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Abstract- H-rotor vertical axis wind turbines (VAWT) are prominent wind energy converters for low wind speed applications
due to their simple blade profile and efficient operation under turbulent wind conditions. This paper focuses on the design and
development of H-rotor VAWT and its performance evaluation under low wind speeds. H-rotor VAWT is modelled in CATIA-
v5 software with predetermined parameters such as blade profile, blade span, blade chord and turbine diameter for 25 W output
power. Turbine blades are fabricated using low-cost and light-weight aluminium sheets and the H-rotor VAWT is developed
using simple in-house fabrication techniques. A controlled wind environment with a wind speed range of 2.5 to 6.5 m/s is created
using industrial fan blowers regulated by an autotransformer. The performance of the prototype is evaluated in terms of tip speed
ratio (1), output power (P), output torque (T) and C,, by varying the number of blades from two to five. The effect of solidity
(quantified by variation in the number of blades) on the performance of the H-rotor VAWT is evaluated using different turbine
characteristics. Reduced cut-in speed, high starting torque, increase in optimum 2 and C,, are recorded for higher turbine solidity
and an increase in the number of blades. However, this is attained at the expense of reduced peak power output for H-rotor
models with a number of blades greater than three. The work presented in this paper would help researchers to design, develop,
and perform experimental investigation and standardization of H-rotor VAWT for low wind speed operations.
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1. Introduction

Global electrical energy consumption is increasing rapidly
and is expected to increase 90% of the current world electricity
demand by the year 2040 [1]. In the past few decades, wind
energy has emerged as one of the promising sources of energy
to meet future electricity demands. In the year 2015, wind
power generation amounts to be half of the global electricity
growth [2]. However, it was estimated that the potential of
wind energy can supply up to 40 times the world electricity
demand. In this connection, large horizontal axis wind
turbines (HAWTS) are contributing significantly to bridge the

gap between current and estimated wind power generation.
However, the large wind turbines have limitations in
harvesting the geographically distributed wind energy present
in the built environment due to the requirement of large space,
a threat to human life and adverse climatic effects [3-5]. Small
wind turbines (SWTs) with a typical power capacity of 1-10
kW are becoming popular for such deployments [6]. However,
SWTs face the problem of poor performance in the built
environment due to low speed and highly turbulent wind
conditions. Further, high initial cost and effective placement
are the major barriers to the dissemination of SWTs [7-8].
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In recent decades, small HAWT systems have gained
importance and commercialized for low wind speed
applications, but, faced local resistance due to aesthetics, noise
and various safety concerns [9]. Vertical axis wind turbines
(VAWTS) are becoming a promising alternative to traditional
HAWTSs due to their low cost and ability to collect wind from
all directions [6, 10]. The omnidirectional feature enables
VAWT to operate efficiently under low speed and skewed
wind conditions. It requires small space for its operation,
produces less noise and offers more efficiency as compared to
traditional HAWT. Further, the placement of the generator on
the ground and small tower sway make the installation and
maintenance much easier. H-rotor (Straight-bladed) turbine is
found to be one of the popular VAWT systems due to ease in
fabrication as it has a simple and symmetrical blade profile
throughout the blade span [11-12]. However, these turbines
are found to suffer from poor self-starting capability and low
starting torque under low wind speed conditions.

Recent studies have revealed that turbine solidity (ratio of
the area of the blades to rotor swept area) has a significant
impact on starting characteristics of H-rotor VAWT such as
cut-in speed, starting toque and self-starting capability. For H-
rotor VAWT, turbine solidity (o) is a function of the number
of blades (N), blade chord (c) and turbine radius (R), as in Eq.

(L.
o=— Q)

High rotor solidity was found to yield better self-starting
performance and higher power coefficients (Cp) at lower wind
speeds. Improved self-starting capability, higher starting
torque and C, are recorded with higher values of ¢ achieved
by increasing ¢ and decreasing R [13-15]. Further, improved
starting characteristics were observed with an increase in N
yielding higher 0. However, the effect of o quantified by
variation in N is found to be uncertain on C, and the overall
performance of the H-rotor VAWT [16-18]. Further, studies
conducted to analyse the effect of N on C, have drawn mixed
conclusions in this regard [19-23]. Further, it is found that
standard design equations and testing procedures for small
HAWTs have been developed by IEC (International
Electrotechnical Commission), whereas, it has not been
evolved for small VAWTSs such as H-rotor due to lack of
experimental data [24-25].

