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NOMENCLATURE 

As  =   swept area 

Cp  =   power coefficient 

F  =   centrifugal force 

HAWT =   horizontal axis wind turbine 

M  =   mass 

R  =   radius of turbine 

RPM  =   revolutions per minute 

T  =   torque  

TSR  =   tip speed ratio (also λ) 

��  =   free stream velocity 

VAWT =   vertical axis wind turbine 

 

λ  =   Tip Speed Ratio (also TSR) 

ρ  =   density of air 

ω  =   angular velocity 
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ABSTRACT 

The importance and use of wind energy has increased rapidly in recent years and 

continues to grow. Much research has been done on vertical axis wind turbines in 

particular due to their advantages of being wind direction independent and being suitable 

for urban applications. Savonius-Darrieus combination wind turbines seek to combine 

the high efficiency of the Darrieus wind turbine with the self-starting characteristics of 

the Savonius wind turbine. The present work compares the efficiency of several 

configurations of a scaled Savonius-Darrieus combination turbine tested in a wind tunnel 

in order to determine the effect of changing various physical parameters on the 

performance of the turbine. 

It was shown that for a combination helical Savonius turbine within the space of a 

Darrieus turbine, the presence of support system structures in front of the turbine has a 

negligible effect on the turbine performance. Additionally, it was demonstrated that the 

air flows not only horizontally through the turbine but also vertically; therefore, the 

introduction of an angle between the free stream velocity and the axis of the turbine 

decreases performance, as does channeling wind into the turbine. 

Some testing was also performed on the Savonius turbine itself. It was shown that 

the height to diameter ratio of the Savonius turbine plays a significant role in its 

efficiency; a ratio of 4:3 achieved an efficiency of 22% compared to 11% at a ratio of 

2:3. It was also theorized that the Savonius turbine might be self-regulating, but it 

showed no signs of slowing down up to the maximum speed of the wind tunnel used 

when this hypothesis was tested.  

The Darrieus turbine was tested individually as well. It was concluded that the 

Darrieus turbine cannot be accurately predicted by a scaled model due to the high 

angular velocities (and corresponding centrifugal forces) the turbine must reach to be in 

a range where it will perform. Therefore, it was concluded that at this scale, a Savonius 

turbine alone shows superior performance to any combination Savonius-Darrieus turbine 

at the range of speeds that was tested. 
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1. INTRODUCTION 

Wind energy has grown steadily in recent years, from an installed worldwide capacity of 

24,322MW in 2001 to 159,213MW in 2009 [1]; in 2009, it experienced a global growth 

rate of 31.7% [1]. With the growing concerns about climate change and continued focus 

on renewable energy, wind power is predicted to continue growing. In conjunction with 

the increased production of wind energy, research has increased on improvements that 

can be made to the existing technology, as well as new designs that could improve the 

efficiency of wind turbines. One concept that has increased in popularity in recent years 

is the vertical axis wind turbine (VAWT). Unlike the more common horizontal axis wind 

turbine (HAWT), which has been thoroughly researched and optimized, VAWTs are still 

being developed and improved. VAWTs have several advantages over horizontal axis 

turbines, namely, they are wind direction independent, do not require as complicated of a 

tower structure because the generator can be placed on the ground, and are simpler to 

construct and therefore cheaper [2]. Vertical axis wind turbines are divided into two 

types: lift-based and drag-based. In a drag-based turbine, one blade produces power 

while the other blade dissipates power, and the torque produced is the result of the 

pressure differential between the two blades. Lift-based turbines operate via the same 

aerodynamic principles as an airplane wing, where each blade features an airfoil cross-

section that uses the lift force to drive the rotation [3].  

The Savonius wind turbine is the most popular drag-based vertical axis wind turbine 

design. It was developed in the 1920’s by S.J. Savonius [4]. There are many variations of 

the Savonius; the most common geometry is two bucket-shaped blades, or an S-shaped 

cross-section (Figure 1.1a). However, it can also feature three blades as shown in Figure 

1.1b, or helically twisted blades (Figure 1.1c), among other geometries. Various 

parameters of the S-shaped Savonius have been tested, such as the effect of the overlap 

between the two blades (see Figure 1.2). Gupta et al. [4] determined that the ideal 

overlap for two Savonius blades is 20% of the Savonius diameter, which Sargolzaei 

confirmed in 2007 [5]. Additionally, Grinspan et al. [6] analyzed the effect of the shape 

of the Savonius blades on their performance, showing that bucket-shaped or helically 

twisted blades yield superior performance to other designs. However, despite the time 
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spent optimizing the Savonius turbine, it still has relatively low efficiency of about 24% 

[2]. 

