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Abstract 

Background: Medium and small-scale wind turbines with no pitch control are cheaper than their 

controlled equivalents but are much more affected by aerodynamic stall, and local boundary layer 

separation occurs on the blade when critical wind speed is exceeded. As a result, they produce relatively 

low power. In this study, the delay of separation of the boundary layer from the surface was investigated 

by increasing the kinetic energy of the low-momentum fluid behind the surface utilizing the airflow 

from the air ducts added on the blade. 

Methods: To obtain the optimum performance from the blade, a computer-aided optimization study 

was conducted by taking the slope, diameter, number, and angle of attack parameters of the air ducts. 

The response surface methodology, a goal-oriented and multi-purpose method, was used as an 

optimization method to provide the best possible design according to the constraints and targets set for 

the parameters. 

Results: Optimum parameter values were determined using computational fluid dynamics analysis, and 

air ducted blade design was compared with the air duct-free blade design, and as a result, the power 

coefficient obtained from the blade was improved between 3.4% and 4.4% depending on wind speed. 

Conclusions: Opening air ducts up to a critical number of ducts increase viscous forces. this provides 

more power from the rotor. On the other hand, with the extra airflow coming from the air ducts, the 

flow separation behind the wing is delayed and the stall effect is shifted to higher wind speeds and the 

rotor can work for a longer time at nominal power. Besides, since all this is done with passive flow 

control, a remarkable increase in annual electricity production from the turbine is provided. 

Keywords: Horizontal axis wind turbine, Blade design, Response surface optimization method, 

Computational fluid dynamics, Power coefficient. 

 

Background 

Because of the limited amounts of fossil fuels and 

their negative impact on the environment, the 

search for renewable and clean energy sources has 

been going on for a long time, especially to 

generate electricity. Wind energy is one of these 

renewable and clean energy sources, perhaps one 

of the most important. However, the effective use 

of these resources is directly related not only to the 

improvement of financing opportunities, 

infrastructure or legislation related to renewable 

energy sources and electricity generation but also 

to the improvement of the efficiency of the 

processes in which electricity generation is carried 

out [1, 2]. 

From this point of view, the turbine blade is one 

of the basic building elements that make up the 

wind turbine power plant; Since it is the main 

equipment where the kinetic energy of the air is 

transformed into mechanical energy, improving its 

performance directly increases the efficiency of 

the wind power plant. When the literature was 

examined, it was observed that the studies were 

generally focused on the framework of improving 

the performance and optimum use of the main 

equipment that makes up the wind power plant to 

increase the annual electricity energy generated 

from the plant. Many researchers have proposed 

new blade profiles and new blade designs using 

these profiles to improve horizontal axis wind 

turbine (HAWT) performance. Maalawi and 

Badawy [3] attempted to improve blade 

performance by analytically determining the 

optimal beam width and angle of rotation, Xudong 



et al. [4], in addition to these parameters, tried to 

obtain the most appropriate blade design to 

achieve maximum performance by taking into 

account the beam thickness. In addition to the 

studies [5, 6] examining the effects of different 

blade types on performance, some researchers [7-

9] have developed numerical code based on the 

blade element momentum theory (BEM), while 

others [10, 11] have been able to develop a 

packaged software for blade design that gives the 

best performance, taking into account many 

parameters such as the dynamic and mechanical 

properties of the material from the phase of the 

turbine blade sizing to the production phase. Some 

researchers [12, 13] tried to improve blade 

performance by making systematic changes to the 

blade profile. Doquette and Visser [14] examined 

the effects of the number of blades and the tilt of 

the blade on turbine efficiency, and it was found 

that the power coefficient increased, especially in 

small-scale wind turbines, depending on the 

number of blades. Several studies have been also 

carried out to improve the performance of small-

scale wind turbines at low speeds [15-18], the 

effects of the flexibility and stiffness of blades on 

deformation and performance under different 

wind speeds have been investigated. 