This paper aims to present detailed information for the
design, development and experimental investigation of H-
rotor VAWT under a low wind speed environment.
Determination of the geometrical parameters, selection of
blade profile and generator are described for the development
of small H-rotor VAWT for the desired output power. The
experimental setup, measurement system and methodology
for the determination of important performance indicators of
the wind turbine such as tip speed ratio (1), output power (P),
output torque (T) and C, are presented in detail. The effect of
o quantified by variation in N on the performance of H-rotor
VAWT is investigated through different turbine
characteristics and validated against the qualitative results
reported previously.

2. Design Parameters

2.1 Blade Span (l) and Turbine Diameter (d)

The H-rotor VAWT forms a cylinder with a rectangular
cross-sectional area of width equal to blade span (I) and length
equal to the diameter of the turbine (d) as shown in Fig 1.

O / 1=1m | Cross-Sectional Area | Blade
l of the Turbine Span

<+—d=125m—>» <+— Diameter —»
Fig 1: Cross-sectional View of H-rotor VAWT.

I and d are computed using power equation, as in Eq. (2),
P = % »PAV? 2
Where,

P = Electrical output power of the turbine in W.

Cp = Power coefficient = 0.43 for H-rotor VAWT for
maximum power production [26].

p = Air density = 1.173 Kg/m? (As determined in section 4.2)
A = Area of the cross-section of the turbine =d * |

v = Wind speed = 4.54 m/s (Average wind speed at the roof
top of Vijayapura, India)

For 25 W output power, for generator efficiency of 85%, P is
estimated as,

P=§*100:29.41W

For small Darrious VAWT such as H-rotor, | =1 m is assumed
[27] and d is obtained using Eq. (2) as 1.246 = 1.25 m.

2.2. Blade Chord (c)

Chord length (c) of the blade is the length of the imaginary
line joining the leading and trailing edges of an aerofoil as
shown in Fig 2.

AN
/
/
/
/

— $1044 N

Leading | [T~ P Trailing

Edge Edge
[ ¢—Blade Chord —’{

Fig 2. Cross-section of S-1046 aerofoil.

c is obtained, as in Eq. 3,
Aspect Ratio = (AR) = é
®)

The optimal AR for H-rotor VAWT is reported to be in the
range of 10 < AR < 20 [28]. Considering an aspect ratio of 10,

50



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Mohammed and R. L. Naik., Vol.13, No.1, March 2023

a blade chord of 0.1 m is obtained for the blade span of 1 m
using Eq. (3).

2.3. Number of Blades (N) and Turbine Solidity (o)

In the present work, the number of blades (N) are varied
from two to five and the corresponding turbine solidity (o) is
determined by using Eq. (1), keeping ¢ and R constant as
shown in Table 1. The top view of H-rotor VAWT models
with N =2, 3, 4 and 5 are shown in Fig 3.

Table 1. Turbine Solidity for N =2, 3, 4 and 5.

Powvmr coefficient

a=01
== NACA 0010
= NACA 0015
4 NACA 0018

04~

Power coefficient
-
1

—— s K
—— S50 %
—a—-sus| \ | 1
- 4-- SHU b

—4— NACA 0021 A
2 - - - - S |
A r 4 0
Speed ratio Speed ratio
(a) NACA (b) S series

Number of Chord | Radius (R = Turbine
Blades (N) | (c)inm d/2) inm Solidity (o)
2 0.1 0.625 0.32
3 0.1 0.625 0.48
4 0.1 0.625 0.64
5 0.1 0.625 0.8

