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Abstract
Small-scale wind turbines with innovative design are introduced for small applications, providing clean renewable energy
to rural homes, street lighting, and hybrid systems. Energy ball wind turbine, known as Venturi wind turbine, has untradi-
tional blades’ shape and special aerodynamic behavior that creates a venturi effect on the air stream passing through its
aspherical shape. This article represents an integration of computational fluid dynamics and wind tunnel experimentation
to study the aerodynamic performance of a manufactured model of energy ball wind turbine. Physical models with differ-
ent twist angles were fabricated and tested in a small wind test section. In these experiments, dynamic torque, angular
velocity, and coefficient of performance values were measured at different speeds. The experimental power coefficient
results were discussed showing the best-tested twist angle. Fluid flow simulation has been developed in ANSYS FLUENT
software. The findings of these numerical simulations have provided pressure contour, velocity contour, and torque val-
ues which help to study the solidity effect on turbine’s power coefficient. Nevertheless, the velocity contours provided
from the computational analysis ensure the Venturi effect of the energy ball wind turbine design.
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Introduction

A new generation of small wind turbines appeared after
the oil crisis. Wind turbine technologies, recently, have
significantly improved the increase in turbine size, effi-
ciency, and ease of installation. In addition, turbine
efficiency has increased due to new blade designs and
modern innovative shapes and techniques. Small-scale
wind turbines (SSWTs) operate with relatively high
rotational speed due to the small radius so that there is
no need for a gearbox. This approach reduces the cost,
maintenance, and improves the reliability and efficiency
at low wind speed operation.

Small wind turbines have less generating capacity
than the huge commercial turbines found on wind

farms. However, their reduced costs and added versati-
lity allow wind power to be used in a wider set of appli-
cations instead of working 80% of the time due to its
low cut-in wind speed velocity. These small turbines are
used primarily for distributed generation—generating
electricity for use on-site—rather than transmitting

1The British University in Egypt, Cairo, Egypt
2Faculty of Engineering, Mataria, Helwan University, Cairo, Egypt

Corresponding author:

Engy Elshazly, The British University in Egypt, El Sherouk City, Suez

Desert Road, Cairo 11837, Egypt.

Email: engy.samy@bue.edu.eg

Creative Commons CC BY: This article is distributed under the terms of the Creative Commons Attribution 4.0 License

(http://www.creativecommons.org/licenses/by/4.0/) which permits any use, reproduction and distribution of the work

without further permission provided the original work is attributed as specified on the SAGE and Open Access pages

(https://us.sagepub.com/en-us/nam/open-access-at-sage).

https://doi.org/10.1177/1687814019879546
https://journals.sagepub.com/home/ade
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1687814019879546&domain=pdf&date_stamp=2019-10-09


energy over the electric grid from central power plants
or wind farms.

Small turbines’ technology is considered a small-
scale alternative to solar panels, providing clean renew-
able energy to rural homes, street lighting, and hybrid
systems. Small wind turbines can have a generating
capacity in the range of 0.3–100 kW, though the
amount of power they generate depends on the wind
speed. A small turbine typically needs a wind speed of
3m/s at the height of the turbine, which makes them
ideal for many applications.1

SSWTs installed within the urban environment are
classified as microgeneration technology and are classi-
fied into horizontal axis wind turbines (HAWTs) and
vertical axis wind turbines (VAWTs).2 Since there is a
unique relationship between the tip speed ratio (TSR)
and the power coefficient for each blade type and a
unique optimal TSR corresponding to the achievable
maximum power coefficient, the blade and the rotor
should be designed to perform the near optimal TSR at
wind speeds, which it is likely to encounter. Based on
this concept, researches are performed to define opti-
mum values suitable for different turbines’ types. A
case study on three-bladed wind turbine of rotor dia-
meter 2.1m was tested in a wind tunnel up to a wind
speed of 13m/s. In this case study, the blade character-
istics were calculated as a function of wind speed and
yaw angle, with and without a nose cone. At various
wind speeds, the values of the TSR varied from 2 to 0.8
and the maximum Cp of 0.2 occurred at 6 TSR.3

