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Abstract 

This research predominantly centers on the streamlined qualities of Kline-Fogleman 

modified (KFm) airfoil. KFm arrangement airfoil family shows improved strength and 

low stalling which has made it quite popular for low weight conveying flight. Some of 

the major streamlined attributes like lift coefficient, drag coefficient, etc. of KFm-1, 

KFm-2, and KFm-3 have been explored and a correlation is made with the NACA 4415 

airfoil. Spalart-Allmaras disturbance model is applied to the ANSYS Fluent commercial 

software. The setup is analyzed at a different angle of attack (AOA) methodologies 

stretching out from 0˚ to 15˚ and for a variety of Mach numbers ranging from 0.3 to 

0.6. The Reynolds number was 3.18 ×10
5
. The purpose of this division was to reduce 

computational costs while utilizing CFD software. Computational assessments were 

coordinated to explore the streamlined presentation of the airfoil. The results 

highlighted that a steady and gradual increase in lift is possible by introducing the 

backward step. The overall aim of this assessment was to numerically inspect whether 

the streamlined execution of an airfoil can be improved by introducing a backward-

facing step on the upper surface of the airfoil. 
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Introduction 
 

Wings generate lift to hold the plane in the air and helps it to fly in different flight 

conditions through the dynamic reaction with air. The cross-sectional shape of the wing 

is known as an airfoil. Figure 1 shows a typical airfoil with its different components. 

The unique shape of the wings creates a pressure difference between the upper and 

lower surface of the wing which in result generates two forces, a net upward force 

called lift and a horizontal force called drag, in the direction of the flow. The lift can 

increase or decrease depending on several parameters like the angle of attack (AOA), 

wing area, velocity, the density of the air, or the shape of the airfoil. It is to be noted 

that, some of these parameters are interconnected with each other such as the angle of 

attack with the shape of the airfoil and efficiency of a wing with the angle of attack.  

The efficiency of a wing is determined by the lift to drag ratio and lift is dependent on 

AOA, the efficiency is indirectly related to the shape of the airfoil. There are many 

different types of airfoils such as symmetric, nonsymmetrical airfoils, blade twist, 

wedge shape airfoils, stepped, etc. and they have different use depending on their shape.  

For example, a double wedge shape airfoil is used for space programs because it can 

produce a higher Mach number in the hypersonic range (Kabir, Hossain, et al. 2019). 

At the beginning of aircraft development, airfoils were designed by trial and error 

method without a proper system. This scenario was changed by the NACA (National 

Advisory Committee for Aeronautics) of the USA. They used the previously developed 

theories in the airfoil and boundary layer concept and systematically designed and 

tested a large number of airfoils in the 1930s. These designs are designated as NACA 

airfoils and the shape of the NACA airfoils is described using a series of digits. NACA 

series have a wide collection of airfoil shapes from symmetrical to nonsymmetrical. 

Amongst the symmetrical airfoil NACA- 0012 is one of the most popular ones with 

high aerodynamics efficiency (Kabir, Hasan, and Akib, 2019). But its limitations lie 

with the increase of angle of attack, AOA.  Increasing the AOA affects both the lift and 

induced drag for NACA-0012 and at the AOA of 15   the airflow above the upper 

surface of the airfoil gets detached (Hasan, Kabir and Akib 2019). This detachment 

causes the wings to lose the lift and come to a condition called stalling.  On the other 

hand, NACA 4415 is a nonsymmetrical airfoil that has been found by (David and 

Jamey 2002) to reduce the flow separation shown while they were working with the 

oscillation of the upper surface of an airfoil.  

Stalling is associated with flow separation due to the adverse pressure gradient along 

the flow surface. This phenomenon is undesirable as it reduces the aerodynamic 

performances significantly by increasing the drag, decreasing the lift, and sometimes 

causing vibrational failure. Regarding this problem, different flow control techniques 
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both in active and passive form and airfoil modifications have been implemented over 

the years. As an active flow control technique, the plasma actuator has been found to 

show good performance recently. (Hasan and & Atkinson 2020) Discussed details of 

the plasma actuator on the external aerodynamic flow control. Whereas, vortex 

generators are the most popular passive flow control technique.  

 
 

 

It is to be mentioned that there are other flow control techniques both in an active-

passive manner that are also commonly used in aerospace industries, such as, 

turbulizers, suction, and blowing mechanism, etc. Vortex generators (VGs) create a 

swirl in the flow that induces energy into the near-wall portion through a counter-

rotating vortex to suppress the separation due to an adverse pressure gradient. Although 

VGs are passive, i.e. they cannot be operated under varying conditions, the main 

advantages of having them are low-cost structures, simplistic design, and robustness. 

