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Abstract—The installed capacity of wind energy around the
world using big horizontal-axis wind turbines (HAWT) has grown
substantially in the last two decades. Likewise, research and
development of vertical-axis wind turbines (VAWT) for small
power applications has been increased during the last seven years.
This paper presents the performance analysis related to the power
output of a micro VAWT with three blades in helicoidal form,
based on computacional fluids dynamics simulation (CFD), using
Ansys Fluentr. In the analysis, several parameters related to
the aerodynamic performance were varied, keeping constant the
sweeping area. To compare results, a mathematical model was
created in Matlabr, using the double-multiple streamtube method
(DMST), which considers variations in relative wind speed
through the wind turbine. Results from both, CFD simulation
and DMST model, applied to the micro turbine are presented.

Index terms—Vertical-axis wind turbine; Helical form; Dar-
rieus; Double-multiple streamtube.

I. INTRODUCCIÓN

The anthropogenic contribution to the global warming, due
to the use and energy production, is nowadays one of the
most important environmental issues [1]. The greenhouse gas
emission, like CO2, NOx and methane have been related to
the global warming. The anthropogenic CO2 emissions are
mainly due to the fossil fuel use for power production [2].

The renewable sources are a technological solution to re-
duce the use of fossil fuels for power production. Wind energy
has been one of the most developed renewable source around
the world, reaching competitive costs per kWh generated in
big HAWTs, compared to those in fossil fuel-based plants. By
June 2014, the world installed wind power capacity was of
336,327 MW , where China, USA, Germany, Spain, and India
account for 72% of the total [3].

Small wind turbines (SWT) may have either vertical or hor-
izontal axis. Although there is not a unique definition for SWT,
the International Electrotechnical Commission (IEC) defines it
as a turbine having a rotor swept area of less than 200 m2,
equating to a rated power of approximately 50 kW , generating
at a voltage below 1,000 V ac or 1,500 V dc. However, several
countries have their own definition of SWT. The discrepancy
of the upper capacity limit of SWT ranges between 15 kW to
100 kW for the five largest small wind countries. The HAWT
technology has dominated the market for over 30 years. Based
on the study of 327 SWT manufacturers at the end of 2011,
74% invested in the horizontal axis orientation, 18% adopted
the vertical design, and 6% worked with both technologies [4].

Most of the small vertical-axis wind turbines (SVAWTs)
have been developed in the last seven years, mainly for
stand-alone applications, and their market share still remains
relatively small. The average rated capacity of SVAWTs is
estimated to be 7.4 kW with a median rated capacity of
2.5 kW . In comparison with the traditional horizontal axis
orientation, the average and median rated capacity are much
smaller [4]. The rated capacity of SVAWTs below 1 kW
may be considered as micro vertical-axis wind turbines (micro
VAWT). The inclusion of computational fluid dynamics (CFD)
into wind energy technology has facilitated the design of new
prototypes of wind turbines.

In this paper, it is presented the analysis of a micro VAWT
with helical form in their blades, based on a mathematical
model, and validated with CFD.

II. BACKGROUND

A. Darrieus-type VAWT

The Darrieus-type VAWT was patented by George Jeans
Mary Darrieus in 1925 in France, and in 1931 in the United
States. Both patents covered two main configurations, curved
and straight blades, as shown in Fig. 1. The Darrieus-type
VAWT is a lift force driven wind turbine with two or more
aerofoil-shaped blades attached to a rotating vertical shaft. The
wind blowing over the aerofoil contours of the blade creates
aerodynamic lift that actually pulls the blades along [5].

To improve the performance of the Darrieus-type turbine,
various modifications have been proposed over the time. Fig. 2
shows the development of the Darrieus wind turbine, according
to Tjiu [6]. The main variations on turbine with curved
blades, known as phi-rotor or egg-beater, are the guy-wired,

Fig. 1. Curved and straight-blades configurations of Darrieus VAWT [6].
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Fig. 2. Time line of the Darrieus-type vertical-axis wind turbine [6].