Fig 3. Top view of H-rotor VAWT for N =2, 3, 4 and 5.
2.4. Blade Aerofoil

The commonly used aerofoils for H-rotor VAWT are
NACAQOxx series [29-31]. However, recently S series
aerofoils, predominantly the S-1046 blade profile is proposed
as the optimal configuration for H-rotor VAWT. The
performance characteristics of the standard NACA and S
series aerofoils in terms of the C,- A curves are shown in Fig 4
(@) and (b) respectively [32]. A maximum C, of 0.4051 was
recorded for the S-1046 profile with a relative increase of
26.83% as compared to standard NACA aerofoils. Therefore,
the S-1046 profile is preferred for the development of turbine
blades. Symmetrical aerofoil is kept along the blade span to
obtain symmetrical lift and drag forces on the upper and lower
portions of the blade. This characteristic of aerofoil provides
lift during the 360° operation of the turbine.

Fig 4. Performance of H-rotor VAWT for NACA and S
series aerofoils [32].

2.5. Generator

Direct—drive wind generators are most promising for SWT
applications due to higher overall efficiency, reliability and
gearless operation [32]. Recently, direct-drive permanent
magnet synchronous generators (PMSG) have become
economically viable for SWTs due to the improved
performance and reduced cost of permanent magnetic
materials [33-37]. In the present work, to obtain 25 W output
power, 50 W PMSG is used to avoid the electric breakdown
in case of excess power during gusty wind conditions. The
nominal properties of PMSG are given in Table 2.

Table 2. Nominal properties of PMSG
3. Fabrication of H-rotor VAWT

The CATIA v5 software is used to develop 3D models of
H-rotor VAWT for N = 2, 3, 4 and 5 using predetermined
parameters as described in section 2. The 3D model of the
five-blade H-rotor VAWT is shown in Fig 5.

H-rotor blades of S-1046 aerofoil are fabricated using
aluminium sheets as shown in Fig 6. An iron bar (al) of 750
mm »55 mm«2 mm is bolted at the middle of each blade such
that the vertical edges of the bar are placed at the distance of

e e
Power (W) 50
Voltage (V) 24
Current (A) 25
Efficiency 85%
Rotational Speed (RPM) 70
Number of poles 4

Height (m) 0.07
Diameter (m) 0.17
Weight (Kg) 3.59

135 mm and 60 mm from the trailing and leading edges of the
blade along the chord length respectively. Iron strut (al) of

51



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Mohammed and R. L. Naik., Vol.13, No.1, March 2023

500 mm » 10 mm « 10 mm is welded to each iron bar (al) at
the middle and connected to the circular iron hub having a
diameter of 200 mm and thickness of 7 mm. To provide
solidity to the turbine, an iron strut (a2) of 260 mm « 10 mm «
10 mm is connected between the iron struts (al) at a

distance of 220 mm from the centre of the hub. To strengthen
the linkage between struts and blade, an iron bar (a2) of 212
mmx10 mm«2 mm is welded between iron strut (al) and iron
bar (al) on either side. A hollow iron cylinder of height 50
mm with an internal diameter of 10 mm and an external
diameter of 15 mm is welded at the centre of the hub for
directly coupling the turbine with the shaft of PMSG. The
design parameters of the developed H-rotor VAWT are listed
in Table 3.

b
c d
a f
e
h g

Fig 5. 3D model of five-blade H-rotor VAWT, a. Blade,

b. Streamlined sheet, c. Iron bar (al), d. Iron strut (al),

e. Iron hub, f. Iron strut (a2), g. Iron bar (a2), h. Hollow
iron cylinder, i. PMSG.

Fig 6. 3D model of H-rotor blade.

Table 3. Design parameters of the H-rotor VAWT

Turbine Type H-rotor VAWT

Blade Aerofoil S-1046
Blade material Aluminium
Blade chord (m) 0.25

Blade span (m) 1

Turbine Diameter (m) | 1.25

Swept Area (m?) 1.25

Weight (Kg) 12.03

4,
Experimental Details

4.1. Experimental Setup

The experimental setup of H-rotor VAWT consists of a
wind chamber, wind speed control system, turbine mount
assembly and measuring instruments. The 3D model of the
setup is shown in Fig 7.