Active and passive flow control to improve wind 

turbine performance has long been the focus of 

researchers' attention. Flow control can be 

performed to delay or bring forward the transition 

from the laminar flow and to increase or suppress 

turbulence, and as a result, friction and lifting 

forces are tried to be reduced or increased in line 

with the targets. At high speeds, flow separation 

caused by curvature on the blade surface can be 

delayed by flow mixtures within the boundary 

layer. Studies are carried out on active control 

systems providing continuous and pulsed air jets, 

where flow separation is delayed by re-energizing 

the boundary layer by various means, and on 

passive control systems such as swirl vane blades, 

shape optimizations and roughness elements [19-

26]. Especially by using roughness elements, 

studies that delayed turbulence and flow 

separation have been carried out on aircraft wings 

for many years. It was determined that the studies 

in the literature made modifications to increase 

performance such as shape optimization, 

roughness element and fin usage on the blade 

profile, in addition to this, the optimization of the 

number of blades, dimensions, position, and 

composite material were carried out. 

To combat global warming and climate change 

sustainably and effectively, it is extremely 

important to reduce greenhouse gas emissions that 

are released during the combustion of fossil fuels 

radiating to the atmosphere in the electricity 

generation process. One way is to make power 

plants, such as wind turbines, that generate 

electricity using alternative energy sources more 

preferable. 

Especially medium and small-scale wind 

turbines without pitch control are cheaper than 

their controlled equivalents, but they are much 

more affected by aerodynamic stall, and local 

boundary layer separation occurs on the blade 

when critical wind speed is exceeded. Unlike the 

literature, in this study flow separation is delayed 

and wind turbine blade performance is increased 

by using passive flow control. Thus, the turbine 

was operated longer under the high-power 

coefficient. For this purpose, the kinetic energy of 

the low momentum airflow in the area close to the 

surface behind the blade is increased by using air 

ducts that are added to the blade of the wind 

turbine and the separation of the boundary layer 

from the surface is delayed. Thus, the power 

coefficient value obtained from the blade is 

improved. 

 

Methods 

Studies on active control systems that provide 

continuous and pulsed air jets and passive control 

systems such as swirl-producing fins and 

roughness elements, where flow separation is 

delayed by re-energizing the boundary layer, can 

be carried out. Utilizing a series of air ducts that 

will be designed on the blade according to the 

local velocity vector, the kinetic energy of the low-

momentum fluid close to the surface can be 

increased by providing the interaction between the 

airflow on the surface and the air jet coming out of 

the ducts. 

The forces that are effective on the wind turbine 

blade are pressure and wall shear stress, their flow-



direction components form drag (𝐹𝐹𝐷𝐷) forces, while 

components perpendicular to the flow form lifting 

(𝐹𝐹𝐿𝐿) forces. Differential drag and lifting force on 

the 𝑑𝑑𝑑𝑑 surface in two-dimensional flow can be 

written as in Eq. (1) and (2), respectively [27]. 

𝐹𝐹𝐷𝐷 = ∫ (−𝑃𝑃 ∙ cos𝜃𝜃 + 𝜏𝜏𝑤𝑤 sin𝜃𝜃)𝑑𝑑𝑑𝑑𝐴𝐴   (1) 

𝐹𝐹𝐿𝐿 = ∫ (−𝑃𝑃 ∙ sin𝜃𝜃 − 𝜏𝜏𝑤𝑤 cos𝜃𝜃)𝑑𝑑𝑑𝑑𝐴𝐴   (2) 

As can be seen from the equations, both drag and 

lifting force is influenced by the wall shear force 

and pressure forces on the blade surface. The wall 

shear force depends on the shape of the blade, the 

length of the boundary layer and the wall shear 

stress, while the pressure force depends on the 

front view area of the blade and the pressure 

difference between the surfaces. Since different 

parameters are effective on these two forces, it is 

inevitable that the pressure force decreases or vice 

versa when increasing the wall shear force. 

