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Abstract 
Noiseless aerodynamics of a rotor blade is a vital research objective towards environmentally friendly wind turbine technology 

and military advancement of helicopter blades. Blade planform of a wind turbine determines the limiting streamline that 

responsible for the aerodynamic characteristics. This paper focused on the aerodynamic flow visualization showing the flow 

pattern around forward swept horizontal axis wind turbine (HAWT) for different radius and different wind velocities. The 

experiments were conducted in a wind tunnel. Tuft patterns were used for flow visualization, and rope brake dynamometer was 

employed for measuring the performances in different wind speeds. It is found that the planforms can form 3-D folds streamline 

that show the detailed mechanism of rolling-up effect, and give different performances in the cases of different radius and wind 

speeds. 
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1. INTRODUCTION 

The design and study of the HAWT blades initially paid 

little attention to rolled up vortices, the limiting streamline, 

3-D folding streamlined effect, tip, and base flow angles of 

the turbine blades. At first, implementing blade element 

momentum (BEM) theory, the sectioned of HAWT blades 

were uniform as sliced independently with no spanwise 

exchange of momentum assumption. Blade construction and 

power tests were extensively conducted [1]–[4]. Substantial 

German and Russian scientists’ contribution, from 

Joukowsky, Glauert had also been documented [5]. 

Centrifugal pumping effects and Coriolis force played a 

significant mechanism [6]. 

 

Singh and Ahmed have conducted power and blade 

construction test of a small rotor for low HAWT 

applications [7]. Bai et al., using numerical simulation, have 

performed an aerodynamic investigation and construction of 

10 kW HAWT blade [2]. A revised BEM theory has been 

promoted to forecast the power of a constructed HAWT 

blade.  There is a good agreement between the thrust and 

torque of the numerical simulation and the improved BEM 

theory. Velázquez et al. have described experimentation and 

design of a 1 MW HAWT [3]. Combination of any 

optimization algorithm and BEM is much proper to promote 

a more advanced formula. Plaza et al. have reported CFD 

and BEM comparison results for Mexico blade vortex 

dynamics [4]. Butterfield and Nelsen have reported stream 

demonstration experiments combination such as stream-

visualization and fluid dynamic pressure measurement from 

a revolving HAWT blade employing a method of tuft  [8], 

[9]. Some scientists [10], have reported an examination of 

an underlying implementation of a very little HAWT 

designed for multi-applications. 

 

Some latest research on HAWT blade fluid dynamics were 

concentrated on simulation of the delay of the stall, the role 

of Coriolis and centrifugal forces due to spin which delays 

the point of separation [6]. The limiting streamlines of the 

surface help to see the blade tip and root flows generated by 

low and high-speed winds [11]. Dumitrescu and Cardos [12] 

concluded that the flow visualization was attached over the 

rotor, at low wind speed conditions. At about 0.17 to 0.31 of 

the radius of the rotor, the secondary stream reaches the 

fastest. 

 

Several simulation studies on the 3-D effect of stall delays 

have been discussed. For low velocities HAWT, some 

researchers [12] have found that stall propagates from the 

base of the blade to the tip. Wu et al. have completed a study 

of the dynamic eddy arrangement during stall 

postponements [13]. Hu et al. have reported a study on the 

delay of the stall for HAWT [6]. Sicot et al. have proposed a 

method, on an investigation of stall-delay mechanisms, to 

determine the position of the separation point on the rotating 
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blade [14]. Lee and Wu have reported a PIV study of stall 

delay experiment of a HAWT blade [15]. Yu et al. [11] have 

investigated on the flow properties of a HAWT  rotating 

blade, at different wind velocities from 5 m/s to 10 m/s. 

They shift from laminar, disturbed laminar, weak stall, half 

stall, stall to tip, and entirely stall. 

 

The performance of 3-D HAWT blade models has been 

investigated focusing on stall suspension occurrence in 

relation with rearward and frontward swept of the HAWT 

blade styles. The stall delays have been recognized in 3-D 

HAWT frontward and rearward blade styles,  in some 

occurrences there were, due to the RuV effects, resulted by 

triangle-hubs, as developed by front-edge vortices [16]–

[18]. 

 

The purpose of this study is to investigate the performance 

of 3-D wind turbine blade models and verify the flow 

patterns using flow visualization. In this paper, the effect of 

forward swept of rotating wind turbine blades became the 

main focus of the current investigation. 

