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The modern wind turbines are becoming bigger in size to capture the wind energy in the most efficient way and to increase a wind power output. This emphasizes the need for additional understanding of wind turbine aerodynamics at a large scale using the theoretical knowledge and building the model rather than physical construction and testing of the wind turbine, which is unfavorable cost-wise ( (Ge M, FangL, Tian D, 2015). The goal for engineers at present is to maximize total power and minimize turbulent loads on wind turbine blades. Determined Reynolds number plays an enormous role in optimization of the aerodynamic characteristics of the blade, thus, in turn, the wind turbine performs more efficiently.
The aim of this report is to determine Reynolds number and investigate how it influences the flow around the blade. The boundary flow around a foil, separation process and the turbulence around the blade have been discussed and explained in detail, and the flow angle has been calculated.
















[bookmark: _Toc61274576]Reynolds number

The Reynolds number is used to study fluids as they flow. Reynolds number is defined by (Norberg C, Sunden B , 1987) , which is the ratio of inertial (resistant to change or motion) forces to viscous (heavy and gluey) forces. The Reynolds number is a dimensionless number used to categorize the fluid systems in which the effect of viscosity is important in controlling the velocities or the flow pattern of a fluid. Mathematically, Reynolds number is defined as:
Re=      (Formulae 1)
Where ƥ=density
	u=velocity
	µ=dynamic viscosity
	d=diameter 
(Shashi Menon, 2015)
The Reynolds number is used to determine whether a fluid is laminar or turbulent flow. As Lake K (Lake, 2020) mentioned, if Re = 0-2000, it is a laminar flow, and turbulent flow is then Re >2000. The graphical representation of flow types is shown below in Fig 1. Fig 1 represents that turbulent flow creates more friction drag on the blade, as well as keeps the flow attached over its surface.









 In the context with wind turbine, Reynold number is a function of relative wind speed and a characteristic length. The length is used is the cord of the airfoil at the blade span location.
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Fig 1. Difference in flows according to Re number (Aviation History Online Museum, 2015)
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The effect of the Reynolds number on the aerodynamic performance of airfoils is crucial.  At a higher Re number, the airfoils exhibit better performance, such as lower drag coefficient, higher lift coefficient, and larger lift-to-drag ratio at a given angle of attack. The aerodynamic performance of the airfoil, in turn, is greatly depends on the flow velocity, i.e Reynolds number (Ge M, Tian D, Deng Y, 2016). Among this, the Reynolds number effects on chord length, twist angle and power coefficient.
As Reynolds number relates to the drag coefficient, for high Reynolds number viscous forces are low and vice versa. A flow gets separated at the higher Reynolds numbers because there is created a thin boundary layer of slow flowing fluid, which is close to the blade surface, where viscous forces prevail (Burton T, Jenkins N, Sharpe D, Bossanyi E, 2011). The airfoils perform better at a higher Reynolds number, these include higher lift coefficient, a lower drag coefficient, and a larger lift-to-drag ratio at a given angle of attack (Chamorro L, Arndt R, Sotiropoulos F, 2011). All these factors are affected by Reynolds number and have a significant effect on the efficiency of a wind turbine operation, such as turbine blades are performing at the maximum ratio.
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For the purpose of this report, it has been determined, that average velocity of a wind in the UK is 8 knots (Tiseo, 2020), where 1 knot is equivalent to 14.816 km/h, which gives 4.115 m/s. The wind turbine is located offshore, thus the velocity of a wind has been considered not less than 4m/s (due to its location, where flow of the air is faster than if wind turbine was based onshore).
In physics, the density (ƥ) of air is defined as 1.225 kg/m³ (Engineering ToolBox, 2003). The dynamic viscosity (µ) depends on the temperature, which was considered being 10°C. According to this assumption, the µ= 1.778 x 10̄⁵ Pa/s (Engineers Edge, 2020).
The length of a cord is known from the Assignment 1, which is 0.66m.
According to the Formulae 1, Reynolds number has been calculated and flow’s type determined:
Re= (1.225*4*0.66) / (1.778 x 10̄⁵)
Re= 181889.76 (no units as it is dimensionless number)
The flow is turbulent as Re>2000.
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Boundary layer is defined as the area of the air flow that is in direct contact with the airfoil physical surface (Sanchez, 2014). As the fluid moves past the wing, the molecules, which are next to surface stick to the wing surface, while the particles just above the wing’s surface are slowed down in their collision with the molecules sticking on the surface. The flow is slowed down by these molecules above. The particles, which are further are moving away from the surface, whereas nearest are affected by collision with the wing’s surface. This creates the boundary layer. 
If the airfoil has zero or low angle of attack, boundary layer remains attached to the surface. In this case, a drag is minimized and caused by friction with the air (this is laminar flow), whereas in turbulence flow there is exchange of fluid perpendicular to the flow direction. A turbulent boundary layer is thicker than a laminar and features a steeper velocity gradient close to the surface. The velocity gradient throughout the boundary layer rises internal shear stresses that are similar to friction acting on a surface (it is called skin-friction drag) (Aerospacing Engineering, 2015). As the pressure increases in a flow direction, the boundary layer become unstable and separates from the surface and pressure drag is induced. Fig 2 illustrates the boundary layers and the point of separation.
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Fig 2. Schematic representation of the boundary layers (Aerospacing Engineering, 2015)
Boundary layer separation induces a large wake that completely changes the flow downstream of the point of separation and causes the issues with blades. By separation of a boundary layer, a drag force is generated because of differences in pressure upward and downward of the wing. 
Reynolds number place a key role in the boundary layer separation as it defines the relationship between the existing inertial forces and the acting viscous forces. Following this, the higher the Reynolds number is, the higher the risk of boundary layer separation. When separation occurs, the flow no longer adheres the surface of the blade and drag is almost zero. Same time, the pressure drops also due to the energy dissipation caused by turbulent wake.
Stall could occur due to separation of the boundary layer. This occurring when angle of attack is increased, so does the pressure gradient. The boundary layer is starting to separate near the trailing edge of the wing, so the lift is increasing, and large wake redistributes the flow over the rest wing’s surface, which impairs with the lift (Sanchez, 2014). By other words, it is condition when lift force drops with a high gradient with increase in angle attack. 
[bookmark: _Toc61274580]Turbulence
Turbulence is defined by Buron T (Burton T, Jenkins N, Sharpe D, Bossanyi E, 2011), as the irregular motion of fluid particles and the complete chaos derived from the interaction and fluctuations of the values of the velocity of those fluid particles. Thus, turbulence affects the performance of the wind turbine in different ways. Firstly, it gives poor aerodynamic performance. This occurs when there is separation and turbulence start close to the leading age of the airfoil, when the coefficient of drag increases causing a poor aerodynamic efficiency, such as more wake is generated. Another way, turbulence causes structural damage of the blades, gearbox etc. (Suzuki, M, 2016).
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It was given:
A windspeed (v)= 15m/s
A Blade length (l)= 10m
A rotational speed (Ω)= 1 revolution per second = 60 rpm
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Fig 3 Schematic figure of relative wind speed (Peng, 2018)
Using a Pythagoras theorem, the relative (resultant) wind speed (W) and the angle of flow (θ) have been determined.
60*sin45+10= 52.426
15*cos45= 10.606
W= √52.426² + 10.606²
W= 53.488
Then, the angle of flow was determined:
Θ = tan̄¹(52.426/10.606)
Θ= 78.56°
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Angle of attack (AOA) specifies the angle between the cord and the vector representing the relative motion of wind (as seen at Fig 4. The blades rotate and the lift force increases as the blade is turned to present itself at a greater angle to wind. This is called the angle of attack. The lift coefficient (Cl) varies with the angle of attack. Consequently, increasing AOA is related to increasing Cl up to the maximum lift coefficient, after which CL decreases   (Thumthae C, Chitsomboon T, 2009)(as seen at the Fig 4)
[image: ]
Fig 4: Angle of Attack and Pitch Angle (Aircraft Systems Tech, 2018)