In 2009, fundamental research has been conducted
by Timmer and Toet4 to examine the potential and
optimal power output of the Archimedes spiral small
wind turbine. The highest efficiency measured in the
study was 12%. Singh et al. examined a two-bladed
rotor (AF300 airfoil) wind turbine with a diameter of
1.26m at different pitch angles of 15�, 18�, and 20�. It
was observed that the rotor achieved Cp values of 0.l,
0.217, and 0.255 at the wind speeds of 4, 5, and 6m/s
respectively, while the baseline three-bladed rotor
achieved 0.052, 0.112, and 0.15 at the same wind
speeds.5 A combination of two common VAWTs was
tested for optimal performance at low wind speeds.

The Darrieus rotor is not self-starting rotor, but it
has much higher efficiency than the Savonious rotor.
The Savonious rotor has relatively low efficiency, but it
creates high torque and is self-starting even at low wind
speeds, that is why the Savonious rotor is used to start
the straight bladed Darrieus rotor. The combination of
rotors increases the maximum power coefficient (Cp) to
be in the range of 0.18–0.20 in lower wind speeds.6 A
study was conducted on the energy ball wind turbine
(EBWT), known as Venturi wind turbine, which is a
new HAWT concept with a special design. This study
indicates that the power coefficient of the EBWT of

diameter 1m is 0.18, while it is 0.24 for EBWT with 2m
diameter.7

One of the main advantages of this type is that the
turbine is designed to get benefit from the Venturi
effect, which is a measurement of pressure created by
channeling an incompressible liquid through a
restricted section of pipe. This spherical energy ball
takes this principle and uses it to channel air through
the blades and around its generator, which develops
the efficiency of the turbine to operate at very low wind
speed. Although the wind direction in the urban envi-
ronment changes constantly, the EBWT follows the
wind direction automatically because the yaw is pas-
sively controlled due to its innovative design. Another
advantage of this turbine is the spherical blade design
connected from both sides to the hub, without blade
tips, causing it to be noiseless. The EBWT manufactur-
ing company claims that the turbine’s efficiency is 40%
more than traditional wind turbines with the same
area,8 but there are no reports on the aerodynamic
characteristics of the EBWT.

In this study, a theoretical approach was introduced
and applied to the EBWT design based on the Venturi
effect. The performance of the wind turbine was evalu-
ated using an experimental setup for three different twist
angles for six and three blades. A computational fluid
dynamics (CFD) method was used to test some para-
meters including the number of blades, solidity effect,
and the velocity and pressure contours at different TSRs.

Energy ball geometry

The Home Energy company has developed two ver-
sions of the EBWT. The two versions are V100 and
V200 EBWT. The V100 EBWT is a small spherical
wind turbine with a diameter of 1m and has six blades.
The V200 has a bigger diameter of approximately 2m
and has five rotor blades. The EBWT parts are the
shaft in which the generator is included with two hubs,
blades, yawing system, and a free-standing pole to be
automatically directed with the wind direction as shown
in Figure 1.

Figure 1. V100 energy ball wind turbine.9
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Wind energy ball blades have an unusual and excep-
tional design. We can split the blades into four sections.
The four sections and their dimensions are shown in
Figure 2.

Sections 2 and 3 have two up and down curves with
their equations shown in Figure 3.

The up-curve equation and the down-curve equation
are shown in Figure 3(a) and (b), respectively.

Sections 1 and 4 of the blades were considered as a
rectangular-shaped flat plate but with different dimen-
sions. The blades are connected to a hub with a twist

Figure 2. Sections on energy ball blade.

