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ABSTRACT 
 
This article presents a numerical and experimental study of vertical axis 
wind turbine performance comparison involving a two-stage Savonius rotor 
with similar parameters. The experimental study is conducted in the 
aerodynamic tunnel at the Fluid Mechanics Laboratory of the Federal 
University of Rio Grande do Sul. The aerodynamics rotors are 
manufactured by 3D prototyping technique. Numerical simulations are 
performed using the Finite Volumes Method performed by the solution of 
the Reynolds Averaged Navier-Stokes (RANS) and continuity equations 
using the SST k-ω turbulence model. The numerical domain is modeled in 
order to maintain the same characteristics of the experimental model. The 
mesh quality is evaluated through the GCI (Grid Convergence Index) 
method. The static and dynamic torque coefficients and the power 
coefficients are compared. The tests are made without blockage corrections 
due to the small blockage ratio from 7.5%. Results show that the turbine has 
a positive static torque coefficient for any rotor angles. The dynamic torque 
reaches the maximum value for a tip speed ratio (λ) of 0.2 for the 
experimental and numerical cases. The relative difference between the 
numerical simulations and the experimental results are between 3.8% and 
13.4%. 
 
 
 

Keywords: two-stage Savonius rotor; experimental study; numerical 
simulation 

 
 
NOMENCLATURE 
 
A area, m² 
c bucket chord, m 
CP power coefficient 
CT torque coefficient 
D turbine diameter, m 
dep diameter of the end plates, m 
F force, N 
g gravity, m/s²  
h1 turbine stage height, m 
h2 thickness of the intermediate plate, m 
H turbine height, m 
k turbulent kinetic energy, J/kg 
mbal balance mass, kg 
ml load mass, kg 
n angular velocity, rad/s 
P power, W 
r rotor radius, m 
rsh shaft radius, m 
t thickness of the buckets, m 
tep thickness of the end plates, m 
tst string thickness, m 
T rotor moment, N.m 
V∞ undisturbed air flow velocity, m/s 
u velocity flow, m/s 
u’ velocity fluctuation, m/s 

u  average velocity, m/s  
 

Greek symbols 
 
∆t time step, s 
∆θ angular step, ° 
ε viscous dissipation rate, m²/s³ 
μ air dynamic viscosity, kg/(m.s) 
ν air kinematic viscosity, m²/s 
θ angular position, ° 
ρ atmospheric air density, kg/m³ 
λ tip speed ratio of the rotor 
ω specific dissipation rate, s-1 
τ Reynolds stress 
 
Subscripts 
 
bal balance 
ep end plates 
l load 
opt optimal 
sh shaft 
st string 
P power 
T torque 
1 stage 1 
2 stage 2 
∞ free stream 
 
Superscripts 
 
’ fluctuation 
¯ average 
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INTRODUCTION 
 
In recent years, there has been much discussed 

the need for renewal the energy matrix in the world 
with a greater decentralization. For this, new forms of 
energy production are proposed in order to reduce 
environmental pollution, exhaustion of non-
renewable sources and global warming. Among the 
main renewable resources energy production are 
wind power, which is then the subject of studies and 
generally used in urban and rural areas. 

Responsible to transform into mechanical 
energy to kinetic energy of the wind, the wind 
turbines has become a major means of alternative and 
renewable energy production. These types of turbines 
are commonly divided between horizontal and 
vertical axis. In this article will be studied a vertical 
axis wind turbine, which it is emphasized the 
Savonius type, presenting a simple construction when 
compared with other types (Burton et al., 2011). 

The Savonius wind rotor, an invention 
developed and patented by Sigurd J. Savonius in the 
1920s, presents its disposition in the “S” form along 
its vertical axis which the rotation occurs mainly due 
to the drag force provided by the wind in its concave 
and convex buckets (Savonius, 1930). This type of 
rotor is commonly used for pumping stations and 
driving force due to its high torque developed and 
low angular velocity. However, changes such as an 
increase in its aspect ratio can be made, providing 
higher speed and increasing generation of power 
(Savonius, 1930; Akwa et al., 2012a; Fujisawa, 1992; 
Saha et al., 2008; Kamoji et al., 2009), also could be 
installed in combination with other types of turbines 
or other types of generation, such as a photovoltaic 
cell. 

