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ABSTRACT 
 

Flow Separation over the surface of the airfoil affect the aerodynamic performance of the airfoil, flow separation increases drag 

and decreases lift.  Aerodynamic efficiency of an airfoil can be improved by delaying separation, which increases the lift force 

and reduces the drag force. Flow separation can be controlled by altering boundary layer behavior such as reducing boundary 

layer thickness and increases maximum velocity over the surface of an airfoil, these can be done by modifying the geometry of 

airfoil or other active flow control techniques and passive flow control techniques. In this research, the E398 airfoil was selected 

for analysis. Analysis has been carried out on smooth and modified E398 airfoil, airfoil modified with single bump centered at 

0.05C, 0.1C, 0.15C, 0.2C, and 0.3C from leading edge, a chord length of the airfoil is 0.128m. A numerical study has been carried 

out by using Ansys Fluent 14.0 over Smooth and Uni-Bump E398 airfoil, at low Reynolds Number ranging from 18000 to 54000 

and Angle of Attack from 00 to 150. Numerical Results show that the aerodynamic efficiency of a modified airfoil with bump 

centered at 0.1C is higher as compared to smooth airfoil at Reynolds 18000 and 36000. When Reynolds number is 54000, 

aerodynamic efficiency of the smooth airfoil is higher than the modified airfoil with a single bump at 0.1C. Analysis has been 

performed by changing the location of a bump from 0.5C to 0.3C aerodynamic performance decreases as bump shifted toward 

the maximum thickness of airfoil because suction pressure decreases on the upper surface of an airfoil. It is observed that as a 

bump near leading edge of the airfoil, shows the higher aerodynamic performance, the suitable locations of the bump are at 

0.5C and 0.1C from leading edge. 

 

Keywords— Flow separation, E398 Airfoil, Low reynolds number, Aerodynamic performance 
 

1. INTRODUCTION 
Chances of flow separation at low Reynolds number are higher as compared to high Reynolds number. A lot of research work has 

been carried out at low Reynolds number in the recent past to improve the performance of unmanned aerial vehicles (UAVs) and 

micro Aerial vehicles (mAVs). These aircraft are used for military surveillance and communication and planetary exploration i.e. 

Mars [1]. These aircraft operate at normal and high altitudes during flight operation, the performance of an aircraft depends on the 

growth of the boundary layer on solid surfaces and its interaction with the fluid flow [2]. 

 

When a real fluid flows over the solid surface, a layer is formed in which viscous forces are dominant is known as the boundary 

layer. From a solid surface to the point where the velocity of fluid reaches to the 0.99U∞ is called boundary layer thickness (𝛿). 

Boundary layer thickness varies from leading edge to trailing edge. When the pressure gradient is positive  (
𝜕𝑝

𝜕𝑥
> 0) boundary layer 

thickness increases from leading edge to trailing edge. Due to adverse pressure gradient velocity of fluid near solid surface 

approaches to zero after that point flow departed from solid surface, region is known as separated flow region [3]. When its 

magnitude of adverse pressure is to small then boundary layer may reattach and transition occurs after the laminar separation because 

of it a turbulent boundary layer formed over the surface of airfoil and it resist the separation. Flow separation increases the form 
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drag force and decreases the lift force which adversely affects the aerodynamic efficiency of airfoil. The aerodynamic efficiency of 

aircraft can be improved by (a) altering boundary layer behavior over surface of the airfoil (the b) modify the geometry of airfoil 

[1].  

 

Continuous efforts have been made to increase the aerodynamic efficiency of the airfoil in this regards different techniques studied 

to investigate the performance of different airfoil. Sometimes boundary layer behavior changes by co-flow jet, Dielectric barrier 

discharge, vertex generator etc. are known as Active flow control techniques [4,5]. When fluid flows over an airfoil at low Reynolds 

number, efficiency can be improved by placing large-scale roughness on the surface of airfoil this technique is known as passive 

flow separation control technique [3]. Different research has been published earlier, to investigate the effect of the boundary layer 

with the addition of large-scale roughness such as single and multi-bumps at a different location either near leading and trailing 

edge. Roughness near leading edge shows better performance to delay flow separation and increases aerodynamics efficiency of the 

airfoil [3,6,7]. Variation of the maximum height of roughness can also play an import role to improve the aerodynamics 

characteristics of the airfoil, the ratio of maximum height to boundary layer thickness should not greater than one i.e.  (
𝑘

𝛿
> 1)[1]. 

