
Fossil fuels are the major energy source supporting the rapid indus-
trialization and economic growth in the past century. However, it 
is clear that they cannot sustain a global economy. Wind energy 
provides an alternative source for renewable energy. This paper 
investigates the performance of  vertical wind turbines developed 
by the Wind Energy senior design project team in 2009–2010. 
The study has revealed the dependence of  efficiencies on several 
factors, such as the blade configuration, and explored the optimal 

wind turbine design. The encouraging results provide both insights into modern wind 
turbine design and guidelines for future UCI Wind Energy teams. In 2010–2011, the 
team has developed a larger-scale wind turbine and is planning to install it over the 
Engineering Tower.
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Traditional horizontal-axis wind turbines are usually designed for areas with 
naturally high-speed winds, but exhibit low performance when under low-speed 

wind. Vertical-axis wind turbines (VAWTs) provide an alternative that can be used in 
low-wind conditions. The objective of  this study was to investigate the potential of  
VAWTs for harvesting wind energy from slow-moving wind by considering various 
blade designs. Field testing was conducted to investigate the effects of  blade number 
and configuration and determine if  it were possible to produce greater efficiency for 
power generation than the recirculation effect seen in traditional Savonius turbines. 
The results suggested that the power generated is sufficient to meet the energy 
demand if  implemented appropriately.
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Introduct ion

According to the Energy Information Administration 
(EIA), wind generated 0.34% of  the nation’s total energy 
consumed in 2007. Though this value may appear low at 
first, it was approximately the same percentage of  energy 
provided by geothermal and much larger than the energy 
captured by solar photovoltaics (0.08%) (“U.S. Energy 
Consumption”). The major advantages of  wind energy are 
that wind is not exclusive to any particular region in the 
world and its use emits no greenhouse gas. Furthermore, 
unlike natural gas or hydrogen, it provides a direct form of  
energy, not requiring the intermediate steps of  extracting 
or manufacturing a fuel. It may be intuitive to assume that 
harnessing low-speed wind would generate much less power 
than high-speed wind. However, when considering land use, 
the logic becomes clear. For instance, as stated by the EIA, 
areas of  high wind speeds within the U.S. are typically in 
the remote regions of  the Midwest. Delivering the power 
captured from turbines placed in those parts of  the coun-
try across far distances to populated suburban areas would 
result in an inefficient loss of  energy. However, vertical-axis 
wind turbines could be placed in such suburban areas to 
capture local low-speed winds. In effect, there is a trade-off  
between power produced from high-speed winds and power 
lost during transport.

Savonius wind turbines (SWTs) are vertical-axis turbines 
that use two halves of  a cylinder that form opposite facing 
scoops as pictured in Figure 1. SWTs operate under the 
drag principle in which the concave profiles of  the blades 
are used to capture wind. However, SWTs generally have 
low efficiency compared to other turbines that use the lift 

principle. Lift occurs where a portion of  the wind captured 
by the blades slightly elevates the rotor. The lifting causes 
the rotor to ‘hover’ in a low friction setting. Since the inven-
tion of  SWTs, much research has been conducted to verify 
Savonius’ claim of  his turbine’s theoretical maximum power 
coefficient of  0.35. Johnson discusses several experiments 
that were designed to verify this value (Johnson, 2001). 
Researchers at Kansas State University attained efficiencies 
of  35% to 40% with a turbine 2 meters tall and 1 meter 
in diameter. In addition, researchers at Sandia National 
Laboratories tested a turbine with a height of  1.5 meters 
and diameter of  1 meter which achieved a maximum 
efficiency of  25% (Johnson, 2001). University of  Illinois 
researchers built several Savonius turbines with varying 
blade designs, achieving a maximum efficiency of  35%. A 
few groups attempted to improve the Savonius turbine’s 
efficiency through cutting-edge methods. One such group 
was Hussain et al. (2008), who conducted a CFD (compu-
tational fluid dynamic) analysis on the efficiency of  the 
Savonius wind turbine (SWT) and considered blades at vari-
ous angles. They concluded that the most efficient angle of  
twist was 45 degrees, which exhibited a maximum efficiency 
of  33.85% compared to 25.6% without twisting. These 
studies verified that the Savonius turbine had great potential 
in low wind speed areas with an efficiency comparable to 
that of  a horizontal axis wind turbine.