Studies are conducted to determine 
characteristics of the Savonius turbines as 
experimental studies and CFD (Computational Fluid 
Mechanics). Akwa et al., (2012b) created a review 
study on the performance of Savonius wind turbines. 
Introducing the main parameters of this type of 
turbine, as the aspect ratio, the overlap ratio, the end 
plates effect and the number of stages and blades, the 
authors selected a set of important information for 
achieving a better design of a rotor for different types 
of conditions. Fujisawa (1992) conducted an 
experimental study was conducted with a comparison 
between different overlap ratio for a rotor with and 
without rotation. The experiments were performed 
for four rotors with different overlap ratios ranging 
between 0 and 0.5. For the static torque, the 
performance was improved by increasing the overlap 
ratio, especially on the return bucket due to the effect 
of pressure recovery by flow through this overlap. 
For the rotation rotor the peak values of the torque 
and power coefficients was achieved for an overlap 
ratio of 0.15. Damak et al. (2013) presented an 
experimental study involving a Savonius turbine with 
180° twist buckets. In a wind tunnel with an open 

section of 0.4 x 0.4 m was installed the rotor where 
the experiment was carried out for a flow velocity of 
6 m/s, 7.5 m/s, 8.8 m/s and 11.1 m/s. The authors 
shown the relationship between the variation about 
the Reynolds number and the overlap ratio on the 
performance of the helical Savonius rotor, also 
showing improved performance over the helical rotor 
compared with a conventional rotor. Saha et al. 
(2008) conducted tests in a wind tunnel to get results 
on the aerodynamic performance of a rotor with one, 
two and three stages. The authors mixed the format of 
the buckets between semicircular and twist, the 
number of buckets and the use of valves on the 
buckets. In total 14 types of wind rotors with 
identical aspect ratios and with same projected area 
were manufactured. The test velocity was varied 
between 6 and 11 m/s. The main observations of the 
authors is that the optimal number of buckets found 
has two, both for one, two or three stages. Two-stage 
rotors had higher power coefficients with respect to 
one and three stage rotors. 

In recent years, computational solutions were 
used by authors (Akwa et al., 2012a; Menet and 
Bourabaa, 2004; Altan and Atilgan, 2010). Menet and 
Bourabaa (2004) checked the behavior of a rotor for 
Reynolds values between 1x105 and 5x105. For this 
range of values, there is an increase in performance 
coefficients for almost the entire range, with the 
highest values obtained for the largest Reynolds 
values. Altan and Atilgan, (2010) conducted 
experiments in a numerical and experimental form to 
improve the low performance levels of the Savonius 
rotors. Tests were made for the rotor with different 
types of curtain and without the curtain. A 
considerable increase has been seen in the rotor 
performance with the use of curtain at the end of the 
study. Akwa et al. (2012a) simulated Savonius rotors 
with different overlap ratio. The ratios were varied at 
0.0, 0.15, 0.3, 0.45 and 0.6. Among the analyzed 
settings, the best performance was obtained for 0.15 
which a power coefficient of 0.3161 for a tip speed 
ratio of 1.25. According to the authors, a space 
between the buckets permits the passage of air from 
the forward to return bucket, increasing the pressure 
of the back side of the concave bucket and reducing 
drag force on this part of the rotor. 

According to these studies, it is possible to 
analyze that the performance of Savonius rotors can 
be improved. It is also possible to observe a certain 
discrepancy between numerical and experimental 
results due the many differences found between the 
used methodologies. The aims of this work are to 
carry out a comparative analysis between the 
numerical and experimental forms in the performance 
of a two-stage turbine. Validating these numerical 
method will be possible to describe the behavior of 
turbines in real situations using CFD, to predict the 
open field behavior and uses this tool for 
optimization studies for different types of turbines. 
Experimental data are also published in details to 
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provide information for other researchers. 
Furthermore, it is possible to reduce the number of 
experimental tests, reducing manufacturing costs. 
 