The Darrieus wind turbine category encompasses the majority of the lift-based 

vertical axis wind turbine designs. Patented in 1931 by G.J.M. Darrieus, it usually 

consists of two blades with symmetric airfoil cross-sections in a troposkein shape, shown 

in Figure 1.3a, chosen such that the blades experience pure tension [2]. Variations on the 

shape of the Darrieus turbine include the H-Darrieus (Figure 1.3b) and twisted blades 

(Figure 1.3c). The Darrieus is capable of much higher efficiency than the Savonius, up to 

about 40% [2]. However, the major disadvantage of the Darrieus turbine is that it is 

unable to self-start. Because the blades are rotating, the velocity felt by an airfoil in a 

Darrieus turbine is not simply the wind speed; similarly, the angle of attack changes as 

the blades rotate and is based on the wind speed, rotation speed, and the position of the 

blade (see Figure 1.4). The stall angle of attack can be avoided if the tip speed ratio, or 

ratio between the blade velocity and the free stream velocity, is high enough; at low tip 

speed ratios the airfoil is stalled over enough of its rotation to greatly depreciate 

performance. Therefore, the Darrieus turbine does not achieve its peak efficiency until a 

tip speed ratio of about 6. This is also the reason that the Darrieus turbine is not self-

starting [2]. One interesting approach that was tried by DeCoste et al to make the 

Darrieus turbine self-starting was to make hinged airfoils that were open at low 

rotational speeds but would close and assume their intended shape at higher rotational 

speeds, but this proved difficult to implement successfully [7]. 

Many designs exist for combination Savonius-Darrieus wind turbines, which try to 

utilize the advantages of each type of turbine in a superiorly performing VAWT (Figure 

1.5 presents the power curve of different wind turbines and the desired curve for the 

combined Savonius-Darrieus turbine). It is desired to combine the self-starting 

characteristics of the Savonius turbine with the much higher efficiency of the Darrieus 

turbine. In 1974, Sandia Laboratories tested a Darrieus turbine with “…drag buckets 

attached to the central shaft… used as a starter” [2] in order to get the Darrieus blades to 

a high enough tip speed ratio where they would begin to perform (Figure 1.6). 

According to the author, “the starter [Savonius] is sized so that, when the blades are 

operating at the most efficient condition, the starter is also operating at the most efficient 
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condition” [2]. Using the Savonius as a starter, they were able to drive the system to a tip 

speed ratio of about 3, at which point the Darrieus turbine began to perform. In 2005, 

Wakui et al. [8] compared a Savonius placed inside the swept area of a Darrieus with a 

Savonius placed below a Darrieus on the same shaft, and found that the latter turbine had 

a higher efficiency than the former (25% versus 20%) because of airflow interference 

between the Darrieus and Savonius when they share the same swept area. In 2006, Gupta 

et al. [4] were able to get an improvement in performance when a Darrieus turbine was 

added on the same shaft as a Savonius, versus the Savonius alone, from an efficiency of 

21% to 25%. However, in 2008, Kyozuka [9] showed that while the attachment of the 

Savonius turbine improved the torque coefficient of the Darrieus turbine at low tip speed 

ratios (between 0 and 1.4), it detracted from the torque coefficient of the Darrieus at tip 

speed ratios greater than 1.4 by about 30%. As a result, a ratcheting mechanism that 

would allow the Savonius to add torque to the Darrieus, but not subtract it, was tested. 

However, Kyozuka concluded that this did not make a significant difference from the 

simply attached combined turbines, and still produced less torque than the Darrieus 

alone, indicating that the reason for the diminished torque was actually due to the change 

in the flow field around the combined turbine versus the Darrieus turbine. No 

combination Savonius-Darrieus wind turbine has yet been able to exceed an efficiency 

of about 25%. 

The objective of the present work is to examine the aerodynamic efficiency of 

various combinations of Savonius and/or Darrieus vertical axis wind turbines, in an 

attempt to understand more about the physical parameters of, and the interactions 

between, these two types of turbine.  
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Figure 1.1- Typical Savonius Turbines a) S-shaped [10] b) Three-Bladed [11] c) 

Helical [12] 

 

 

Figure 1.2- Savonius Overlap x/D [4] 

 

Figure 1.3- Typical Darrieus Turbines a) Troposkein [13] b) H-Darrieus [14] c) 

Twisted Blades [15] 

x 
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Figure 1.4- Principle of Operation of the Darrieus Wind Turbine [16] 

 

Figure 1.5- Typical power curves for different wind turbines, as well as the 

combined Savonius / Darrieus turbine with its desired power curve 
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Figure 1.6- Sandia Laboratories Darrieus with Savonius Starter [2] 



 

7 

 

2. EXPERIMENTAL SETUP 

The experiments were conducted in the exhaust of an open return wind tunnel at RPI 

with a maximum speed of about 50m/s in the test section. The outlet of the tunnel has a 

cross section of 1.12m x 1.12m. The model was supported by a base, placed 86.4cm 

downstream of the tunnel outlet. The base was designed to center the model vertically in 

the tunnel outlet, and positioned such that the center shaft of the model aligned with the 

centerline of the tunnel outlet. Figure 2.1 shows the placement of the model with respect 

to the tunnel outlet.  

 

Figure 2.1- Placement of the Model Behind the Tunnel 

2.1 Velocity Measurements 

The air velocity at the location of the model was measured using a pitot tube placed in 

front of the model at the cross-sectional center of the tunnel outlet. The pitot tube was 

connected to an MKS 1333N pressure transducer. The velocity was measured at this 

location for several wind tunnel input frequencies, and these measurements were used to 

develop a correlation between the wind tunnel motor driving frequency (0-60Hz) and 

velocity at the model location. This correlation is shown in Figure 2.2. 
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Additionally, the velocity distribution in the vertical direction (parallel to the wind 

turbine shaft) was measured at the location of the center shaft of the turbine. A pitot tube 

was attached to the center shaft without any of the turbine components present and the 

velocity measured at varying heights along the center shaft at a given wind tunnel 

velocity. This was repeated for several different wind tunnel speeds. The velocity profile 

obtained is shown in Figure 2.3. 

