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Abstract
Due to the increasing scarcity of traditional energy, the development of renewable energy is becoming increasingly vital.
Wind power has been used for thousands of years as a source of energy. As there is a demand for sustainable energy
sources, wind turbine power generating is becoming a realistic option. However, due to variances in wind speeds across
the globe, it is dragged into wind energy's limited applications. For this reason, constructive improvements in wind
turbines increase power generation capacity in certain conditions and maintain competitiveness with other energy
resources. Therefore, modern commercial wind turbines have low power generation efficiency at low wind speeds.
Therefore, this study aims to analyze small vertical axis wind turbines suitable for practical applications. Analyzing the
airfoil profile used in the rotor structure is a prerequisite for maximizing performance from the wind turbine under given
conditions. To this end, we examined various wings with low Reynolds numbers and compared lift-drag ratios and
angles of attack. An airfoil with a high lift-to-drag ratio was chosen for the construction of the wind turbine. Rotor design
and analysis are performed by the Double Multiple Stream Tube (DMS) theory integrated into Blade. The rotor consists
of three blades with a blade length of 3 m. The results show that as the TSR increases, the output increases, maximizing
at different wind speeds when the TSR is 1 to 7. Further increases in TSR will result in poor performance as the rotor
begins to act as a fixed disk due to the faster blade speed. Still, when the TSR is low, the rotor blades rotate slowly and
most of the wind flows through the rotor blades without transferring energy to the wind turbine, so the rotor does not
consume much power.
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1.

Introduction

Sufficient and affordable energy availability is necessary for all living things in all areas of life. The world's
population is increasing day by day, and energy demand is increasing accordingly. [1]. Limitations to Energy
generation, supply compel and effect on Environment Nonrenewable energy resources (fossil fuels) do not fill up the
conditions. On the contrary, Renewable energy resources are more reliable, more stable, and have very less effect on
climate change, due to which in the last decade they are primary options for energy generation [2]. Renewable
energies provide not only zero-emission energy but also preserve human life on earth. A rapid addition to renewable
power generation lowers the graph of nonrenewable as well as retirements of fossil fuels for the production of
electricity [3].
1.1.

Wind Energy

The use of wind as an energy source begins in ancient times. In the past, the wind was used for many purposes such as
grain crushing, water pumping, and transportation (sailing). [4].From windmills to wind turbines the design and
applications are changed accordingly but the aim is the same “to extract power from the wind”. Here is the list of
advantages of wind energy that make superior it to other energy production:
•
•
•

Carbon dioxide emissions are extremely low.
There is no pollution of the air or water.
As fossil fuel prices rise and wind technology matures, wind energy pricing will become more competitive.
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•
•

Completely reversible.
Turbines may be used in practically any place in the world where there is consistent wind. [5].

1.2.

Wind Turbine

There are two types of wind turbines, the vertical axis wind turbine and the horizontal axis wind turbine VAWT are the
earlier machines than HAWT. A vertical axis wind turbine is a wind turbine whose axis of rotation is perpendicular to
the ground. The average size of VAWT is 100 feet tall and 50 feet wide [6]. The profile of the blades of wind turbines
is the same as airplane wings have. The shape and dimension of the blade are determined by its aerodynamic
performance and by the strength required to resist the forces that act on it. The blades utilize the same lift principle.
Blades play a crucial role in the efficiency of the turbine [7]. The analysis of the design and installation of the wind
turbine is too complicated but due to FEA (finite element analysis) software, the design of the wind turbine is much
easier than the later methods and also cheaper. Different studies that are taken into account of designing a small VAWT
using different techniques, especially using QBlade are also discussed briefly.
1.2.1. Wind Turbine Design
Pechlivanoglou used the QBlade to extrapolate the increase in wing lift measured in the wind tunnel to the increase in
annual energy production of the 1.5 MW turbine [8]. Soland performed an analysis of the outer rotor blade section under
the influence of the surface roughness of a virtual 7.0 MW wind turbine [9]. Weinzierl has extended the QBlade function
to enable parameterized investigation of actively controlled trailing edge flaps, reducing the load on wind turbines [10].
MuellerVahl used QBlade software to test the potential performance gains of the vortex generator mounted on the
VAWT blade in Experiment 45 Predict [11]. The blades are designed for small wind turbines and the E387 wing has
been found to perform best among simulated wings [12]. Amani I. Altimimi et al. presented research work on the design
for vertical axis wind turbine (VAWT) using Qblade, their outcomes showed that by using Qblade accurate results can
be achieved [13]. Rahul Vasantrao Deshmukh, Prof. R.L Karwande, and Prof. M.D. Irfan worked for a small vertical
axis wind turbine at a slow speed and worked for NACA 4412 and NACA 63415 for analysis. The analyzed results
showed that Parameters such as angle of attack, twist angle, tip velocity ratio (TSR), and chord length can affect the
efficiency of wind turbines [14]. Mustafa Alaska, Oday Abdullah, and Mahir H. Majeed carried out the research work
for Horizontal Axis Small Wind Turbine Blade Behavior and Performance by using Qblade software. The SG6043
profile was used for 10 different sections with a blade length of 1.17 m. The results obtained are with high accuracy,
QBlade software has been proven to reliably analyze wind blades [15]. Dhurpate et al. investigated the performance of
the rotor blades of a small wind turbine (horizontal axis). Using different types of wings, wind turbines were assumed
to operate at low wind speeds and low winds Reynolds number value (5 x 105). A single wing with a full blade span
was considered. The rotor diameter is 2m and it consists of 3 blades. Four types of airfoils (DU86084, E387, and
SD2030) were selected to build the blade model, with a tip velocity ratio of 7. It can be concluded that the E387 profile
has the best performance of all the simulated profiles [16]. A multi-parameter BEM simulation is run on QBlade to plot
CP and power For micro (less than 1 KW) wind turbine blade design and optimization speed ratios nominal wind speed
8.4m / s. The SG6043 airfoil was selected because it has a maximum lift coefficient of 1.63. A 1.2m long blade
simulation was also performed using the QBlade software [17].
QBlade is one of the designing tools to facilitate research on wind turbines worldwide, QBlade uses the Double Multiple
stream tube (DMS) method for the numerical simulation of vertical axis wind turbines and it is integrated with the
XFOIL airfoil design and analysis. QBlade software is used by many researchers in various projects.
The motive of this research is first to design a small vertical axis wind turbine by selecting a better airfoil that produces
maximum lift to drag ratio at low wind conditions, proper rotor diameter, and optimized blade shape. Afterward, the
performance of the designed turbine is analyzed by considering several parameters.
2.