METHODOLOGY 
 
Experimental Model 

 
To make possible a comparison of numerical 

and experimental tests, the Savonius turbine design is 
the same for both cases. The two-stage Savonius 
turbine is first created through a CAD software and 
after manufactured by 3D prototyping technique. The 
numerical simulations are performed with the 
geometry created by 3D CAD. 

Fig. 1 shows the dimensions of the Savonius 
turbine. The height (H) is 0.380 m, the rotor diameter 
(D) is 0.095 m and the thickness of the buckets is 
0.005 m, so that the maximum frontal area projected 
by the rotor is 0.0361 m², not requiring blockage 
effect correction as the cross-sectional area of the test 
section that has 1 m². The buckets overlap 
corresponding to 15%. Overlaps with values between 
10% and 30% of the chord give good results for the 
average power ratio in operation (Akwa et al., 
2012b). Table 1 describes all the parameters 
necessary for manufacturing. 
 

 
 

Figure 1. Two-stage Savonius rotor. 
 
Table 1. Chosen parameters for the turbine. 

Parameters Dimensions [m] 
t 0.005 
c 0.0513 
h1 0.1875 
h2 0.005 

 
The diameter of the end plates (dep) is 0.1045 m, 

and their thickness (t) is 0.0075 m. According to 

Akwa et al. (2012b), end plates improves the 
aerodynamic performance of the rotor, because its 
presence prevents air leakage in the concave part of 
the buckets to the external flow, while maintaining 
the differential pressure in the concave and convex 
parts of bucket. 

The aspect ratio adopted, given by the height of 
the rotor divided by its diameter, is 4.0. The use of 
high aspect ratios turbines tend to improve turbine 
efficiency (Alexander and Holownia, 1978). 
 
Numerical Methodology 

 
Numerical simulations of the Savonius rotor 

type are conducted in the commercial software 
ANSYS®/Fluent® using Finite Volumes Method. 
Finite Volumes Method uses the integral form of the 
conservation equations as its starting point (Ferziger 
and Peric, 2002). The solution domain is divided into 
a finite number of adjacent volumes control, and the 
conservation equations are applied to each volume 
control. An algebraic equation obtained for each 
volume control is solved iteratively [Patankar, 
(1980)]. 

The mass conservation equations and linear 
momentum are solved by the Reynolds Averaged 
Navier-Stokes (RANS) equations. Reynolds 
decomposition consisting in decomposes a scalar or 
vector variable in a medium temporal part and 
another as floating part (Wilcox, 1998). It is possible 
to make a replacement in the principle of mass 
conservation as 
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For a given notation, with Reynolds 

decomposition for speed and pressure by the 
momentum principle, the balance equation of 
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According to Wilcox, (1998), the Reynolds 

stress represents the reciprocal of rate of change of 
momentum due to the velocity fluctuations. Its 
presence in Reynolds equation generates a closure 
problem caused when there are more unknowns than 
equations. To solve this problem, turbulence models 
are used. For this paper, the turbulence model 
SST k-ω is used. The SST k-ω model is a combination 
between the k-ε and k-ω models. According to 
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Menter et al. (2003), the formulation is based on a 
blending of functions, which ensures a proper 
selection of the k-ω and k-ε zones without user 
iteraction. 

For the time step value in each case it is used 
the equation: 
 

o

t
ω

θπ
°

∆
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180
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Computational Domain 
 

The simulations with stationary turbine, which 
are used for obtaining the mesh quality study and the 
coefficients of static torque, are steady and three-
dimensional. The simulations with rotating turbine 
are transient, three-dimensional, with a characteristic 
length of 0.07 m and a turbulence intensity of 2%. 
For the case of the operating turbine, the simulation 
considers that the turbine performs three rotations 
and an angular displacement (Δθ) of 2.5º.  Table 2 
presents the TSR values with the respectively angular 
velocities and time step obtained for each case. 
 
