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Wind energy is an essential source of sustainable and renewable energy. This paper 
discussed the strain, stress and deformation procedure involving a small lab-scale wind 
turbine rotor. In this paper, using a 1.5 MW scale wind turbine as the prototype, the 
study included selecting an NREL S818-S825-S826 airfoil for General Electric (GE) 
horizontal axis wind turbine (HAWT) and determining the material properties of 
composite materials with different layers of glass fibres. The laboratory experiment 
and the ANSYS program were conducted to perform a structural analysis of the blade 
at various wind speeds with different composite materials to calculate the strain, stress 
and deformation values in the laboratory and compare them with the ANSYS. The 
simulation analysis considered two independent variables: wind speed (5, 10, 12, 15, 
17 m/s) and different composite materials (virgin, one, two and three layers from 
fiberglass). The result is improved blade design for strain, stresses and deformation. 
The results showed good agreement between the experimental and the ANSYS 
simulation. 
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1. Introduction 
 

Renewable energy, especially wind power, is expected to grow significantly to meet rising global 
energy demands sustainably. This will require scaling up production capabilities for wind turbine 
components. One of the main challenges in HAWT design is managing the variable and fluctuating 
wind loads on the turbine. HAWT are widely used for harnessing wind energy due to their efficiency 
and reliability. However, the dynamic loading conditions experienced by the blades can lead to 
significant stresses that may affect their structural integrity and overall performance. Traditional 
approaches to stress analysis often neglect the influence of fluid flow on structural response, limiting 
the accuracy of the predictions. Arivalagan et al., [1] presented the design, development and 
optimization of a PLA-based 3D printed micro horizontal axis wind turbine blade. The study aimed 
to generate 100 watts of power for low-wind-speed applications. Wang et al., [2] Presented a 
structural optimization model for wind turbine composite blades based on finite element analysis 
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and genetic algorithm. The model minimizes the mass of composite blades with multi-criteria 
constraints and has been applied to the blade structural optimization of ELECTRA 30 kW wind 
turbine, resulting in a 17.4% reduction in blade mass. The study presents the design of a blade similar 
in size to a GE 1.5xle turbine and validates the CFD analysis results through experimental readings, 
aiming to maximize constant power generation from the HAWT [3]. The simulation analysis considers 
three independent variables: wind speeds, blade position and five composite materials [4]. The 
results show a good agreement between the numerical simulation and the values of tip velocity, 
power coefficient and blade deflection. The presented investigates the impact of varying pitch angles 
and angular velocity on the performance parameters of a HAWT using CFD simulations [5]. The study 
compared the performance of five composite materials and found that wind speed influenced blade 
deformation and von Mises stresses [6]. Roul et al., [7] examined the effect of different wind 
velocities and pitch angles on the performance of the wind turbine, emphasizing the importance of 
pitch angles. Shamso et al., [8] present a complete analysis of fatigue life within a horizontal axis 
wind turbine blade HAWT under cyclic loads and variable stresses have been investigated by using 
the Goodman theory. Belfkira et al., [9] presented a study on optimizing wind turbine blade materials 
using natural fibres through a hybridization technique. Song et al., [10] Presented an optimization 
design program for the aerodynamic contour of wind turbine blades using MATLAB. It also proposes 
a modelling method for the dynamic analysis of composite blades using SolidWorks and ANSYS. The 
computational fluid dynamics (CFD) analysis of a wind turbine (WT) blade is a crucial aspect that 
requires careful consideration by designers [11-13]. Shamso et al., [14], presented the stress analysis 
of wind turbine blades using CFD and FEA simulations, specifically for HAWT. The study utilizes the 
software ANSYS for modelling complex shapes and simulating FSI. The CFD model calculates 
aerodynamic loads, while the FEA model determines structural blade responses. Domnica et al., [15] 
study aims to optimize the design of composite materials used in wind turbine blades with HAWT 
using FE analysis. The study focuses on the structural optimization of the composite material to 
improve the performance and efficiency of wind turbines. The turbulence model SST is a popular 
CFD model for simulating turbulent flows [16-18]. Wang et al., [19] demonstrate a practical method 
for optimizing the blade design of fixed-pitch fixed-speed wind turbines based on aerodynamic 
characteristics and design parameters. Zhu et al., [20] propose optimizing wind turbine blade design 
by considering the static aeroelastic effects between fluid-structure interaction. The method aims to 
increase annual energy production and reduce blade mass by employing key parameters of the blade 
as design variables and considering various design requirements as constraints. Shakya et al., [21] 
focused on Fluid-structure interaction and life prediction of small-scale damaged horizontal axis 
wind turbine blades. Paulsen et al., [22] presented the optimized blade profile has a low weight and 
high stiffness. Muskulus et al., [23] Presented the challenges and possible approaches for the 
structural optimization of wind turbines, focusing on towers, support structures and foundation 
systems. It highlights the importance of computer-aided approaches in finding better and more 
economical solutions. Tawade et al., [24] presented how to minimize the cost of wind turbine plants 
by optimizing the fatigue life of their blades. The authors utilize ANSYS software to analyse the finite 
element model of the blade and employ Morrow's Equation to determine the blade's fatigue life. 
Derakhshan et al., [25] presented to study the aerodynamic performance of wind turbine blades and 
developed an efficient approach for shape optimization of blades using an artificial bee colony 
algorithm coupled with artificial neural networks. Jureczko et al., [26] presented the optimization of 
composite wind turbine blades by selecting the optimal material and geometric properties to reduce 
the costs of making the entire wind turbine. A two-criteria optimization task was formulated to 
minimize the mass and vertical deflection of the wind turbine blade. Peng et al., [27], presented the 
Taguchi method for optimization analysis. The study determines the optimal parameter settings for 
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twin array units to increase power performance. Chen et al., [28] presented a procedure to optimize 
the composite structures of a 2 MW wind turbine blade using a combination of finite element 
analysis and particle swarm algorithm. The optimized blades show a reduction in mass compared to 
the initial blade, which has significant implications for the structural design and optimization of wind 
turbine blades. Muhsen et al., [29] presented to design and optimize the performance of a small 
horizontal-axis wind turbine to obtain a power coefficient (CP) higher than 40% at a low wind speed 
of 5 m/s.  