Air ducts were opened on the blade, the 

boundary layer was extended, so the wall shear 

force was increased, therefore, as the front view 

area of the blade was reduced to the total duct area, 

some reduction in the pressure force value would 

occur. In addition to the pressure drop caused by 

friction losses as the length of the duct is short, the 

pressure drop resulting from local losses in the 

duct inlet and outlet will be small due to low fluid 

density and flow rates (∆𝑃𝑃 ≈ 0.75𝜌𝜌𝑉𝑉2), therefore, 

when the pressure force value to be lost in surface 

forces by opening ducts is compared to the viscous 

forces value to be increased by extending the 

boundary layer, it is expected that the opening of 

the air ducts will have a positive effect on drag and 

lifting forces, especially at low speeds. For these 

reasons, it is aimed in the study to make maximum 

the sum of wall shear force and pressure force and 

parameter levels in which flow separation will be 

delayed. 

A computer-aided numerical optimization 

method was used to save both time and costs 

during the study of blade performance. Response 

Surface Optimization (RSO) Methodology is a 

widely used mathematical and statistical method 

for modeling and analyzing a process in which a 

parameter intended to be optimized is affected by 

several variables [28, 29]. The diameter, slope, 

and the number of the air duct, which was opened 

in the region close to the root section on the blade, 

and the angle of attack of the blade were taken as 

parameters. After the upper and lower limits that 

each parameter can take were determined 

separately, critical values for the parameters that 

will make the power coefficient maximum were 

found by computer-aided optimization method. 

For this purpose, the turbine blade with air ducts 

was created (Fig. 1). 

 
Fig. 1 Horizontal-axis wind turbine with duct 

Wind speed is influenced by many factors such 

as climate change as well as natural and artificial 

geographic buildings, and although these effects 

vary year-on-year, also they provide information 

about average wind speeds in various regions 

around the world as a result of measurements and 

analyses conducted within the scope of scientific 

research. Cortesi et al. [30] conducted a study of 

wind speed characteristics in Europe, depending 

on weather conditions, and found that the average 

annual wind speed varies between 7-10 m/s in 

regions with high wind speeds such as northern 

Scandinavia, southern Spain, and the Aegean Sea. 

Hasager et al. [31] used satellite (Satellite SAR, 

Synthetic Aperture Radar) images to determine 

wind characteristics on the high seas, and found 

the average wind speed in the southern parts of the 

North Sea as 7 m/s. On the other hand, when the 

MERRA (Modern-Era Retrospective Analysis for 

Research and Application) and Global CFDDA 

(Climate Four-Dimensional Data Assimilation) 

reanalysis datasets published by Global Wind 

Atlas were examined, it was determined that the 

widespread wind speed in the world ranged from 



6 m/s to 7 m/s. To provide a widespread impact, 

the optimization study was carried out in the wind 

speed range of 6-8 m/s [32]. 

 

Numerical Study 

The 3D calculation zone was created using 

ANSYS/Design Modeller software. It is important 

that the calculation zone is created as large as 

possible so that the results of the analysis are not 

affected by the limits of the calculation zone. 

However, it should be taken into consideration 

that this situation will increase the number of 

elements in the mesh structure of the model and 

the time of analysis. The calculation zone has a 

cylindrical shape and can be defined periodically 

for each blade. Therefore, a computational region 

was defined in which a single blade was located. 

On the other hand, considering that the Mach 

value in the analyses was very small (0.018-

0.023), the size independence study was 

performed, and the limits of the calculation area 

were determined depending on the rotor diameter 

(Fig. 2). 

 
Fig. 2 3D periodic calculation zone and boundary 

conditions 

In practice, the calculation zone can be taken 10 

times the diameter to ensure that the flow is fully 

developed when it comes to the blades, but this 

will greatly increase the calculation zone and, as it 

is, the number of elements in the analysis. 

Therefore, a parabolic speed entry limit 

requirement was defined to the model using UDF 

(user-defined function), and 2 times the diameter 

was left from the entrance up to the blade. The 

length of the calculation zone will be taken 6 times 

the diameter so that the turbine back-flow part is 

not affected by the exit limit condition. 