Table 2. Angular velocities and time step parameters 
for each TSR value. 

TSR ωo [rad/s] Time step [s] 
0.2 32.0 0.0013635 

0.35 56.0 0.0007791 
0.5 80.0 0.0005454 

0.65 104.0 0.0004195 
0.8 128.0 0.0003408 
1.0 160.0 0.0002727 
 
Fig. 2 presented the computational domain and 

the boundary conditions. The length of the 
computational domain is 6 m and its cross area is 1 
m². The turbine is located downstream 2 m of the 
inlet region. This used computational domain is based 
on the aerodynamic tunnel dimensions used for the 
experimental tests. The interface region includes the 
simulated turbine located at the center horizontally 
and vertically in this region. Thus it is possible to 
impose an angular velocity in the turbine without 
changing the prescribed velocity inlet. The residuals 
used in the solutions are 10-4 for the steady 
simulations and 10-5 for transient simulations. 
 

 
 

Figure 2. Computational domain. 
 
The Reynolds number is calculated from: 

µ
ρ oDV

=Re  (6) 

 
For D being the rotor diameter and Vo the 

undisturbed flow velocity of 7.6 m/s, providing a 
Reynolds number of 49,640 for a temperature of 
15°C. 
 
Experimental Methodology 
 

Experimental tests are conducted in the open 
circuit aerodynamic tunnel at the Fluid Mechanics 
Laboratory of the Federal University of Rio Grande 
do Sul. To build the two-stage Savonius turbine is 
used the 3D printing method. 

With the support of the Information Technology 
Center Renato Archer, the model is produced in 
polyamide (nylon), a material that has good strength, 
by a laser printer – Fig. 1. Due to small imperfections 
in the printed form, it is conducted a post process 
with the application of rubbing compound, sanding 
and painting process. Fig. 3 (a) shows the turbine 
before and after the finishing process. Fig. 3 (b) 
shows the support for fixing the turbine in the 
aerodynamic tunnel. 
 

  
(a) (b) 

 
Figure 3. Savonius turbine model with two-stage: (a) 

printed model and (b) support. 
 
The support consists in a vertical wooden pole 

with two horizontal bars, one upper and one lower, 
which are cable-stayed at the top and bottom of the 
tunnel in order to reduce vibrations due to the flow. 
Each bar has a rolling bearing, a shaft attached to the 
bearing, and an attached disk in the shaft end. 
Between these two discs is that the turbine is located 
where the turbine is located. To reduce the 
interference flow in the turbine, the support bracket is 
attached on the side wall of the aerodynamic tunnel. 

The tests are conducted for an inlet velocity of 
7.6 m/s at the voltage source inverter set to 40 Hz. 
The inlet velocity is checked by a Pitot tube situated 
in the test section upstream of 0.5 m. After the 
velocity measurement is made the static torque 
measurement into a portable digital torque wrench 
Lutron, TQ-8800 model. The equipment is fixed at 
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the bottom of the turbine shaft. The maximum range 
is 147.1 N/cm, having a "High" resolution of 0.1 
N/cm, an accuracy range of ± 1.5% and a sampling 
rate of 0.125 s. The turbine rotation is measured with 
a digital photo-tachometer, model MDT 2244B. This 
instrument operates in a range of 2.5 ~ 99,999 rpm 
and has an accuracy of ± (0.05% + 1D). 