Following these experiments, we built a small-scale experi-
mental SWT with adjustable blades and conducted testing 
at the top of  the Engineering Parking Structure on the UC 
Irvine campus. The wind speed and power output were mea-
sured using a voltmeter and an anemometer with data acqui-
sition capabilities for recording the data to a computer. The 

data from the tests was used to cal-
culate the efficiency and compare 
the turbine to that of  traditional 
SWTs. The data provides valuable 
information for harvesting wind 
energy in Southern California.

Fabr icat ion and 
Exper imental  Work

To investigate VAWT performance 
experimentally, we first designed 
and fabricated a small-scale VAWT. 
A field study was conducted and 
data was analyzed.

Figure 1
The top views of a traditional Savonius turbine with overlap S (left) and the modified VAWT rotor 
components on support mount (right).
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VAWT Design and Fabrication
According to literature, previous experiments on SWTs 
determined the optimal overlap ratio (G) to be 0.15 
(Sargolzaei, 2007). G (s/D) is the ratio of  overlap length, s, 
to diameter, D, of  a turbine. Figure 1 shows the top view 
of  a traditional double-bladed Savonius turbine with over-
lap distance (s). Flow analysis of  this turbine showed that 
this gap allows wind to recirculate and provide additional 
torque to the other blade on the concave side. In contrast, 
our turbine has an open area in the center of  the turbine to 
allow wind to pass through. It eliminates the recirculation 
of  air in a traditional SWT. This modification may have 
decreased the efficiency of  the turbine; however, the addi-
tion of  extra blades was intended to provide compensation 
for this loss. Figure 1 (right) is the top-view computer-aided 
design (CAD) image of  the rotor design. Both the number 
of  blades and the blades’ curvature were adjustable. A gear-
box was developed to match the usually slow rotor spin with 
the RPM requirement of  the generator.

Material Selection. Materials were selected to avoid structural 
failure of  the wind turbine due to the forces that winds 
would impose on the blades. The drive shaft carried the 
most stress in this system due to the torsion produced by 
the blades and resistance in the gearbox. The hub and the 
spokes were made from 6061-aluminum alloy. Aluminum 
was chosen because it is relatively corrosion resistant, 
lightweight, easy to machine, and has sufficient strength. 
The five blades, drive shaft, and angle brackets were made 
of  galvanized steel. The high strength of  steel allowed the 
components to withstand mechanical failures such as shear-
ing and torsion.

The Quantity of  Wind Turbine Blades. The number of  blades 
used for the wind turbine was determined mathematically. 
The optimal design choice would be the blade quantity that 
resulted in the largest exposure of  blade area towards the 
wind—called the projected area. Because the blades are 
arranged equally in a circle, the projected area could be 
calculated by finding the angle of  separation between the 
blades and the dimensions of  the rotor. However, since the 
rotor spins, the projected area would change accordingly.

To illustrate how the blades’ orientation affected the pro-
jected area, a two-blade design can serve as an example, with 
the blades spaced 180 degrees apart. The blades’ change in 
orientation, as they rotated, was examined in two possible 
extreme cases, as shown in Figure 2. In one case, the blades 
reach their maximum exposure when positioned perpendic-
ular to the wind (Figure 2a); the other is the minimum pro-
jected area, i.e. when the blades are turned parallel towards 

the incoming wind (Figure 2b). All other orientations in 
between result in intermediary projected areas.

Table 1 and Figure 3 summarize the results obtained from 
the projected area calculations for different numbers of  
blades. Because the projected area changed with different 
orientations, the average value was recorded. Based on 
Table 1 and Figure 3, it was concluded that adding more 
blades increases the projected area. However, because 
the blades are spaced equally around the rotor, the angle 
between each blade decreases as more blades are added. 
Thus, the benefit diminishes because the rotor becomes 
cluttered and the blades block each other. Thus, the exposed 
area only increases diminutively as illustrated in Table 1 and 
Figure 3.