 

Figure 2.2- Wind Tunnel Frequency to Velocity Correlation at 86.4cm From 

Tunnel Exit 
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Figure 2.3- Velocity Profile at Position of Center Shaft for Different Nominal Wind 

Tunnel Velocities 

2.2 Wind Turbine Model Components 

The model consists of three components: the Darrieus, the Savonius, and the support 

system. These components were designed to be interchangeable, and multiple designs of 

each component were tested in various combinations and configurations.  

2.2.1 Support System 

The support system includes the center shaft and a cage that attaches to the base and 

supports the center shaft. The first support system consisted of a 1.43cm diameter, 

2.97mm wall thickness aluminum center shaft and 6.35mm diameter, 1.27mm walled 

aluminum bars bent into a circular cage as shown in Figure 2.4a. Due to structural failure 

of the first support system at high wind speeds, a second support system was designed 

and built, which was composed of a solid 1.43cm diameter steel center shaft and 6.35mm 

diameter, 1.65mm walled aluminum bars bent into the same circular cage. To make the 

support system even more sound, a third and final support system was built, which 

consisted of a 3.81cm diameter solid steel center shaft and 5.08cm square, 3.05mm wall 

thickness steel bars welded into an open-front cage, presented in Figure 2.4b. This 
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support system could also be used with a 2.54cm diameter, 6.35mm wall thickness steel 

diameter center shaft.  

 

Figure 2.4- Support Systems a) Circular Aluminum Cage b) Open-Front Steel Cage 

 

The support systems were all bolted to the base, which was bolted to unistrut bars 

screwed into the cement floor of the facility. In addition, the effect of angle of the free 

stream with respect to the wind turbine centerline was also studied by attaching hinges to 

the rear legs of the base and extenders to the front legs of the base, which were then 

bolted to the base at varying heights to produce the desired angle of attack, depicted in 

Figure 2.5. Furthermore, the effect of wind channeling was studied by attaching Teflon 

sheets to the second cage as shown in Figure 2.6. 
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Figure 2.5- Angle of Attack Configuration 

 

Figure 2.6- Wind Channeling Configuration- Top (Same on Bottom) 
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2.2.2 Darrieus Wind Turbine 

Apart from the different support systems, five Darrieus models were used. The original 

Darrieus consisted of two solid NACA 0015 airfoils fabricated using stereolithography, 

each with a height of 76.2cm and a chord of 6.22cm. Due to restrictions on the overall 

length of pieces fabricated using stereolithography, each airfoil was fabricated from five 

separate pieces of stereolithography, connected using dowel pins. The effect of airfoil 

camber was also tested using similar blades, where the cross-section was of a NACA 

4415 (named here as Cambered Darrieus). Moreover, an extended Darrieus, with blades 

identical to the original Darrieus blades but with a chord of 9.35cm, was also tested to 

test the effect of chord length. The effect of the Darrieus height was also examined using 

a shortened Darrieus, with blades identical to the original Darrieus blades but with a 

height of 50.8cm. Finally, due to structural failure of the stereolithography-based blades, 

composite Darrieus blades were made of reinforced graphite, where each blade had a 

height of 40.6cm and a chord of 6.22cm. A summary of the different Darrieus blades that 

were used in the present work is presented in Table 2.1.  

Table 2.1 Darrieus Airfoil Blades Used in Experiments 

Name Airfoil Material Height Chord 

Original Darrieus NACA 0015 stereolithography 76.2cm 6.22cm 

Extended Darrieus NACA 0015 stereolithography 76.2cm 9.35cm 

Cambered Darrieus NACA 4415 stereolithography 76.2cm 6.22cm 

Shortened Darrieus NACA 0015 stereolithography 50.8cm 6.22cm 

Composite Darrieus NACA 0015 composite 40.6cm 6.22cm 

 

Each Darrieus blade was attached to the center shaft via three supports, shown in Figure 

2.7, which consisted of two metal rods protruding 180° from each other from a collar 

that could be tightened onto the center shaft. The Darrieus blades were bolted to the 

three airfoil supports through three holes in each blade. Two sets of airfoil supports were 

used, one with a diameter of 50.8cm and one with a diameter of 76.2cm. Additionally, 

angled washers could be used in between the bolts and the Darrieus blades to allow the 

blades to be angled 5° with respect to the path of their rotation (Figure 2.8).  
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Figure 2.7- Airfoil Supports (Top View) 

 

Figure 2.8- Angled Washers on Airfoil Support 

2.2.3 Savonius Wind Turbine 

Finally, nine different Savonius models were used. Each Savonius is equipped with 

supports that allow it to be tightened onto the center shaft. One plastic Savonius was 

used, with a diameter of 38.1cm and height of 76.2cm. The plastic Savonius has five 

vertically arranged aluminum supports, with .794mm thick Teflon PTFE screwed to the 

supports. The plastic Savonius is helical, rotating through 180°, as shown in Figure 2.9. 