Due to the need for more results and the fact 
that a dynamic torque meter having a high cost, it has 
been proposed to manufacture a simplified dynamic 
torque wrench similar to that used in the literature 
(Kamoji et al., 2009; Anbarsooz, 2016). For the 
assembly of the system is necessary to a string, a 
digital balance, a pulley and different portions of 
weights. The operating principle is to create a contact 
between the string and the axis of the turbine. 
Attached to one end of the string is a digital balance, 
with 5 g resolution. On the other side, the string pass 
by a pulley and go down to an outside region of the 
aerodynamic tunnel where this tip will be placed 
loads to function as a brake. Each load is weighed 
before the test in a digital precision balance, with 0.1 
g resolution. With the rotor in operation, the rotation 
of the rotor will pull a load on the digital balance, and 
thus, the resultant force (F) on the shaft can be 
calculated by 
 

gmmF lbal )( −=  (7) 
 
Where mbal is the mass measured in the balance; 

ml is the mass of the load hanging on the string and g 
is the gravity. To determine the dynamic torque (T), a 
multiplication of the resultant force by the radius (r) 
of the shaft is made, the rotor radius is given by 
r = rsh + tst where rsh is the radius of the shaft with 
0.005 m and tst is the string thickness which has 
0.0022 m 
 

FrT =  (8) 
 
The angular velocity of the turbine (n) is 

measured by means of a photo tachometer for the 
determination of the tip speed ratio and the estimated 
power (P) as described 
 

TnP =  (9) 
 
In Fig. 4 a schematic picture of the photo 

tachometer and the system with the digital balance, 
the string and the load is displayed. 
 

 
 

Figure 4. Dynamic torque wrench scheme. 

Torque coefficient (CT) and power coefficient 
(CP) are determined by 
 

rAV

TC
o

T
2

2
1 ρ

=  
(10) 

  

λ
ρ

T

o

P C
AV

TnC ==
3

2
1  

(11) 

 
Where T is the torque [N.m], ρ is the air density 

[kg/m³], A is the turbine area [m²], Vo is the flow 
velocity [m/s], r is the radius of the turbine [m], and λ 
the tip speed ratio. 

A more accurate method for estimating the 
uncertainty of results was presented by (Kline and 
McClintock, 1953). His method is based on a detailed 
specification of the uncertainties of the different 
primary experimental measurements. Assuming a 
series of measurements is made and the uncertainty in 
each measurement can be expressed in the same 
form, one can then use them to calculate the 
uncertainty of the experiments (Holman, 2012). 
 
Mesh quality evaluation 

 
The mesh refinement of this paper is 

accomplished by the GCI method (Grid Convergence 
Index). The GCI is based on the generalized 
Richardson extrapolation involving comparison of 
discrete solutions in two different spacing meshes 
(Roache, 1994). 

The application of GCI method is performed for 
three tetrahedral meshes with different refinements. 
Each mesh has an interface region, which has 
tetrahedral volumes, and a region which is called 
aerodynamic tunnel domain. The aerodynamic tunnel 
domain is invariant to the three meshes composed of 
3,682,040 volumes. The area near the turbine 
interface region has a different refinement as Table 3. 

 
Table 3. Mesh refinement. 

Mesh Number of volumes in the 
rotor region 

Total number of 
volumes 

M1 6,078,091 9,760,131 
M2 3,892,177 7,574,217 
M3 2,405,627 6,087,667 

 
The results of the static torque coefficients for 

the three simulated meshes are shown in Table 4. 
 

Table 4. Results of static torque coefficient for each 
simulated mesh. 

Mesh Static Torque Coefficient 
M1 0.2400 
M2 0.2515 
M3 0.2791 
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With the results of the static torque coefficient 
of each mesh (Table 4) is possible to apply the GCI 
method. The found value for the estimation of an 
exact solution of the torque coefficient for the finest 
meshes (M1 and M2), the convergence rates for the 
meshes and the value of asymptotic convergence are 
found is in Table 5. 
 
Table 5. Application of the GCI method. 