For computational fluid dynamics (CFD) 

analyses, a triangular pyramid mesh structure 

containing tetrahedron elements was preferred. 

The mesh structure must be proper in terms of the 

accuracy of the results. Therefore, it was sensitive 

to keeping the skewness values of the mesh to be 

created within the desired limits (0.50≤ skewness 
≤0.80). On the other hand, the areas close to the 
blade surface where relatively precise calculations 

were needed, and the mesh structure around the 

ducts were composed of smaller elements than 

other regions by using a weight factor. Figure 3 

shows the mesh structure used in CFD analysis. 

a)  

b)  

Fig. 3 a) The mesh structure of the 3 model, b) The 

mesh structure around of the blade 

The maximum, minimum and average skewness 

values of the mesh structure that make up the 

calculation zone were 0.948, 4.405x10-6 and 

0.236, respectively. It can be said that the mesh 

structure is appropriate because the maximum 

skewness value of the mesh is below the 

maximum skewness value accepted in the 

literature (0.98) [33]. On the other hand, the mesh 

structure contains 1113020 nodes and 6054957 

elements, also after approximately 6 million 

elements, it is seen that increasing the number of 

elements has no significant effect on the results, so 

the analysis is independent of the mesh structure. 



The pressure-based time-dependent formulation 

was used in analyses by using ANSYS/Fluent 

software. As a turbulence model, k-epsilon RNG 

with a result of less than 5% error was preferred in 

horizontal-axis wind turbines [34]. In the 

turbulence model, y+ is preferred to be around 1 

for an effective solution [33]. However, for the 

average grid (1< y+ <30) range, the turbulence 

model provides consistent wall shear stress values. 

Although the model does not reach y+ value of 

around 1, it varies around the average grid range 

(4< y+ <7). Reducing y+ to 1 for the prepared 

model brings a serious processor and RAM load to 

the analysis. 

The calculation zone was defined in atmospheric 

conditions. The mesh motion method, which 

allows angular velocity to be given to the blade 

and rotor, was used and, angular velocity was not 

given to the flow volume surrounding the blades. 

The time step (∆𝑇𝑇) was defined as the function of 

blade speed, length, and tip speed ratio. The mean 

moment coefficient (𝐶𝐶𝑚𝑚,𝑎𝑎𝑎𝑎𝑎𝑎) was used when 

calculating torque and power accordingly. The 

moment coefficient values of the turbine were 

monitored depending on the time until the turbine 

makes 10 cycles and the average moment 

coefficient was calculated from these data. The 

average torque (𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎) was calculated depending 

on airspeed and density, mean moment 

coefficient, turbine projection area, and chord (𝑐𝑐) 

length. The power coefficient (𝐶𝐶𝑝𝑝) was calculated 

as a function of torque data from the numerical 

model and angular velocity and the power of air 

coming into the turbine. 

Within the scope of numerical calculations, flow 

velocity and pressure fields were obtained, and 

momentum, stability and pressure correction 

equations were solved respectively. After the 

model was first solved with a numerical analysis 

method used for solving first-degree finite 

volumes, the first solution was introduced as the 

initial condition to the model and the results were 

obtained with a numerical analysis method used 

for solving second-degree finite volumes. To 

determine the convergence of analysis, not only 

the values obtained from the velocity field updated 

with the equations were not compared to the 

values obtained from the previous iteration, but 

also the variation of dimensionless numbers, 

highly effective on the aerodynamic characteristic 

of the blade such as lift and moment coefficient, 

was followed throughout iterations. It was decided 

that the values obtained from the speed field 

provided convergence criteria (>0.001) and that 

analyses made convergence under conditions 

where the dimensionless numbers that were 

followed were no longer changed by iterations. 

Verification experiments were conducted to prove 

the reliability of the results obtained from 

analyses. 