A. Wind Chamber

The experimental setup consists of a wind chamber of 2.5
m * 1.5 m * 1.5 m, which is closed from all the sides using
transparent fibre sheets except the front and back sides. The
chamber width can be adjusted from 0.5 m to 1.5 m to
accommodate VAWTS of diameter ranging from 0.4 mto 1.4
m (keeping a 0.05 m gap from both sides of the chamber). An
iron tube (bl1) of 1.5 m * 10 mm * 10 mm is welded
horizontally at the middle on the backside of the chamber. For
the developed H-rotor VAWT of diameter 1.25 m, chamber
width is adjusted to 1.35 m and two industrial fans are fixed
on an iron tube (b1) such that the hub of each fan is placed at
a distance of 0.425 m from either side of the wind chamber.
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Fig.7. 3D model of the experimental setup, a. Wind chamber, b. Transparent fibre sheet, c. Industrial fans, d. Iron tube (b1),
e. Iron tube (b2), f. Iron tube (b3), g. Circular iron plate, h. Iron tube (b4), i. H-rotor VAWT, j. Digital display of anemometer,
k. Extended iron bar arrangement, |. Tachometer, m. Reflective piece, n. Backside, 0. Front side.

B. Wind Speed Control System

Two industrial fans (230 V, 175 W) of diameter 0.6 m and
a flow rate of 90 m®/s are used to create the controlled wind
environment. The armature voltage speed control method is
employed to control the speed of fans to obtain a low wind
speed range of 2.5 to 6.5 m/s. This is achieved by using a
single-phase autotransformer (270 V, 10 A) connected in
parallel with both the fans to maintain equal input voltages.

C. Turbine Mount Assembly

Iron tube (b2) of 1.5 m * 2.5 cm * 2.5 cm is welded at the
bottom side of the wind chamber at a distance of 0.5 m from
the front side of the chamber. An iron tube (b3) of 0.7 m * 5
cm * 5 cm supported by two iron tubes of 0.35 m * 2.5 cm *
2.5 cm is welded vertically at the middle of the iron tube (b2).
The other side of the iron tube (b3) is welded to the centre of
the circular iron plate having a diameter and thickness of 400
mm and 7 mm respectively. The PMSG is fixed on the circular
iron plate and the developed H-rotor VAWT is then coupled
with the shaft of the PMSG.

4.2 Data Logging System

The generator output terminals are connected to a 12 V
battery through the rectifier, filter and 12 V regulator circuit
as depicted in Fig 8. The autotransformer regulates the voltage
applied to the industrial fan blowers to obtain desired wind
speed in the wind chamber. Then H-rotor VAWT rotates and
generates fluctuating A.C electrical output power. The
rectifier converts fluctuating A.C into fluctuating D.C
electrical power. The regulator circuit stabilizes the
fluctuating D.C to 12 V constant D.C electrical power.

The measurement techniques adopted to obtain desired
parameters are detailed as follows,

A. Wind Speed (v)

Wind speed (v) is measured by vane type anemometer
(BEETECH AM-4208), which is placed such that an adequate
distance is maintained between the turbine and anemometer
during the experimentation, otherwise, the turbine may throw
back the turbulent wind during its operation. For this purpose,
an iron tube (b4) of 0.7 m *5 cm * 5 cm is welded and dropped
from the top of the wind chamber at a distance of 0.5 m from
the outer periphery of the turbine. The digital display of the
anemometer is fixed at the top and the spinning fan is fixed at
the bottom of the iron tube (b4).

B. Air Density (p)
Air density (p) is determined, as in Eq. (4),

p=1n (4)

T R«T

Where,

Pay = Average air pressure measured using weather forecaster
(Xcluma digital compass) = 100500 pa (1005 mb).

R = Specific gas constant for dry air = 287.05 J.

T = Average temperature measured using weather forecaster
(Xcluma digital compass) = 298.35 K (25.29).

