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ABSTRACT 

Wind flow over the airfoil surface is adversely affected by the differences between the design and 

ambient values of a dimensionless quantity called Reynolds number. Wind turbine designed for 

high Reynolds Number shows lower maximum power performance when installed in low-speed 

wind regime. Tanzanian experience shows that some imported modern wind turbines depict lower 

power performance compared to the drag-type locally manufactured wind turbines. The most 

probable reason is the difference between design and local ambient Reynolds numbers. The turbine 

design parameters have their properties restricted to the range of Reynolds numbers for which the 

turbine was designed for. When a wind turbine designed for a certain range of Reynolds numbers 

is made to operate in the Reynolds number out of that range, it behaves differently from the 

embodied design specifications. The small wind turbine of higher Reynolds number will suffer 

low lift forces with probably occasional stalls.   
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1. INTRODUCTION 

The fluid mechanics encompassing wind flow over the aerofoil lies at the foot of geometrical shape 

of the airfoil surfaces (Kim and Al-Abadi, 2016). The shape modifies the wind flow velocities and 

pressures over the airfoil surfaces (Mathew, 2004; Manwell et al., 2009). The airfoil geometrical 

shape is designed such that there is a negative differential pressure at the upper surface in relation 

to the lower surface and hence a lift force normal to the surface is created (Mathew, 2004; Manwell 

et al., 2009; Schaffarczyk, 2014). Likewise, as wind flows from leading to trailing edge there is 

positive pressure gradient due to skin friction which tries to decelerate the flow and hence a drag 

force against the flow is created (Mathew, 2004; Manwell et al., 2009; Schaffarczyk, 2014). The 

pressure gradient depends on the chord length, wind velocity and surface roughness which could 

be summarized into one dimensionless quantity called Reynolds number (Re).  As wind blows 

over the airfoil surface, a boundary layer few millimeters between the surface and free wind stream 

is formed due to skin friction (Mathew, 2004; Manwell et al., 2009; Schaffarczyk, 2014). Reynolds 

number characterizes the wind flow in the boundary layer (Fig 1). Reynolds number is defined as 
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the ratio of inertia force due to wind flow to viscous force due to skin friction which could 

mathematically be expressed as follows (Mathew, 2004; Manwell et al., 2009; Schaffarczyk, 2014; 

Sabri et al., 2017): 

 

𝑅𝑒 =
𝐼𝑛𝑒𝑟𝑡𝑖𝑎𝑙 𝑓𝑜𝑟𝑐𝑒

𝑉𝑖𝑠𝑐𝑜𝑢𝑠 𝑓𝑜𝑟𝑐𝑒
                   𝑅𝑒 =

𝜌𝑉𝐶

𝜇
=

𝑉𝐶

𝑣
 

Where,  

𝑣 is kinetic viscosity, 

µ is dynamic viscosity, 

V is wind speed,   

C is the chord length.  

 

In preliminary design, for simplicity, Reynolds number could be approximated by using 

the following formula: 

𝑅𝑒 =  𝑉 ∗  𝐶 ∗  70000   

Where,  

V is design wind speed (relative velocity) [m/s],  

C is design chord length [m] and 70000 is a constant value for air [s/m²] (Hepperle, 2018).  

 

Having estimated the average wind speed in the wind regime, Reynolds number will vary 

with the chord length. If the chord lengths are not constant, the mean length is assumed.  

Figure 1. Wind flow passed airfoil profile. 

 

2. WIND FLOW OVER AIRFOIL SURFACE 

The wind flow in the boundary layer can be either laminar or turbulent depending on Reynolds 

number. However, the demarcating Reynolds number is not very clear. For internal flow such as 

flow in a pipe, laminar occurs when Reynolds number is less than 2000 whereas for turbulent flow 

Reynolds number is greater than 4000 (Sabri et al., 2017; Incropera et al., 2007). For external flow, 

Laminar occurs up to when Reynolds number equals 5×105 (Incropera et al., 2007). For simplicity, 
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the threshold value to transition region is taken as 5×105 (Shah et al., 2014). For airfoil, free surface 

flow is presumed, airflow in the boundary layer is considered to be fully laminar up to 1x105, 

between 1x105 and 5×105 the flow is considered to be in transition to turbulent flow (Yousefi and 

Razeghi, 2018). In practical depending on the surface roughness the transition range may extend 

to between 1x105 and 3×106 (Yousefi and Razeghi, 2018). The critical Reynolds number is found 

to vary with the geometrical shape of the airfoil. Yousefi and Razeghi (2018) in their experiment 

on NACA 0012, 0015 and 0018 airfoils found the lowest critical Reynolds number to be 1 x 105, 

5 x 105 and 3.5 x 105 respectively.    

