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Abstract - In this work, it is proposed to investigate experimentally and numerically the performance of a small scale 

horizontal axis wind turbine (SSHAWT) under different conditions of tip speed ratios and pitch angles. The blade is first 

designed according to the Blade Element Momentum Theory (BEM) to validate the numerical methodology. Experiments 

are made in front of a free air jet with different inflow wind speeds. The blade pitch angle is varied from -3 to 3 degrees. The 

computations are conducted using the unsteady three-dimensional Reynolds-Averaged Navier- Stokes equations (RANS) 

along with the SST k-ω turbulence model. CFD simulations are proved to agree with the experimental results. The designed 

wind turbine has achieved experimentally a maximum power coefficient of 0.445 at tip speed ratio of 4.36 and 0.455 

numerically at tip speed ratio of 4.65 as well. 

 

 

I. INTRODUCTION 

 

Energy consumption has increased by 98% between 

1980 and 2015, and it will be two times and half by 

2030 [1]. Due to the reduction in resources for the 

conventional energy production we have to search for 

other types of renewable energies. The cost of wind 

energy as renewable energy source is decreasing to 

levels compatible to the conventional fossil fuels. The 

small scale horizontal axis wind turbine (SSHAWT) 

is a form of this energy converter and researchers 

predict that the technology of small wind turbine will 

be an essential part of any building in the coming few 

decades. Most of researchers depend on their work on 

the Blade Element Momentum Theory “BEM” as an 

analytical method for the initial design of the turbine 

[2-4]. Several designs of SSHAWTs are proposed 

using analytical, numerical and experimental methods 

[5-7]. Furthermore; the performance improvement 

can be achieved by different ways. Ali [8] has tested 

experimentally and numerically forward facing 

winglet with cant angle of 45˚. his design led to 

increase the lift to drag ratio of 26% compared to the 

straight blade.Also power coefficient has increased 

notably for the forward facing winglet compared to 

straight blade. Kaya et al. [9] studied the HAWT 

aerodynamic performance with backward and 

forward swept blades for finding the best design. The 

study was performed experimentally and numerically 

using the k-ε Realizable and SST k-ωmodels. The tip 

speed ratio used for design was 6. It was noticed that 

the swept forward blades enhance the performance 

with an increase of 2.9% more than the baseline 

turbine and the swept backward blades tend to 

decrease the coefficient of thrust by 5.4% at the 

design tip speed ratio. The most efficient design has 

power coefficient (cp) of 0.46 approximately. 

Abdelwaly et al. [10]performed a numerical study on 

both shrouded wind turbine as well as un-shrouded 

wind turbine. They found that the shroud could 

increase the torque generated by 160% at wind 

velocity of 5 m/s. The flow separation was observed 

for the shroud design. This was due to the mismatch 

between the flow angle and the blade angle. Singh et 

al. [11] used a low Reynolds number airfoil for 

(SSHAWT) which is “AF300” airfoil. Particle Image 

Velocimetry (PIV) together with smoke flow 

visualization was used to study the flow around the 

airfoil at different values of Reynolds number. The 

results showed that the flow stays fully attached to 

the surface of the airfoil as Re low as 56,000 at an 

angle of attack of 8 degrees and maintained a fully 

attached flow up to 14ᵒ angle of attack for Reynolds 

number as low as 75,000. 

In view of the above studies, the performance 

investigations of SSHAWTs attract increasing 

interest for the proper use of wind turbines in house-

hold applications, where the wind is less intense. 

More research is critical in making SSHAWTs viable 

for power generation and for the sustainable energy 

development of new buildings. SSHAWTs still need 

more research to obtain high performance in wide 

range of low wind speeds. Most of researchers 

examined the performance of their turbines in wind 

tunnel with specific dimensions. In the present work a 

free jet is used as a source of the available wind 

energy to be more close to the actual situation of the 

wind turbine [12]. An analytical method, BEM, is 

used first to obtain the chord and twist distribution 

along the blade and gives us an indication of cp of the 

turbine.  Further, CFD simulation using SST k-ω 

turbulence model is performed. Experimental 

measurements are also conducted to ensure the 

validity of the numerical results. 

 

II. ANALYTICAL MODELING 
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In this work, E216 airfoil is used as thin airfoil which 

generates maximum lift to drag ratio of 68.534 at 

Reynolds number of 10
5 

and attack angle of 5 

degrees. The turbine has a rotor radius of 0.5 m which 

is divided into 10 elements to obtain the chord and 

twist at each element. The design wind speed is 10 

m/s and design tip speed ratio is 4. The Reynolds 

number at the tip based on the chord length is 10
5
. 

The chord and twist distribution extracted from the 

BEM are presented in Fig.1. 

 

 
(a) 

 
(b) 

Fig.1.Chord (a) and Twist (b) distributions across the blade 

 

III. EXPERIMENTAL SETUP 

 

Free jet test rig is used to study the performance of 

the wind turbine. It was designed and fabricated in 

the laboratory of advanced fluid mechanics in the 

faculty of engineering at Menoufia University. 