Methodology

2.1.

Selection of Airfoil

A wind turbine blade consists of a cross-section of airfoils, which generate lift under pressure difference. The selection
of airfoils for the rotor is a very important factor so that the blade can be more efficient for the Efficiency of the wind
turbine. In this work, the selection of airfoils is undertaken by considering the following conditions:
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•
Vertical axis wind turbine
•
Low wind speeds
•
Low Reynolds number
Thus, 60 airfoils are selected of the various designated families from the UIUC (the University of Illinois at Urbana–
Champaign) database and QBlade directory (NACA airfoils only). NACA airfoils of series 4 and 5 are saved in the
database of the software. Thus, 60 airfoils are selected of the various designated families from the UIUC (the University
of Illinois at Urbana–Champaign) database and QBlade directory (NACA airfoils only). NACA airfoils of series 4 and
5 are saved in the database of the software. The analysis converges only to a limited range of angle-of-attack values, so
it appears in the menu bar and the analysis is complete. Whereas 4 different simulations are performed for the selection
of the airfoil that yields a high lift to drag ratio. In each simulation, 7 different airfoils are used.

Fig 01: XFOIL Analysis of Airfoils

The analysis is undertaken by considering to following conditions that are related to low wind conditions.
Table 01: Specification of the blade

2.2.

Parameters
Reynolds Number

Specification
80000

Angle of attack

0 to 10

Design Specifications

The design of the rotor of the turbine is well defined by DMS theory which is described in previous sections, as DMS
is integrated into QBlade. Thus, all the simulated results of QBlade related to turbine are based on the theory but in the
beginning, several variables need to be determined for the appropriate design of the rotor. These are the length of the
blade, the number of blades, and other important variables that affect the efficiency of the turbine. For the designing of
a small wind turbine, we first take the hub diameter of 0.2m, afterwards, the suitable length of the blade and right
selection of the number of blades are analyzed in upcoming
The turbine rotor design is probably the most mathematical element of the overall turbine design. The rotor uses the
aerodynamic lift to provide torque, which in turn inputs torque to the transmission. Many different standardized wing
profiles have different cross-sectional profiles and can best be characterized by curvature, thickness, and chord length.
The blade design used in this project is based on the DMS and Beltz equations to find the ideal rotor blade shape. For
the application of DMS, the blade length is divided into N number of sections to apply two-dimensional airfoil theory.
While DMS is implemented in QBlade, thus the blade span is divided into 10 elements.
Performance analysis of the airfoils and the rotor will be done by using QBlade software. First, the proper airfoil will
be selected and after that, with that airfoil, the blade will be designed under the proper specifications finally, for the
analysis, we will use the DMS simulation on Qblade.
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Table 02: Blade elemental parameters along the span
S.No.