When the pressure gradient along airfoil surface is adverse such that viscous force becomes 

equal to or greater than inertia force, the boundary layer separates from the airfoil surface resulting 

in the decline of lift forces and the increase in drag forces, a condition called Laminar Separation 

Bubbles (LSB) (Bertin and Cummings, 2009; Rehman et al., 2018; Giguere and Selig, 1997). This 

condition is undesirable because the wind turbine rotor decelerates or stops immediately and 

increased drag force results into severe blade vibration imposing a fatigue loading on the rotor 

blade. As per figure 2, vortices are formed when viscous force exceeds the inertial force. A 

designer has to strive to reduce the effect of LSB or eliminate its possibility to occur completely. 

In airplanes, the occurrence of LSB does not give a pilot enough time before realizing an abrupt 

loss in lift force thereby endangering the airplane and passengers. Though turbulent flow is found 

to have increased drag which increases fuel consumption of airplane, designers prefers to design 

the airplane to operate in turbulent to avoid LBS from occurring. Turbulence flow has high stability 

against separation because of its tendency of flow mixing strengthens the boundary layer 

(Jahanmiri, 2011).  

 

Figure 2. Velocity profile on separation. 
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Separation in turbulent occurs when the angle of attack is very high. According to Hansen 

et al. (2014) a detached flow may however, reattach itself to form a bubble when the transition to 

turbulent occurs due to vortices (Fig 2). The use of turbine in the environmental conditions 

corresponding to its design Reynolds number can minimize the effect of LSB i.e. ambient 

Reynolds number must be equal to design Reynolds number. Ambient Reynolds number is the one 

derived from the local average wind speed at the area of installation.  

On the other hand, the airfoil thickness affects the ambient Reynolds number. Ambient 

Reynolds number is found to increase with the increase in maximum thickness of the airfoil. For 

optimal lift to drag ratio, extremely low Re airfoil requires extremely low airfoil thickness (Clausen 

and Wood, 2000). According to Rehman et al. (2018), these findings have led to categorizing wind 

turbines as: 

i. Low-speed wind turbine (Re < 103) 

ii. Medium-speed wind turbine (103 < Re < 105) 

iii. High-speed wind turbine (Re > 105) 

 

3. DESIGN VS. AMBIENT REYNOLDS NUMBERS 

Flows under the same Reynolds numbers behave the same and vice versa (Manwell et al., 2009). 

High Reynolds number airfoil will perform well in high ambient Reynolds number than low ones. 

When designing Small Wind Turbine (SWT), normally airfoil is chosen from published airfoil 

data most of which were specifically designed for full scale aircraft and thus are high Reynolds 

number airfoils (Giguere and Selig, 1997). Consequently, most of commercial SWTs do not 

perform adequately in low wind speed regimes predominant in tropical equatorial regions.  

For given airfoil parameters, different Reynolds numbers will lead to different lift/ drag 

ratios. Jain et al. (2015) in their study on NACA 0012 airfoil found that a change of Reynolds 

number from 1.5 × 105 to 1.0 × 105 at an angle of attack of 40 decrements the lift coefficient by 

1.2%. Pires et al. (2016) performed wind tunnel test on high Reynolds number airfoil, DU00-W-

212 at different Reynolds number. It showed lowest lift to drag ratio at lower ambient Reynolds 

number as could be shown in figure 3.  

According to investigation by Bak (2007) on Risø-B1 airfoil family, at Reynolds number 

of 200,000 the maximum lift to drag ratio was found to be 50 and power coefficient 0.53 but when 

changed to 900,000, the lift to drag ratio became 180 and power coefficient 0.56. For that matter, 
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SWT designed for low wind speed regime must employ low Reynolds number airfoil in order to 

give a desired performance (Giguere and Selig, 1997). 

