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Wind energy sources must be investigated to produce electrical energy from a 
renewable source. Crossflow wind turbines are suitable for use because they have 
several advantages such as self-starting ability, low noise, and excellent stability. They 
have the potential to be applied as small wind turbines in urban districts because of 
their small maximum coefficient of power (Cp), which is 10% of that of other small 
wind turbines. To enhance the performance of crossflow wind turbines, we changed 
the turbine to rotate in the opposite direction in the in-line configuration. Turbine 
performance testing was tested using a wind tunnel. The characteristics of crossflow 
wind turbines were investigated, then turbine performance was analyzed and 
discussed. The maximum power coefficient obtained was 0.169 (Cp) with the 
configuration of 12 turbine blades at a wind speed of 10 m/s. The maximum torque 
coefficient obtained was 0.703. The overall results show that the crossflow wind 
turbine in in-line configuration with opposite rotation can improve the performance 
of wind turbines. 
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1. Introduction 
 

Energy supply is one of problems currently faced by countries around the world. Fossil fuels 
remain the main source for generating electrical energy with the help of generators. The wide-scale 
use of fossil energy has resulted in the scarcity of this resource because it is non-renewable or 
requires a long time for renewal. As such, R&D has focused on the field of renewable energy. Wind 
energy has attracted attention as a renewable energy source to produce electricity [1]. To produce 
electrical energy from wind energy, a generator is needed to convert the kinetic energy of the wind 
into electrical energy through a wind turbine system [2–4]. However, wind turbines have some 
disadvantages: they require strong winds to produce electricity and the investment costs are high.  
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Many improvements in wind turbines have been achieved, one of which is the Banki wind turbine 
as a basic crossflow wind turbine. Crossflow wind turbines have a high torque coefficient at low tip 
speed ratio, low noise, high stability, and are self-starting [5–8]. Therefore, wind turbines are suitable 
for use in urban areas as a small wind turbine. The turbine revolves due to wind energy that hits the 
concave turbine surface area while the other side of the wind pushes the convex turbine surface. The 
more concave the surface, the higher the torque [9–11]. 

Eight was the number of blades found to produce the maximum power coefficient value of 0.3 at 
a relative tip speed ratio of 0.35–0.6 [9]. At wind speeds of 20 m/s, crossflow wind turbines showed 
very good performance with a six-blade configuration and turbine dimensions of 152 mm [12]. The 
experiment was conducted using the hydrodynamic approach and a full-scale machine that met 
certain requirements. Research on the number of blades for crossflow wind turbines was performed 
with 12, 15, and 18 blades. The results showed that the maximum efficiency value of 0.12 was 
achieved using 12 blades [13]. Mathematical modeling of crossflow wind turbines has also been 
conducted using ANSYS CFX and varying the speed from 7–11 m/s; the best turbine performance was 
obtained at low wind speeds with good self-starting capability. The coefficient of power obtained 
was 0.059 with a tip speed ratio of 0.30, and the torque coefficient was 0.49 with a tip speed ratio of 
0 [14]. Crossflow wind turbine performance is influenced by the number of blades. Previous studies 
reported that the value of the power coefficient decreases with the number of turbine blades ; the 
wind turbine with 20 blades and size of 1 × 1 × 1 m produced a Coefficient of Power (Cp) of 0.45 and 
Coefficient of Torque (Ct) of 3.6 with a tip speed ratio below 0.6 [15,16]. 

Crossflow wind turbine performance is influenced by the dimensions, blade number, wind speed, 
and blade shape [6]. Therefore, we aimed to enhance the performance of the crossflow wind turbine 
in an in-line configuration in the opposite rotation direction. The direction of turbine rotation in 
crossflow wind turbine systems aims to increase the force acting on the concave blades of the second 
turbine. The turbine performance is determined using the power and torque coefficient values at a 
certain tip speed ratio. The power coefficient value is obtained from a comparison between the 
mechanical power of the rotor and the wind power. The torque coefficient value is obtained from a 
comparison between actual torque and theoretical torque, whereas the tip speed ratio is the ratio 
between the rotating speed of the rotor's tip end to the wind speed. 
 