A second version of this Savonius was fabricated identically using 1.59mm thick 

aluminum sheet metal. Additionally, three more 76.2cm tall sheet metal helical Savonius 

turbines were fabricated from 1.59mm thick aluminum, with diameters of 19.1cm, 

25.4cm, and 57.2cm. Alternatively, four Savonius turbines were used that feature an S-
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shaped cross-section, shown in Figure 2.10. They were also manufactured from 1.59mm 

thick aluminum sheet metal. Two of these Savonius turbines are 25.4cm tall, with 

diameters of 17.8cm and 38.1cm. The other two Savonius turbines are 50.8cm tall, with 

diameters of 25.4cm and 38.1cm. The selection of Savonius models is summarized in 

Table 2.2. 

 

Figure 2.9- Helical Savonius 

 

Figure 2.10- S-Shaped Savonius 
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Table 2.2 Savonius Turbines Used in Experiments 

Name Material/Thickness Shape Diameter Height 

Plastic Helix .794mm Teflon PTFE helix 38.1cm 76.2cm 

38.1 Metal Helix 1.59mm aluminum helix 38.1cm 76.2cm 

19.1 Metal Helix 1.59mm aluminum helix 19.1cm 76.2cm 

25.4 Metal Helix 1.59mm aluminum helix 25.4cm 76.2cm 

57.2 Metal Helix 1.59mm aluminum helix 57.2cm 76.2cm 

17.8x25.4 Savonius 1.59mm aluminum S-shaped 17.8cm 25.4cm 

25.4x50.8 Savonius 1.59mm aluminum S-shaped 25.4cm 50.8cm 

38.1x25.4 Savonius 1.59mm aluminum S-shaped 38.1cm 25.4cm 

38.1x50.8 Savonius 1.59mm aluminum S-shaped 38.1cm 50.8cm 

2.3 Data Acquisition 

In the present experiments, the turbine center shaft was attached to the shaft of a DC 

motor. Power was generated by running this motor backwards as a generator. The torque 

of the turbine was controlled electrically by applying varying resistive loads to the 

motor. The turbine could also be run with the motor circuit left open. Figure 2.11 shows 

the electrical control system.  

 

Figure 2.11- Electrical Control System Connected to Motor 

 

The motor used is a Dayton Model 2H571B 90V DC Gear Motor. Torque was measured 

with an in line rotary torque sensor positioned between the center shaft and the motor. 

The torque sensor is an Omega Engineering Model TQ502-125 Rotary Torque Sensor, 
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with a full-scale capacity of 14.1N-m and an accuracy of 0.37% full scale, which 

corresponds to 0.052N-m. Rotational speed was measured using a Shimpo Instruments 

DT-209X Digital Laser Tachometer, with a maximum range of 99,999rpm and a 

resolution of 1rpm up to 8300rpm.  

In the present experiments, three different kinds of data were taken: startup speeds, 

open circuit data, and torque controlled data. Startup speeds were determined visually by 

incrementally increasing the wind tunnel speed until the turbine configuration being 

tested began to spin. All startup speed testing was conducted with the motor in open 

circuit. Some startup speeds were also tested with the motor disconnected completely 

from the center shaft. Open circuit data were acquired by measuring the torque and 

rotational speed at several wind tunnel velocities while keeping the motor in open 

circuit. Torque controlled data were collected by using the electrical control system to 

vary the torque and measure the resulting rotational speed while keeping the wind tunnel 

velocity constant. This was then repeated at several different wind tunnel velocities. 

2.4 Parameters 

In order to compare the data, two non-dimensionalized parameters are used: the tip 

speed ratio and the power coefficient. The tip speed ratio (TSR), λ, is defined as the ratio 

between the velocity of the tip of the wind turbine blade and the free stream velocity, 

given by: 

� =
��

��
 

where ω is the angular velocity (calculated from the rotational speed), r is the radius of 

the turbine, and �� is the free stream velocity. The power coefficient CP is the ratio 

between the power generated by the turbine and the power available due to the free 

stream velocity in an equivalent cross-sectional area, defined as: 

�� =
	�




�
����

�
 

where T is the torque, As is the swept area of the turbine, and ρ is the density of air. 
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3. RESULTS AND DISCUSSION 

A variety of experiments were conducted on combinations of Savonius and/or Darrieus 

turbines in order to study the effect of several parameters on the performance of the 

turbine. These experiments can be categorized as support system testing, Savonius 

testing, and Darrieus airfoil testing. In addition, the wind tunnel velocity profile was 

obtained, and some open-circuit testing was performed. 