Fig. 3. Projection of helical turbine blades on a vertical plane [6].

the fixed-on tower, and the cantilevered versions. Similarly,
the variations on straight blades configurations are known as
diamond, V/Y, delta (∆) and Musgrove-rotor.

B. Gorlov or helical turbine

The Gorlov or helical turbine was proposed in 1995 by
A.M. Gorlov, at the Northeastern University, in Boston, USA,
introducing twisting to the blades of the straight-blade VAWT
along the perimeter to get helicoidal shape.The main purpose
was to improve torque distribution and to reduce fatigue and
noise. Fig. 3 shows a projection of the blades on a vertical
plane. The inclination angle of the blades is expressed in (1),
where N is the amount of blades, H is the rotor height, and
D is the turbine diameter [7]-[9].

φ = tan−1
(
NH

πD

)
(1)

C. Extracted power of wind turbines

The thrust force, FT , the torque, Tt, and the power deliv-
ered, Pt, in a wind turbine, are expressed in terms of thrust,

torque, and power coefficients respectively, CT , CQ, and CP ,
as shown in (2)-(4) [10].

FT =
1

2
ρ V 2
∞ A CT (λ, β) (2)

Tt =
1

2
ρ V 2
∞ A CQ(λ, β) (3)

Pt =
1

2
ρ V 3
∞ A CP (λ, β) (4)

where:
V∞ = apparent wind speed, in m/s.
ρ = air density, in kg/m3.
A = HD = swept area, in m2.
β = inclination angle, in degrees.
λ = tip speed ratio.

The average torque, Tt, of a wind turbine is the arithmetic
mean of one revolution, expressed in (5), where θ is the
azimuth angle [10]. The power delivered by the turbine, Pt, is
defined by (6), where ω is the rotational speed in rad/s.

Tt =
1

2π

∫ 2π

0

Tt(θ) dθ (5)

Pt = ω Tt N (6)

Tip-speed-ratio (TSR) or λ, is an important parameter
defined as the ratio of the speed of the blade tip and the wind
speed, both in m/s, expressed in (7), where R is the radius of
the turbine, in m. Solidity, σ, is defined as the ratio between
the length of the blade chord and the radius of the turbine,
expressed in (8), where K is the blade chord, in m [11].

λ =
ω R

V∞
(7)

σ =
N K

R
(8)

D. Mathematical model of the proposed micro turbine

There are several mathematical models proposed in liter-
ature to calculate the aerodynamic performance of VAWTs,
highlighting the single streamtube model (SST), the multiple
streamtube model (MST) and the double-multiple streamtube
model (DMST) [12]-[14]. This paper used the DMST model
to analyze the micro turbine performance.

E. Double-multiple streamtube model

The double-multiple streamtube model was introduced in
1981 by Paraschivoiu [15] to predict the performance of a
Darrieus wind turbine. In the model, the turbine is represented
by a pair of actuator disks in tandem at each level of the rotor.
The concept of the two actuator discs in tandem for a Darrieus
wind turbine was originally given by Lapin [16].

The different induced velocities are considered at the
upstream and downstream haves of the rotor swept volume.
The flow through the turbine is divided into a large number of
streamtubes, each one having aerodynamic independence. The
freestream speed is obtained with (9) [12]-[17].
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(a) Plant View.

(b) Rotor element replaced by two actuador disks in
tandem.

Fig. 4. Schematics of the DMST model (CARDAA code) [17].

V∞i
V∞

=

(
Zi
ZEQ

)αW
(9)

where:
V∞i = local freestream wind speed, vertical direction, in m/s,
V∞ = freestream wind speed, in m/s.
Zi = local turbine height, in m.
ZEQ = local turbine height at the equator, in m.
αW = atmospheric wind shear exponent.

The flow in each streamtube interacts in both actuators
disks; the first disk includes the upwind half of the surface
swept by the rotor (−π/2 6 θ 6 π/2) and the second disc
includes the downwind half (π/2 6 θ 6 3π/2), as shown in
Fig. 4. As a result, the induced velocity decreases on both
discs, which better approximates the model.