2. Methodology  
 

For the experiments in this study, we used a crossflow wind turbine with the specifications as 
listed in Table 1. We used a wind tunnel with a diffuser, a test section dimension of 30 × 30 cm, 
settling chamber, and fan to control the flow velocity. The wind speed in this experiment was set to 
8 or 10 m/s. Figure 1 shows a schematic of the experimental set-up. To achieve opposite rotation 
direction, an engineered flow was produced using two turbines in which the front turbine functioned 
to change in the direction of the air flow entering the rear turbine. 

Wind speed was measured at three points: a, b, and c, using a Pitot Tube Anemometer EXTECH 
HD350 (PT. Kawan Lama, Surakarta, Indonesia) with an accuracy of 0.97–80 m/s. Turbine shaft 
rotational speed was measured using a KRISBOW KW0600563 tachometer (PT. Kawan Lama, 
Surakarta, Indonesia) with an accuracy of 2–20,000 rpm (0.05% + 1 digit). Torque values were 
obtained using a Prony brake system and calculations using effective force and effective radius, as 
shown in Figure 2. 
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Table 1 
Turbine specifications 

Parameter Value 

Outer Diameter (D0) 200 mm 
Inner Diameter (D1) 130 mm 
Turbine Height (H) 200 mm 
Aspect Ratio (D1/H) 1 
Overlap ratio 0 
Blades Length 60, 25 mm 
Blades Number  12, 16, and 20 

 

 
Wind Velocity Measurement Point 

 
Fig. 1. Experimental set-up test 

 

 
Fig. 2. Prony brake system 
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The crossflow wind turbine was designed by SolidWorks 2016 and fabricated in ATMI Duta 
Engineering (Surakarta, Indonesia). Turbines were constructed with 5 mm thick aluminum material. 
Figure 3 shows the dimensions of the turbine used in this study with a 1:1 aspect ratio, outer turbine 
diameter of 200 mm, inner turbine diameter of 130 mm, turbine radius of 60.25 mm, and turbine 
height of 200 mm. In this study, we also varied the number of blades using 12, 16, and 20 blades. 
 

 
(a) 

 
(b) 

Fig. 3. Crossflow wind turbine configuration (a) dimension; (b) 3D view 

 
3. Results  
3.1 Turbine Performance 
 

Performance of front wind turbine is shown in Figure 4 for the different wind speeds. Based on 
the experiment, the maximum turbine power coefficient value was 0.161 velocity (V = 8 m/s) on Tip 
Speed Ratio (TSR) 0.518, 0.122 (V = 10 m/s) on TSR 0.415, 0.675 (V = 8 m/s) on TSR 0.027, and 0.628 
(V = 10 m/s) on TSR 0.027. These values align with those reported by Ushiyama et al., in which a wind 
turbine with 12 blades produced the best performance [13]. 

 

 
Fig. 4. Performance of the front turbine 
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The performance of the turbine was similar to that reported in previous studies in which the Cp 
value increased with increasing TSR and reached a peak at a certain TSR then decreased, forming a 
parabolic curve [17], because the experiment was conducted using the close circuit environmental 
wind tunnel method, which produces uniform airflow [18]. The Ct results formed an exponential 
curve with the value of Ct tending to decrease with increasing TSR [19]. 

To differentiate the effects of Reynolds number (Re), the experiments were also performed at 
two speeds, 8 and 10 m/s. Re was calculated using Eq. (1) (see Table 2). 
 

Table 2 
The values of Reynolds number and velocity 

Reynolds number (Re) Velocity (V) 

9.52 × 103 8 m/s 
1.19 × 104 10 m/s 

 

𝑅𝑒 =
𝜌𝑉𝐷

𝜇
 ,               (1) 

 
where μ is the dynamic viscosity, 𝜌 is the density of air, and D is length, which were 1.983 × 10-5 
kg/ms, 1.18 kg/m3, and 0.02 m, respectively. 