Figure 3. Up- and down-blade curve equations: (a) the estimated up-blade curve equation and (b) the estimated down-blade curve
equation.
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angle, and this angle was not defined by the manufac-
turing company, so three different hub angles were
manufactured at (20�, –25�, and 30�). The angle values
were chosen by estimating the blade angle of the turbine
made by the original manufacturer. The blades start
with the biggest twist angle near the hub connection
and decrease till it reaches zero twist angle at the middle
of the blade and then returns to the same twist angle at
the end of the blade but with an opposite direction.

The twist angle can be defined to be the angle
between the incoming velocity in the x-direction (v) and
the chord line in the blade element in the z-direction
(c). The twist angle changes along the four regions of
the blade, as shown in Figure 4.

Theoretical study

Assume a stream-tube of the air stream is flowing
through the EBWT as shown in Figure 5. The turbine
has an upstream wind speed (V1) and a cross-sectional
area (A1). The EBWT Venturi effect10 (pressure differ-
ence resulted from a smaller area caused by the blade’s
geometry) causes the wind to speed up as the blades
constrict the flow.

Let the mass flow rate of the wind flow through the
turbine is equal to _m. Using the continuity equation

_m= rv1A1 = rv2A2 ð1Þ

where r is the density of air

v1A1 = v2A2 ð2Þ

The inside energy ball diameter is assumed to be 0.8
of the upstream diameter, where the solidity percentage
of the six-bladed EBWT is 23.4% (calculated in solidity
ratio calculations)

Assume(D1)=1 m and (D2)= 0:8D1

where D1 is the upstream diameter and D2 is the inside
ball diameter

A=
1

4
3 p 3 D2 ð3Þ

Substituting in equations (2) and (3)

1

4
3 p 3 v1 3 (1)2 =

1

4
3 p 3 v2(0:8)

2 ð4Þ

0:785 3 v1 = 0:5024 3 v2 ð5Þ
v2 = 1:56v1 ð6Þ

This relation indicates that the wind velocity
increases inside the EBWT, which results in an increase
in the rotational speed of blades.

Experimental methodology

Test section manufacturing

A small blow-down type wind tunnel with a fan to
change the wind speed is considered to produce wind
velocity. The wind test section is manufactured with
2.8m long consisting of fan section, circular section,
and converging exit section as shown in Figure 6. The
air flow was generated from the fan inside the test sec-
tion to induce flow through the wind tunnel and the air
velocity is controlled using a variable resistance switch.

Tested model specifications

The Wind Energy Ball V200 and V100 dimensions were
scaled down to get the dimensions shown in Table 1.

The V50 and V25 models are not manufactured but
are scaled down models of V200 and V100. The dimen-
sions of V50 and V25 are based on the trend developed
from the change in the diameter between the V200 and
the V100 models and then the radius, circumference,
area, and the blade length were calculated accordingly.

The V25 is the target model that is manufactured and
studied in this thesis by simulating the energy ball tur-
bine design especially for the blade’s geometry and hub
design as shown in Figure 7.

Experimental procedure

Figure 8 illustrates the experimental structure for
dynamic torque and rotational speed measurements for
a 1/4 scaled down model from EBWT with 1m dia-
meter. The experiments were carried out at different

Figure 4. Energy ball blade’s twist angle.

Figure 5. Velocity distribution around the energy ball.
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wind speeds V=3, 4, 5, 6, and 7m/s. Wind speed was
measured by a handheld anemometer and a high-
resolution wind speed meter with a thermal probe to
verify and validate the measurements at the outlet of
the wind tunnel around the rotor. The rotational speed
of the rotor (N) was measured by non-contact and con-
tact digital laser tachometer. The blades were painted
in black with a silver strip on one blade to help tach-
ometer read accurate measurements with small accepta-
ble fluctuations. Finally, the torque is calculated after
measuring the force by spring scale using the Prony
brake technique, which is a simple device to measure
the torque produced by the rotating shaft.

The measurement is made by wrapping a cord or belt
around the output shaft of the turbine and measuring
the force transferred to the belt through friction. The
friction is increased by tightening the belt or increasing
weights on the belt’s other side until the frequency of
rotation of the shaft is reduced as shown in Figure 9.6

After measuring the force for different weights at the
same wind speed, we can get the resultant force using
the following equation

Table 1. Scaling down calculations.