This paper uses experimental analysis and ANSYS finite element analysis to determine stress 
analysis (structural analysis), material comparison and optimal selection of horizontal axis wind 
turbines (HAWT). This research aims to use a test to measure strain, stress and deformation under 
the influence of aerodynamic loading of wind turbine blades. Performance analysis was performed 
on small-sized wind turbines. To achieve the goal, the performance of wind turbines was measured 
under different speeds and different composite materials, to measure strain, stress and 
deformation, compare them and choose the best material under different conditions. 
 
2. Methodology  

 
The study employed a methodology that involved several steps to analyse the structural 

behaviour of wind turbine blades made from composite materials. Here is a methodology 
breakdown: airfoil selection, material properties, laboratory experiment and ANSYS analysis. 
Comparison of experimental and simulation results: The results obtained from the laboratory 
experiment and the ANSYS simulation were compared to evaluate the agreement between the two. 
 
3. Wind Turbine Rotor Models  
3.1 Blade CAD Model 

 
The ANSYS design modeler was used to create the 3D CAD model of the blade [11,13,30,31]. Each 

airfoil is sketched using its coordinates and then scaled to the chord length. The airfoils are then bent 
throughout the blade span. Finally, the airfoils were lofted to create the blade surface [16,30]. Table 
1 and Figure 1 display each cross-section's location, chord length and twist angle from the Sandia 
reference study [3,7,31,32]. 

  
Table 1 
Rotor specifications 
Parameters Values Units 
Airfoil (NREL)  S818-S825-S826 - 
Rotor radius  0.2 m 
Free stream velocity (Vw) 5-10-12-15 m/s 
Air density 1.225 kg/m3 
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Fig. 1. Blade CAD model 

 
3.2 Model of a Wind Turbine Blade 

 
The turbine model utilized in this study features three cross-section twisted blades, each with a 

length of 20 cm. The profile shape of the blades was based on the commonly used NREL 818,825 and 
826 airfoil series. Polylactic acid (PLA) material was used to manufacture the blade and a 3D printer 
was employed to create the first product. The blades are produced from fiberglass material by 
moulding and are employed to produce the final product, as illustrated in Figure 2. 