 

Validation 

Within the scope of  analyses, the angle of attack 

of the blade, the diameter, inclination, and number 

of the air duct were taken as parameter to 

determine the best blade design to give high 

performance to the wind turbine made of 

composite material (Epoxy-glass) with a blade 

length of 1.24 m, a rotor diameter of 2.6 m and a 

sweeping area of 5.31m2, at wind speed of 6-8 m/s. 

To determine the reliability of the results obtained 

from analyses, validation experiments were 

conducted for wind turbines air ducted and duct-

free blades. The average power coefficient 

(𝐶𝐶𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎) obtained from the wind turbine depending 

on the electrical and wind power was defined in 

Eq. (3). 

𝐶𝐶𝑝𝑝,𝑎𝑎𝑎𝑎𝑎𝑎. =
∫ 𝑃𝑃𝑒𝑒,𝜃𝜃𝑃𝑃∞𝜂𝜂𝑔𝑔 𝑑𝑑𝑑𝑑2𝜋𝜋0 𝑛𝑛    (3) 

where 𝜃𝜃 is the angular position of the wind turbine, 𝑃𝑃𝑒𝑒,𝑑𝑑  is the electrical power generated by the 

generator depending on the angular position, 𝑃𝑃∞ is 

wind power, n is the number of time steps in which 

the turbine returns to complete around, and 𝜂𝜂𝑎𝑎 is 

the generator efficiency. Mechanical losses were 

neglected as the moment was transferred directly 

to the generator with a short shaft without using 

any gear system. Uncertainty analysis was 

performed for measurements carried out within 

the scope of the experimental study. When 

determining the power coefficient, the error rate 

was determined as ±2.2% using the Eq. (4) 

depending on the measurements of flow (I; 



0.2%+4d, Brymen BM525s), voltage (V; 

0.08%+2d, Brymen BM525s) and wind speed 

(±2% + 0.2m/s, Lutron AM-4206). Furthermore, 

while the blade tip velocity rate was determined, 

the error rate encountered based on wind speed 

and angular velocity (±0.04% + 2, UNI-T UT 372) 

measurements were found as ±3.6% by using Eq. 

(5). 

𝜎𝜎𝑃𝑃 = ��𝜕𝜕𝑃𝑃𝜕𝜕𝜕𝜕𝜎𝜎𝐼𝐼�2 + �𝜕𝜕𝑃𝑃𝜕𝜕𝜕𝜕𝜎𝜎𝑉𝑉�2 + �𝜕𝜕𝑃𝑃𝜕𝜕𝜕𝜕𝜎𝜎𝑢𝑢�2  (4) 

𝜎𝜎𝜆𝜆 = ��𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜎𝜎𝜔𝜔�2 + �𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜕𝜎𝜎𝑢𝑢�2   (5) 

A comparison of the power coefficient values 

obtained from experimental studies and CFD 

analyses is shown in Figure 4. The average value 

obtained from the experiments for each tip-speed 

ratio is shown in the graph. It is observed that 

curves formed for the experimental data are 

compatible with the CFD results. The results 

showed a 5.3% error in low blade tip speed rates, 

while increased by up to 6.8% in high tip speed 

rates. 

 
Fig. 4 Comparison of the experimental study and CFD 

analysis results performed at 6 m/s air velocity and 7 

tip-speed ratio 

 

Results and discussion 

Within the scope of the optimization study for air 

ducted blade design, the shape parameters to 

maximize the power that can be obtained from the 

blade and the maximum and minimum range of 

values these parameters can receive were defined 

in ANSYS/Response Surface Optimization 

software. Thus, taking into account the constraints 

defined according to the shape parameters, the air 

ducted blade design capable of giving maximum 

power was realized. The effects of air ducts in the 

optimized new blade design on performance 

improvement were determined by comparing the 

air duct-free blade. 

To compare the effect of air ducts, CFD analyses 

of air duct-free blade were performed at different 

attack angles. For the blade tip speed ratio of 7, the 

power coefficient values obtained depending on 

the angle of attack at different wind speeds 

ranging from 6 m/s to 8 m/s are shown in Figure 

5. In the wind speed range, which is aimed to 

improve blade performance, relatively high-power 

coefficient values were obtained between 50 and 

80 angles of attack for air duct-free blade design. 