 

2. MATERIALS AND METHODS 

2.1 Wind Turbine Design 

In this study, BEM procedures have been used to plan the 

geometries of the HAWT blades. The turbine had 3 blades 

and employed aerofoil NACA 4412 along with their spans. 

The pitch angles distributions and standardized chord 

lengths spanwise were approached using the BEM optimum 

spreading (Equations (1) and (2)), as displayed in Figure 1. 

The design used a  = 3.65. The performance of the plan is 

designated in the form of Cp as a function of , as shown in 

Figure 2. The experiment uses 2 types of HAWT blades of 

R = 19 cm and R = 14 cm. Figure 3 displays 3-D printed 

models that have a radius of 0.19 m. 
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Fig 1: Designed pitch and normalized chord lengths 

spanwise [20] 

 

 
Fig 2: Performance of the design was approximated by the 

blade element method (BEM) [20] 

 

 
Fig 3: The 3-D printed models of radius R = 0.19 m. It also 

displays the measurement of the RPM of the rotor 
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2.2 Experimental Methods 

 
Fig 4: Test schematic in wind tunnel 

 

 
Fig 5: Rope brake dynamometer scheme 

 

Experiment process was conducted in a wind tunnel. Fig. 4 

shows the schematic elements of small-scale wind turbine 

measurement. The wind tunnel uses four blowers, and 

another one placed in the center to uniformize the wind 

input distribution. The air filter uses six arranged screen 

layers, the first two sparse screens, the second two medium 

sparse screens, and the third two tight screens, with the size 

of 20 mm x 20 mm, 10 mm x 10 mm, and 5 mm x 5 mm. 

The uniform wind enters from the blower; the speed is made 

more uniform using the dissipation process that happens 

along the way to create quite a low turbulence wind. A well-

designed contraction cone produces better wind distribution. 

Conical contraction is designed with an electromagnetic 

theory so that the process of compressing the wind becomes 

as isentropic as possible. The wind tunnel modifiers consist 

of wind velocity, rotor speed, and the rotor torque. A rope 

brake dynamometer system measured the torque. The torque 

was not measured directly. A balancing weight (W) was 

used to generate friction force on a pulley Dp in diameter. 

The torque values were calculated from the difference 

between balancing weight and the values shown in digital 

balance (S) by Eq. (3) [19]. 

 

 SW
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2


, 

(3) 

 

In order to know the efficiency of HAWT conversion into 

the rotation power, a tuft flow visualization method was 

applied to study the flow surrounding the forward HAWT 

blade models. The test scrutinized the flow pattern triggered 

by the blade actions. 

 

2.3 Rope Brake Dynamometer 

The dynamometer is an instrument for measuring power on 

a rotating shaft by measuring friction resistance or torsional 

friction. Due to the difficulty in measuring the friction, the 

rope brake dynamometer is much more reliable than a 

Prony-type brake system. Rope brake dynamometer, as it 

was assessed in [20]. This friction force is obtained by 

applying to brake. Rope brake dynamometer is one type of 

energy absorption type dynamometer. The way it works uses 

the braking principle between the rope and the pulley 

surface. In Fig. 5 consists of a shaft using a pulley and 

wrapped around a rope. One end of the rope is tied with a 

spring balance to read the string tension when the shaft to be 

measured rotates and one of them is tied to a load that can 

be varied. The frictional force between the rope and pulley 

must be determined to find out the amount of power 

produced by the shaft, so that torque is obtained in equation 

(3) [21], and the power generated by the shaft in equation 

(4) follows 

 

with p is the force generated by the shaft, W: Load (N), S: 

The legible spring balance (N), DP: Pulley diameter (m), N: 

Shaft rotation (RPM) the tension of the rope in the spring 

balance and the load on equation (5) [22] below 

 

with S: String tension tied to the mounting (N) μ: Strap 

coefficient θ: The contact angle between the rope and the 

pulley (rad) 

 

3. RESULTS 

3.1 Visualization of the Limiting Streamlined 

Forward Wind Turbine Blade 

Figure 6 and 7 show the visualization of the limiting 

streamline that occurs in the forward wind turbine blade of 

R = 19 cm and R = 14 cm. In forward wind turbines blades 

up to 5.6 m / s wind speed entirely stall phenomenon does 

not occur. This shows that the forward blade wind turbine 

can slow down the occurrence of the stall. 