Height (m)

Chord Length (m)

Radius (m)

Twist

Circular Angle

Pitch Axis (º)

Foil

1

0.00

0.2

0.2

0

0

0.5

BW-3

2

0.5

0.2

0.2

0

0

0.5

BW-3

3

1

0.2

0.2

0

0

0.5

BW-3

4

1.5

0.2

0.2

0

0

0.5

BW-3

5

2.0

0.2

0.2

0

0

0.5

BW-3

6

2.5

0.2

0.2

0

0

0.5

BW-3

7

3.0

0.2

0.2

0

0

0.5

BW-3

8

3.5

0.2

0.2

0

0

0.5

BW-3

9

4.0

0.2

0.2

0

0

0.5

BW-3

10

4.5

0.2

0.2

0

0

0.5

BW-3

11

5.0

0.2

0.2

0

0

0.5

BW-3

Fig 02: Design view of the blade

3.

Fig 03: Design view of the blade

Results

For the best efficiency, the optimum angle of attack α occurs when CL/CD is maximum. As our motive is to increase the
power of the turbine, so maximum the CL/CD ratio, maximum will the power output. For this reason, the comparison is
done for CL/CD versus angle of attack (α). As it can be observed, from the following FIGUREs the maximum C L/CD of
different airfoils occurred at a different angle of attack.
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Fig 04: Lift-to-drag ratio versus angle of attack for airfoils NACA 1408, NACA 1412, NACA 2408, NACA 2414, NACCA2415, NACA 4414,
NACA 6416

Fig 05: Lift-to-drag ratio versus angle of attack for airfoils NACA 0010, NACA 0012, NACA 0015, NACA 0018, NACA 0021, NACA 0024,
NACA 0025.
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Fig:06 Lift-to-drag ratio versus angle of attack for airfoils AG12 AG16, AG24 Bubbly dancer, AG35, AG37, AG38, AG44ct-02f

Fig 07: Lift-to-drag ratio versus angle of attack for airfoil AH93-W-145, SG6040, SG6041, SG6042, SG6043, SG6050, SG6051
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Fig 08: Lift-to-drag ratio versus angle of attack for airfoil AH93—W—174, AH93-W-215, AH93W-257, AH93-W-300, AH93-W-480B,
AH94-W-301, BERGY BW-3

Fig 09: Lift-to-drag ratio versus angle of attack for airfoilsFX77-W-121, FX77-W-270, FX77-W-270S, MH104, MH108, MH110, USNPS4,
WORTMANN FX77-W-153, WORTMANN FX77-W-258, WORTMANN FX777-W-343.
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Fig 10: Lift to drag ratio versus angle of attack for airfoils AG24 Bubbly Dancer, Bergey BW-3, FX 77-W-270S, FX84-W-097, FX84-W-127,
NACCA 0015, NACCA 2408, and SG6043.

From the above figures (Fig 04 to Fig 11) different airfoil sections have been analyzed. In figure 04 compared to the
other 6 airfoils, NACA 2408 yields the highest CL/CD at AoA of 5.5o. In Figure 05 compared to the other 6 airfoils
airfoil NACA 0015 gives the maximum CL/CD at AoA of 6º. In Figure 06 compared to other airfoils airfoil AG24
Bubbly dancer gives the highest CL/CD at AoA of 5.5º. Figure 07 explains the comparison of different airfoils, where
SG6043 yields the highest CL/CD at AoA of 7.5º. Figure 08 explains the comparison of airfoils where BERGY BW-3
yields the highest CL/CD at AoA of 4.5º. Figure 09 represents the comparative study of different airfoils in which airfoil
FX84-W-097 yields the highest CL/CD at AoA of 7.5º. Figure 10 explains the comparative study of the different airfoil
in which Now for the best airfoil among all FIGURE 4.9 explain the comparison of airfoils AG24 BUBBLY DANCER,
BERGY BW-3, FX77-W-270S, FX84-W-097, FX84-W-127, NACCA 0015, NACCA 2408, SG6043 from which
BERGY BW-3 finally gives the 57 maximum CL/CD at low AoA at 4.5. As it can be observed from the FIGUREs that
all the selected airfoils have maximum CL/CD at low AoA, this suggests the construction of blade with ease and lowcost construction. The characteristics of airfoils yielding higher CL/CD are summarized in Table 03.
Airfoil
AG-24
BERGEY BW-3
USNPS4
FX-84-W-097
FX-84-W-127
NACCA 0015
NACCA 2408
SG6043

Table 03: Comparison of Characteristics of airfoil yielding high lift to drag ratio.
Maximum Thickness (% of
Maximum Camber (% of
(CL/CD) max.
the chord)
the chord)
8.41
2.22
46
5.02
11.94
9.74
12.75
15.00
8.00
10.00