From the above data, p is obtained as 1.173 Kg/m? using Eq.
(4).
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[Autotransformer A.C Supply

[ & o

Fig 8. Schematic of the experimental setup, 1. Anemometer, 2. H-rotor VAWT, 3. Tachometer, 4. PMSG, 5. Rectifier and
filter circuit, 6. Multimeter for voltage measurement, 7. Multimeter for current measurement, 8. Battery.

C. Turbine speed (n)

For measuring turbine speed (n), an infrared (IR) sensor-
based tachometer is used, which is fixed on an extended iron
bar welded to the turbine mount assembly such that the IR
light is pointed at the reflective piece of black adhesive tape
pasted on the generator shaft as depicted in Fig 7. An optimum
and constant light environment is maintained during the
conduction of the experiments to avoid the distraction of the
IR light.

D. Output voltage (Vqc) and current (lac)

The output voltage (Vac) and output current (lgc) are
measured using two multimeters (HTC-DM-97) connected in
parallel and series between the rectifier circuit and battery
respectively as shown in Fig 8.

E. Power coefficient (Cp)

Power coefficient (Cp) is a measure of aerodynamic
efficiency of the turbine and it is obtained, as in Eq. (5).

N
Cp = (0.5pAv3) ®)

The mean electric output power (Pe) of the turbine at a
particular wind speed is calculated, as in Eq. (6),

1
P, = ;Z:’ll Vdc,i * Idc,i (6)

Where, m is the number of observations made at a particular
wind speed, Vi and lqi are rectified output voltage and
current for i observation respectively.

Using Eqg. (5) and Eq. (6), Cp at a particular wind speed is
calculated, as in Eq. (7),

PE
Cp = (0.5pAV3) (7)
F. Tip speed ratio (1)

The tip speed ratio (1) is given, as in Eq. (8),

Tip speed of the blade w*R
A=-—2P === (8)

Wind Speed v

Where, w is the angular speed of the turbine in rad/s, R is the
radius of the turbine in m and v is the wind speed in m/s. Mean
J at a particular wind speed is given, as in Eq. (9),

24TTxM;
w; = _60 : (9)

Where, wiis the angular speed of the turbine in rad/s for it
observation at a particular wind speed and is given, as in Eq.
(10),

wi — 2*16'[;ni (10)
Where, n; is turbine speed in rpm for i observation at a
particular wind speed.

G. Turbine torque (T)

Turbine torque (T) determines the force acting on the
turbine about its axis. The output power of any rotating body
is given, as in Eq. (11),

P=Tx*w (11)

Using Eg. (12), the mean torque developed by the turbine at
a particular wind speed is calculated as,

1 @i P
T = St (12)
5. Results and Discussion

The performance analysis of the developed H-rotor VAWT
is carried out under a low wind speed environment created by
the experimental setup described in section 4.1. The various
parameters as described in section 4.2 are determined by
varying the number of blades from two to five. The
measurements are performed for three observations (m = 3) at
particular wind speeds. Sample measurements for the five-
blade H-rotor model are presented in Table 4.