Throughout the multiple columns, it can be assumed five
different speeds. Taking V∞ as a reference, the local ambient
wind speed, V , seen by the turbine is obtained by multiplying
the freestream wind speed by an interference factor u. This is
done in both actuators discs, as expressed in (10)-(13) [12]-
[17].

V = uV∞i
(10)

Ve = (2u− 1)V∞i (11)
V ′ = u′Ve = u′(2u− 1)V∞i

(12)
V ′′ = (2u− 1)(2u′ − 1)V∞i

(13)

where:
Ve = induced equilibrium velocity, in m/s.
V ′, V ′′ = upwind and downwind induced velocities, in m/s.
u, u′ = upwind and downwind interference factors.

The local relative wind speed, W , in the first half of the
rotor, and the angle of attack, α, are given by (14) and (15).
Their corresponding values in the second half of the rotor, W ′,
and α′, are represented as a function of λ′ as in (14) and (15)
[10]-[11].

W 2 = V 2
[
(λ− sin(θ))

2
+ cos2(θ) cos(δ)

]
(14)

α = sin−1

 cos(θ) cos(δ)√
(λ− sin(θ))

2
+ cos2(θ) cos(δ)

 (15)

The coefficients for normal and tangential forces, CN and
CT , are expressed in (16) and (17) [12]-[13]. The lift and
drag coefficients, CL and CD, are obtained from to the angle
of attack and Reynolds number for a given airfoil.

CN = CL cos(α) + CD sin(α) (16)

CT = CL sin(α)− CD cos(α) (17)

The average torque coefficients in both zones are obtained
with (18) and (19) [12]-[13]. The turbine power coefficient,
CP , is the sum of power in both discs, expressed in (20).

CQ =
NKh

2πA

∫ π
2

−π2

∫ 1

−1
CT

(
W

V∞

)2
η

cos δ
dζ dθ (18)

C ′Q =
NKh

2πA

∫ 3π
2

π
2

∫ 1

−1
CT

(
W ′

V∞

)2
η

cos δ
dζ dθ (19)

CP =
(
CQ + C ′Q

)
λ (20)

where:
δ = angle between the blade normal and the equatorial plane,
in degrees.
θ = azimuthal angle, in degrees.
η = r/R. R is the rotor radius at the equator, and r is the
local rotor radius, both in m.
ζ = z/h. z is local turbine height, and h is the half height of
the rotor, both in m.

F. Computational fluids dynamic (CFD)

Navier-Stokes equations, given in (21)-(23), express the
principles of conservation of mass, movement quantity and
energy of any fluid in partial differential equations form. These
equations are used in commercial fluid dynamics software,
replacing a problem defined in continuos domain by one in
discrete domain from a given mesh [19]-[20].

∂ρ

∂t
+∇ · (ρ~v) = 0 (21)

ρ
∂~v

∂t
+ ρ(~v · ∇)~v = −∇p+ ρ~g +∇ · τij (22)

ρ
∂E

∂t
+ ρ∇ · (~vE) = ∇ · (k∇T ) + ρ~g +

+∇ · (−→σ · ~v) + Ẇf + q̇H (23)

where:
ρ = fluid density, in kg/m3,
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~v = velocity vector, in m/s,
t = time, in s,
~g = gravitational vector, in m/s2,
τij = Reynolds stress,
p = fluid pressure, in Pa,
E = activation energy, in kJ/mol,
k = thermal conductivity coefficient, in W/(m oK),−→σ = stress tensor,
Wf = fluid power, in watts,
qH = heat exchanged by mass unit, in joules.

1) Turbulence model: In CFD simulation, the turbulence is
considered with different approaches. The k-omega model (kω)
is one of the most appropriate method in analysis of turbulent
flow for low Reynolds numbers, and it presents different sub-
models to include effects of compressibility and shear stresses
correction. The shear stress transport model (SST) (kω) is
widely used in simulation of wind turbines because it produces
more accurate and reliable results [18]-[19].