𝑝 =  𝑊 − 𝑆 
𝐷𝑃

2

2𝜋𝑁

60
, (4) 

𝑆

𝑊
= 𝑒𝜇𝜃 , (5) 
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3.2 Performance Measurement of Forward 

Wind Turbine Blade of Radius 19 cm and 14 

cm 

Figure 8, 9 and 10 show torques (Nm), power (Nm), and 

coefficient of power versus rotation per minutes (RPM) of 

forward wind turbine blades of 19 cm radius performance of 

different wind speeds. It is seen that when the wind velocity 

V goes down, as RPM drops, a) the torque of the wind 

turbine shaft goes down, and wind turbine power drops 

down. One can see that Cp lines are almost similar for 

different wind speed. 

 

 
 

Fig 6: The limiting streamline visualization of forward wind turbine blade of radius 19 cm. 

 

 
Fig 7: The limiting streamline visualization of forward wind turbine blade of radius 14 cm 
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Fig 8:  Torques (Nm) versus rotation per minutes (RPM) of 

forward wind turbine blades of 19cm radius performance of 

different wind speeds 

 

 
Fig 9: Power (Watt) versus rotation per minutes (RPM) of 

forward wind turbine blades of 19cm radius performance of 

different wind speeds 

 

 
Fig 10:  The coefficient of power (Cp) versus rotation per 

minutes (RPM) of forward wind turbine blades of 19 cm 

radius performance of different wind speeds 

 

 
Fig 11: The coefficient of power (Cp) versus rotation per 

minutes (RPM) of forward wind turbine blades of 14 cm 

radius performance of different wind speeds 

 

 
Fig 12: Aerodynamic pattern of the 3-D folds of the limiting 

streamlines of forward horizontal axis wind turbine blades 

 

Fig. 11 shows the coefficient of power (Cp) versus rotation 

per minutes of 14 cm radius performance of different wind 

speeds. One can recognize that the maximum coefficient of 

power (Cpmax) of wind turbines with 19 cm radius at =2.5, 

is almost 8 times much stronger than the maximum 

coefficient of power (Cpmax) of wind turbines with 14 cm 

radius at =0.95. 

 

4. DISCUSSION 

4.1 Aerodynamics Flow Visualization of Wind 

Turbine Blade 

Flow visualization, in Fig. 6.a to 6.e shows that when V 

goes up, by that time RPM increases,  would go up. The 

limiting streamline, shown by the tuft pattern, indicates the 

flow angle A at the blade tip is smaller than the flow angle B 

at the base of the blade, and the rolled-up vortex creates a 

folded tuft sector or folded line C. As V increases, the base 
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flow angle increases with stronger speed, from Fig. 6.a to 

6.e, the folded tuft line became tighter and the number of the 

fold lines increases. We call this process a 3-D folding effect 

of 3-D HAWT blade. The phenomenon shows the detailed 

mechanism of rolled-up effect of the 3-D folds of the 

limiting streamline of forward swept 3-D HAWT blade, as 

shown at Fig.12 They also demonstrate their effects on the 

RPM, TSR, and power of the wind turbines. 

 

In Fig. 6.a the wind speed is 2 m/s and the wind turbine 

rotation is 370 RPM. Judging from the tuff movement which 

shows that the position of the tuft is still reasonably 

perpendicular to the line of the wind turbine blade. This 

shows that laminar flow occurs on the surface of the forward 

wind turbine blade. In Fig. 6.b the conditions are 3.5 m/s 

and 520 RPM. Appraising from the tuff movement which 

shows that the tuft position occurs with a slight flow 

disturbance at the root of the blade, this shows that disturbed 

laminar flow occurs on the surface of the forward turbine 

blade. In Fig. 6.c the conditions are 4 m/s and 650 RPM. 

Considering the tuff movement which shows that the tuff 

has a flow disturbance at the root of the blade, started to 

spread to approximately one-quarter of the length of the 

blade, this shows that there is a weak stall flow on the 

surface of the blade. In Fig. 6.d the conditions are 4.5 m/s 

and 800 RPM. Judging from the tuff movement which 

shows that it has a flow disturbance in the root of the blade 

and spreads to approximately half of the length of the blade. 

This shows that there is a half stall flow on the surface of the 

blade. In Fig. 6.e the conditions are 5.3 m/s and 1000 RPM. 