Table 1
Exposure areas at various blade numbers.

Blade
Number

Degrees of Separation 
among Blades

Average Projected 
Area (in2)

2 180.00 216.00

3 120.00 374.11

4 90.00 368.76

5 72.00 410.88

6 60.00 403.06

7 51.43 421.16

8 45.00 415.54

9 40.00 425.43

10 36.00 421.42

Based on the analysis summarized in Table 1 and Figure 3, 
five is the optimal number of  blades to be integrated into 

Figure 2
a) Two-blade design oriented orthogonal towards northward wind. 
b) Same design, but rotated 90 degrees, thus oriented parallel to 
wind. The blue arrows represent the wind, the green is projected 
profile and the orange is the backlash.
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the rotor design. Adding additional blades would result in a 
heavier rotor which might considerably lower its efficiency.

Blade Curvature Design. The blade design shown in Figure 2a 
favors a clockwise rotation. However, the incoming wind 
will also propel the blade on the right, causing the rotor 
to produce a torque counter-clockwise, against the favored 
rotation, resulting in a phenomenon known as backlash. 
The projected area that contributes to backlash is shown 
in orange in Figure 2. It is critical to note that the wind 
approaching the blade on the left will produce a drag force 
exceeding the backlash force produced by the blade on the 
right. The difference in drag force occurs because the wind 
blowing towards a concave profile will experience more 
drag than the portion of  the wind approaching a convex 
profile. However, the directional bias of  the rotor depends 
on the curvature of  the blades rather than the quantity of  
blades. In determining the ideal number of  blades, it was 
not important to consider the curvature of  the blades as 
long as the width of  the blade was held constant for every 
different blade quantity examined.

In determining the optimal curvature of  the blades, the 
quantity of  blades was held constant at five while the blade 
curvature profile was varied. The optimal blade curvature 
was to be determined experimentally. Therefore, the turbine 
had to be designed such that the blades 
could easily be adjusted to many differ-
ent curvatures.

Figure 4 is a diagram of  a top-view of  
the rotor with several holes drilled at 
different locations along the spoke in 
order to attach the blades to it. One 
end of  the blade was to be held fixed 
(position 0) while the other end could 

be placed in any of  the holes (position 1, 2, 3, or 4) to 
change the blade curvature.

The contour of  these curvatures could be precisely repre-
sented by 4th-order polynomial equations. The mathemati-
cal characteristics of  each resulting curvature are summa-
rized in Table 2 and plotted in Figure 5.

Gearbox Design. After the rotor was fabricated, the next task 
was designing the gearbox. From the graph in Figure 6, one 
can see that the amount of  voltage produced is propor-
tional to how fast the input shaft to the generator is spun 
(in RPM). The function of  the gears is to increase the RPM 
delivered into the DC generator. By meshing gears, the 

Figure 3
Exposure area exhibiting diminishing returns as blade number 
increases.

Figure 4
Top-view close-up of one VAWT Spoke.
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Figure 5
Resulting blade curvature when affixed to corresponding hole on 
spoke.

Table 2
Mathematical Parameters of Blade Curvatures.

Hole
Position

Characterizing Equation; y = Projected Width
(Inches)

1 -3×10-5•x4 + 0.0031•x3 - 0.1285•x2 + 2.5269•x + 1.1418 9.66

2 -2×10-5•x4 + 0.0018•x3 - 0.0881•x2 + 2.0515•x + 1.1189 10.59

3 -8×10-5•x4 + 0.0009•x3 - 0.0533•x2 + 1.5375•x + 0.4494 11.72

4 -4×10-5•x4 + 0.0005•x3 - 0.0368•x2 + 1.2306•x + 0.4142 12.73
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RPM delivered into the generator increases; however, this 
also requires a proportional amount of  torque. Since the 
dimensions of  the rotor were known and the wind speed 
could be measured, the amount of  torque the rotor deliv-
ers under local wind conditions could be calculated. From 
the torque calculations, an allowable gear ratio of  1:5 was 
determined, made by meshing a 60-teeth spur gear with a 
12-teeth spur gear. As a result, for every single rotation that 
the rotor made, the input shaft from the generator would 
rotate five times. Thus, the amount of  power generated by 
using gears was five times greater than if  the rotor were 
directly driving the generator shaft. A diagram of  how the 
gears were meshed with respect to the drive shaft and DC 
generator is shown in Figure 7.

