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Abstract 

Solidity was a significant parameter affecting the efficiency of wind turbines. It is defined as the 
ratio between the projected area of all blades and the swept area of the rotor. The solidity could be 
improved by modifying the shape, cord length, or the number of blades. Research studies mentioned that 
higher solidity seemed to provide more power due to more blade area. However, it can be argued that if 
the solidity was too high, it would cause the airflow to be more obstructed and disrupted, causing the 
gained power to drop down instead. Thus, the optimum solidity, which made the wind turbines maximum 
effective, must be existent in itself and must be in the range between 0 - 100 %. Thai sail windmill is a 
kind of horizontal axis wind turbine currently used to pump seawater in salt farms in Thailand, where the 
general solidity is in the quite wide range of about 15 - 60 %. Mostly, the Thai sail windmill was designed 
by a rule of thumb. Hence, it has quite a low efficiency, which is only about 10 %. This study aims to 
investigate the optimum solidity of Thai sail windmill in the downwind type to enhance efficiency. The 4-
blade and 6-blade rotors of 1-m radii were used as the prototypes for experiments using the tow testing 
method. The results showed that the optimum solidity of 4-blade and 6-blade rotors was 28 %, 
respectively, whereby the maximum efficiency of the 2 rotors was 17 and 25 %. 
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Table 1 Nomenclature used in this paper. 

Parameters Meaning Unit 

β  Tip pitch angles degree 

λ  Tip speed ratio N/A 

ω  Angular velocity of the rotor rad/s 

ρ  Density of air kg/m3 

σ  Solidity N/A 

A Rotor swept area m2 

pC  Power coefficient N/A 

1F  Forces acting on the tension springs at F1 side N 

2F  Forces acting on the tension springs at F2 side N 

N Rotor speed RPM 
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Parameters Meaning Unit 

tP  Wind turbine power W 

wP  Wind power W 

R Radius of the blade tip m 

pR  Radius of the pulley m 

T Shaft torque N.m 

U Wind velocity m/s 

CTSW Conventional Thai Sail Windmill N/A 

DTSW Downwind Thai Sail Windmill N/A 

k ω− SST Turbulence model N/A 

 
 
Introduction 

The efficiency of wind turbines depends on various parameters such as airfoil shape, pitch angle, 
rotor speed, solidity, etc. However, this study focused only on the effect of solidity. Solidity is defined as 
the ratio between the projected area of all blades and the swept area of the rotor (rotor area). 
Consequently, the solidity of wind turbines could be calculated from the blade size such as chord length, 
and the number of blades [1,2]. In common sense, the solidity of 0 % could not generate mechanical 
power from the wind energy because there is no any wind turbine blade. Thus, the wind turbine efficiency 
would be 0. On the other hand, the solidity of 100 % would cause the airflow to be completely and 
severely obstructed until it generates a high-pressure that can drag in the horizontal axis direction, which 
is called “thrust”. It means that it has 100 % of thrust and 0 % of torque. Thus, the wind turbine efficiency 
would also be 0. Therefore, the optimum solidity for any types of wind turbines must be existent in itself 
and must be in the range between 0 - 100 %. Currently, the Thai sail windmill is a kind of the horizontal 
axis wind turbines which is a lift type. Thai sail windmill is used for pumping the seawater into the salt 
farms [3] as shown in this article (Figure 1(a)) mostly used in the Samut Songkhram province in 
Thailand. Generally, the rotor of a conventional Thai sail windmill (CTSW) is in the upwind position and 
the solidity is in the quite wide range of 15 - 60 % [4]. Mostly, the efficiency of CTSW is quite low, with 
an average efficiency of only about 10 % [4]. 
 

 
Figure 1 Configuration of Thai sail windmill: CTSW with the upwind type rotor (a) and DTSW with the 
downwind type rotor (b). 
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The objective of this study is to investigate the optimum solidity of the DTSW to enhance 
efficiency. The downwind type rotor (Figure 1(b)) is used in this study due to its outstanding advantage. 
This type of rotor could employ as a passive yaw control when the wind direction was changed [5,6]. The 
downwind type rotor would have the rotor placed behind the wind turbine post or tower [7]. For the 
experiments, the small-scale rotor of DTSW in 2 styles, namely 4-blade and 6-blade rotor, were used as 
the prototypes for testing. The wind turbine testing can be performed by 3 methods as follows: (i) wind 
tunnel testing method, (ii) tow testing method, and (iii) field testing method [7]. Generally, wind tunnel 
testing is the most credible method because it is easy and effective to control the testing conditions, such 
as setting the uniform inlet velocity, installing measurement accessories, etc. However, due to the limit of 
available equipment and tools, the tow testing method is most suitable for this research which is the same 
method as the research of Song [8] and Maughmer [9]. 
 
