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This article 
contributes to: 

 

 

Highlights: 

• Cross-axis turbines to capture wind flow from horizontal and 
vertical directions around multi-storey buildings have been 
studied. 

• Performance analysis was carried out using a wind tunnel in 
a laboratory that was conditioned both under loading and 
without loading conditions. 

• The time required to move from a non-rotating speed to a 
constant speed is affected by the wind speed and the blade 
pitch angle. 

• The maximum power coefficient of the wind turbine was 
obtained at 5.2% at a wind speed of 7.6 m/s, blade pitch 
angle of 25°, and tip speed ratio of 0.5. 

 

Abstract 

Horizontal and vertical-axis wind turbines have long been used to generate electricity in open areas 
by utilizing horizontal wind flow. Under certain conditions, for example in multi-storey building 
areas, wind flows not only from horizontal but also vertical directions. Therefore, this research 
aims to develop a new turbine model known as a cross-axis to capture wind flow from horizontal 
and vertical directions around multi-storey buildings. Design, production, testing, and performance 
analysis are carried out in this project. The model is designed with a rotor diameter of 700 mm 
which has 5 vertical blades and 10 horizontal blades with a total height of 600 mm which is divided 
into two configurations, upper and lower. Performance analysis was carried out using a wind 
tunnel in a conditioned laboratory both in loaded and unloaded conditions. The output power of 
the wind turbine is measured using an electric dynamometer. The no-load test was applied to 
determine the time required to move from non-rotating to constant rotation at different speeds 
and horizontal blade angles. Meanwhile, the load test is used to determine the power coefficient 
at various speeds, horizontal blade pitch angles, and loads. The research results show that the time 
required to move from a non-rotating speed to a constant speed is influenced by the wind speed 
and the blade pitch angle. The power coefficient was also observed to be influenced by wind speed, 
blade pitch angle, and load. Furthermore, the shortest time to reach a constant rotation speed is 
around 20 seconds at a wind speed of 7.6 m/s and a blade pitch angle of 25°. The maximum power 
coefficient of the wind turbine was obtained at 5.2% at a wind speed of 7.6 m/s, blade pitch angle 
of 25°, and tip speed ratio of 0.5. 

Keywords: Wind speed; Blade pitch angle; Wind turbine power; Power coefficient 

1. Introduction 
The electrical power demand in Indonesia is generally supplied by fossil fuel-powered plants. 

The fossil fuel resources used in these plants are reducing continuously and the consumption also 
has a significant negative impact on environmental sustainability. The future demand for electricity 
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in Indonesia has been projected to increase steadily due to the advancement in industrial activities 
and population growth. Therefore, the use of renewable energy in electricity generation is 
necessary now and in the future. Indonesia has a large potential source of wind renewable energy. 
Utilization of wind energy into electrical energy using wind turbines [2]–[7]. The most popular types 
turbines are horizontal and vertical axes as presented in Figure 1 and are both designed to 
transform wind energy in an open area with a horizontal flow of wind [8]. One of the problems 
observed is the need for heavy and complex foundation structures during their installation [8]. 
Moreover, the direction of wind can be reflected by the high-rise buildings in cities [2], [3], showing 
the need to have a wind turbine design for this type of structure. 

A new wind turbine design 
known as the cross axis is 
designed for this purpose [1] with 
a focus on absorbing wind energy 
from two directions, horizontal 
and vertical, based on the 
conditions around high-rise 
buildings [1], [9]–[11]. This model 
can be implemented through a 
light and simple foundation 
structure. It was designed with 3 
vertical and 6 horizontal blades 
divided into two configurations 
including 3 at the top and 
another 3 at the bottom area. 

Moreover, the dimensions of the blade rotor was 350 mm in diameter and 350 mm in height. The 
turbine design has been tested in a laboratory at a wind speed of 4.5 m/s from a fan configuration 
and generated a maximum coefficient estimated at 2% [1]. Meanwhile, the test conducted on an 
integrated model produced a maximum power coefficient approximated at 26.6% [1], [12]. 

