see Figure 4a]. There was a decrease in the power 

 coefficient by 25.5% at a twist angle of 90° [57]. 

 Figure 16: (a) Top and side views of blades with twist angle  and  [67] and (b) ϕ =  0° ϕ =  135° 

 model A and model B [68][57]. 

 Laws et al. [68] investigated two modified blade designs, Models A and B with respect to a 

 conventional one and compared the power and torque generated using numerical methods [see 

 Figure 4b]. Model-A showed a higher coefficient of power due to its reduced surface area at the 

 blade tip and less pressure difference on both sides of the blade. Model-A and Model-B predicted 
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 an improvement in coefficient of power over conventional blades of 28.12% and 10.53% 

 respectively. 

 Many blade profile models other than the classical blade shape have been analyzed in terms of 

 their performance. Altan et. al [69] compiled numerical and experimental studies from literature 

 relating to blade shape which is summarized in Tables 2, 3, and 4 below. 

 Table 2: Power coefficients of Savonius wind turbines with and without interior design (i.d.) in 

 terms of blade profile (blade shape) [69] 
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 Table 3: Power coefficients of Savonius wind turbines with and without interior design (i.d.) in 

 terms of blade profile (blade attachment and blade surface geometry) [69] 

 Table 4: Power coefficients of Savonius wind turbines with and without interior design (i.d.) in 

 terms of blade profile (different design and approach) [69] 
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 Augmentation devices to increase performance of Savonius wind turbines 

 To increase the efficiency and decrease the negative torque present in Savonius wind turbines, 

 many augmentation devices, both internal and external, have been developed. These devices 

 intend to direct wind to parts of the turbine and/or block it from sections.In the following section, 

 a  subsection of these devices will be explained. 

 Endplates: 

 Adding endplates to the top and bottom of the turbine prevents air from escaping from the tips of 

 the concave side of the advancing and returning blades. The ratio of the diameter of the endplate, 

 to the diameter of the blades,  can be  varied to maximize the coefficient of power [57].  𝐷 
 𝑜 

 𝐷 

 Curtain arrangement: 

 A curtaining arrangement is made from wind deflecting plates that are placed in front of the rotor 

 to direct the airflow [53]. 

 (a)  (b) 

 Figure 17: (a) Circular end plate [57], (b) Curtaining arrangement [53] 
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 Shielding obstacle: 

 Shielding obstacles are plates placed to shield the returning blades from this wind. Their purpose 

 is to decrease negative torque and improve self-starting capabilities for the Savonius rotor 

 [53][57]. 

 Guide vanes: 

 Guiding vanes direct incoming wind toward the advancing blade and reduce air flow to the 

 returning blade. They also provide a funneling effect, accelerating the wind in the upstream of 

 the rotor [57]. 

 (a)  (b) 

 Figure 18: (a) Shielding obstacle [69], (b) guiding vanes [70] 

 Miniature and quarter blades: 

 Miniature blades and quarter blades when placed concentrically within the rotor blades increase 

 the efficiency of a Savonius wind turbine. The increased surface area leads to better utilization of 

 the kinetic energy of the incoming wind [57] 
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 Figure 19: Multiple miniature and quarter blades [57] 

 An extensive compilation of both experimental and numerical studies of the impact of both 

 interior and exterior designs on the coefficient of power are summarized in the following tables 

 from [69]. 

 Table 5: Power coefficient values of two-bladed Savonius wind turbines with and without 

 exterior design (e.d.) [69] 
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 Table 6: Power coefficient values of three-bladed Savonius wind turbines with and without 

 exterior design (e.d.) [69] 

 When the power coefficients of the design models in Tables 5 and 6 are compared, it can be seen 

 that the two-bladed turbines generally have higher power coefficients than the three bladed 

 turbines [69]. This is consistent with the findings of Ali [68], cited above. 

 Savonius summary 

 Savonius wind turbines are a drag-based VAWT technology that have a simple construction and 

 installation, low cost, ability to operate at slow wind speeds, self-starting capacity, and their 

 independence of wind direction. However, they struggle with low efficiency due to high negative 

 torque. To address this, numerous augmentation devices have been developed to direct windflow 

 toward the convex blade and away from the concave blade. While these strategies have been 

 effective at increasing the coefficient of performance, they often increase the size and complexity 

 of the turbine and reduce their effectiveness at receiving wind from all directions [69]. 
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 Structural Mechanics 

 A brief examination of the structural mechanics of the wind turbine towers was done. The overall 

 loads on the Vertical Axis Wind Turbine towers can be divided into 3 main categories. These are 

 the aerodynamic loads, wind loads on the tower, and the structural stress analysis [40]. 

 Aerodynamic loads on a VAWT tower result from the cyclic lift forces on the rotating blades. 

 The aerodynamic load calculations are based on two specific wind conditions: NWC (Normal 

 Wind Conditions) and EWC (Extreme Wind Conditions). The maximum amount of thrust force 

 that can be applied to a wind turbine is given by the design standards of small-size wind turbines 

 and modeled below by equation 1: 

 [1]  𝐹 
 𝑇 

 𝑟 

=     1 
 2  𝐶 

 𝑇 
ρ( 2 .  5 ×  𝑉 

 𝑎𝑣𝑒 
) 2  𝐴          

 Where,  is the thrust force on the rotor  measured in newtons,  is the thrust force  coefficient  𝐹 
 𝑇 

 𝑟 

 𝐶 
 𝑇 

 which is equal to 0.5, A is the total swept area, and V is the average velocity of the wind. The 

 wind loads on the tower can be calculated in a similar way, assuming wind is uniformly 

 distributed, and this is modeled below in equation 2, where  is the thrust force on the tower,  𝐹 
 𝑇 

 𝑡 

 is the coefficient of thrust force,  is the extreme wind speed of 50 years (50-year-old  𝐶 
 𝑇 

 𝑡 

 𝑉 
 𝑒  50 

 extreme wind speeds ( 50) and 1-year extreme wind speeds ( 1) are used to calculate the 

 maximum wind speeds that may occur in that period) [40]. 

 : 

 [2]  𝐹 
 𝑇 

 𝑡 

=     1 
 2  𝐶 

 𝑇 
 𝑡 

ρ 𝑉 
 𝑒  50 

 2  𝐴 

 There are also the gravitational loads which must be considered when analyzing the structural 

 mechanics of VAWTs. These are the “dead loads” from the structure's weight including the 

 tower, rotor, and other components. The overview of load distribution is modeled by figure 1 

 below: 
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 Figure 20. The Distribution of loads on VAWTs 

 The structural stress analysis is given by equation 3 below, where  is the weight of the  𝐹 
 𝑔 

 structure,  is the cross section of the tower,  M is the flexural torque: internal torques generated  𝐴 
 𝑏 

 within a structural member (like a beam) due to an external bending load, y is the distance from 

 the neutral axis, and I is the moment of inertia. 

 [3] σ
 𝑚𝑎𝑥 

   =
 𝐹 

 𝑔 

 𝐴 
 𝑏 

±  𝑀𝑦 
 𝐼    

 Conclusion 

 This memo provided a technical foundation for Darrieus and Savonius VAWT types, HAWTs vs 

 VAWTs, and technical answers to some common questions. This memo did not aim to be a 

 complete technical report on the design of VAWTs, and does not compile all of the information 

 VAWT Ventures has on VAWTs, this information will be continuously worked on and gained 

 throughout the design process. Additionally, some of the math/calculations sections of this memo 

 will be further worked on. The augmentation topic for Savonius type VAWTs was not covered in 

 detail, however will be researched further. 
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