The VAWT Assembly. Figure 8 shows the actual turbine with 
a height of  60 inches, or 89 inches with the supporting 
mount. This size allows the turbine to be operated in any 
location without any obstruction and to be installed by hand 
without heavy machinery. On a commercial scale it could be 
operated in series on rooftops or highway dividers to pro-
vide energy for buildings and streetlights. This could poten-
tially reduce the energy demand on power plants. Further 
research must be conducted to assess the practicality of  
implementing this type of  wind turbine in large quantities.

Experimental 
Testing and 
Data Proces-
sing
After the gear-
box was fab-
ricated and 
i n c o r p o r a t e d 
into the turbine 
assembly, the 
fully function-
ing system was 
ready for test-
ing. The wind 
turbine testing 
was done on the 
rooftop of  a six-
story parking 
structure, where 
wind speeds and 
electrical power 
output from the 

VAWT could be measured. After data was collected, a cor-
relation between the mechanical power input and electrical 
power output was graphed. The actual power output from 
the VAWT was compared with a theoretical power output, 
and these values were used to calculate the wind turbine’s 
efficiency (Equation 1). The testing and analysis procedures 
were repeated for each different curvature. The efficiency 
value obtained from each curvature was used to determine 
which blade design was most favorable.

C  =p
P
Pw

(1)

Theoretical power (Pw) is the power that the turbine can 
capture from the wind (4).

P  = ρAuw
31

2 (2)

where ρ is the air density, u the wind speed, and A the pro-
jected area of  the rotor.

Measuring Wind Speeds. The wind speeds were measured with 
an Extech HD-300 Digital Anemometer connected to a 
computer with a USB cable. Included with the anemometer 
was software that recorded the wind speed at a sampling 
rate of  one data point per second.

Measuring Power Output. The power was calculated from 
Equation 3, where R is the resistance (Ω, Ohms) and V 

Figure 6
Electrical output of Indiana 24V DC motor when used as a genera-
tor.

Figure 7
Rotor drive shaft is fixed to a large gear, which meshes with a 
smaller gear that is affixed to the generator’s input shaft.

Figure 8
Photograph showing the size and scale of the 
wind turbine.
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is the measurable voltage (Volts). To use Equation 3, the 
positive and negative terminals from both the DC generator 
and multimeter were joined to the ends of  a 5 Ω resistor, as 
shown in Figure 9.

P  = R
V 2

(3)

A MAS-345 Intelligent Digital Multimeter was used to 
measure the voltage output at those terminals. Like the ane-
mometer, the mul-
timeter also came 
with software that 
allowed continu-
ous data acquisi-
tion. In order to 
synchronize the 
voltage data with 
the anemometer 
data, the sampling 
rate of  the multi-
meter was also set 
to one data point 
per second.

Results  and Discussion

Figures 10 through 13 indicate that this design retains its 
self-starting ability. The cut-in speed—the speed at which 
the turbine instantaneously generates electrical energy—can 
be observed by looking at the first data point that has a 
power output greater than 0 volts, which is marked in red. 
According to the figures, the cut-in speed decreases with 
increasing curvature up until Curvature 3. Increasing to the 
fourth curvature, however, has a negative effect, resulting in 
a higher cut-in speed. The cut-in speeds are 1.59, 1.36, 1.29, 
and 1.38 mph, respectively, with increasing curvature. These 
results show that with increasing curvature, the blades have 
a larger frontal area that can capture more wind, but that 
increasing the curvature beyond the third has a negative 

effect. Keep in mind that the differences between these 
values are marginal when compared to the typical cut-in 
speed of  the most efficient HAWT, which is reported to be 
approximately 8 mph.