V200 V100 V50 V25

Diameter (cm) 198 100 61 33
Radius (cm) 99 55 30.5 16
Circumference
C = 2pr (cm)

622 345 190 106

Area
A = pr2 (m2)

3.08 0.95 0.25 0.091

Blade length (cm) 311 172.7 95.285 53.3

Figure 6. Manufactured test section: (a) test section geometry and design and (b) manufactured test section.

Figure 7. Wind energy ball model.

Figure 8. Experimental setup.
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FNet =Fspring � Fweight ð7Þ

where FNet is the measured force, Fspring is the readings
of spiral spring in Newton with 10% error, and Fweight

is the applied weight in Newton.
Weights of 50 g are used in measuring dynamic tor-

que for each wind speed. The following relation was
used to calculate the produced power

Tdyn:=F 3 r ð8Þ

where Tdyn. is the measured dynamic torque in Nm and
r is the distance from the center line of the shaft to the
point of measurement=0.025m

PNet = 2p 3 d 3 N 3 F ð9Þ

where PNet is the total available power, d is the distance
from the center line of the shaft to the point of measure-
ment in meters, N is the rotational speed in revolutions
per minute, and F is the measured force in Newtons

Cp =
PNet

1
2

3 A 3 v3 3 r
ð10Þ

Cm =
T

1
2

3 A 3 v2 3 r
ð11Þ

where PNet is the total available power, r is the air den-
sity, A is the turbine frontal area, v is the wind speed,
and r is the turbine’s radius.

Three different models of 20�, –25�, and –30� were
tested. The other experimental variable was the number
of blades, where six- and three-bladed turbines were
tested for each angle.

CFD methodology

The three-dimensional (3D) models were created by
Solid works program with an overall diameter of 0.33m

and the area of 0.85m2, and a different number of
blades are examined to study the effect of solidity ratio
on the performance of the turbine at different TSRs for
20� twist angle. k-epsilon and k-omega solutions were
used to predict and compare between the resultant tor-
que for each case as shown in Table 2.

Standard wall functions realizable k-epsilon model
was applied for the flow simulation as it gives approxi-
mately better results for the examined cases; it is one of
the most widely used turbulence models and it provides
robustness, economy, and reasonable accuracy for a
wide range of turbulent flows. The realizable model is
the most recently developed of the three k-epsilon var-
iations and features which makes the realizable model
more precise than the other two models at predicting
flows such as separated flows and flows with complex
secondary flow features.11 This model is based on the
transport equations for the turbulence kinetic energy
(k) and its dissipation rate (e). The right side of the
domain was assigned as an inlet, where the air is flow-
ing in a single direction. The air hits the EBWT and
then goes away from the left side, which is the main
outlet. Rotating domain is considered as the moving
wall and the environment where the air flowed around
the rotor was assumed turbulent. The momentum, tur-
bulent kinetic energy, and dissipation rate were calcu-
lated using the second-order upwind method.
Numerical simulation provides the pressure and velo-
city values at all nodal points of the flow domain
around the rotating blades. For all models’ continuity,
X and Y velocity, kinetic energy (k), and the dissipation
rate (e) had the same convergence criteria. For steady
solution, the case is solved for 5000 iterations where all
the models showed a straight line for the convergence
(10–6), for the transient solution, after few time-steps,
the residuals show the same pattern. A comparative
view of EBWT and air domain around energy ball is
shown in Figure 10.

Assumptions

The following assumptions were made prior to conduct-
ing the simulation:

Figure 9. Prony break torque measurement technique.

Table 2. Comparison between experimental and
computational torque with the k-epsilon and k-omega solutions.