Parameters Values 
CT,estimated 0.2345 

GCI12
 2.869% 

GCI23 8.414% 
Asymptotic convergence value 0.954 

 
The application of the method indicates that for 

values close to 1, the solution is within the range of 
asymptotic convergence. Based on the results shown 
in Table 4 it is possible to conclude that the solution 
is within the range of asymptotic convergence and the 
rotor static torque ratio is estimated to be 0.2345, 
with a margin of error of 2.869%. The mesh with the 
bigger refinement, with 9,760,131 volumes, is chosen 
for the work continuity. 
 
RESULTS AND DISCUSSION 

 
This chapter presents numerical and 

experimental results with an aim to comparing the 
two-stage Savonius turbine. Results of static torque 
coefficient and pressure fields with the static rotor, 
and tests for 5 different angular positions (Fig. 5) are 
presented. Also, are presented the results of dynamic 
torque coefficient and power coefficient with the 
turbine in motion. 
 

 
 

Figure 5. Turbine position during the static 
procedure. 

 
Results from static rotor 

 
For experimental measurements are considered 

the temperature inside the tunnel and the atmospheric 
pressure in the laboratory, being 24 °C and 754 
mmHg, respectively, resulting in an air density of 

1.17911 kg/m³. The velocity inlet is 7.6 m/s. After the 
measurements for each turbine, by the positions of 0º, 
30º, 45º, 60º and 90º, its can make an average of 
static torque and its respective static torque 
coefficient are obtained for this flow velocity. 

The experimental and numerical results are 
similar, where the experimental static CT ranged from 
0.2984 to 0.3673, however, due to uncertainties in 
experimental measurements, this difference can vary 
up to ±0.02806. In the numerical case, the variation is 
from 0.2624 to 0.3984. For this case there is a 
difference of maximum values, where for the 
experimental case the maximum static CT occurred 
for 60°, and for the numerical case the maximum 
value found is for 30°. This may be due to the 
numerical and experimental uncertainties. The 
maximum relative error is 12.65% but this difference 
can be varied due to measurement uncertainties. The 
results are shown in Table 6, and a dispersion of the 
points with the respective uncertainty of experimental 
measurements can also be seen in Fig. 6. It is also 
possible to visualize that the behavior of the different 
angles on the static CT is similar in experimental and 
numerical analysis. 
 
Table 6. Static torque coefficients. 

Angle Torque 
[N.m] CT (Exp.) CT 

(Num.) 
Relative 
error [%] 

0° 0.01733 0.2984 
±0.0236 0.2607 12.65 

30° 0.02067 0.3558 
±0.0273 0.3984 -11.97 

45° 0.02100 0.3616 
±0.0276 0.3478 3.80 

60° 0.02133 0.3673 
±0.0280 0.3526 4.00 

90° 0.01633 0.2812 
±0.0225 0.2624 6.69 

 

 
 

Figure 6. Static torque coefficient of the two-stage 
turbine for different angles. 

 
Fig. 7 shows the selected planes used for the 

analysis. 
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Figure 7. Selected planes for analysis. 
 
Fig. 8 shows the pressure fields of numerical 

simulation for 0° in the center position of each stage 
of the turbine region. The direction of flow from left 
to right is indicated. There is a large pressure 
differential in the concave and convex of the 
advancing bucket, due to the incidence of the flow 
making the rotor torque for this position dependent of 
the drag forces on the advancing bucket. In Fig. 9 it 
can be seen the plan with the flow velocity vectors 
with some recirculation points as the flow covers the 
buckets in concave sides and an adhered flow on the 
convex side of the buckets, due to the low pressure 
and consequently high speed. 
 

 
 

Figure 8. Pressure fields of the two-stage turbine for 
each stage. 

 
 

Figure 9. Velocity vectors of the two-stage turbine for 
each stage. 

 
 
Results with rotating rotor 
 

For the turbine rotation are shown the torque 
and power coefficients over a complete revolution of 
the turbine. Tests are performed to λ values of 0.2, 
0.35, 0.5, 0.65, 0.8 and 1.0, for numerical case, and 
0.2, 0.35, 0.5 and 0.65 for the experimental tests, 
where the values of λ vary with the angular velocity 
of the turbine. 
 