5.79
5.02
2.82
3.74
0.00
2.00
5.00

60.84
48.13
49.8
45.8
33.41
47.8
56.9

The angle of Attack (°) at
(CL/CD) max.
5.5
4.5
4.5
7.5
9.5
6
5.5
7.5

From the table, it is obvious that BERGEY BW-3 offers the maximum lift-to-drag ratio (CL/CD) of 60.81. For the best
performance, the optimum angle of attack occurs at maximum C L/CD. The higher the CL/CD ratio, Turbine power is
highly dependent on lift and drag, resulting in higher turbine power. While, compared to all airfoils taken into
consideration here, airfoil BERGEY BW-3 yielded higher CL/CD, thus considered for blade design.
As in the previous subsection the airfoils were tested only limited range of angle of attack, thus it is necessary to
extrapolate the limited experimental data to obtain the data for the full range 360° angle of attack of the whole range of
angle of attack. QBlade uses two methods for extrapolation which are Viterna and Montgomerie methods. The selected
airfoil (BW-3) is extrapolated as shown in the FIGURE using the Viterna method, which is often used by the industries.
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Fig 11: 3600 Extrapolation of the airfoil BERGY BW-3

In this section, a circular foil is also generated. The circular foil is used at the root section, for giving sufficient support
to the blade, providing a better joint with the hub. The power vs wind velocity graphs of the rotors is shown. The
calculations are taken at low wind speed regimes of 1m/s to 7m/s. It can be seen that the theoretical results and simulated
results of QBlade are in accord with each other.
The Rotor Simulation Submodel
The designed rotor having a blade length of 5m, 3-bladed, and having airfoil Bergey BW-3 is analyzed. Performance
analysis of the small VAWT was performed using the well-licensed software QBlade. QBlade has the integration with
double multiple stream (DMS) tube theory, which calculates the wind turbine performance. In the rotor simulation
submodule, the user can commit rotor blade simulations over a range of tip speed ratios. A rotor simulation can only be
defined when at least one rotor blade is present in the runtime database. When defining a rotor simulation, the user has
to select the desired corrections to the DMS algorithm and the simulation parameters. Once a simulation is defined, the
user can select arrange of λvalues (tip speed ratios), and the incremental step for the simulation. A rotor simulation is
always dimensionless. The free stream velocity is assumed to be unity and the rotor radius and height are normalized
for the computation. This means that you cannot calculate the power curve or load curve during the rotor simulation.

Fig 13: The Rotor Simulation Sub Model
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Multi-Parameter DMS Simulation
QBlade simulation based on the formulation and procedures described in the preceding subsection is developed. By
considering low wind speeds the computations are performed. Various computation results of Power variation.

Fig 13:
Fig 14: Power versus Tip speed ratio

Fig 15: Torque variation concerning wind speed

The efficiency of the system first increases to the maximum and then decreases as the peak speed ratio increases. From
FIGURE 17and FIGURE 18 that the turbine has the maximum power output at a wind speed of 7m/s, TSR of 1 to 2,
and the rotational speed of 300 rpm. Further increment in TSR and rotational speed drop the power curve. Based on this
value the TSR for the turbine is set 1.2 when operating in a 7 m/s wind producing a maximum output power of 120 W.
We can observe the phenomena from FIGURE 17 & in FIGURE 18, various low wind speeds regimes are set and the
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torque variation is shown. By looking closely to FIGURE 17 and FIGURE 18 we can state that the maximum power
output and maximum torque of the turbine are the same at a rotational speed of 300 rpm at a wind speed of 8m/s,
afterward more increasing of rotational speed causes to loss of torque as well as power output.
Turbine DMS Simulation
QBlade enables the number of simulation parameters and results. The designed turbine was simulated in QBlade by
considering the turbine as stall base, cut in velocity, and cut out velocity was set as 2m/s and 25m/s respectively. The
different results of the rotor as well as of the turbine are discussed below.

Fig 16: Relation of Wind Velocity with Power

From the above result, we can see that the power is directly proportional to the wind speed as the wind speed increases
the power of the turbine increases. According to the result, the turbine design will give an annual yield power of
120KWH.
Non-Linear Lifting Line Simulation
Recently, QBlade has implemented a non-linear wake turbulence algorithm with a free lever line. LLT is a very common
simulation method, and both HAWT and VAWTROTORS can be modeled with almost the same formulation. The
results of this simulation are shown below. According to the LLT simulation the average power is calculated is 0.21
KW.

Fig 17: Qllt Simulation
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4.
•
•
•
•

Conclusion
A small vertical axis wind turbine has been designed and analyzed using Qblade software.
For the selection of airfoil, 60 different airfoils have been analyzed at a low Reynolds number. The investigation
of the airfoils is based on the lift to drag ratio. The airfoil Bergey BW-3 yielding a high lift to drag ratio has been
selected for the blade design. A three-bladed H- type rotor has been designed.
Wind speed is selected in the limits between 1m/s to 7m/s and rotational speed is set from 50rpm t0 300rpm
The average power from lifting line simulation (LLT) using Qblade is obtained as 0.213kw. It is also observed
that high power is obtained at 300 pm.
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