Model Computational
torque (N m)

Experimental
torque (N m)

k-epsilon mesh motion 0.006527 0.009
k-epsilon frame motion 0.006187
k-omega mesh motion 0.006313
k-omega frame motion 0.00486
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1. Incompressible flow;
2. Steady flow;
3. The fluid moves to the control volume parallel

to the turbine’s shaft;
4. The quantities of mass flow at the outlet bound-

aries were the same as each other.

CFD solution validation

Figures 11 and 12 show the comparison between the
moving frame and sliding mesh computational results
of power coefficient values for the six-bladed and three-
bladed EBWT. It compares the computational power
coefficient of 20� EBWT with the same inlet velocity at
different TSRs with the moving frame and sliding mesh
computational results which shows that both gives
almost the same solution in small TSR and a small dif-
ference in high TSRs.

Another validation test was applied to the torque
coefficient (Cm) variation of one blade and six com-
bined blades with the change in blade angle (u). The
results were displayed for a plot time of one cycle from
0� to 360� and are shown in Figure 13.

The same validation test was done for the three-
bladed wind turbine. The torque coefficient (Cm) of
each blade and total combined blades variation against
the change in blade angle (u) for three-bladed EBWT
are shown in Figure 14.

It can be concluded from the shown figures that the
effect of the blades on each other is small. This means
that the torque coefficient produced is not significantly

Figure 10. A comparative view of EBWTand air domain
around energy ball: (a) a comparative view of wind energy ball
and (b) a comparative view of the air domain around energy ball.

Figure 11. Moving frame and sliding mesh computational
power coefficient versus TSR for six-bladed EBWT.

Figure 12. Moving frame and sliding mesh computational
power coefficient versus TSR for three-bladed EBWT.

Figure 13. Blade Cm-blade angle for 1 cycle for six-bladed
EBWT.
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affected by the interaction effect of blades on each
other.

Mesh refinement study

For 3D analysis, a mesh was generated around the
EBWT using ANSYS mesh. The rotating domain is
drawn as a cylinder just around the wind turbine with a
diameter of 0.5m. The fixed domain was drawn based
on changing the radius of the cylinder and the distance
before and after the rotating domain as shown in
Table 3 and Figure 15.

Mesh refinement is done on the fourth case of fixed
domain refinement to reach finally 2,524,791 elements
in the domain, and the refinement steps are shown in
Table 4 and Figure 16.

The final mesh around the EBWT is shown in
Figure 17.

Solidity ratio calculations

One of the purposes of the computational study is to
study the solidity effect, solidity is the percentage of
material rather than air in the circumference of the
rotor, and given by

Solidity,s=
n 3 A

pr2
ð12Þ

for identical uniform blades and circular frontal area,
where n is the number of blades,
A is the blade’s area, and pr2 is the frontal area of the
turbine.

Table 3. Domain refinement cases.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Upstream 2.5 m = 7.5 D 2.5 m = 7.5 D 2.5 m = 7.5 D 3.5 m = 10 D 3.5 m = 10 D 3.5 m = 10 D
Downstream 2.5 m = 7.5 D 5 m 7.5 m = 22 D 7.5 m = 22 D 7.5 m = 22 D 7.5 m = 22 D
Radius of sphere 5 m = 15 D 5 m = 15 D 5 m = 15 D 5 m = 15 D 7 m = 21 D 7 m = 21 D
Number of elements 1108 M 1116 M 1234 M 1278 M 1688 M 1776 M
Torque coefficient 0.082 0.083 0.0836 0.0836 0.0836 0.0837

Figure 14. Blade Cm-blade angle for 1 cycle for three-bladed
EBWT.

Figure 15. Domain refinement cases.

Figure 16. Fine meshing refinement cases.
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The two variables that influence the solidity are
chord length and number of blades. There is a very
large variation in the optimal solidity depending on the
size of SSWTs.12

In EBWT case, uniform blades and the air flows
across its 3D spherical shape, the solidity was calcu-
lated by the following steps:

1. Calculate total sphere surface area
A= 4pr2=0.34211m2.

2. Get the blade area (Ab) from solid works
b=0.013339m2.

3. Solidity percentage for (n) number of blades is
calculated using the following equation.

The following formula is used to calculate the
EBWT solidity percentage

s =
n 3 Ab

4pr2
ð13Þ

where Ab is the EBWT blade’s area, n is the number of
blades, and 4pr2 is the sphere area.