Therefore, this research was conducted to improve the performance of the cross-axis wind 
turbine model by modifying the blade area, rotor size, and deflector [13]–[15]. The process focused 
on having additional blades and changing the type of airfoil [16], [17]. Furthermore, the diameter 
and height of the rotor were increased, and the same trend was applied to the deflector 
component through a plate curve form. The performance of the model was tested in the 
educational laboratory using a wind tunnel to generate wind and the aim was to improve the 
coefficient. 

2. Ideal Wind Turbine Performance  
The ideal wind turbine model was simulated using one propeller without friction in Figure 2 

[18] and the performance was previously predicted by A. Bets in 1920. Non-friction propeller was 
used as the actuator disk to form the surface tracking with A used to represent the section area 
and V1 for the local speed. Wind pressure on the tracking surface was not continuous with those 
around the disk observed to have increased to pb while those behind the disk reduced to 𝑃𝑎 and 
returned to free flow pressure 𝑃∞. 

 

Figure 2. 
(a) Simulation of ideal 

wind turbine and  
(b) Performance 

estimation of several 
wind turbine to tip 

speed ratio [18]  
 

Figure 1. 
   Popular 

wind turbine: 
(a) Horizontal 

axis [1]; 
(b) Vertical 

axis [2]  
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Momentum and Bernoulli equations were applied to the horizontal direction based on the 
volume sides 1 and 2 to produce the maximum ideal wind turbine model power as follows Eq. (1) 
[7], [18]. 
 

𝑃𝑚𝑎𝑥 =
8

27
𝜌𝐴𝑉1

3 (1) 

 
Wind power that actually penetrated the ideal wind turbine was determined based on the 

total rate of wind kinetic energy in the disk section area as stated in the following Eq. (2) [18]. 
 

𝑃𝑊 =
1

2
𝜌𝐴𝑉1

3 (2) 

 
The maximum power coefficient probably achieved by the ideal wind turbine was determined 

as follows Eq. (3). 
 

𝐶𝑃𝑚𝑎𝑥 =
𝑃𝑚𝑎𝑥

𝑃𝑊
= 0,593 (3) 

 
Eq. (3) was based on the number or Betz limit applied to compare the ideal performance of 

the model with the actual wind turbine. Moreover, the performance coefficient of the ideal model 
and other designs is presented in Figure 2b [19]. The power coefficient of the actual condition was 
determined through the independent variable of the tip speed ratio. 

3. Development of Wind Turbine 
The cross-axis wind turbine model developed was designed using a rotor with 700 mm 

diameter and 600 mm height as shown in Figure 3. The rotor had 15 blades consisting of 5 in the 
vertical and 10 in the horizontal orientation which were further divided into two configurations 
including 5 in the top area and 5 in the bottom area. All the outer tip blades were connected using 
two circular connectors at the top and bottom areas. Meanwhile, the inner horizontal blades were 
connected through a threaded joint in the two-axis hubs at the top and bottom areas with an 
adjustable pitch angle [20]–[25].  
 

Figure 3. 
Cross axis wind turbine 
model design drawing 

consisting of:                                                         
(a) assembly drawing 

and  
(b) view drawing  
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The vertical and horizontal blades were selected by considering the widely accepted airfoil 
standard practice [17], [19], [26]–[34]. This was indicated by the application o of 4412 NACA 
(National Advisory Committee of Nation Aeronautics) airfoil with a 50 mm chord line for the 
horizontal blades and 0015 NACA airfoil with a 50 mm chord line for the vertical blades [31], [33], 
[35]. All the blades were fiberglass materials considered to be lightweight, inherently strong, and 
cheap [34], [36], [37]. Moreover, the curved deflector attached to the bottom area as wind 
entrance into the turbine had a radius of 300 mm. 

The rotor axis for wind turbine was supported by a steel frame construction with a square 
profile having two bearings. Moreover, the sprocket chain power transmission attached to the 
bottom tip of wind turbine to the electrical generator served as part of the dynamometer 
measurement tool. The dynamometer was applied to measure the electrical power generated 
from the shaft. 