3.1 Wind Tunnel Velocity Profile 

In order to quantify the uniformity of the flow at the turbine location, the cross-stream 

distribution of the time-averaged velocity was measured and is presented in Figure 3.1 

for five different free stream velocities. The wind tunnel velocity was kept constant 

while a pitot tube was traversed to various vertical locations along the center shaft, 

starting at the top and proceeding in 1.27cm increments, transitioning to increments of 

2.54cm, until a constant velocity value was reached. Since the measurements were 

conducted at the exhaust of the wind tunnel, the velocity profile is not uniform due to the 

boundary layer that is formed along the wall of the tunnel as well as the mixing layer in 

the boundary layer that is formed downstream of the diffuser. The non-uniformity of the 

velocity field extends between y = 18cm and y = 20cm for �� 	= 6.71m/s and ��	= 

15.6m/s respectively. Note that y = 0 corresponds to the top edge of the tunnel and the 

mid height of the tunnel is located at y = 55.9cm. 
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Figure 3.1- Velocity Profile at Position of Center Shaft for Different Nominal Wind 

Tunnel Velocities 

3.2 Support System Configurations 

As mentioned previously, two circular aluminum support systems were used; a stronger 

second one was built due to structural failure of the original circular cage. Data were 

acquired to verify that changing the internal thicknesses of the support system 

components would not affect the performance of the turbine, and that trials run with 

these different support systems could be compared to each other. Figure 3.2 compares 

the performance of the turbine with each support system as a function of the tip speed 

ratio. Both cases were torque-controlled tests run with the Original Darrieus at a 

diameter of 50.8cm and the Plastic Helix Savonius, both centered vertically on the center 

shaft. Because the pattern of air flow is not changed by a difference in internal thickness 

of the support system, the power coefficient curves for each case are coincident, showing 

that the difference in internal thickness of the two support systems does not affect the 

performance of the turbine. Therefore, turbines tested on the different aluminum circular 

cages can be compared with one another. 
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Similarly, due to structural issues, an even stronger third open-front steel cage had 

to be built, as well as moving from the Plastic Helix to a metal helix of the same 

dimensions, the 38.1 Metal Helix. Data were acquired to compare the effect of these 

changes on the power coefficient of the turbine as a function of the tip speed ratio of the 

helix. The configurations compared in these tests consist of only the respective helix 

centered on the center shaft as opposed to a helix with a Darrieus turbine, which is the 

reason for the difference in power coefficients between Figure 3.2 and Figure 3.3. The 

trials were torque controlled, and their results are shown in Figure 3.3. It can be seen that 

these two configurations yield similar results; both reach a peak power coefficient of 

about 0.19 at a tip speed ratio of 0.7, as well as the rest of the curves being consistent. 

Therefore, any disturbance created by the front portion of the circular aluminum cage 

has a negligible effect on the performance of the turbine, and configurations tested on 

any of the three cages can be compared. This is most likely due to the fact that at these 

low tip speed ratios, the power generated is due to the Savonius portion of the system, 

which is drag-based, so the low-level disturbance effects are secondary. 

 

Figure 3.2 CP vs TSR, Comparison of Aluminum Circular Cages 
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Figure 3.3 CP vs TSR, Metal Helix and Steel Cage vs Plastic Helix and Aluminum 

Cage 

 

During the lifetime of the wind turbine it may be exposed to changes in wind direction. 

To determine the effect of the angle of the free stream velocity with respect to the axis of 

the turbine, the power coefficient of one turbine configuration was measured at various 

tip speed ratios for five different angles of attack (from horizontal) and is shown in 

Figure 3.4. The turbine configuration used consisted of the Original Darrieus placed at a 

diameter of 50.8cm and the Plastic Helix Savonius, both centered vertically on the center 

shaft with the 1.27mm walled circular aluminum support system. In these experiments, 

the system was torque-controlled, where several data points were collected at each wind 

speed by varying the torque applied to the system, which in turn controlled the tip speed 

ratio. These data were then normalized for comparison. As can be seen in the figure, 

zero degrees of angle of attack, or when the wind turbine is perpendicular to the free 

stream, produced the highest power coefficient, peaking at 0.09. As the angle of attack 

of the free stream increases, the power coefficient is decreased; for every five degree 

increase in the angle of attack, the power coefficient decreases by approximately 20%, 

with the lowest peak power coefficient at only 0.039 for a free stream angle of attack of 
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20°. It was concluded that the air does not flow only upward through this turbine 

configuration, therefore forcing the air to flow more vertically by giving it an angle of 

attack actually decreases performance. 

 

Figure 3.4 CP vs TSR for Different Angles of Attack 
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exits, via wind channeling, in fact prohibits the air flow, thus decreasing performance. 

This was confirmed by a smoke visualization test (not shown); the smoke entered the 

turbine horizontally, but exited through the top, back, and sides of the turbine. 

 

Figure 3.5 CP vs TSR, Effect of Wind Channeling 
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Darrieus airfoils, the TSR hits a peak value. However, comparing this with Figure 3.7, 

which gives the configuration’s RPM as a function of free stream wind speed, the 

rotational speeds of these two configurations do not show signs of self-regulation (i.e. 

the RPM increases as the free stream speed increases). 

 

 

Figure 3.6 CP vs TSR for Different Open Circuit Configurations 
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Figure 3.7 RPM vs Wind Speed for Different Open Circuit Configurations 
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the Savonius placed in the center of the shaft. Additionally, it can be concluded that any 

moments on the shaft caused by the Savonius being placed off-center have a negligible 

effect on its performance, since the Savonius turbines placed in the center of the shaft 

and 12.7cm above the bottom yield the same power coefficients. 