 

 
Fig. 2. Blade made of PLA 

 
3.3 The Blade is Made of Fiberglass (Composite Materials) 

 
Figure 3 shows the different methods for manufacturing wind turbine blades on a large and small 

scale, such as 3D printing, moulds and machining. On the other hand, on a small scale, machining 
processes such as CNC are used for their accuracy and obtaining the highest surface roughness 
quality, but their cost is high compared to other methods. The second method, manufacturing using 
3D printing, is used in small-scale turbine blades due to the ease of the manufacturing process for 
complex shapes and the low cost, but it is not strong compared to other methods. The third method 
used in the large dimensions of wind turbine blades is making a mould. From here, an idea was 
created, which is how to make a turbine blade with small dimensions that has high quality and 
strength by manufacturing a mould of fiberglass and silicone to manufacture the turbine blade and 
controlling the number of layers of fiberglass inside the blade, so to strengthen it, considering the 
low cost of manufacturing and obtaining a template product for implementation in industry. 
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Building a mould for a wind turbine involves several steps. Here are the general steps involved 
in constructing the mould: Design and Blueprint: Begin by designing the wind turbine blade using 
computer-aided design (CAD) SolidWorks software. Determine the blade dimensions, shape and 
specific requirements for this paper. Construct a detailed blueprint with all the necessary features 
and measurements, as shown in Figure 3 and Figure 4. It's important to note that building a mould 
for a wind turbine blade made of fiberglass is a complex process that requires expertise in composite 
manufacturing techniques. 

 

 
Fig. 3. Flow chart of manufacture of wind turbine rotor blade 

 

 
Fig. 4. Final blade from fiberglass 

 
4. Experimental Setup and Procedure  
4.1 Wind Tunnel (External) and Specifications of Wind Tunnel Compartment 

 
This experiment measures various readings of a wind turbine model's output strain, stress and 

deformation with varying wind speeds. The wind tunnel is a well-known experimental setup for 
conducting aerodynamic flow experiments. The wind tunnel used in this study is of the low-speed 
blower type with an open-jet design and it consists of two branches; each supplied with air from two 
centrifugal blowers. These blowers have a power of 5.5 kW each and are connected to the tunnel 
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leg through flexible joints to reduce vibration. The airflow rate through the tunnel is regulated by an 
AC inverter made by Toshiba (model VF-S11), which controls the rotational speed of the blowers by 
connecting their motors in parallel to the inverter circuit. The nozzle exits cross-section has a 60 × 
60 cm dimension, as illustrated in Figure 5. 

 

 
Fig. 5. The wind tunnel of the mechanical power engineering department in Port Said 

 
4.2 Experimental Procedure - Wind Turbine Model- Single-Blade Test 

 
The wind turbine model comprises three main parts: the blade, the steel stand and the strain 

gauge, as shown in Figure 6. Scales were made suitable for the turbine blade size, from 41.25 m to 
0.2 m in length. The model of the turbine has the following specifications: A blade with three 
different national renewable energy laboratories (NREL) (S818, S825, S826), respectively and a 130 
cm height frame, which is mounted to fix the turbine rotor with frame and a steel frame is used to 
fix the turbine. The turbine rotor is placed at the centre in front of the duct exit, as shown in Figure 
6. The technical specifications of the wind turbine rotor are listed in Table 1. The wind tunnel tests 
focused on studying the aerodynamic forces acting on the blade. The blades were mounted vertically 
on a support strut aligned with the flow direction. The strut was connected to a strain gauge on the 
wind blade. This experiment was conducted for all four blade design configurations using various 
composite materials. Figure 6 illustrates the experimental arrangement of the blade in the wind 
tunnel test section. 

 

 
Fig. 6. The test rig of a single blade is mounted vertically in the wind tunnel 



Semarak International Journal of Material Research   
Volume 4, Issue 1 (2025) 10-29 

 

16 
 

4.3 Wind Turbine Blade FE Model 
 
The wind turbine blade was created using SolidWorks software, then scaled and printed using a 

3D printer. The wind turbine blade was designed using Solidworks software and scaled to the desired 
size. A 3D printer produced a physical prototype of the blade to bring the design into reality. This 
study chose a 1.5 MW renewable energy horizontal axis wind turbine (HAWT) manufactured by GE 
as a case study. Figure 1 and Table 1 provide the necessary information regarding this turbine as a 
reference for the study's analysis and evaluation. 