 

2. FLOW CONTROL APPROACH 
Boundary layer behavior can be altered variation of following parameter such as (a) Reynolds number (b) Angle of Attack (c) 

geometry of roughness (d) roughness placement (e) height of roughness (f) number of roughness. In this research work, study has 

been performed on (a) to (d).  In present study E, 398 airfoils has been selected for study because it is one of the low Reynolds 

number candidates. In this research work selected method for flow control is introducing roughness at upper surface of airfoil near 

leading edge, to investigate the boundary layer effect over stthe andard E398 airfoil. For this purpose standard E398 airfoil with 

chord length 0.128m, modified with single bump centered at 10%C, maximum height K = 0.9855%C and width w = 6.645%C, also 

location of bump changes to 5%C, 15% 20%C and 30%C Numerical Analysis has been carried out on all models at ReC 18000 to 

54000, for further details of experimental work found in [1]. 

 
Fig. 1: Smooth E398 airfoil 

 
Fig. 2: Uni-bump E398 airfoil 

 

3. GRID GENERATION 
A C-grid was used for all computations; the upper and lower far-field boundaries are 10 times of chord length from the airfoil, on 

the other hand upstream and downstream are 8 and 10 chord respectively. A structured mesh with the quadrilateral cell was 

generated. 

 

4. MATHEMATICAL MODEL 
In this study flow over airfoil is considered as an incompressible flow, the flow having self-sustaining fluctuations of flow properties, 

the flow is known as turbulent flow. To describe the properties like mass, momentum, and energy, from the continuity equation, 

predict the conservation mass and for momentum and energy, Navier stock equation is used to predict the properties of flow [10]   
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4.1 Turbulent model 

The turbulent model consists of semi-empirical equation related to main flow variables, constants used in the equation were found 

through experimental investigation. There is no single model their performance is universally accepted for all problems. In this 

numerical study, Reynolds averaged Navier-Stokes (RANS) approach based K-epsilon model was used to understand the flow 

characteristic over E398 airfoil.  

 

4.2 𝑲−∈ Turbulent model 

This model was given by Jones and Launder, it is known as standard model for simulation of turbulent flow Modified Boussinesq 

eddy viscosity model overcomes the mixing length, turbulent viscosity is not defined where value of shear is zero (
𝜕𝑢

𝜕𝑦
= 0), to add 

turbulent viscosity with Reynolds stresses.  

Vt = √𝐾                                                                                                   (8) 
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𝜇𝑡 = 𝐶𝑝𝑙𝑚𝑘1/2                                                                                             (9) 

In this model two new transport variables, k and 𝜖 are introduced.  

 

4.3 The Realizable 𝑲−∈ 

Three different 𝐾−∈ model are available such as standard 𝐾−∈, RNG- 𝐾−∈, realizable 𝐾−∈ model. Realizable 𝐾−∈ model 

performs better than the standard 𝐾−∈ , when fluid flow against positive pressure gradient and flow separation occurs over solid 

surfaces. Because of realizable mothe del contains the new formulation for turbulent viscosity and introduces other transport 

equation for the dissipation rate(∈). Some mathematical constrain on stress satisfy by this model that’s why this model is realizable.  