Next, it was desired to determine if the ratio of the Savonius height to diameter 

affected the performance of the S-shaped Savonius turbine. Three torque-controlled 

trials were performed on the open-front steel cage, each with the same overall Savonius 

swept area. Two trials used two 38.1x25.4 Savonius turbines: one trial placed one at the 

top and one at the bottom of the shaft, and the other placed both centered vertically on 

the shaft, but separated by a small gap. The third trial used a single 38.1x50.8 Savonius 

turbine centered vertically on the center shaft. Therefore, although each trial had the 

same overall swept area, two trials featured two Savonius turbines with a height to 

diameter ratio of 2:3, and the third a single Savonius turbine with a height to diameter 

ratio of 4:3. It is clear from the results, shown in Figure 3.9, that this ratio is a very 

important factor in turbine performance; the turbine with the 4:3 ratio had a peak power 

coefficient of 0.22, double the peak coefficient of the other trials, which peaked at 0.11 

and 0.10. This peak occurs at a higher tip speed ratio than for the other two cases, but the 

curve for the 4:3 turbine is well above the other two curves for the entire regime. This is 

probably an effect of the pattern of airflow; it is easier for the air to flow vertically out of 

the Savonius when the height is less than the diameter, reducing the force on the turbine 

blades in the direction of rotation, which decreases performance. However, if the height 

is greater than the diameter of the turbine, the air will flow in the desired direction and 

exert a greater rotational force. 

To determine which Savonius shape gives better performance, torque controlled 

tests were performed on the open-front steel cage to compare the 38.1 Metal Helix to the 

highest performing S-shaped Savonius, discussed previously, the 38.1x50.8 Savonius. 

As shown in Figure 3.10, the S-shaped Savonius outperforms the helical Savonius by 

15%; the S-shaped Savonius has a peak CP of 0.22 at a TSR of 0.5 to 0.6, while the 

helical Savonius has a peak CP of 0.19 at a TSR of 0.6 to 0.7. However, it should be 

noted that the height to diameter ratio of the S-shaped Savonius and helical Savonius 
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turbines are not the same, which may help to explain the better performance of the S-

shaped Savonius compared to the helical Savonius. 

 

Figure 3.8 CP vs TSR for the 25.4 x 50.8 cm Savonius in Different Positions 

 

Figure 3.9 CP vs TSR for Different Savonius Height to Diameter Ratios 
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Figure 3.10 CP vs TSR, Savonius Shape 

3.5 Darrieus Airfoil Testing 

It was desired to test the contribution of each the Darrieus and the Savonius components 

of the turbine to its overall performance; therefore torque-controlled testing was 
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airfoils centered vertically on the center shaft of the 1.27mm support system. Note that 
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Savonius helix attached; therefore, no data is presented for the Darrieus alone in this 

figure. It is clear that the performance of the Savonius alone far surpasses the 

combination’s performance; the former peaks at a CP of 0.19 at a TSR of 0.7, whereas 

the peak power coefficient of the combination is a much lower 0.09 at a TSR of 0.75. 
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This is because the Darrieus airfoils have not yet reached a TSR regime where they will 

generate power, which should be λ~3, according to Blackwell from Sandia Laboratories 

[2]. Until they reach this regime, they are simply extra mass on the system, slowing its 

rotation and decreasing its power. 

In order to see the effect of the Darrieus airfoil design on the turbine’s performance, 

three different shapes of airfoil were tested in torque-controlled trials. They were tested 

centered vertically on the 1.27mm circular support system at a diameter of 50.8cm in 

conjunction with the Plastic Helix also centered vertically on the shaft. The Cambered 

Darrieus airfoils had a NACA 4415 cross-section as opposed to the original NACA 0015 

cross-section, and the Extended Darrieus airfoils had a chord length 1.5 times the 

original chord length. As is seen in Figure 3.12, the Cambered and Extended Darrieus 

airfoils performed approximately the same as the Original Darrieus airfoils in this 

configuration and still significantly worse than the helix alone, as discussed above, with 

a peak CP of about 0.09 at a TSR of about 0.7 to 0.8. Again, due to the fact that the 

Darrieus airfoils are not at a high enough TSR to perform, changing the shape has no 

effect on the turbine’s performance in this TSR range. 

As mentioned above, as the wind speed increases and the tip speed ratio of the 

turbine increases, the Darrieus airfoils broke due to the excessive load (mainly 

centrifugal forces). Therefore, lighter, stronger Composite Darrieus airfoils were 

fabricated to see if they could be made to reach a high enough tip speed ratio to produce 

the CP of 40% it is suggested they are capable of by Blackwell, namely a TSR of 6 [2]. 

These airfoils were mounted at a diameter of 76.2cm, on the open-front steel cage with 

the 2.54cm diameter shaft. They were connected to a Globe Industries I66A100-6 115V 

non-geared DC motor, in an attempt to achieve a higher TSR by subjecting them to a 

lower motor torque, and tested with the motor in open circuit. The test was run with 

either the Composite Darrieus airfoils alone or the same Darrieus airfoils on the upper 

part of the shaft and the 17.8x25.4 Savonius on the lower part of the shaft.  The results of 

these tests are shown in Figure 3.13. Unlike the previous stereolithography Darrieus 

airfoils, the Composite Darrieus airfoils did start spinning alone, but not until a wind 

speed of 17.9m/s, and reached a TSR of only 0.08 at the maximum wind tunnel speed. 