Figure.2. presents an isometric view and a 

photograph of the test rig used in the present work. A 

centrifugal fan (1), driven by an AC motor (2) of 15 

HP and 1480 rpm is used. A 1m
2
 square cross-

sectional area duct (3) of 1.5 m is used as well. This 

duct is connected to the fan exit. The average wind 

speed through the duct is between 12 and 13 m/s. The 

same free jet was used previously by El Askary et al 

[13]. A grid (4) at the end of the duct was used to 

break the turbulence from the jet. The rotor blades (5) 

were placed ahead of the duct exit through the hub (6) 

which is connected to a steel shaft of 25 mm 

diameter. Two ball bearings (SKF) (7) are mounted 

on the frame (8) to install the shaft on it which carries 

the wind turbine rotor and to make smooth rotation. 

The rotor blades of one meter diameter are fabricated 

from fiberglass while the hub is fabricated from 

aluminum. Electric generator (9) along with torque 

meter (10) is connected to the turbine shaft. The 

generator is attached with electric bulb circuit to 

control the torque and the speed of the rotor. The 

HAWT was maintained in an open jet flow, and it is 

facing to non-uniform wind speed distribution. 

Hence, it is necessary to find the average wind speed 

hitting the rotor. The wind speed facing the rotor was 

measured vertically and horizontally through a grid of 

144 cells covering the rotor area using a standard 

pitot tube with a standard diameter of 1 mm diameter. 

This pitot tube is connected to a manometer which 

contains liquid with specific gravity of 0.7. The wind 

speed was measured for three times for the same 

condition (cell) and the average value was taken as 

the actual wind speed. 

 

 
(1) Centrifugal fan (2) AC motor (3) duct (4) Grid (5) Rotor (6) 

Hub (7) Bearings 

(8) Frame (9) Generator (10) Torque meter (11) electrical 

loadpanel 

Fig.2. The experimental test rig of the present work 

 

IV. NUMERICAL METHODOLOGY 

 

In this study, ANSYS Fluent 17.0 is used to predict 

the flow field around the turbine rotor. The SIMPLE 

algorithm is used to solve the 3D Unsteady Reynolds 

Averaged Navier-Stokes (URANS) equations [14]. 

The turbulence model applied in this study is the SST 

k-ω turbulence model as successfully [15] conducted 

from the literature when dealing with SSHAWT. The 

3D CAD model of the computational domain is made 

using Autodesk Inventor Professional 2016 program, 
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and the ANSYS ICEM program is used for the 

generation of computational mesh. The numerical 

methodology is to be validated with the present 

measurements. The computational domain is 

composed of two zones, the first one is the rotating 

zone containing the rotor with different rotational 

speeds and the second one is the fixed zone as well 

the boundary conditions are shown in Fig.3. 

 

 

 
Fig.3. Schematic representation of the computational domain 

(Not to scale) 

 

V. RESULTS AND DISCUSSION 

 

5.1. EXPERIMENTAL RESULTS 

In this section, the experimental measurements are 

introduced at different pitch angles. Comparison 

between the analytical and the experimental results 

obtained at the design wind speed of 10 m/s is 

presented in Fig.4. It is observed that the peak of the 

cp obtained analytically by BEM at design condition 

(pitch=0 degrees) is close to that of the 

measurements, with shift in the tip speed ratio (λ). 

The maximum cp of 0.445 is achieved experimentally 

at the tip speed ratio of 4.36 while from analytical 

results it is 0.462 at the design tip speed ratio of 4. 

Pitching the blades by ±3 degrees reduces the turbine 

performance. The achieved cpmax is 0.42, 0.39 for 

pitch +3 and -3 degrees, respectively. 
 

 
Fig.4. Performance of the wind turbine rotor at design wind 

speed, V=10 m/s 

 

5.2. Validation of the numerical methodology 

In this section, the results obtained using the SST k-ω 

turbulence model is compared with the present 

experimental data. The performance of HAWT is 

tested at wind speed of 10 m/s. Figure.5. shows a 

comparison between the present numerical and 

experimental results. It is found from the plots that 

the SST k-ω turbulence model agrees well with the 

measurements of the rotor performance at the 

different tested pitch angles. The cpmax obtained 

numerically for the pitch angle 0 is 0.457 at the tip 

speed ratio of 4.65, which fits well with the 

experimental results. The peak cp is predicted well 

also at pitch of -3 and 3 degrees. 

 

 
Fig.5. Comparison between the present numerical and 

experimental results at the design wind speed 

 

VI. CONCLUSION 

 

In this study, both experiments and CFD simulations 

were conducted on SSHAWT, designed analytically 

based on BEM theory. Different testing conditions 

including various wind speeds and three different 

rotor pitch angles of -3, 0, and 3 degrees were 

studied. Design conditions of (V=10 m/s, λ=4) have 

been considered for BEM. The results showed that 

the design conditions give cpmax of 0.462 obtained by 

the BEM theory. The designed rotor has achieved 

cpmax of 0.457 numerically at λ = 4.65 and this agrees 

well with the experimental results which recorded 

cpmax of 0.445 at λ = 4.36. Finally, CFD simulations 

using the SST k-ω turbulence model were proved to 

agree well with experimental data and gave good 

prediction to the aerodynamic performance of the 

SSHAWTs. 
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