In this numerical study realizable 𝑲, −∈ model is used because of fluid flow over airfoil, because fluid flow against the strong 

adverse pressure and flow separation occurs over the surface of airfoil. [10] 

 

Transport equation of  𝐾 and ∈  for all three model standard 𝐾−∈ , RNG 𝐾−∈ model and Realizable 𝐾−∈ model are similar, only 

differ in calculating turbulent viscosity (𝜇𝑡 ) and Prandtl number. Transport equations for 𝐾 and ∈  are as under: 
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Where,  

𝐶1 = 𝑚𝑎𝑥 [0.43,
𝜂

𝜂 + 5
  ] 

  ∴ 𝜂 =   𝑆
𝐾

𝜖
 

Eddy viscosity computed from following formula 

𝜇𝑡 =  𝜌𝐶𝜇
𝐾2

𝜖
  

The default model constants are  

𝐶1𝜖 = 1.44, 𝐶2 = 1.9, 𝜎𝑘 𝑎𝑛𝑑 𝜎𝜖 = 1.2 

The pressure based unsteady solver has been used in simulation with Ansys Fluent 14.0. The realizable k−𝜖 model was used with 

higher order discretization.  Simplec scheme is used for pressure velocity coupling. Second order upwind discretization is used for 

pressure momentum, turbulent kinetic energy and turbulent dissipation, first order upwind is used for transient formulation. Defaults 

values of under relaxation factors are used.  

 

In this study, Simulation has been carried out at Reynolds number 18,000, 36,000 and 54,000 for the various angles of attack ranging 

from 0 to 15.  Different inlet velocity specified for different Reynolds number, for Re 18,000, 36,000 and 54,000 the inlet velocities 

are 2.109 m/sec, 4.218 m/sec and 6.327 m/sec respectively. 

 

5. RESULTS AND DISCUSSION 

5.1 Flow Visualization  

Streamlines give us a general idea about the flow field near the region of the airfoil such as separation, recirculation, and 

reattachment of fluid.  Streamlines for both smooth airfoil and uni-bump airfoil are the plot for Re 18000 at AoA 11. Fluid separates 

from solid surfaces at 54% C over a smooth airfoil, but there are no significant improvements with the addition of bump at 10%C. 
 

 
Fig. 3: Streamline of Smooth E398, Re 18000, 

 
Fig. 4: Streamline of Uni-bump E398, Re 18000, AoA 11 

In case of Reynolds number 36000 and Angle of attack 11, see figure 5 and 6 it is observed that separation starts from 46%C for 

the smooth airfoil, the addition of bump delay separation for approximately 10%C, also the addition of bump reduces the size of 

vertices. 
 

When the center of bump changes from 10%C to 5%C from leading edge then separation starts from 58%C and when single bump 

at 15%C, 20%C and 30%C, separation starts from 54%C, 50%C and 46%C respectively. It is observed that, when a bump is near 

leading edge, it is more effective to delay flow separation, as bump shifted toward the maximum thickness then separation point 

moves towards leading edge. It increases the separated flow region causes to decrease the suction pressure over the upper surface 
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of an airfoil leads to decreases the difference of pressure between upper and lower surfaces decreases the aerodynamic efficiency 

of the airfoil. 

 
Fig. 5: Streamlines of smoothE398, Re 3600, AoA 11o 

 
Fig. 6: Streamlines of smoothE398, Re 3600, AoA 11o 

When Reynolds number increases to 54000, streamlines plotted at an angle of attack 11. From figure 7 and 8, It is observed that 

separation start form 58%C for both smooth and uni-bump airfoil, there is no significant change separation, at higher Reynolds 

number there is no significant change in performance of airfoil as compare to Reynolds number 18000, and 36000.  
 

 
Fig. 7: Streamlines of smoothE398, Re 54000, AoA 11o 

 
Fig. 8: Streamlines of smoothE398, Re 54000, AoA 11o 

 

5.2 Aerodynamic Performance 

Performance of an airfoil is measured in terms of lift force and drag force. An efficient airfoil produces higher lift force and lower 

drag force. From figure 09, 10 and 11, when the angle of attack is in between 7 and 15, CL
 and aerodynamic efficiency of the uni-

bump airfoil is higher than the smooth airfoil 10% and 17% respectively and CD of the smooth airfoil is 6% higher than the uni-

bump airfoil. 
 