54



INTERNATIONAL JOURNAL of RENEWABLE ENERGY RESEARCH

S. Mohammed and R. L. Naik., Vol.13, No.1, March 2023

Table 4. Computation of various parameters for five-blade
H-rotor VAWT

SINo.| V| N | Vg | la P T Cp yl

9 0 0 0 0.217

1 |27 9 121 0 0 0 0 0.217
9 0 0 0 0.217

9 0 0 0 0.217

13 0.047| 0.569 | 0.418 0.302

2 |28 12 121 0.046| 0.557 |0.443 0036 0.279
14 0.048| 0.581 |0.396 0.325

13 0.047| 0.569 |0.419 0.303

21 0.315| 3812 | 14 0.427

3 |32 21 12.1 0.316| 3.824 | 1.405 0.161 0.427
22 0.32 | 3.872 | 1.37 0.447

21.33 0.317| 3.836 |1.691 0.434

27 0.491]| 5.941 |2.101 0.516

4 |34 27 121 0.493| 5.965 | 2.11 0.208 0.516
27 0.495| 5.99 |2.119 0.516

27 0.493| 5965 | 2.11 0.516

30 0.8 | 9.68 |3.081 0.527

5 (37 31 121 0.8 | 9.68 |2.982 0264 0.545
31 0.812| 9.825 |3.027 0.545

30.67 0.804| 9.728 | 3.03 0.539

38 1.635(19.7844.972 0.588

6 lao 37 121 1.628|19.699 | 5.084 0.367 0.573
38 1.636(19.796 | 4.975 0.588

37.67 1.633| 19.76 | 5.01 0.583

43 2.199|26.608|5.909 0.595

6 la7 43 121 2.2 | 26.62 |5.912 0352 0.595
42 2.195| 26.56 |6.039 0.581

42.67 2.198|26.596|5.953 0.59

47 2.315|28.012|5.692 0.588

7 |52 47 1101 2.316|28.024|5.694 0.274 0.588
48 2.32 |28.072|5.585 0.6

47.33 2.317)28.031|5.657 0.592

52 2.239|27.092|4.976 0.592

8 |57 52 121 2.239|27.092|4.976 0201 0.592
53 2.242)27.128|4.888 0.604

52.33 2.24 |27.104|4.947 0.596

57 1.878|22.724|3.807 0.598

10 |62 58 121 1.89 |22.869|3.765 0131 0.608
57 1.872|22.651|3.795 0.598

57.33 1.88 |22.748|3.789 0.601

The effect of solidity and the number of blades on the
performance of the H-rotor VAWT is evaluated through
different turbine characteristics as described below.

5.1. A-vcurve

The variation of tip speed ratio (1) as a function of wind
speed (v) is depicted in Fig 9. 1 is a measure of the rotational
speed of the turbine (n). High values of 1 at lower wind speeds
result in a higher rotational speed of the turbine and yield
better starting characteristics. In Fig 9, initial values of A for
two and three-blade H-rotor models are recorded at a wind
speed of 3.2 m/s, which indicates that two and three-blade H-
rotor models have started rotating at 3.2 m/s. Initial values of
A for four and five-blade H-rotor models are observed at a
wind speed of 2.8 m/s and 2.7 m/s respectively, which
indicates that four and five-blade H-rotor models have started
rotating at a wind speed of 2.8 m/s and 2.7 m/s respectively. It
can also be seen that four and five-blade H-rotor models have
higher values of A as compared to two and three-blade H-rotor
models in a low wind speed range of 2.7 to 5.2 m/s. However,
the five-blade H-rotor model has performed significantly well
and obtained higher values of 1 as compared to the four-blade
H-rotor model. Stable values of A are observed for four and
five-blade H-rotor models between wind speed range of 4.7 to
6.2 m/s, which indicates that four and five-blade H-rotor
models have attained constant turbine speed and reached their
rated output power. For two and three-blade models, a small
rise in values of 4 between wind speed range of 5.2 to 5.7 m/s
is observed, however, it is negligible.

From the above discussion, it is clear that reduced cut-in
speed and higher values of 1 resulting in higher turbine speed
are obtained with an increase in the number of blades i.e. at
higher solidity. Therefore, the present work justifies the work
presented in [18, 23], where, A and turbine speed of H-rotor
VAWT are reported to be enhanced for higher solidity and an
increase in the number of blades.

0.7

—— N=2,0=0.32
1—e—n~N=3,0=048
064 4o N=40=064

4—w—N=5.0=08
0.5

0.4

0.3 4

Tip Speed Ratio

0.1

0.0

v . LA T
2.0 25 3.0 3.5 4.0 4.5 5.0 55 6.0 6.5

Wind Speed (m/s)
Fig 9. 2 - v curve.
5.2. Pe- v curve

The power curve (Pe vs v) is plotted to determine the effect
of solidity and number of blades on output power as shown in
Fig 10. The various characterizations such as cut-in and cut-
out speeds, rated output power and area under the curve (from
cut-in to cut-out wind speed) for two, three, four and five-
blade H-rotor models are presented in Table 5.