 
4.4 Material Properties 

 
Composite materials are crucial in manufacturing horizontal and vertical wind turbine blades. In 

this study, wind turbine blades were 3D printed and cast using different composite materials. The 
dimensions of the specimens were based on the ASTM D638 standard for tensile properties of 
plastics, as illustrated in Figure 7. A 3D model of the specimen was created using computer-aided 
software such as SolidWorks and saved in the standard tessellation language (.STL) file format for 
printing and casing, as shown in Figure 7. 

The properties of the blade, including Young's modulus and Poisson's ratio, for each material 
were obtained by varying the layers' value (Lf) at virgin (zero), one, two and three layers using the 
appropriate tool. These properties are presented in Table 2. Where E is Young's modulus, υ is 
Poisson's ratio. The specific materials used in the experimental and ANSYS. 

 

 
Fig. 7. Composite material specimens using the mould 

 
Table 2 
Material properties of fiberglass (composite 
material) 
Material 
layers 

Fiber  
Virgin (zero) 

Fiber layers 
one 

Fiber 
two 

Fiber 
three 

E (GPa) 1.6 3.3 4.1 6.6 
υ 0.3 0.3 0.3 0.3 
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4.5 FEA Mesh  
 
Figure 8 shows the (HAWT) with a blade length of 20 cm. A mesh was created for the turbine 

blade to conduct further analysis. The meshing process involved utilizing a tetrahedral mesh element 
mesh size of 2 mm. This meshing approach enabled the division of the blade into 47,915 nodes and 
26,128 elements. The following element sizes are investigated at blade surfaces: 5 mm, 4 mm, 3 mm, 
2 mm and 1 mm.  

 

 
Fig. 8. FEA mesh blade 

 
Figure 9 and Table 3 show the number of elements and the deformation converges at an element 

size of 2 mm. Further refinement of the element size significantly increases the computational time; 
an element size of 2 mm is estimated in this study. 

 
Table 3 
Mesh independency study 
Item Mesh independency study 
Mesh el. size (mm) 5 4 3 2 1 
Deformation (mm) 0.69397 0.69886 0.70237 0.70482 0.70551 
No. of Elements 2187 3129 5719 26128 126265 

 

 
Fig. 9. Mesh independency study 
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4.6 Boundary Conditions of Blade 
 
A finite element method is employed in the structural workbench of ANSYS to generate the 

structural model of the blade. This study examined a structural analysis component in the ANSYS 
workbench. Figure 10 shows the schematic of the modelling (boundary conditions of the blade). The 
boundary of FEA modelling can be done after defining the blade geometry, material properties, 
mesh, boundary conditions and different types of structural analysis. The HAWT is fixed while fully 
constrained in all directions at the fixed end to prevent rigid body motion and the blade is assumed 
to be a cantilever beam attached to a rotating ring see Figure 10. 
 

 
Fig. 10. Schematic of modelling (boundary conditions of the blade) 

 
5. Results and Discussions 
5.1 Experimental Work Results 

 
In this section, the results obtained from laboratory experiments and numerical analysis are 

extracted and compared, such as the values of strain, stress, strain energy and max deformation, as 
illustrated in Table 4, Figure 11, Figure 12, Figure 13 and Figure 14. 

 
5.2 Strain for Blade 

 
The graph illustrates the relationship between wind speed and strain values using two different 

methods: parametric experiment and finite element analysis (FEA) with the ANSYS program, as 
shown in Figure 11. The study focuses on composite materials such as PLA. The wind speed range 
considered in the experiment and ANSYS simulations was from 5 to 20 m/s. In the parametric 
experiment, the strain value increased as the wind speed increased. For instance, at a wind velocity 
of 5 m/s, the strain reached 1.78×10-5. It further increased to 9.1×10-5 at a velocity of 10 m/s. At a 
wind velocity of 15 m/s, the strain reached 20.3×10-5. 