From figure 12 to 14, For Reynolds number 36000, when the angle of attack is between 0 and 11 Co-efficient of lift generated by 

a uni-bump airfoil is 13% greater than the smooth airfoil and coefficient of drag of uni-bump airfoil is 5% higher than the smooth 

airfoil at an angle of attack 0 to 7. The aerodynamic performance with the addition of bump is higher 11% higher than the smooth 

airfoil at an angle of attack 0 to 11. As Reynolds number increases to 54000 aerodynamic efficiencies of the uni-bump airfoil is 

6% less as compared to the smooth airfoil.  At higher Reynolds number addition of bump over the surface of airfoil near leading 

edge decrease lift force and increases drag force, because the magnitude of the difference of pressure between upper and lower 

surface of the uni-bump airfoil is less than the smooth airfoil. The maximum velocity of uni-bump is less as compared to smooth 

airfoil which reduces the dynamic pressure over an airfoil which decreases the difference of pressure; it leads to decreases lift force 

produced by Airfoil. 

 
Fig. 9: Co-Efficient of Lift, Re 18000 

 
Fig. 10: Co-Efficient of Drag, Re 18000 
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Fig. 11: Aerodynamic Efficiency, Re 18000 

 
Fig. 12: Co-Efficient of Drag, Re 36000 

 
Fig. 13: Co-Efficient of lift, Re 36000 

 
Fig. 14: Aerodynamic Efficiency, Re 36000 

 
Fig. 15: Co-Efficient of drag, Re 54000 

 
Fig. 16: Re 54000Co- Efficient of lift 

 
Fig. 17:  Aerodynamic Efficiency Re 54000 

 

In this research work analysis has been performed for modified airfoil by changing the position of a single bump from 5%C to 30%C 

from leading edge, results were compared with smooth airfoil as well as with modified airfoil, to find out the best location of a bump 

over the surface of an airfoil. Results were compared at Reynolds number 36000 and Angle of attack 70 and 110. From table 0, 

observed that the performance of a smooth airfoil is lower as compared to the uni-bump airfoil. When the bump is placed at 5%C, 

aerodynamic efficiency of the uni-bump airfoil is higher than a smooth airfoil. However, the performance of uni-bump airfoil is 

decreased as bump shifted from 5%C towards the maximum thickness of airfoil as compare to airfoil with a bump at 5%C.  
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Table 1: CL, CD and CL /CD of an airfoil with a bump at a different location, Re 36000 

 Angle of Attack CL Cd CL /Cd 

Smooth 7 0.6664 0.0925 7.2029 

11 0.8647 0.1342 6.4397 

Centre of bump  5%C 7 0.8298 0.0940 8.8276 

11 0.9647 0.1228 7.8519 

Centre of bump 10%C 7 0.8145 0.0953 8.5400 

11 0.9645 0.1233 7.8193 

Centre of bump  15%C 7 0.7757 0.0943 8.2245 

11 0.9270 0.1251 7.4082 

Centre of bump 20%C 7 0.7599 0.0939 8.0890 

11 0.9022 0.1289 6.9997 

Centre of bump 30%C 7 0.7514 0.0999 7.5182 

11 0.8922 0.1389 6.4226 

 

6. CONCLUSION  
Aerodynamic efficiency of an airfoil is improved with the addition of bump at 10%C from the leading edge of an airfoil. When 

Reynolds number is 18000, CL is 10% higher, CD 6% less than smooth airfoil, the angle of attack is between 70 and 150 and at a low 

angle of attack aerodynamic performance of uni-bump airfoil is less as compared to the smooth airfoil. As Reynolds number 

increases to 36000, CL is 13% greater than the smooth airfoil and aerodynamic efficiency is 11% higher than to smooth airfoil for 

the moderate angle of attack.  At Reynolds number 36000 analyses performed, by changing the position of a bump from 5%C to 

30%, Co-efficient of lift and aerodynamic efficiency decreases and coefficient of drag increases as bump moves toward maximum 

thickness of an airfoil. For Reynolds, number 54000 aerodynamic efficiency of the airfoil is 6% less with the addition of bump as 

compared to the smooth airfoil. It is concluded that the addition of a single bump increases the performance of E398 airfoil at 

Reynolds number 18000 and 36000 when a bump is placed at 5%C and 10%C from leading edge. When the bump is placed at near 

to maximum thickness of an airfoil shows the less improvement in aerodynamic performance of an airfoil as compare to the bump 

at 5%C and 10%C.  
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