This passive flow control technique of Vortex generations (VG) and its trapping was 

first used by Witherspoon (Witherspoon 1996). He showed by adding backward-facing 

steps in NACA-0012 the aerodynamics performance can be enhanced. Besides, NACA-

0012, the idea of adding backward-facing steps was also studied using NACA-0015 by 

many researchers (Kabir, Chowdhury, et al. 2019). In 1975, Kasper first claimed to use 

the vortex generated glider called Kasper tailless glider and his research showed the 

possibility of an aircraft with safety, economy, stability, and STOL (Short Takeoff and 

landing) capability (Kasper 1975). Following his work in 1977, Kruppa showed the 

efficiency of the Kasper tailless glider through a wind tunnel experiment (Kruppa 

1977). But the shortcoming of the Kasper glider was that it required external energy 

sources to gain a significant vortex lift. 

The idea of this backward-facing step was further analyzed by Kline and Fogleman in 

1977 who developed a series of stepped airfoils known as the KFm- series (Kline and 

Fogleman 1977).  The benefits of Kline and Fogleman airfoil was its simple 

construction and the least amount of mechanical actuation being utilized. Its unique 

shape produces a vortex in the stepped portion of these airfoils. Figure 1(b) shows the 

Figure 1: (a) A typical airfoil with its different 

component (Bandakkanavar 2015) 
Figure 1: (b) Flow field around the upper and 

lower stepped airfoil (Ranganadhan 2012) 
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vortex generation for two types of KFm. When the backward-facing step is on the upper 

surface of the airfoil and far from the leading edge, two types of vortex named primary 

and secondary vortex is generated. This captured vortex allows the air to travel on the 

wing without creating any friction which decreases the drag and results in high 

efficiency. The captured vortex also sucks the airflow down to the trailing edge of the 

wing making the airstream less prone to separation. Thus, the airfoil becomes resistant 

to stalling and keeps air flowing over the control surfaces, even at high angles of attack.  

 

 

 

Figure 2: (a) A triple KFm-2 airfoil in 

action   (Davereap 2017) 

Figure 2: (b) KFm airfoil series (Davereap 

2017) 

The KFm series is classified depending on the position of the steps such as steps either 

on the bottom (KFm 1) or on the top of an airfoil (KFm 2), or both on top and bottom 

(KFm 4) or with two steps on the top (KFm 3) and so on. The first successful 

application of upper stepped KFm airfoil was found in Fertis’s work. The particular 

airfoil had a step in 50% chord with 50% depth (Fertis 1994). His research confirmed 

that the KFm airfoil can have the potential design to maneuver over a long range of 

flight. Moreover, Boroomand presented a study on backward-facing step airfoil and its 

efficiency for a large Reynolds number flow (Boroomand and Hosseinverdi. 2009) 

concluding that symmetrical airfoil has a less long-range of flight than nonsymmetrical 

airfoil. There have already many studied for the nonsymmetrical airfoil.  

Considering the previous literature, it is reasonable to study the efficiency of different 

types of KFm to find its possible application. Keeping this goal in the mind, this study 

was aimed to compare the aerodynamic efficiency as a function of AOA for 3 different 

KFm- airfoil namely KFm-1, KFm-2, and KFm-3, and correlate the most efficient one 

of the three with a traditional airfoil NACA 4415. 

 

 

7-9% Thickness- Step at 

40% chord Length 

7-9% Thickness- Step at 

50% chord Length 
9-12% Thickness- Steps at 

50% and at 75% chord 

Length 



BMJ Vol 5 Issue 1 ISSN 2519-5972                                                                                                 101 

 

 

 

Methodology 
 

Governing Equations 

The governing equations of flow around an airfoil are the continuity equation, 

conservation of momentum, and the energy equation (ANSYS 2013). The equations are 

defined respectively as: 
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Here    is the turbulent viscosity.              , represents the density, energy, 

temperature, effective thermal conductivity, and the source term respectively. 

 

Numerical modeling 

 

The governing equations were discretized by the finite volume technique (Versteeg and 

Malalasekera 2007). The Spalart-Allmaras model is such a one-equation model that 

solves a modeled transport equation for the kinematic eddy (turbulent) viscosity 

(Spalart and Allmaras 1992). The Spalart-Allmaras model was formulated purposefully 

for applications in the field of aerospace where wall-bounded flows are significant and 

it has been shown to give good results for turbulence boundary layers subjected to 

adverse pressure gradients.  

 

In its basic form, the Spalart-Allmaras model is essentially a low-Reynolds number 

model, requiring the viscosity-affected region of the boundary layer to be properly 

resolved for y
+
 ~ 1 meshes (ANSYS 2013). The transported variable in the Spalart-

Allmaras model  ̃, is identical to the turbulent kinematic viscosity except in the near-

wall (viscosity-affected) region. The transport equation for  ̃ is: 
 

 

  
   ̃  

 

   

   ̃       
 

  ̃
*
 

   
,     ̃ 

  ̃

   
-       

  ̃

   
  +       ̃           



102               Numerical Simulation and Comparative Study of Aerodynamic Performance of Kline-Fogleman 

Modified Backward Stepped Airfoils and the NACA 4415 Airfoil 

 

 
Here    is the production of turbulent viscosity, and    is the destruction of turbulent 

viscosity that occurs in the near-wall region due to wall blocking and viscous damping. 