On the other hand, in the ANSYS simulations, the strain values also showed an increasing trend 
with increasing wind speed. At a velocity of 5 m/s, the strain was 2.28×10-5. At a velocity of 10 m/s, 
the strain was 8.31×10-5 and it further increased to 18.36×10-5 at a velocity of 17 m/s. These results 
show that both the parametric experiment and ANSYS simulations show a positive correlation 
between wind speed and strain values in composite materials like PLA. Higher wind speeds lead to 
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higher strain values, suggesting increased deformation and stress on the material. These findings can 
supply valuable insights for designing composite wind turbine blades and assessing their structural 
performance under varying wind conditions. 
 

Table 4 
Results values using two different methods: experiment and (FEA) 

Parameters unit Wind velocity (m/s) 
Wind Velocity (m/s) 5 7 10 12 15 17 
Experimental 
Strain×10-5 - 1.78 - 9.1 - 20.3 - 

ANSYS 
Strain×10-5 - 2.28 4.21 8.31 11.85 18.36 23.35 

Experimental 
Stress (Hook law) 105 

 
Pa 0.55 - 2.82 - 6.29 - 

ANSYS 
Stress ×105 Pa 0.56 1.33 2.63 3.75 5.82 7.45 

ANSYS 
Deformation mm 0.077 0.147 0.297 0.426 0.66 0.851 

Strain Energy×10-7 J 0.118 0.386 1.469 2.96 7.06 11.55 
 

 
Fig. 11. Strain values using two different methods: 
experiment and (FEA) 
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Fig. 12. Stress values using two different methods: 
Experiment and (FEA) 

 
5.3 Deflections for Blade 

 
The graph illustrates the relationship between wind speed and deformation values, an increasing 

trend in deformation for composite materials, specifically PLA, as wind velocities range from 5 to 20 
m/s. At a wind velocity of 5 m/s, the deformation reaches 0.077 mm and further increases to 0.147 
mm at a velocity of 7 m/s. The deformation continues to rise, reaching 0.297 mm at a velocity of 10 
m/s. Subsequently, at a wind velocity of 15 m/s, the deformation increases to 0.66 mm and it further 
escalates to 0.851 mm at a velocity of 17 m/s. These findings suggest that as wind velocities increase, 
the deformation of the composite material, specifically PLA, also increases. The increasing 
deformation shows the blade's response to the applied wind loads, as shown in Figure 13, with 
higher wind velocities resulting in more significant deformations. Considering these deformation 
values in the design and analysis of wind turbine blades is essential to ensure their structural integrity 
under varying wind conditions. 
 

 
Fig. 13. Deformation results of PLA using ANSYS 

 
Figure 14 shows the relationship between deformation and different wind speeds, ranging from 

5 to 17 m/s and the comparison between other composite materials and PLA. At low speeds, the 
deformation values were similar between the different materials. When wind speeds increase, the 
deformation values increase. With virgin material, we find that the deformation values are extensive 
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and at different speeds than those of other materials. On the other hand, materials with glass fibres 
have more strength and less deformation compared to PLA. 
 

 
Fig. 14. Deformation values and wind velocity for different 
composite materials using ANSYS 
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At V= 5 m/s 
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At V= 7 m/s 
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At V =10 m/s 
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V= 12 m/s 
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At V =15 m/s 
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V= 17 m/s 

Fig. 15. The strain, stress and deformation values with different wind 
velocity using (FEA) 
 

6. Conclusion 
 
This simulation shows the workflow of creating a complex shape using ANSYS analysis. Set up 

simplified finite elements for wind turbine blades. The study described focuses on using composite 
materials in wind turbine blades. The specific composite material being investigated includes 
different layers of fiberglass (virgin, one, two and three layers). The NACA airfoil S818-S825-S826 GE 
HAWT is the basis for the blade design. The following conclusions can be drawn from the current 
study: 

 
i. 3D printing technology is used to manufacture complex shapes such as turbine blades. 

ii. Manufacturing the turbine blade from composite materials at the lowest cost 
iii. The laboratory experiment results and the ANSYS stress, strain and deformation program 

were very good. 
iv. Comparing the results showed that composite materials (fiberglass) are better and 

stronger than PLA.  
 

The weight of the materials used in wind turbine blades can affect their overall performance. 
However, this study determined that the weight comparison between fiberglass and PLA materials 
was negligible regarding its influence on the power coefficient. 
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