Even with the Savonius attached, the Darrieus airfoils could still only be made to reach a 
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TSR of 0.49 at the maximum tunnel speed, not high enough to reach the regime where 

the Darrieus will perform. It was concluded that Darrieus turbines cannot be scaled 

down to such a small size and give results of interest. At such a small diameter, the 

Darrieus turbine has to attain incredibly high angular velocities to reach the TSR regime 

where it will perform, and it becomes impossible to build a structure to support the 

resulting high centrifugal forces that still bears enough resemblance to a wind turbine 

such that it will spin at a high enough rotational speed. This conclusion is supported by a 

calculation of the centrifugal force the Darrieus turbine will experience, given by the 

following: 

� =
���

�
��

�
 

For the Original Darrieus blades used in this experiment, the mass m is 0.91kg, and the 

maximum radius possible in the experiment is 0.381m. Table 3.1 shows the force at 

various free stream velocities �� for a TSR of 4, where the Darrieus will begin to 

perform, and a TSR of 6, which corresponds to peak Darrieus performance. 

Table 3.1- Centrifugal Forces at Various Velocities for the Desired Darrieus Tip 

Speed Ratio 

��  Force F at λ = 4 Force F at λ = 6 

6.71m/s 1.7kN 3.9kN 

13.4m/s 6.9kN 15.4kN 

20.1m/s 15.4kN 34.7kN 

26.8m/s 27.4kN 61.7kN 

 

As seen in the table, the force that each blade would experience at the desired TSR 

is very high and requires rigid enough support that it becomes difficult to make it 

accurately resemble the support system of a Darrieus turbine. As a result, in order to 

withstand the forces being reached due to the high angular velocities, the support 

structure becomes heavy enough that it slows the rotation of the turbine down and the 

desired rotational speed cannot be reached. 
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Figure 3.11 CP vs TSR, Plastic Helix Only vs Plastic Helix with Original Darrieus 

 

Figure 3.12 CP vs TSR for Different Darrieus Airfoils 
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Figure 3.13 TSR vs Wind Speed for Composite Darrieus Configurations 

3.6 Overall Comparisons 

Finally, startup speeds for various turbine configurations were collected and compared. 

It was thought that pitching the Darrieus airfoil blades five degrees off of their path of 

rotation might cause the Darrieus to start at a different wind speed, so this configuration 

was also tested. The startup speeds for the configurations tested are listed in Figure 3.14. 

As can be seen in the figure, the Plastic Helix started at the lowest speed, due to the fact 

that it had the least mass of any drag-based configuration tested. The startup speed of the 

metal helical Savonius is inversely related to its diameter, due to the increase in drag 

area outweighing the increase in mass. The startup speed of the S-shaped Savonius, on 

the other hand, is directly related to its diameter; for this Savonius shape, the increase in 

its mass outweighs the increase in its drag area. The purely Darrieus configurations 

require the highest startup speeds, which agrees with Blackwell’s data [2]. Pitching the 

Composite Darrieus airfoils by five degrees from their path of rotation had no effect on 

the startup speed of the Darrieus; because the effective angle of attack of the airfoils is 

cyclical throughout a rotation, pitching the airfoils merely changes the position at which 

they experience stall until they see a high enough wind speed. Cyclic control of the 
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blades’ pitch angle may be a better solution; however, this idea was not tested in the 

current work. 

A comparison of the performance of many different turbine configurations as a 

function of tip speed ratio is presented in Figure 3.15. The configurations presented are 

outlined in Table 3.2, as are the dimensions off of which the tip speed ratio is based for 

each configuration. The power coefficient is based on the overall swept area for each 

configuration. Each test presented was a torque-controlled trial. As can be seen in the 

figure, the most efficient turbine was the S-shaped Savonius alone centered on the shaft. 

Next are the two helical Savonius turbines alone centered on the shaft, followed by the 

helical Savonius turbines centered on the shaft with the Original Darrieus airfoils. Lastly 

are the S-shaped Savonius turbines coupled with the Shortened Darrieus airfoils in two 

different configurations. This clearly shows that the presence of the Darrieus airfoils in 

any configuration only decreased performance; this is because they did not reach a high 

enough tip speed ratio to contribute to power generation and were simply extra mass. 

Finally, it is confirmed that the height to diameter ratio of the S-shaped Savonius plays 

an important role, accounting for the difference between Cases 5 and 6. 