Experimental results 

 
Measurements are made for a flow of 7.6 m/s. 

In this measurement, the turbine model rotates at 
1,245 rpm, a value that is close to a tip speed ratio of 
0.8, as a consequence, it is possible to conduct 
measurement only for values of λ lower than 1.0, due 
to the measurement range of the torque wrench. For 
different loads, three measurements are performed, 
where results are shown in Table 7. The measured 
results show that the torque increases with the 
reduction of the λ value, generating a torque 
coefficient almost linear. The measured results 
showed that the torque decreases with the increase of 
the λ value, generating an almost linear torque 
coefficient. This increase of torque, however, creates 
a value of 0.117 ±0.00938 for the power coefficient, 
while in this measurement, its maximum value is 
found for λ of 0.657. The highest CT value is found 
for λ of 0.208, with a value of 0.299 ±0.02082, but 
with a power coefficient of 0.062 ±0.00470, 47.1% 
lower than the value obtained for a CP with a tip 
speed ratio of 0.657. 



Ciência/Science Kothe et al. Numerical and Experimental Study of a… 
 

Engenharia Térmica (Thermal Engineering), Vol. 18 • No. 2 • December 2019 • p. 52-61 59 
 

Table 7. Average values of the torque and power coefficients obtained in experimental measurements. 
λ Mbal [kg] ml [kg] n [rad/s] T [N.m] CT CP 

0.657 0.1633 0.0175 105.14 0.01030 0.177 ±0.01330 0.117 ±0.00938 
0.504 0.198 0.0253 80.70 0.01222 0.210 ±0.01527 0.106 ±0.00831 
0.347 0.2567 0.0378 55.47 0.01546 0.266 ±0.01875 0.092 ±0.00704 
0.208 0.295 0.0493 33.30 0.01735 0.299 ±0.02082 0.062 ±0.00470 

 
Numerical results 
 

The first results are presented regarding the 
torque curves for each simulation where they are 
determined according to the rotation angle of the 
turbine which ranges from 15° to 15°. From Fig. 10 
the torque is plotted for different values of λ. 
 

 
 

Figure 10. Variation of torque during one rotation of 
the two-stage turbine. 

 
Now, it can be seen similar behavior for all 

cases represented by an oscillatory movement where 
in a complete rotation always occur four maximum 
peaks of torque (for angles of 60º, 150º, 240º and 
330º), and, consequently, the torque coefficient. It 
can be seen in the graph that with decreasing tip 
speed ratio value, the oscillation of torque during a 
rotation becomes higher and may be one of the 
factors that difficult the measurements of 
experimental torque. 

Within the numerical solution is possible to 
obtain additional results to those obtained 
experimentally, where it is possible to analyze how 
the pressure profiles are formed on the buckets along 
the turbine rotation, and how these results are 
influenced by the pressure difference in the buckets. 
In addition to the pressure fields in the turbine, a 
velocity vector field is created in the central region of 
the turbine lower stage, where it is possible to 
understand the origin of the flow that reaches on 
turbines and how this flow behaves when passing 
through the turbines. Procedures like this make 
numerical simulations an interesting option for a 
better understanding of experimental results. 

A brief analysis is made for the maximum 

torque point for a cycle of rotation of the turbine, for 
a λ equal to 0.2, as can be seen in Fig. 11.  For an 
incidence angle of 60° it can be seen a substantially 
constant pressure throughout the lower bucket, while 
the return bucket receives greater pressure only 
partially. To the upper stage the interference of 
pressure is lower since the bucket is almost in a 
lateral position in relation to the angle of incidence of 
the flow. 

 

 
 

Figure 11. Velocity vector and pressure field for flow 
incidence of 60°. 

 
In Fig. 12 is shown a chart where it is possible 

to observe that, by maintaining the same tip speed 
ratio value, the torque behaves similarly in all cases. 
However, by reducing the flow velocity, torque 
oscillation and intensity are also reduced. 3.4. 
 