Materials and methods 

Blade configuration 
The CTSW is typically presented with an average rotor size of about 8.0 m [3]. The rotor plane is 

placed in the upwind position wind velocity obtained only in the 2 main directions of the monsoon of 
Thailand: Northeast and Southwest monsoon. Thus, the CTSW cannot be yawed to another wind 
direction that might occur. The blades are triangular in shape made of canvas with solidity appearing in 
the range of about 15 - 60 % and the tip pitch angle of blades is about 20 ° [4]. For this study, the 
prototypes were built similarly to the CTSW, but the rotor size was scaled down from 8.0 to 1.0 m for 
more practical testing. In addition, the prototypes improved the rotor position from the upwind position 
into the downwind position, which is called “Downwind Thai Sail Windmill” (DTSW) (Figure 1(b)).  
The downwind rotor can facilitate the wind turbine rotor to have the passive yaw control when the wind 
direction is changed [5,6], to augment the opportunity in the energy capture. Three levels of solidity were 
selected randomly consisting of 22, 28 and 34 % to investigate the optimum solidity and to enhance the 
wind turbine efficiency.  The solidity range of CTSW is most commonly found from a survey in Samut 
Songkhram province. The triangular shape of the 4-blade and 6-blade rotors was designed on the cord 
size throughout span radius according to the 3 levels of solidity (Figure 2). Therefore, the prototypes for 
3 levels of solidity were built according to the design (Figures 3 - 5). Pitch angle is an important 
parameter that highly impacted the wind turbine efficiency because it affected the angle of attack on the 
wind turbine blades, which directly influenced the lift to drag ratio [10]. The blade pitch angles of DTSW 
were not constant along the span radius because the blades have an automatic twisting. However, the 
blade pitch angles of the prototypes were set by only the tip pitch angles (Figure 6) [11]. For this study, 
the tip pitch angles were selected randomly by 4 angles as follows: 5, 10, 15 and 20 ° to find the optimum 
tip pitch angle. 
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Figure 2 The blade shape and size of the 4-blade and 6-blade rotor of the prototypes: 22 (a), 28 (b) and 
34 % (c) of solidity. 
 
 

 
Figure 3 DTSW prototypes with the solidity of 22 %: 4-blade rotor (a) and 6-blade rotor (b). 
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Figure 4 DTSW prototypes with the solidity of 28 %: 4-blade rotor (a) and 6-blade rotor (b). 

 
 

 
Figure 5 DTSW prototypes with the solidity of 34 %: 4-blade rotor (a) and 6-blade rotor (b). 

 

 

 

Figure 6 Tip pitch angles ( β ). 
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Testing procedure 
Tow testing is an effective technique widely used globally for testing a wind turbine [7,11]. This 

method was implemented because of the limited availability of equipment and tools. The tow testing 
method is used to move the prototype forward into the stationary air with a constant speed by moving the 
towing vehicle [8,9] whereby the interference from the local wind must not be higher than 5 % of the 
tested speed. It should be noted that the vehicle speed has the same meaning as the inlet wind velocity for 
testing in the wind tunnel, while the prototype is stationary at all times. For this study, the carbon steel 
structure was installed on a pick-up truck to facilitate fastening the prototypes and all measurement 
accessories such as anemometer, tension spring, and optical rotational speed sensor. The rotor was 
installed 2.5 m away from the vehicle’s roof to avoid turbulent disturbance from the boundary layer effect 
[12]. The anemometer was mounted in front of the rotor plane about 1.0 m [11]. The tested speed for this 
study was 5.6 m/s because it was corresponding to an average wind velocity according to the local 
weather of the working area. 

 
 

 

Figure 7 The prototype and all measurement accessories installation: Tension spring and optical speed 
sensor (a), carbon steel structure and anemometer (b) and pulley and turnbuckle (c). 

 
 
The testing procedure could be briefly explained as follows: 
1) Install the carbon steel structure, prototype, and all measurement accessories on a pick-up truck 

(Figure 7). 
2) Monitor the local wind interference; whereby the pick-up truck should start moving only if the 

local wind does not exceed 5 % of the tested speed. 
3) Drive the pick-up truck forward with a constant speed on the route, which must be straight and 

not sloping (Figure 8). 
4) Put the resistance load on the rotor shaft by adjusting the turnbuckle screw to measure the torque 

and the rotor speed happening. 
5) Measure the F1 and F2 by tension springs and measure the rotor speed by optical rotating speed 

sensor when the system is already in a steady-state. 
6) Put more resistance load and measure the F1, F2 and the rotor speed again according to the 

previous step until the rotor speed stops rotating. 
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Figure 8 Tow testing: Carbon steel structure on a pick-up truck (a) and Straight route for testing (b). 
 