 
3.1 Effect of Number of Blades 

 
The performance of crossflow wind turbines can be determined using the value of the power 

coefficient. In this study, we tested turbines with 12, 16, or 20 blades at wind speeds of 8 and 10 m/s. 
Figure 5 shows the power coefficient obtained from the experiment at a wind speed of 10 m/s with 
12, 16, and 20 blades. The maximum power coefficient was produced from the wind turbine with 12 
blades, at 0.168. Increasing the number of blades did not increase the power coefficient. 

 

 
Fig. 5. Power coefficient of crossflow wind turbine at a wind speed of 10 m/s 
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Figure 6 shows the results of the power coefficient of a crossflow wind turbine at a wind speed of 8 
m/s. A parabolic trend similar to the results of the power coefficient at a wind speed of 10 m/s was 
found. Figure 6 shows that the highest power coefficient at a wind velocity of 8 m/s was 0.096 at TSR 
0.362 with 20 blades. Increasing the number of turbine blades created fewer gaps among the blades, 
producing wind flow that could pass through, resulting in increasingly negative torque.  

 

 
Fig. 6. Power coefficient of crossflow wind turbine at a wind speed of 8 m/s 

 
Figure 7 shows the maximum coefficient power in the investigation. The higher the number of 

blades, the lower the coefficient of power. The highest coefficient power was produced by a turbine 
with 12 blades and an air velocity of 10 m/s. This value is a 5% increase over the standard wind 
turbine. Using more blades decreased the coefficient of power.  
 

 
Fig. 7. Changes in coefficient of power with number of blades at 
different wind speeds 

12 blades 8 m/s 
in direction of the flow of the wind 
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This is in agreement with previous studies in which the use of more blades resulted in a decrease 
in the coefficient of power, which was caused by obstructed airflow due to increasingly small gaps 
among the turbines, leading to increased negative torque as well as turbulence in front of the turbine 
[20]. 
 
3.2 Torque Coefficient of Crossflow Wind Turbine  
 

The ability of a turbine to rotate when obtaining wind energy can be understood from the value 
of the torque coefficient. Figure 8 compares the torque coefficient value and the tip speed ratio at 
wind velocities of 8 and 10 m/s. The torque coefficient decreases with increasing tip speed ratio, 
forming an exponential curve [21].  
 

 
(a) 

 
(b) 

Fig. 8. Effect of number of blades on torque coefficient at (a) 
10 and (b) 8 m/s 
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This occurred because the experimental process was performed using Prony brake system that 
was gradually loaded until the turbine stopped revolving. A turbine with a wind speed of 10 m/s and 
16 blades produced the best torque coefficient value of 0.757 at TSR 0.025. At a wind velocity of 8 
m/s, the highest torque coefficient was 0.870 at TSR 0.025 with 20 blades. This occurred due to the 
large number of fields affected by the wind kinetic energy for the turbine blade producing a large 
amount of torque.  

The torque coefficient value for the wind turbine at a wind velocity 8 m/s was above the standard 
turbine coefficient value. The increase in the value of the torque coefficient is shown in Figure 9; the 
maximum torque coefficient in this study is higher than the standard torque coefficient (0.675 at TSR 
0.025). The torque coefficient at high wind velocity was lower than that at low wind velocity. At high 
velocity, the flow of air hitting the turbine was imperfect due to the low wind momentum and the 
high number of blades that increased the negative torque [19]. However, at a wind velocity of 8 m/s, 
the highest torque coefficient was produced by the turbine with 20 blades because of air flow that 
hit the turbine perfectly, as well as the negative torque produced that was lower than positive torque. 
This is what creates the ability of the wind to revolve the turbine. 
 

 
Fig. 9. Maximum torque coefficients for different numbers of blades 

 
4. Conclusions 
 

Based on the results of the investigation of crossflow wind turbines, we successfully constructed 
a crossflow wind turbine with opposite rotation. The wind velocity and number of turbine blades 
influence the power coefficient. The crossflow wind turbine with 12 blades at a wind velocity of 10 
m/s produced the largest power coefficient with a torque coefficient value higher than the standard 
wind turbine (0.169 and 0.703, respectively). 
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