Table 5. Various characterizations of H-rotor VAWT
models.
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Cut- | Cut- | Rated | Ared
Number . under
. in out output
of Solidity the
blades speed | speed | power curve
(m/s) | (m/s) | (Watt) ’
(m?)
Two 0.32 3.7 5.7 22.208 | 57.00
Three 0.48 3.4 5.7 30.14 82.01
Four 0.64 3.2 5.2 25.144 | 60.97
Five 0.8 2.8 5.2 28.031 | 72.56

As can be seen from Fig 10, reduced cut-in speeds are
obtained at higher solidity with the increase in the number of
blades. Therefore, the power curves have shifted towards a
low wind speed region with an increase in the number of
blades. This is due to the high turbine torque developed by H-
rotor VAWT due to an increase in drag forces acting on the
turbine with an increase in the number of blades as depicted in
Fig 11.

The three-blade H-rotor model has attained higher output
torque as compared to other H-rotor models as it offers less
turbulence to wind at higher turbine speeds. Whereas, H-rotor
models with a higher number of blades (N>3) behave as a
hollow cylinder and block the wind at higher turbine speeds.
This has resulted in higher output power for three-blade H-
rotor VAWT as compared to other H-rotor models.

35

—a— N=2,0=032
—e— N=3,0=048
0 A N=4,0=064
45— N=50=08

Output Power (watt)
H

T T T T T T T T
25 3.0 35 4.0 4.5 5.0 5.5 6.0 6.5

Wind Speed (m/s)
Fig 10. P.- v curve.
5.3.Cp-4 Curve

The power coefficient curve (Cpvs 4) is plotted to determine
the effect of solidity and number of blades on C, as shown in
Fig 12. The maximum C, of 0.367 is obtained

]—®—N=2s=032
—8— N=3,0=048

—a— N=4,0=0.64
1 —v—N=50=08

Turbine Torque (N-m)
w
1

T T T T T T T T
25 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5

Wind Speed (m/s)
Fig 11. T- v curve.

for five-blade H-rotor models at A= 0.583, whereas, four, three
and two-blade H-rotor models have obtained a maximum C,
of 0.316, 0.303 and 0.227 at A= 0.581, 0.544 and 0.479
respectively. These results revealed that optimum C, and 1
increase at higher solidity values with an increase in the
number of blades. Therefore, the present work justifies the
results presented in [19-20], that the peak of C; increases with
an increase in the number of blades, in contrast with results
produced by Rezaeihaetal. [17], Maeda T et al. [18] and Abu-
El-Yazid et al. [22], where, optimum C, is reported to be
unaffected or decreased at higher solidities with an increase in
the number of blades. Further, optimum A is found to be
increased with an increase in the number of blades and thus,
solidity as presented in [18], in contrast with the results
presented in [20,22], where, optimum 1 is reported to be
decreased for higher solidity and increase in the number of
blades.
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Fig 12. C,- 1 curve.
Conclusion

In this paper, the design and development of H-rotor
VAWT are presented in detail. The development of an
experimental setup and methodology for the performance
analysis of H-rotor VAWT under low wind speeds is
presented. The effect of solidity (quantified by variation in
the number of blades) on the starting characteristics and
overall performance of H-rotor VAWT is clarified

The following inferences are drawn from the experimental
results,
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o Improved starting characteristics such as higher tip speed
ratios, low cut-in speed and high starting torque are recorded
for higher solidity with an increase in the number of blades.

e The optimum tip speed ratio and power coefficient are
observed to be increasing for higher solidity with an increase
in the number of blades.

e The reduced peak output power and higher turbulence to
wind are recorded for higher solidity with the number of
blades greater than three.

o Higher output power, significantly better power curve and
higher output torque are recorded for the three-blade H-rotor
model.

In view of the above observations, this study concludes that
starting characteristics and efficiency of the H-rotor VAWT
can be enhanced for higher solidity with an increase in the
number of blades. However, it can be achieved at the expense
of reduced peak output torque and power. Therefore, the three-
blade H-rotor model (with moderate power coefficient and
solidity) is proposed as an optimal configuration for better
overall performance under low wind speeds. This study would
be helpful in the selection and computation of design
parameters, development of experimental setup and
performance analysis for future developments and
standardization of H-rotor VAWT.
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