III. STUDY CASE

The performance analysis was applied on a micro VAWT
with blades in helical shape, assuming a rated output power
of 450 W at a wind speed of 7.5 m/s. The air density was
considered at sea level (ρ = 1.225 kg/m3), assuming a CP =
0.3. The estimated swept area of the turbine was 5.8 m2.

A. Applying the DMST model

Based on the literature, it was developed a Matlabr code
to calculate the turbine power coefficient, and applied to the
study case [13]. The results were later compared to the results
obtained in an experimental model performed by Castelli [20],
similar to the proposed one.

To select the appropriate design parameters for the turbine,
a numerical optimization of each parameter was carried out at
constant swept area, so the variation of the power coefficient
for each case could be tested, as a function of the tip speed
ratio.

B. Applying computational fluids dynamic simulation

The computational fluid dynamic simulations were per-
formed on the Fluent ANSYS Inc.r software package, for
different solidity values (chord and number of blades) to
determine its aerodynamic performance. The simulations were
performed taking different values of tip speed ratio, to obtain
the velocity and pressure fields and, therefore, the aerodynamic
forces and moments. With all this, it was possible to generate
CP curves as a function of λ.

As helical-type turbine is a variation of the H-type turbine,
two-dimensional simulations were performed on the H-type
turbine to find its optimal design parameters, and then applied
torsion to the blades for achieving the helicoidal turbine model.
Three-dimensional simulation was necessarily performed later
on helical-type turbine due to the shape.

Mohamed [18] performed computer simulations on 20
symmetric and asymmetric aerodynamic profiles of a Darrieus-
type, straight-blades, vertical turbine, showing that symmet-
rical profiles have better performance, unlike blades profiles

Fig. 5. Geometry used for the computational fluid dynamic simulation.

TABLE I. MESH CHARACTERISTICS

Parameter Value
Mesh quality Fine
Curvature normal angle 18o

Smoothing High
Proximity accuracy 0.5
Number of cells across gap 3
Minimum size 4.67× 10−3 m
Maximum size 0.9347 m
Growth rate 1.2

of horizontal axis turbines. For the study case, it was chosen
the symmetric S-1046 profile. All simulations were performed
considering both, rotary and static domain, as shown in Fig. 5.
The characteristics used in the mesh for simulation are shown
in Table I.

The simulations performed to obtain the aerodynamic
characteristics of different configurations were taken with
time step size of 0.001 s up to 3 revolutions. The number
of time steps were equal to 6π/(0.001 ω). The coupling
method between pressure and speed is called Semi-Implicit
Method for Pressure-Linked Equations (SIMPLE). The spatial
discretizations of pressure, moment, turbulence kinetic energy,
k, specific dissipation rate turbulence, ε, and energy, were all
of first order.

The boundary conditions used for all simmulations are
summarized in Table II.

TABLE II. BOUNDARY CONDITIONS.

Indicator Value
Wind speed 7.5 m/s
Air density 1.225 kg/m3

Pressure 101325 Pa
Turbulence intensity 5 %
Length scale of turbulence 1 m
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Fig. 6. Results from CARDAA code in Matlabr and Castelli [20].

Fig. 7. CP versus TSR (λ) with different solidity values in 3 blades.

Fig. 8. CP versus TSR (λ) with different solidity values in 4 blades.

IV. RESULTS

In Fig. 6 are shown CP values versus λ or TSR, obtained
from the mathematical model code, compared to the results
obtained in similar experimental modeling reported by Castelli
[20]. It can be observed similarity in the trend of the power
coefficient path. Although there is an average statistical error of
16 %, the code algorithm allows a rapid estimation of turbine
efficiency, which represents reduction of simulation time.