 
Fig. 5 Power coefficient values based on the angle of 

attack at different airspeeds for air duct-free blade 

design 

In the optimization study, the optimum 

parameter values for air ducted blade design at 70 

angle of attack are 18 mm, 350 and 6, respectively, 

for duct diameter, tilt, and number. Figure 6 shows 

power coefficient values and maximum power 

curves based on various blade tip speed ratios 

from air ducted and duct-free blade designs at 

wind speeds of 6, 7 and 8 m/s. The stall effect on 

the tested blades depends on airspeed, but when 

the blade tip speed ratio exceeds approximately 7, 

it is seen. When the maximum power curves of air 

ducted and duct-free blade designs were 

examined, it was determined that the air ducts on 

the blade increased the power coefficient by 2.2-

4.4%. 

When the critical wind speed, which varies 

depending on the shape parameters of the blade, is 

exceeded, local boundary layer separations occur 

on the blade. Thus, the turbine produces low 



power, especially at high wind speeds. With the air 

ducts on the blade, sufficient momentum is 

transferred to the boundary layer to prevent flow 

separation, and by increasing the kinetic energy of 

the low-momentum fluid in the area close to the 

surface, the boundary layer separation from the 

surface is delayed. 

 
Fig. 6 Power coefficients and maximum power curves 

obtained from the blade, which is designed with and 

without air ducts at various wind speeds, depending on 

the blade tip speed ratio 

Figure 7 shows flow lines and turbulence kinetic 

energy gradient in the blade profile section. In the 

air ducted blade design, the extra airflow from the 

ducts increases the kinetic energy of the low 

momentum airflow on upper surface of the blade 

profile, thereby delaying the separation of the flow 

(yellow mark). This allows the blade to run longer 

at the high-power coefficient. Under the same 

conditions, it appears that flow separation occurs 

on the upper surface of the blade profile (red 

mark), which does not have air ducts. 

In Figure 8, the pressure differential values on 

the plane passing through the center of the air 

ducts are shown comparatively for air ducted and 

duct-free blade designs. The pressure difference in 

the first three ducts of the 6-duct blade design is 

greater than the duct-free blade profile, while from 

the 4th duct, the pressure difference value is higher 

in the duct-free blade profile. Considering that the 

pressure difference on the blade is directly related 

to the pressure forces and the torque value that can 

be obtained from the blade and that this change in 

torque will be greater in areas away from the root 

where the blade speed is relatively high, this 

situation indicates the existence of a critical 

number of ducts. Air ducts on the blade increase 

the wall shear forces as well as significantly 

reducing pressure forces after a critical number of 

ducts. Also, after the critical number of ducts, the 

gain from the peripheral shift forces cannot supply 

the loss of pressure forces and the blade loses 

power. Therefore, determining the optimum 

number of air ducts is very important. 

a)  

b)  

Fig. 7 a) Streamlines in the blade profile section, b) 

Turbulence kinetic energy in the blade profile section 

 
Fig. 8 Maximum pressure differences on the plane 

passing through the centre of the air ducts 

 

Conclusions 

To obtain maximum power from the air ducted 

blade design, the Response Surface Optimization 

method was used to determine the optimum values 

of parameters such as duct diameter, tilt, number 

and angle of attack of blade. Thus, a targeted 

optimization was made that provides the best 



possible design according to the constraints and 

targets set for the optimization parameters. 

Opening the air ducts on the blade increases the 

viscous forces while decreasing the pressure 

forces. In order to minimize the effect of the 

decrease in pressure forces, the air ducts are 

located in the max chord section which is near the 

root section of the blade. However, given that the 

total force on torque is effective, a critical number 

of channels must be defined. Because the increase 

in viscous forces after the number of critical 

channels cannot compensate for the decrease in 

pressure forces. Although the number of critical 

ducts varies depending on the shape parameters, 

angle of attack and wind speed, 6-ducted blade 

design has come into prominence in the 70 angle 

of attack in CFD analysis.  