4. Facility Test Setup 
The laboratory facility used to test wind turbine model is presented in Figure 4. The wind 

tunnel used in this test is an open forced type. The tunnel is about 4 m long and about 1.7 m high. 
The cross section of the tunnel is square with a length of 1 m and a width of 1 m. At the end of the 
outer side of the tunnel is installed flow straightener. The maximum wind speed generated by this 
wind tunnel reaches about 8.0 m/s. Wind flow rate inside the tunnel blower was regulated by an 
inverter. A flow straightener was also incorporated in the tunnel to ensure uniform wind speed 
distribution, reduce turbulence, and create a consistent pattern [14], [16], [18]. Moreover, wind 
speed affecting the model was measured using a calibrated Pitot tube meter as shown in Figure 5a 
and Figure 5b. The power generated by the shaft of the turbine was transmitted to the electrical 
generator through the sprocket chain operating with a speed ratio estimated at 10. This caused 
the rotation speed of the generator to be approximately 10 times the value for the wind turbine 
as confirmed through the contact tachometer in Figure 5c. 

The output power was in the form of direct current from the electrical generator which was 
part of the dynamometer measurement tool. The tool had a multimeter to measure the voltage 
and electrical current recorded through an Arduino microcontroller device in addition to the 
rotation speed of the electrical generator determined based on a rotational sensor. 
 

Figure 4. 
Testing setup  

 

Figure 5. 
(a) Pitot tube,  

(b) Application of pitot 
tube during the test, 

and  
(c) Tachometer  
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5. Testing 
The Cross-axis wind turbine model was tested in the laboratory using the tool setup presented 

in Figure 4. The performance was determined based on wind speed, blade pitch angle, and load 
variation. Wind speed in the tunnel was changed by adjusting the blower motor using the 
frequency inverter and measured through the Pitot tube meter. Meanwhile, the horizontal blade 
pitch angle was changed by rotating against the rotated axial line and the pitch blade was 
measured using a graduated arch tool. 

The generator dynamometer was loaded using an electrical resistor and the load was adjusted 
to provide 11 different levels of workload. Under unloaded conditions, the change in wind turbine 
rotation from a standstill to a consistent speed was observed. Moreover, the unloading and loading 
observations were performed at 5 m/s and 8 m/s wind speed with the blade pitch angle varied 
between 10° and 45°. The loading test was conducted by varying from light to heavy load at 
constant wind speed and specific blade pitch angle. The increase in the load was observed to have 
led to a reduction in the rotation speed. The data from the test was recorded and stored one time 
at every 4 seconds by the Arduino microcontroller device. 

6. Data Processing 
The data was processed to evaluate model performance of the pitch angle, wind speed, 

rotation speed, wind power, electrical voltage, electrical current, and electrical power. Attention 
was also placed on the duration required to move from unrotated conditions to constant rotation 
speed, tip speed ratio, and performance coefficient using the following equations. 
Rotation speed of wind turbine [18]: 
 

𝑛 = 𝑖𝑛𝐺 (4) 

Where, i is the speed ratio of the sprocket chain and nG is the generator rotation speed in rpm. 
Turbine shaft angle speed [18]: 
 

𝜔 =
2𝜋𝑛

60
 (5) 

ω unit is in rad/s and n is the speed rotation of wind turbine in rpm. 
Tip speed ratio [18]: 
 

𝑇𝑆𝑅 =
𝜔𝑅

𝑈
  (6) 

R is the radius of wind turbine rotor and U is wind speed. 
Electrical power generated from the direct current generator [18]: 
 

𝑃 = 𝑉𝐼  (7) 

V is the electrical voltage in volts and I is the electrical current in amperes. 
Incoming wind power entering wind turbine [18]:  
 

𝑃𝑤 =
1

2
𝜌𝐴𝑈3 (8) 

 
Power coefficient of wind turbine [18]: 
 

𝐶𝑃 =
𝑃

𝑃𝑤
 (9) 

 
The results from these tests were presented in graphical form with a focus on wind speed 

based on the variation of the blade pitch angle. It was applied to the change in the turbine rotation 
speed per time and power coefficient to tip speed ratio. The tip speed ratio expresses the change 
in rotational speed resulting from the load exerted on the wind turbine model at a given wind 
speed that is kept constant with a variable blade pitch angle. The tip speed ratio decreases as the 
load applied to the wind turbine model increases. The change in rotational speed of the cross-axis 
wind turbine model over time from rest to reaching a constant rotating speed at the lowest wind 
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speed in the test, which is 5.0 m/s with some variation in blade pitch angle is shown in Figure 6. 
While the change in rotational speed at the highest wind speed, which is 7.6 m/s is shown in Figure 

7. 
The power coefficient of the cross axis wind turbine model to tip speed ratio at the lowest 

wind speed of 5.0 m/s with some variation in blade pitch angle is shown in Figure 8 and at the 
highest wind speed of 7.6 m/s is shown in Figure 9. 