 

Figure 3.14- Startup Speeds for Various Configurations 
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Figure 3.15 CP vs TSR, Summary of Configurations 

Table 3.2 Configurations Presented in Figure 3.15 

Case Turbine Configuration Support System Tip Speed Ratio 

1 Plastic Helix and Original Darrieus airfoils 
at D=50.8cm, both centered on shaft 

1.27mm aluminum 
circular cage 

Based on airfoil 
diameter 

2 38.1 Metal Helix with Original Darrieus 

airfoils at D=50.8cm, both centered on shaft 

Open-front steel 

cage 

Based on airfoil 

diameter 

3 38.1 Metal Helix, centered on shaft Open-front steel 
cage 

Based on helix 
diameter 

4 Plastic Helix, centered on shaft 1.27mm aluminum 

circular cage 

Based on helix 

diameter 

5 Two 38.1x 25.4 Savonius, top and bottom, 
Shortened Darrieus airfoils at D=76.2cm 

centered on shaft 

Open-front steel 
cage 

Based on airfoil 
diameter 

6 38.1x50.8 Savonius on bottom, Shortened 

Darrieus airfoils at D=76.2cm on top 

Open-front steel 

cage 

Based on airfoil 

diameter 

7 38.1x 50.8 Savonius centered on shaft Open-front steel 

cage 

Based on 

Savonius 

diameter 
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4. CONCLUSIONS 

The aerodynamic efficiency of various vertical axis wind turbine configurations, 

primarily Darrieus and Savonius types, were investigated experimentally.. The effects of 

changing several physical parameters of the turbine components and configurations were 

studied in wind tunnel experiments, where torque and rotational speed were measured at 

various free stream velocities to compute and compare the power coefficients of these 

turbine configurations. Additionally, startup speeds of several configurations were 

collected, and the possibility of vertical axis turbine configuration self-regulation was 

explored. Finally, in order to quantify the uniformity of the flow at the turbine location, 

the air velocity distribution was measured at the turbine location and it was determined 

that the non-uniformity due to mixing and boundary layers extends a maximum of 20cm 

into the exit flow. 

4.1 Support System Results 

It was determined that for a combination helical Savonius within a Darrieus, any 

additional turbulence produced by having portions of the structural support system in 

front of the turbine does not affect the performance of this turbine configuration, likely a 

resulting from the fact that the power produced in the low tip speed ratio regime 

measured was predominantly due to the Savonius, a drag-based system that is hardly 

affected by small disturbances. Furthermore, flow visualization showed that for this type 

of turbine configuration, the air flows not only horizontally through the turbine but 

vertically through the top and bottom as well, which was confirmed by the fact that both 

introducing an angle of attack between the turbine’s horizontal axis and the free stream 

direction, and adding material on the top and bottom of the turbine to channel the wind 

into it, decreased the performance of the turbine. 

4.2 Self-Regulation Results 

It was determined that although for both a helical Savonius turbine alone and the same 

Savonius within a Darrieus turbine, the tip speed ratio eventually ceases to increase well 

after the peak power coefficient has been reached, the rotational speed continues to 
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increase almost linearly with increasing wind velocity. Therefore, it was concluded that 

these vertical axis wind turbine configurations show no signs of self-regulating within 

the tested range of speeds (or tip speed ratios) the wind tunnel being used was capable of 

producing. 

4.3 Savonius Turbine Results 

It was demonstrated that the vertical position of an S-shaped Savonius turbine on the 

center shaft has a negligible effect on its performance unless it overlaps too much with 

the wind tunnel boundary layer, in which case the performance is decreased. Secondly, it 

was concluded that as a result of the air flow pattern around the S-shaped Savonius, the 

height to diameter ratio of this type of turbine is very important to its performance; a 

ratio of 2:3 produced a CP of only 0.11, whereas a ratio of 4:3 produced double the 

power coefficient, at 0.22. Finally, it was determined that the S-shaped Savonius is 

perhaps more efficient than a helical Savonius, producing power coefficients of 0.22 and 

0.19 respectively; however, this could also be due to the difference in height to diameter 

ratio between the models tested. The helical Savonius used might not have been the most 

efficient design.  

4.4 Darrieus Airfoil Results 

The most important conclusion reached with respect to the Darrieus wind turbine is that 

it is impractical and generally inconclusive to test Darrieus airfoils in a small-scale wind 

tunnel. All of the stereolithography Darrieus turbines tested were not capable of spinning 

without the help of a Savonius, and it was observed that adding a Darrieus turbine 

around a helical Savonius decreased the performance compared to the Savonius alone. 

Furthermore, changing the size and camber of the Darrieus airfoils had no effect on the 

performance of this hybrid turbine at this scale and for small tip speed ratios (TSR<1). 

Even the composite Darrieus airfoils tested that were able to spin without a Savonius had 

a much lower performance than the same Darrieus airfoils in conjunction with a 

Savonius turbine. These results were all due to the fact that the size the Darrieus had to 

be to fit in the wind tunnel made it impossible to reach the tip speed ratio at which the 

Darrieus has been shown to perform. Additionally, in order to reach such a tip speed 
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ratio at this size, rotational speeds had to be so great that structural issues were 

encountered before the appropriate speed could be reached. Finally, it was shown that 

pitching the Darrieus airfoils with respect to their path of rotation does not lower the free 

stream velocity required to start the Darrieus airfoils spinning alone. 

4.5 Overall Comparisons 

It was found that the most efficient vertical axis wind turbine tested was the S-shaped 

Savonius with a peak CP of 0.22, followed by the helical Savonius with a peak CP of 

0.20, and hybrid Darrieus and Savonius configurations last with the highest peak CP of 

any hybrid configuration of 0.10. However, this is again due to the fact that wind tunnel 

scaled models are not an appropriate testing method for the Darrieus wind turbine, and it 

was never in a tip speed ratio regime high enough to contribute to the performance of 

any turbine configurations. 
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