With the passive flow control method, a 

sufficient amount of momentum is transferred to 

the area where the air ducts are located, and the 

airflow is attached to the upper surface of the 

blade. Thus, the blade is provided to work longer 

with the maximum power coefficient. 

According to the results obtained from CFD 

analysis, the air ducts added on the blade increased 

the power coefficient between 3.4% and 4.4% 

depending on the wind speed. Considering that the 

highest theoretically achievable aerodynamic 

efficiency of turbine blades, known as the Betz 

limit, is approximately 59% and that the medium-

sized commercial horizontal-axis turbines operate 

at approximately 25-35% efficiency, this would be 

regarded as a significant increase. 

According to the literature, rotor performance 

can be increased by active flow control such as 

pitch and yaw control. However, in this study, 

without an external energy input into the system, 

the performance was increased with passive flow 

control by utilizing air ducts. This provides a 

serious increase in the annual electricity 

production (AEP) of the wind turbine. 

In addition to the development of the existing 

parameters, further studies will be carried out to 

reach higher power coefficient values by enriching 

the parameters of the air duct, such as using 

different duct shapes and reducing the diameter of 

the duct from the inlet to the exit. Thus, it is aimed 

to make the use of wind energy, which is a clean 

and renewable energy source, for electricity 

generation more economically attractive in the 

future. 

 

Abbreviations 

AEP: Annual electricity production; BEM: blade 

element momentum; CFD: Computational fluid 

dynamics; CFDDA: Climate four-dimensional 

data assimilation; HAWT: horizontal axis wind 

turbine; MERRA: Modern-era retrospective 

analysis for research and application; RNG: 

Renormalization group; RSO: Response surface 

optimization; UDF: User defined function. 

 

Nomenclatures 𝑐𝑐  Chord, [m] 𝐶𝐶𝑚𝑚  Moment coefficient, [-] 𝐶𝐶𝑝𝑝  Power coefficient, [-] 𝐹𝐹𝐷𝐷  Drag coefficient, [kgms-2] 𝐹𝐹𝐿𝐿  Lift coefficient, [kgms-2] 𝐼𝐼  Current, [ampere] 𝑃𝑃  Pressure, [kgm-1s-2] 𝑃𝑃𝑒𝑒  Electrical power, [kgm2s-3] 𝑃𝑃∞  Available (wind) power, [kgm2s-3] 𝑇𝑇𝑎𝑎𝑎𝑎𝑎𝑎  Average torque, [kgm2s-2] 𝑢𝑢  Air velocity, [ms-1] 𝑉𝑉  Voltage, [volt] 𝜂𝜂𝑎𝑎  Generator efficiency, [-] 𝜆𝜆  Tip-speed ratio, [-] 𝜎𝜎𝜆𝜆  Error in tip-speed ratio measurement, [-] 𝜎𝜎𝑃𝑃  Error in power measurement, [-] 𝜏𝜏𝑤𝑤  Shear stress, [kgm-1s-2] 𝜔𝜔  Angular velocity, [rads-1] 
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Figures

Figure 1

Horizontal-axis wind turbine with duct

Figure 2

3D periodic calculation zone and boundary conditions



Figure 3

a) The mesh structure of the 3 model, b) The mesh structure around of the blade



Figure 4

Comparison of the experimental study and CFD analysis results performed at 6 m/s air velocity and 7 tip-
speed ratio



Figure 5

Power coe�cient values based on the angle of attack at different airspeeds for air duct-free blade design



Figure 6

Power coe�cients and maximum power curves obtained from the blade, which is designed with and
without air ducts at various wind speeds, depending on the blade tip speed ratio

Figure 7

a) Streamlines in the blade pro�le section, b) Turbulence kinetic energy in the blade pro�le section



Figure 8

Maximum pressure differences on the plane passing through the centre of the air ducts