  

Figure 6. 
Change in wind turbine 
rotation speed per time 

at a wind speed of 5.0 
m/s and variations in 
the blade pitch angle  

 

Figure 7. 
Change in wind turbine 
rotation speed per time 

at a wind speed of 7.6 
m/s and variations in 
the blade pitch angle  

 

Figure 8. 
Power coefficient to tip 

speed ratio at a wind 
speed of 5.0 m/s and 

variations in the blade 
pitch angle  

 



Endang Achdi et al.  

 

Mechanical Engineering for Society and Industry, Vol.4 No.1 (2024) 88 

 

Figure 9. 
Power coefficient to tip 

speed ratio at a wind 
speed of 7.6 m/s and 

variations in the blade 
pitch angle  

7. Discussion 
The results showed that the rotation speed was influenced by wind speed and blade pitch 

angle while the power coefficient of the model was affected by wind speed, blade pitch angle, and 
load. The tangential speed of the turbine rotor and wind was compared using the term known as 
tip speed ratio. It was discovered that wind produced by the tunnel and sent to the vertical or 
horizontal blade caused lift and drag force, leading to a resultant force with radial and tangential 
components to the axial line of wind turbine. This resultant force caused torsion in the axis and led 
to the rotation of wind turbine. An increase in the tangential component, as opposed to the axial 
torsion in the turbine, enhanced the torsional stress which further elevated the rotation speed and 
power output of the turbine. The highest percentage of the resultant force tangential component 
was achieved at specific wind speed and pitch angles. Under these conditions, wind turbine 
optimally converted wind energy into electrical power, resulting in its peak performance. The 
highest performance of the model developed was defined based on the shortest time required to 
attain a constant rotation speed and the maximum power coefficient. 

The pitch angle of the vertical blades remained 0° during the test but varied between 10° to 
45° for the horizontal blades. At constant wind speed, the resultant force in the vertical blade 
depended on the position of each blade and the pitch angle over the rotation duration. The 
performance of the turbine in converting wind energy into electrical energy was observed to be 
based on wind speed and blade pitch angle. The best turbine performance was based on the 
highest power coefficient and shortest duration to achieve constant rotation speed. 

As shown in Figure 6 and Figure 7, the duration of time required to achieve a constant rotating 
speed from rest is shorter for higher wind speeds at the same blade pitch angle. The shortest 
duration of time was achieved at a wind speed of 7.6 m/s with a blade pitch angle of 25°. The power 
coefficient shown in Figure 8 and Figure 9, the highest wind turbine model power coefficient is 
achieved at a wind speed of 7.6 m/s with a blade pitch angle of 25°.In every selected constant wind 
speed, the shortest time to achieve stable rotation speed was approximately 25° pitch angle or 20 
seconds in 7.6 m/s. The maximum power coefficient recorded was 5.2 % at 7.6 m/s and 25°  pitch 
angle. 

8. Conclusion 
In conclusion, based on the test data that has been analyzed and discussed, the results 

showed that the rotation speed and power coefficient of the cross-axis wind turbine model 
designed were influenced by wind speed, blade pitch angle, and load. The shortest duration of time 
required to achieve a constant or stable rotating speed is about 20 seconds and was achieved at a 
wind speed of 7.6 m/s and a blade pitch angle of 25°. The maximum power coefficient achieved is 
about 5.2% which occurs at a wind speed of 7.6 m/s and a blade pitch angle of 25° and tip speed 
ratio of 0.5. The cross-axis wind turbine model that has been developed in this study has a higher 
performance than the results of previous studies conducted by other researchers who are the main 
reference. This research recommended further refinement of the testing conditions to ensure they 
are nearly identical to the actual operational conditions of the cross-axis wind turbine model. 
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