As mentioned earlier, solidity is a dimensionless parameter
which directly influences the aerodynamic performance; that
is why fluid dynamics simulations for different solidity values
on 3 and 4 blades were performed. The simulation results are
shown in Fig. 7 and 8, where it can be seen that, regardless
of the number of blades, a higher solidity value determines
a higher power coefficient, and increases the operating range
of the turbine. The maximum power coefficient for both
turbines is achieved with a solidity value of 0.6; however,
the operating range starts decreasing from that value. For 3
blades, the maximum efficiency is 0.39 with λ = 2.5. The
best performance for 4 blades is 0.36 for λ = 3. The operating
range is wider for 3 blades.

Fig. 9 shows the angle of attack versus the azimuthal
position of the blade for different values of TSR. For λ = 1,
the angle of attack takes undesirable high values, causing
poor stability to the blades, and delivering negative power
coefficient values. As TSR increases, the range of values of
the angle of attack decreases, for more stable conditions, and
thus better performance.

Fig. 9. Angle of attack (α) versus azimuth angle (θ) with different λ values.

Fig. 10. Power coefficient (CP ) versus azimuth angle (θ) for 3 and 4 blades.

Fig. 11. CP versus θ for helical-type and H-type turbines.

Based on the above, it is easy to understand that the power
coefficient is affected by the azimuth position of the blades.
Fig. 10 shows the power coefficient versus the azimuth angle
for 3 and 4 blades along one revolution.

As lift and drag coefficients depend on the angle of
attack, the power coefficient varies depending on the azimuthal
position. Turbines with 3 and 4 blades show a decline in the
power coefficient starting from 60o; For 3-blades case, the
minimum value of 0.07 is reached at an angle of 115o. For 4-
blades case, its lowest point of -0.08 is reached at an angle of
160o. Despite the 4-blades turbine reaches a higher CP value,
the average in one revolution is lower due to some negative
values in the range of 145o to 185o. However, the 4-blades
turbine presents a better starting in the range of 0o to 60o.

For a better torque distribution and to reduce fatigue, the
helical-type turbine is preferred. Fig. 11 shows comparison
on the performance of H-type and helical-type turbines. It
can seen that in the helical turbine the power coefficient
as a function of azimuthal angle has less variations along
one revolution; moreover, the average power coefficient has
an increment of 0.06% and it does not fall to critical areas
or “dead zones”, which performs better for areas where the
variation in wind direction is constant.

Fig. 12 shows comparison between H-type and helical-
type turbines, displaying results from the mathematical model
and the simulations. The results trends from both types of
analysis show similarity in both turbines. The results from
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Fig. 12. CP versus TSR for helical-type and H-type turbines, using
mathematical model and CFD simulation.

TABLE III. PARAMETERS OF FINAL ROTOR DESIGN.

Parameter Value

Radio 1 m
Height 2.9 m
Solidity 0.6
Number of blades 3
Blades torsion angle 54.16o

Chord 0.2 m
Optimal tip speed ratio (λ) 2.5
Maximum power coefficient (CP ) 0.41

the mathematical model on the H-type turbine have a greater
discrepancy probably due to the lack of statistical model of
turbulence. Although the results for the helical turbine are
similar, it is necessary to increase the quality of the mesh,
which would provide more realistic results and, quite possibly
with lower power coefficient values. Table III summarizes the
final parameters of the analyzed helical micro turbine.

V. CONCLUSIONS

A double-multiple streamtube mathematical model devel-
oped in Maltabr code was tested on a micro vertical-axis
wind turbine, helical-type, with acceptable results. The trend
in power coefficient values is close to the trend values obtained
in similar experimental result reported in literature.

The micro wind turbine was also analyzed by using CFD
simulation with Fluent ANSYSr. Simulation results indicate
that with a solidity of 0.6 and a chord of 0.2 m, the 3-
blades turbine presents the best performance, reaching a power
coefficient of 0.39, with λ range values from 1 to 3.5. For the
same conditions, the mathematical model yields a maximum
power coefficient of 0.41, not including turbulence, considered
as an acceptable result for modeling values.

The code algorithm allows a rapid estimation of turbine
efficiency, which represents reduction of simulation time.
However a turbulence modeling is needed to improve the
Maltabr code.
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