 
 

Figure 12. Variation of torque for a rotation of the 
two-stage turbine for different flow velocities with a λ 

of 0.65. 
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Experimental and numerical comparison 
 
Fig. 13 (a) shows a comparison of the dynamic 

torque coefficients obtained from simulations and 
experimental tests. As expected, it can be seen that 
for both cases, the higher λ value, the lowest is the 
value of the torque coefficient. The largest percentage 
difference between the experimental test and the 
numerical case is approximately 10.8% for a λ value 
of 0.5. This percentage difference is the difference 
between the values found in the numerical and 
experimental tests divided by the value found in the 
torque coefficient in the experimental test. 

Fig. 13 (b) shows the comparative of power 
coefficient for the experimental and numerical study. 
It is may be seen in this case that is a maximum of CP 
for the tip speed ratio of 0.65 where the value grows 
to this value and then decreasing again. The 
percentage difference for the CP curve is the same as 
the CT curve, where the greatest difference is also 
10.8% for a λ value of 0.5, with a variation in the 
values due to measurement uncertainties. 
 

 
(a) 

 

 
(b) 

 
Figure 13. Comparison of the performance 

coefficients: (a) dynamic torque and (b) power. 
 

The torque and power curves for numerical and 
experimental study are compared with the curves 

obtained experimentally by Kamoji et al. (2008) and 
simulated by Akwa et al. (2012a). 

Kamoji et al. (2008) conducted an experimental 
study on Savonius rotor with one, two and three 
stages. The two-stage rotor showed an aspect ratio of 
2.0 and an overlap of 15%. From experimental tests, 
it is possible to create a power coefficient graph (Fig. 
14(a)) for the two-stage turbine for different 
Reynolds numbers ranging from 48,900 to 97,800. In 
Fig. 14(b) may be seen a comparison performed on 
the trend of the torque coefficient behavior obtained 
for different tip speed ratios of a 2D Savonius turbine 
wherein has different values of overlap ratio (Akwa 
et al., 2012a). However, due to its larger dimension, 
the Reynolds number is also simulated upper, being 
433,500. 
 

 
(a) 

 

 
(b) 

 
Figure 14. (a) power coefficient and (b) torque 

coefficient comparisons. 
 
CONCLUSIONS 

 
In this paper, it is possible to make a 

comparative analysis of numerical and experimental 
studies of a two-stage Savonius turbine manufactured 
by 3D prototyping method. The construction of the 
turbine is facilitated due to the fact that by 3D 
printing it is possible to create models with high 
complexity. It is also important for comparative 
studies, due to the necessity to generate models while 
maintaining the same dimensions and material only 
modifying its aerodynamic shape. 

The experimental results were as expected. As 
there was no influence of the blockage effect, no 
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corrections were necessary for the obtained values. 
The maximum value obtained for the torque 
coefficient was 0.3 for a λ value of 0.2. The 
maximum power coefficient was 0.114 for a λ of 
0.65. However, due to the measurement uncertainties, 
these values can vary up to ±0.0208 for the maximum 
CT and ±0.0093 for the maximum CP values. 

The result of the experimental tests and 
numerical simulations comparison is satisfactory. As 
can be seen, the percentage differences between the 
results for the power coefficient and the dynamic 
torque coefficient curves are in the order of 3.8% to 
13.4%. These differences may be related to the 
equipment and measurement uncertainties and also 
by numerical errors as inherent to the model used and 
rounding errors that produce approximate solutions. 
The used method for assessing the mesh quality, GCI, 
is significant in choosing the most appropriate mesh 
and quantification of the intrinsic error in using it. 
The experimental and numerical comparison showed 
that was possible to prove a good efficiency of the 
simplified dynamic torque wrench that was used. 

The obtained numerical and experimental 
results increase the knowledge on the performance of 
Savonius wind turbines, showing the importance of 
the numerical methodology in this type of research, 
being also useful for future evaluation of actual 
turbines on site conditions. 
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