 

 

 

 

 

 

 

 

 

 

Figure 3. Lift coefficient against drag coefficient (Source: Pires et al., 2016). 

 

However, the challenge has been the availability of low Reynolds number airfoil to 

correspond with low ambient Reynolds number encountered in tropical equatorial climate. Before 

publication, an airfoil is tested against design specifications.  According to Hasan et al. (2017), 

airfoils are tested practically in a wind tunnel within a range of Reynolds numbers and surface 

conditions, but the wind tunnel technology cannot test very low Reynolds number. So, the 

available lowest Reynolds number airfoil dictates the lowest ambient Reynolds number SWT 

design that can be found in the market because of testing limitations. According to Airfoil tools 

(2020), the lowest available airfoil Reynolds number is 50,000. When it is chosen to design a SWT 

for the wind regime of ambient Reynolds number less than 50,000, the turbine would perform less 

than predicted. Moreover, the SWT will be more susceptible to stall due to LSB. Hung and Ngoc 

(2011) conducted experiments on NACA 0012 airfoil, at Reynolds number of orders 105 there was 

no laminar separation noted for all angles of attack. However, at Reynolds number of 13,000, 

laminar separation was noticed. 

According to Jahanmiri (2011), length, height and position of the bubble are influenced by 

changes in local ambient Reynolds number and the angle of attack. Higher Reynolds number 

decreases the length of the bubble. On the other hand, decrease in angle of attack below critical 
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angle moves the bubble downstream towards trailing edge (Hansen et al., 2014; Genc and Kaynak, 

2009). That is why some medium and large horizontal axis wind turbines are started by increasing 

pitch angle thereby decreasing angle of attack to avoid failure to starting due to stall. Other controls 

of LSB involve creating turbulent upstream because according to Jahanmiri (2011) it stabilizes the 

boundary layer. Genc and Kaynak (2009) investigation showed the early method for controlling 

LSB which was used in airplanes using the slats on the leading edge as turbulentors. The recent 

active method is blowing thereby creating turbulent upstream (Genc and Kaynak, 2009; Jahanmiri, 

2011; Hasan et al., 2017).  

On the other hand, drag-type wind turbine operates on the principle of conservation of 

momentum other than lift force as for airfoil bladed SWTs and thus are not affected by ambient 

Reynolds number (Kaltschmitt et al., 2013). Windmills such as American windmills are drag-type 

wind turbines, the most common locally manufactured wind turbines in tropical developing 

countries. They have advantage of having high torque and thus are commonly used for water 

pumping. However, they have poor power performance and thus not suitable for electricity 

generation (Mathew, 2004).  One of the visited local small wind turbine manufacturer based in 

Dar es Salaam, Tanzania is used to display the drag-type wind turbine of his manufacturing 

together with the commercial lift type small wind turbine. The drag-type is seen to rotate with 

lower wind speed than the commercial ones. Observers and customers were being told that the 

latter is meant for European winds and not for tropical equatorial winds found in Tanzania, while 

the fact is that the latter which is designed for high Reynolds number suffers from stall as a result 

of LSBs in low wind speed.           

    

3. CONCLUSIONS  

Wind turbine performance decreases when the wind turbine is made to operate in ambient 

Reynolds number different from the design Reynolds number. The performance of low speed wind 

turbine could be maintained high by operating it in low local ambient Reynolds number i.e. low 

speed wind regime.  

When the angle of attack is decreased, LSB moves downstream and thus may be eliminated 

completely. However, decrease in angle of attack may have a detrimental effect on power 

performance. So a trade-off which gives the highest energy output is essential during design. This 
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paper recommends for a research which optimizes energy output by manipulating both the angle 

of attack and LSB.   

No literature which shows the use of slats as turbulentor in wind turbine. It is probably 

difficult to implement in HAWT. In future an experiment is recommended to be conducted to see 

if using small parallel ridges on the airfoil surface between leading edge and point of maximum 

thickness can act as turbulentor without affecting the lift force or intended power coefficient. The 

occurrence of LBS has been a major hindrance in the optimization of low speed wind turbines.  
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