Figures 13 to 17 show a positive correlation between power 
output and curvature, with efficiency increasing with greater 
curvature. Figure 13 shows the first curvature’s peak power 
output to be approximately 40 Watts compared to 105 Watts 
for the third curvature. Because this type of  turbine relies 
on drag force to drive the rotor, a higher drag coefficient on 
the concave side of  the blades in relation to the convex side 
corresponds to higher torque and better efficiency.

Figure 9
The setup for measuring power.
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Figure 10
Cut-in speed for Curvature 1.
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Figure 11
Cut-in speed for Curvature 2.
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Figure 12
Cut-in speed for Curvature 3.
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Figure 13
Cut-in speed for Curvature 4.
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The power coefficient is calculated using Equation 1, which 
yields the power coefficient equation (Cp). This value 
determines how efficient the wind turbine is according to 
the data. Curvature 3 is the most efficient with a value of  
0.1984, which is only marginally greater than 0.1958 for 
Curvature 2, but much higher than 0.1002 and 0.1180 for 

Curvatures 1 and 4, respectively. From these Cp values, we 
can assume that this design is relatively less efficient than 
the traditional Savonius turbine with a reported Cp of  0.29 
to 0.35. However, this design has two significant differences 
from the traditional design in that it has more blades and 
shorter curvatures, resulting in the loss of  recirculation. 
Because the naturally occurring wind varies significantly, the 
readings are expected to vary proportionally.

Ideally, tests should be conducted in a wind tunnel for bet-
ter control over wind speed and temperature. In addition, 
there were outlier data points where the measured power 
exceeded the Betz’s Limit of  0.59; this limit is the theoreti-
cal maximum efficiency of  a wind turbine. Therefore, data 
points greater than Betz’s Limit were deleted because they 
are skewed data points that can affect the average Cp value. 
These skewed data points also show that the testing method 
contained errors, including those caused by the anomalous 
wind. This causes the constant, irregular stopping and start-
ing of  the rotor, resulting in inefficient readings of  the 
voltage generated.

Conclusion

In this study, we designed and fabricated a small-scale 
experimental VAWT with adjustable blade designs. The 
VAWT was tested at the top of  a tall parking structure at 
UC Irvine. The data suggested that the lowest wind speed 
for a turbine with curvature 3 and a diameter of  12 inches 
to produce power is 1.29 mph. This was also found to be 
the most efficient of  the tested curvatures, producing a 
maximum efficiency of  19.84%, slightly less than the effi-
ciency reported from literature, with a range of  25–45%.
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Figure 14
Power output relative to wind speed for Curvature 1.
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Figure 15
Power output relative to wind speed for Curvature 2.
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Figure 16
Power output relative to wind speed for Curvature 3.
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Figure 17
Power output relative to wind speed for Curvature 4.
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Configuring the turbine with the third curvature, we found 
the average power output to be approximately 17 Watts. 
This is equivalent to 61.2 kWh/day, which is enough to 
power several appliances such as refrigerators and dish-
washers. This kind of  power output, however, is only pos-
sible with the wind at a constant 10 mph. Still, maintaining 
a rate of  15–20 kWh would be sufficient to offset the aver-
age energy usage for an American home—estimated to be 
around 30 kWh/day (EIA). This shows that wind energy is 
a viable alternative energy option for Southern California 
when coupled with other energy sources. Factors that can 
affect the viability of  wind energy in Southern California 
include issues such as its aesthetic effect on the landscape 
and the cost and maintenance, which can be more expensive 
than the energy it produces.

Future work should include computer modeling of  the 
rotor to study its flow profile and predict its performance in 
terms of  torque and power coefficient. The results of  these 
analyses could provide a better understanding of  the fluid 
dynamic characteristics of  our wind turbine design. Ideally, 
CFD (Computational fluid dynamics) or neural network 
analysis could be performed to compare with the results 
from the testing performed with naturally occurring wind. 
Another viable method would be to fabricate a scale model 
of  the turbine to test in a wind tunnel with controlled wind 
speeds and real-time flow profiles from smoke-dyed wind. 
These studies will significantly advance the possibility for 
the wide-spread implementation of  vertical-axis wind tur-
bines in the future.
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