 

Wind turbine efficiency 
Power coefficient ( pC ) is a wind turbine characteristic indicating how much the wind turbine was 

effective [13]. Wind turbine efficiency is the power coefficient multiplied by 100 % ( pC 100%× ). The 

power coefficient is the ratio between the gained power from the wind turbine ( tP ) and the wind power           
( wP ) as shown in the Eq. (1): 
 

t
p 3

w

P T ωC
P 0.5ρAU

⋅
= =                (1) 

 
where T represents the shaft torque ( N m⋅ ), which is generated by the aerodynamic load of the wind 
turbine blades, ω  is the angular velocity of the rotor (rad/s), which can be calculated by Eq. (2): 
 
ω 2πN / 60=                (2) 
 
where N represents the rotor speed in the unit of revolution per minute (RPM), ρ  is the density of air 
(kg/m3). A is the rotor swept area (m2). U is the wind velocity (m/s). According to the free body diagram 
of the torque acting on the pulley of the prototype (Figure 9), the shaft torque could be measured using 
the equilibrium of forces and torques, which is the basic principle of mechanics (Newton’s 1st law of 
motion) [11]. When the system is in equilibrium, the sum of all forces and the sum of all torques acting 
on the system must be 0. Hence, the shaft torque can be shown in Eq. (3): 
 

p 2 1T R (F F )= −                (3) 
 
where pR  is the radius of the pulley, F1 and F2 are the forces acting on the tension springs as shown in 

the free body diagram. Tip speed ratio ( λ ) is the ratio between the tangent velocity at the blade tip and 
the wind velocity [13], which is presented in Eq. (4): 
 
λ ωR / U=                (4) 
 
where R represents the radius of the blade tip, it should be noted that both the power coefficient and tip 
speed ratio would be dimensionless.  
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Figure 9 Free body diagram of the torque acting on the pulley. 
 
 
Results and discussion 

All the prototypes were tested by the tow testing method, which employed a pick-up truck to move 
with a constant speed of 5.6 m/s. The prototypes used the 4 levels of the tip pitch angle, namely 5, 10, 15 
and 20 ° for experiments; which is the same as the previous research [11] that focused on the effect of the 
size of tip pitch angle on the efficiency and annual energy production of DTSW. For the general results of 
this article, according to Figures 10 and 11, the results showed that the left side of all graphs of the power 
coefficient has no measurement data points because the rotor stopped rotating immediately after the final 
resistant load was added pulley. The final resistant load was enough for the rotor to speed rapidly, slow, 
and become 0 instantaneously. At very low speeds of the rotor, the angle of attack throughout the span 
radius of blades would be high that the lift force, which is the origin of the torque and thrust, decreased 
strongly and rapidly. This is called “stall phenomenon” [14,15]. This is why the wind turbine rotor 
stopped rotating immediately and it could not measure the power coefficient at very low speeds. A similar 
result was reported by Chen et at. [16]. 

According to the experimental results of the 4-blade rotor of the DTSW (Figure 10), the results are 
the effect of 3 levels of solidity, namely 22, 28 and 34 % including the effect of 4 levels of the tip pitch 
angle, namely 5, 10, 15 and 20 ° on the efficiency of DTSW. Firstly, the results showed that the solidity 
of 34 % provided the lowest optimal tip speed ratio, which was only about 1.2 because the rotor speed 
was quite slow. This is caused by the obstruction from the large area of blades. On the other hand, the 
solidity of 28 % provided the highest optimal tip speed ratio, which was about 1.8 - 2.0, at the same tested 
wind velocity. The difference of the optimal tip speed ratio is the difference in wind turbine characteristic 
implying how much the rotor speed should operate to get maximum efficiency. Secondly, it was apparent 
that the solidity of 22 % provided the lowest efficiency for every tip pitch angle because of the too low 
area of wind turbine blades for generating torque. Lastly, the optimum solidity was 28 % and the 
optimum tip pitch angle was about 5 - 10 °, which provided the highest efficiency of about 17 %. The 
effect of these 4 levels of the tip pitch angle on the efficiency of 4-blade rotor of DTSW confirmed the 
results reported in the previous research [11]. However, it should be noted that the solidity of 34 % 
together with the tip pitch angle of 5, 10 and 15 ° provided high efficiency, especially at the low tip speed 
ratio, which provided the maximum efficiency of about 15 - 16 %. 
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Figure 10 The solidity effect of the power coefficient of the 4-blade DTSW. 

 
 

 
Figure 11 The solidity effect of the power coefficient of the 6-blade DTSW. 
 