The angle of attack is very crucial factor as it has enormous impact on the performance of the wind turbine. AOA of the flow is determined by the blade speed and the wind speed








Fig 5 represents a curve, where is seen a lift is small at small negative angles of attack and as Cl increases, the angles of attack become greater, until the point the stall occurs. From this figure it was assumed that stall occurs of AOA being about 12°.
[image: ]
Fig 5: Coefficient of lift v Angle of Attack (Lake, 2020)
The stalling point is defined as the point where increasing the angle of attack in no additional lift generation.
Pitch angle affects the power output, and for a given wind speed (15m/s) and rotational speed (60rpm), there is an optimum pitch angle, which gives maximum power (Sudhamshu A, Pandey M, Sunil N, Satish N, Mugundhan V, Velamati R, 2016)








The schematic diagram of the forces and angles is shown at the Fig 6:
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Fig 6: Forces acting on the plane (Sudhamshu A, Pandey M, Sunil N, Satish N, Mugundhan V, Velamati R, 2016)
Cl increases linearly with angle of attack, until a certain value of AOA, where maximum Cl is reached and after this point the airfoil stall (12 degree as seen on Fig 5).
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Wind energy industry continues to grow, and wind turbines’ size does increase in order to produce more energy. However, the aerodynamic design of the blades is still challenging. Aerodynamic behavior of airfoil as lift and drag characteristics changes due to angle of attack and Reynolds number. As a dimensionless number is expressing the ratio of inertial forces to viscous forces, Reynolds number has an enormous influence on the flow characteristics, as well as affecting the aerodynamic design of wind turbine blades. Many parameters do influence the aerodynamic characteristics of the airfoil. The largest lift-to-drag ratio and the corresponding lift coefficient and angle of attack also change Reynolds number, which in turn affects both the performance and the optimal shape of a blade.
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Figure 2: Coefficient of lift v Angle of Attack for the aerofoil used
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