Results and discussion

Experimental results

The experimental work aims to calculate torque values
with different loads at different speed values and then
calculating the torque and power coefficient values to
study the performance of the turbine in different cases.
These steps were done for six- and three-bladed EBWT.

Graphs in Figures 18–20 show the power coefficient
variation with the change in TSR for the different three
twist angles.

The 20� twist angle shows the best performance
among the two other twist angles while the 30� has the
lowest power coefficient.

The maximum power coefficient for the 20� twist
angle is 0.15 at TSR 1 with an applied load of 250 g
with error 10% up and down. The maximum Cp for the
25� twist angle is 0.10 around TSR 1 with an applied
load of 150 g with error 10% up and down. While the
maximum Cp for the 30� twist angle is 0.07 at TSR 0.8

Table 4. Fine meshing refinement cases.

Case 1 Case 2 Case 3 Case 4 Case 5 Case 6

Turbine face sizing 0.10 0.10 0.10 0.10 0.10 0.10
Rotating domain face sizing 0.10 0.10 0.10 0.10 0.10 0.05
Fixed domain face sizing 0.010 0.009 0.007 0.006 0.005 0.005
Number of elements 1,688,943 1,738,574 1,959,050 2,180,244 2,524,791 2,665,084
Cm results 0.08369 0.083771 0.081905 0.08089 0.080137 0.080042

Figure 17. Energy ball meshing process—mesh around the turbine using ANSYS.

Figure 18. Power coefficient versus TSR at 4–7 m/s for 6
blades at 20� twist angle.
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with an applied load of 150 g with error 10% up and
down.

The power coefficient shown in JJH Paulides et al.
for the EBWT was achieved at 12m/s and with differ-
ent diameter values. The calculated Reynolds number
is 8.12154 3 105 for 1m diameter and 12m/s,
16.33 3 105 for the 2m diameter and 12m/s, and
1.58 3 105 for the 0.335m diameter and 7m/s.

Figure 21 shows a comparison between measured
power coefficient for the three twist angle cases studied
in this work. The figure confirms that the 20� twist
angle produces the best power coefficient for the exam-
ined range of TSRs.

By repeating the same experiments for the three-
bladed Energy Ball wind turbine; which is the only case
with symmetric distance between blades for the used pro-
totype, it was found that the 25� and 30� twist angle

turbines start to rotate at 6m/s while the 20� rotates at
5m/s with a small torque. The resulted power coefficient
does not exceed 0.3%, and results are shown in
Figure 22.

Figure 23 shows the comparison of power coefficient
(Cp) at different TSRs for six- and three-bladed EBWT
at 7m/s. As shown in the figure, the power coefficient
for six-bladed EBWT gives better performance than
that of the three-bladed EBWT. The experimental
results confirm that the two main important factors to
increase the EBWT efficiency are the blade’s twist angle
and the number of blades.

Numerical results

Getting to the numerical results indicates that the tur-
bine’s geometry highly affects the pressure difference

Figure 19. Power coefficient versus TSR at 4–7 m/s for 6
blades at 25� twist angle.

Figure 20. Power coefficient versus TSR at 4–7 m/s for 6
blades at 30�twist angle.

Figure 21. Power coefficient versus TSR at 7 m/s for different
twist angles.

Figure 22. Power coefficient versus TSR at 4–7 m/s for 3
blades at 20� twist angle.

10 Advances in Mechanical Engineering



produced, which is shown by extracting torque values
when shifting the blade’s rotation point along the X-
axis. The model shown in Figure 24 is the nearest geo-
metry to the real manufactured one.