 

According to the experimental results of the 6-blade rotor of the DTSW (Figure 11), it showed that 
the solidity of 34 % provided the lowest optimal tip speed ratio, which was only about 1.2 - 1.7. On the 
other hand, the solidity of 28 % provided the highest optimal tip speed ratio, which was about 1.8 - 2.7, at 
the same tested wind velocity. Both were higher than the 4-blade rotor style. Secondly, the solidity of 22 
% provided the lowest efficiency for all tip pitch angles compared with the other levels of solidity. 
Thirdly, it was obvious that the smaller tip pitch angle influenced the prototype to have a more tip speed 
ratio. Similar results were reported by Asl and Yoon [17] and Bottasso et at. [18]. Lastly, the optimum 
solidity was 28 % and the optimum tip pitch angle was about 5 - 10 °; which provided the highest 
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efficiency of about 25 %. The effect of these 4 levels of the tip pitch angle on the efficiency of 6-blade 
rotor of DTSW is the same results that reported in the previous research [11]. However, it should be noted 
that the solidity of 34 % together with the tip pitch angle of 5 and 10 ° provided highly efficient, 
especially at the low tip speed ratio, which provided the maximum efficiency of about 20 - 22 %. It was 
apparent that the 6-blade rotor would provide maximum efficiency more than the 4-blade rotor of about 8 
%.  

The CFD simulation by means of 3D RANS and the turbulence model of k ω− SST was carried on 
approximately to analyze the thrust of 4-blade and 6-blade rotors of DTSW. The simulation was 
performed only in the conditions of each prototype's maximum efficiency, which were at the tip pitch 
angle of 10 ° and each prototype's optimal tip speed ratio. The results showed that the bigger solidity 
caused the DTSW to generate more thrust. The 4-blade and 6-blade rotors with the solidity of 22, 28 and 
34 % produced the thrust that was equal to 17.58, 23.11, 30.85 and 13.44, 20.98, 26.23 N, respectively. 
These thrusts are caused by lift and drag occurring on each blade including the total pressure difference 
between the front and rear of the rotor as shown in the pressure difference contour in Figures 12(a) - 
17(a). Normally, the thrust is an unpleasant force for the wind turbine because it directly affects the wind 
turbine structure.  

 
 

    
 
Figure 12 Surface plots of the 4-blade rotor of 22 % solidity: Pressure contour (a) and streamline (b). 
 
 

    
 
Figure 13 Surface plots of the 4-blade rotor of 28 % solidity: Pressure contour (a) and streamline (b). 
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Figure 14 Surface plots of the 4-blade rotor of 34 % solidity: Pressure contour (a) and streamline (b). 
 
 

  
 
Figure 15 Surface plots of the 6-blade rotor of 22 % solidity: Pressure contour (a) and streamline (b). 
 
 

  
 
Figure 16 Surface plots of the 6-blade rotor of 28 % solidity: Pressure contour (a) and streamline (b). 
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Figure 17 Surface plots of the 6-blade rotor of 34 % solidity: Pressure contour (a) and streamline (b). 

 
 

For the solidity analysis of DTSW, although the solidity of 34 % has more area of the blade to 
generate torque, a part of aerodynamic force can become lost to the thrust due to a total pressure 
difference and more lift and drag from a more blade area. On the other hand, although the solidity of 22 
% can produce the lowest thrust and total pressure difference, the blade area is too small to generate 
higher torque. Thus, the solidity of 28 % might be the most balanced between the torque and thrust 
generated on 4-blade and 6-blade rotor of DTSW. This was the reason why the optimum solidity of 
DTSW was equal to 28 % approximately. Furthermore, it can be seen that the 4-blade rotor appeared the 
tip loss more than the 6-blade rotor. It can be observed from the vortices' size at each blade's tip as shown 
in the velocity streamline plot in Figures 12(b) - 17(b). Finally, the 4-blade rotor had the thrust and the 
total pressure difference more than the 6-blade rotor as shown in Figures 12(a) - 17(a). This was the 
reason why the efficiency of the 4-blade rotor was lower than the 6-blade rotor.  

 
Conclusions 

For the 4-blade DTSW, the optimum solidity was 28 % and the optimum tip pitch angle was about 5 
- 10 °, which provided the highest efficiency of about 17 %. For the 6-blade DTSW, the optimum solidity 
was 28 % and the optimum tip pitch angle was about 5 - 10 °, which provided the highest efficiency of 
about 25 %. In addition, it was apparent that the 6-blade DTSW provided maximum efficiency of about               
8 % more than the 4-blade DTSW. The suggestion for the future research may be the experiments on a 
new shape of blade and the high accuracy prediction of DTSW efficiency for all conditions by 
computational fluid dynamics. 
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