Appraising from the tuff movement which shows that the 

tuff has a flow disturbance at the root of the wind turbine 

blade and spreads to approximately 3/4 of the length of the 

wind turbine blade. This shows that stall to tip flow occurs 

on the surface of the forward wind turbine blade. Fig. 6 

shows the visualization of the limiting streamlined that 

occurs in the forward wind turbine blade. In wind turbines, 

forward blades up to 5.3 m/s wind speed do not occur 

entirely stall phenomenon. This shows that the forward 

blade wind turbine has the ability to slow down the 

occurrence of the stall. 

 

It can be seen in Fig. 6 and 7, that when TSR goes higher 

while NR is constant but V is low, then the tuft pattern is 

dragged by centrifugal force. When TSR is lower, then the 

tuft pattern is dragged by the wind. There are 2 sectors on 

the blade, the tip sector and the base sector. At small radius, 

R = 0.14 m, compared with R=0.19m, the effect of wind 

velocity is more dominant, as RPM effect is weak. We 

found that when V is 3m/s the blade pattern of R=0.14m, is 

more laminar than the blade pattern of R=0.19m when, V is 

2 m/s. 

 

4.2 Aerodynamics Performance of Wind 

Turbine Blade 

It is shown in Fig. 8, 9, 10, and 11 the torque versus rotation 

per minutes of forward HAWT blades of 19cm radius 

performance at different wind speeds. It can be seen, in Fig. 

9. The torque increases as the wind speed rises and as the 

RPM reduces with constant wind velocities. Fig. 10 shows 

that the power increases as the wind speed rises and after the 

peak power, the RPM reduces with constant wind velocities. 

The graphs of the coefficient of power (Cp) with respect to 

RPM of forward wind turbine blades of 14 cm and 19 cm 

radius performance were shown in Fig.10 and 11, for 

different wind speeds. The value of Cp does not change so 

much for different wind speeds.  And the Cp drops 

significantly as the diameter reduces. 

 

5. CONCLUSION 

In this paper, we investigated the vortex dynamic 

characteristic of the flow surround the 3-D forward wind 

turbine blades in a wind tunnel. We employed a rope brake 

dynamometer system to measure the torque and tuft 

visualization method to explore the flow adjacent to the 

blades. The tunnel employed blowers with uniformized 

input distribution. The air filter used arranged screen layers, 

with its dissipation process along the way created wind with 

a quite low turbulence. It also employed a contraction cone, 

designed with electromagnetic theory, so that the process of 

compressing the wind becomes as isentropic as possible. A 

rope brake dynamometer system measured the torque, using 

a balancing weight to generate friction force on a pulley. 

 

The system displays the wind speeds effect on the 3-D 

HAWT blade, on the torque, power, TSR, and Cp of the 

wind turbines. Flow visualization shows that when V goes 

up, at the same time the RPM increases, TSR will go up, the 

torque and the power increase as the wind speed rises and 

after the peak power, the RPM reduces with constant wind 

velocities. 

 

As the wind speed and the wind turbine rotation increase, 

the tuff movement step by step shows the advancement from 

the disturbed laminar flow, weak stall flow, half stall flow 

and stall to the tip flow. The limiting streamline shows the 

rolled-up vortex which creates a folded tuft line. One could 

observe also the detailed mechanism of rolled-up effect of 

the 3-D folds of the limiting streamline of forward swept 3-

D HAWT blade. As the wind speed increases, the 3-D 

folding effect of 3-D HAWT blade increases. Then the 

stream angle increases with vigorous speed. When the 

folded tuft line becomes tighter, the fold line number 

increases. It shows the detailed rolled-up effects. The 

limiting streamline, shown by the tuft pattern, indicate the 

flow angle at the tip is smaller than the flow angle at the 

base of the blade, the rolled-up vortex creates a folded tuft 

line. 

 

In the next step, it is hoped that one would be able to 

investigate more about the vortex dynamic characteristic of 

the flow surround the 3-D backward and combination of 

several geometric forms of leading edge and trailing edge of 

turbine blades. Therefore, it can be designed more turbine 

blades that laminarize the flow from leading edge to trailing 
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edge which finally evokes noiseless turbine blades with high 

effectiveness, for HAWT and helicopter propeller blades. 

 

NOMENCLATURE 

V  = the air velocity (m/s) 

𝜏 = the torque (Nm) 

N, RPM  = the frequency of the rotor (rotation/minutes) 

, TSR  = tip speed ratio 

R  = blade outer radius (m) 

P  = output power of wind turbine (W) 

Cp = coefficient of performance 

𝜌 = air density (kg/m3) 

Dp = pulley diameter (m) 

p = force generated by shaft 

 = strap coefficient 

θ  = contact angle 
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