Torque prediction. Studying power coefficient at different
wind speeds for 20� twist angle turbine, starting
speed 2.5m/s, 4m/s, and 6m/s in the range from 29 to
500 r/min, shows positive correlation between rota-
tional speed and torque that causes the increase in
power coefficient until the maximum torque occurs and
then the moment of the blade starts gradually to decline
when the angular speed is rising for all different veloci-
ties of air. In addition, if the speed of air increased the
tendency of a force to rotate the blade would be
increased which lead to revolving the blade faster with
a higher power. Figure 25 shows that by increasing the

airspeed, the resultant force acting on the blades tends
to increase the rotational speed of blades with a higher
power. Declining of torque curve for each inlet wind
speed indicated the decrease in blade’s moment after a
certain number of rotations.

Solidity effect. The numerical study of solidity effect was
tested for the EBWT with a twist angle of 20� at 4m/s,
with different TSRs. In all cases, torque coefficient val-
ues are calculated for 5000 iterations and became con-
stant in the last 1000 iterations. The solidity percentage
for a different number of blades was calculated by sub-
stituting in equation (13) and the results values are
shown in Table 5.

The torque and power coefficient values for a differ-
ent number of blades are calculated and presented in
Figure 26, which shows that the four-bladed EBWT
with 15.5% solidity gives higher efficiency at 1.8 TSR
while the six-bladed EBWT gives relatively high effi-
ciency (13.3%) at unity TSR. These values can help in
choosing the better number of blades according to the
application used.

It can be concluded that increasing the number of
blades, the solidity ratio gives 30% higher torque coef-
ficient for the same twist angle. However, the highest

Figure 23. Power coefficient versus TSR at different TSRs for
20� three-bladed EBWT at 7 m/s.

Figure 24. Nearest 3D geometry to manufactured model.

Figure 25. Computational torque versus angular speed at
different inlet speed velocities for six-bladed 20� EBWT.

Table 5. Solidity percentage for the different number of blades.

Number of blades Solidity percentage

3 11.9%
4 15.7%
5 19.6%
6 23.8%

Elshazly et al. 11



torque coefficient value is plotted around unity TSR
for the six-bladed turbine, and it is achieved at 40%
higher TSR to be reached at 2.2 TSR for the three-
bladed turbine.

Reynolds number effect. The power coefficient curve for
the 20� twist angle model gives the same profile ten-
dency for different inlet wind speeds. Some turbines
generate high efficiency in case of high wind speed, so it
gives high rotor efficiency at high TSR range like mod-
ern urban usage three-blade and Darrieus blade type
wind turbines,4 the EBWT shows relatively high rotor
efficiency and aerodynamic performance compared to
the other blades in lower TSR range. Figure 27 also
indicates that Reynolds number has a small effect on
EBWT performance.

Pressure contours. The pressure contours in Figure 28
show the formation of the stagnation point at the front
nose of the turbine and the formation of a negative
pressure region inside the energy ball, especially in the
region behind the cone. The size of the negative pres-
sure region inside the ball increases with the increase in
TSR from 0.2 to 0.8 and decreases for l=1.0.

The negative pressure contributes to sucking more
air mass to flow into the ball and hence increases the
power generated. It was shown in the previous section
that the peak power coefficient for this configuration
occurs at unity l, after which power coefficient drops
again.

Velocity contours. The velocity magnitude contours in
Figure 29 show the formation of high-velocity regions
especially behind the turbines’ blades and the forma-
tion of the low-velocity region behind the turbine’s
nose. The figure also shows that the low-velocity region
becomes wider with the increase in the TSR and the
increased velocity region is concentrated behind the
turbines’ blades at high TSRs. At higher TSRs, the
blades blockage effect increases, and a larger wake is
formed that can affect air flowing through the turbine.
The contours also show that the air velocity increases
behind the turbines’ blades and decreases in the region
behind the cone and parallel to the shaft until it reaches
zero value.

The following observations are made on contour
figures:

1. The formation of stagnation points in front of
the turbine’s cone.

2. Formation of a negative pressure region behind
the turbine’s cone (inside the spherical shape).

3. Formation of a low-velocity region parallels to
the turbine’s shaft.

4. Formation of the high-velocity region behind
the blade’s curvature.

To illustrate the pressure and velocity distribution
and the interaction between the upstream and inside
the sphere region velocities due to the venturi effect
caused by the turbine’s design, a line was drawn across
the EBWT in the upper half of the turbine with the
shown coordinates in Table 6.

The examined case is with an inlet velocity 4m/s,
55 r/min mesh motion solution. The pressure and velo-
city distributions are shown for the drawn line. The line
is drawn in the XY plane without any rotation in the Z
direction and the point (0,0) is the center of the shaft as
shown in Figure 30.

The pressure and velocity distribution across the
illustration line are shown in Figure 31 with an inlet
velocity 4m/s and 55 r/min. The biggest value of the

Figure 26. Power coefficient versus tip speed ratio for the
different number of blades.

Figure 27. Cp–tip speed ratio with respect to the wind velocity
for 20� six-bladed EBWT.
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Figure 28. Pressure contours around six-bladed 20� EBWT at (a) 0.2, (b) 0.8, and (c) 1 TSR with inlet velocity of 4 m/s.

Figure 29. Velocity contours around six-bladed 20� EBWTat (a) 0.2, (b) 0.8, and (c)1 TSR.
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pressure represents the stagnation point in front of the
turbine’s nose. This point has the maximum pressure
value and minimum velocity value. This figure shows
the pressure and velocity values up and downstream
the turbine.

The pressure curve shows that the maximum value
appears in front of the turbine and then it drops to its
minimum negative value behind the blades. On the
other hand, the velocity curve shows that velocity
upstream the turbine is 3.5m/s and then it increases till
it reaches 4.7m/s behind the blades.

Conclusion

After studying and analyzing all the yielded and calcu-
lated data, the main conclusions drawn from this study
are summarized as follows:

1. EBWT with 20� twist angle and six blades pro-
vides better torque coefficient than the other
tested twist angles.

2. The experimental power coefficient for 20�
twist angle is 14% and occurs at a TSR close
to 1.0. The lowest peak power coefficient is
produced by 30� twist angle and occurs at unity
TSR.

3. The experimental torque coefficient curves are
high at low rotational speeds and decrease
monotonically as the rotational speed
increases.

4. The computational study shows that the four-
bladed EBWT with 15.5% solidity produce
better torque values than the other studied
number of blades for 20� EBWT at 1.8 TSR.

5. The EBWT shows relatively high rotor effi-
ciency and aerodynamic performance com-
pared to the other blades at lower TSR range.

6. Energy ball blade’s effect on each other for the
studied cases is very small.

7. From the experimental and numerical study,
30� blade twist angle and three-bladed EBWT
give small torque values and a lower coefficient
of performance than all studied cases.

8. From the experimental and computational
study, it was concluded that the geometry
deformation happens in real life from the effect
of wind on the blades and highly affects the
resultant values.

9. The velocity contours indicate the reality of
proved theoretical approach and that EBWT

Table 6. Pressure and velocity line coordinates.

Points X Y Z

Point 1 0.25 0.07 0
Point 2 –0.25 –0.07 0

Figure 30. Illustration line for pressure and velocity
distribution.

Figure 31. Pressure and velocity distribution across the distribution line with inlet velocity 4 m/s: (a) pressure distribution across
the illustration line and (b) velocity distribution across the illustration line.
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has a Venturi effect on the flowing wind
through the turbine.

10. The computational investigation of the
obtained results determined the interaction
between the upstream and inside the sphere
region velocities due to the Venturi effect
caused by the turbine’s blades.
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Appendix 1

Notation

A area
Ab blade area
Cm torque coefficient
Cp power coefficient
D diameter
k turbulent kinetic energy
n number of blades
N revolution per minute
P power
r radius
T torque
V velocity

e dissipation rate
l tip speed ratio
s solidity
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