  ̃ and      are the constants and are the molecular kinematic viscosity.   ̃  is a user-

defined source term. As the turbulence kinetic energy,    is not calculated in the 

Spalart-Allmaras model, the last term in Equation (3) is ignored when estimating the 

Reynolds stresses (ANSYS 2013). 

Finally, the general equations for the coefficients of drag,    and lift,    (Cengel and 

Cimbala 2013) are: 

   
  

 
     

                                                        

 

      
  

 
     

                                                             

 

Here,   is the upstream velocity, A is the frontal area,    and    are the drag force and 

the lift force respectively. 

 

Model Geometry and Meshing Technique 

The geometry of this model is a 2D arrangement. Each of the four airfoil configurations 

was created and analyzed using a commercial programming bundle named ANSYS 

FLUENT. A rectangular-shaped space is defined as having a length to width ratio of 3:2 

shown in Figure 3. National Advisory Committee for Aeronautics (NACA 4415) airfoil 

(Arthur 1971) was picked to contrast the outcomes of three types of KFm airfoils. For all 

the four airfoils, chord length was equivalent. Kline-Fogleman adjusted 1 (KFm-1) 

airfoil has around 7-9% thickness and its step was drawn at 40% of its chord length. But 

for the KFm-2 step was at 50% of its chord length. For KFm-3 airfoil, it has around 9-

12% thickness and two steps are positioned at 50% and 75% of its chord length. After 

design parameters were set, the mesh was generated by ANSYS FLUENT default set up.  

Figure 4 shows the meshing for four distinct airfoils. In the arrangement partition, the 

Solver type was picked as pressure based on an incompressible stream. Time was set as 

reliable and 2D space was picked as an organizer. Table 1 shows the residual 

convergence criterion. Reynolds number was 3.18 ×10
5
 because airspeed was taken 5 

ms
-1

. The measured pressure was taken as zero and the weight outlet was given as 

barometrical weight. The atmospheric pressure was selected as 101,325 Pa. Finally, 

there was a no-slip condition applied around the solid surface. 
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Figure 3: (a) Computational domain setup 

for NACA 4415 

Figure 3: (b) Computational domain 

setup for KFm-1 

  

Figure 3: (c) Computational domain setup 

for KFm-2 

Figure 3: (d) Computational domain 

setup for KFm-3 

Table 1: Residual convergence criterion for solution quantities 

Variable Continuity ux uy Energy Nut 

Convergence 

Criterion 
                              

 

  
Figure 4: (a) Mesh diagram for NACA 4415 Figure 4: (b) Mesh diagram for KFm-1 

  

Figure 4: (c) Mesh diagram for KFm-2 Figure 4: (d) Mesh diagram for KFm-3 
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Figure 5: Validation of the simulation performance 

 

 

Validation of the simulation 
 

For the meshing and the subsequent simulation performance, validation was completed 

by comparing the experimental data of the coefficient of lift for NACA 4415 airfoil 

(Ranganadhan 2012) with the current simulated results of NACA 4415. The overall 

performance is generally agreeable as shown in Figure 5. 
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Results and Discussion 

 

The impact of backward-facing steps on KFm Based Modified NACA 4415 airfoils is 

studied for better aerodynamic efficiency. The investigation is done for four distinct 

airfoils with four AOA (0˚, 5˚, 10˚, and 15˚) for a Mach number ranging from 0.3-0.6. 

The aerodynamic efficiency depends on the Coefficient of lift, CL, and coefficient of 

lift, CD was measured for the different AOA.  Figure 6 and 7, shows a comparison of 

these parameters for modified KFm airfoils.  

It is evident from Figure 6 (a) that the coefficient of lift is highest for KFm-3 with a 

gentle slope for the four distinct AOA. But, the coefficient of drag shows little to almost 

no change (Figure 6 (b)) because of the position of the steps for KFm-1, KFm-2, or 

KFm-3 and only varies with AOA. Even though the coefficient of drag is independent 

of the backward step position for KFm airfoils, the overall aerodynamic efficiency is 

better for KFm-3 than the other two KFm airfoils due to its higher lift achieved by the 

two backward steps (Figure 7 a). Because of its better efficiency, KFm-3 is compared 

with the NACA 4415 airfoil for aerodynamic efficiency in Figure 7 (b).  

It is pertinent from Figure 7 (b) that KFm-3 performs better than the traditional NACA 

airfoil at the same AOA. However, for both graphs, a sharp drop in aerodynamic 

efficiency is noted with respect to AOA since the drag coefficient increases as well. The 

increasing drag force introduces stalling to the airfoils and reduces its performance 

significantly. 

Figure 8 compares the trailing vortices generated by the four airfoils at a constant AOA 

of 0  and 15
o
 with a Mach number of 0.3 and 0.6. The CFD images, from Figure 8, 

show that AOA of 0  the overall trailing vortices pattern remains similar for Mach 

number 0.3 and 0.6. However, for 0.6 MACH number all three KFm, KFm-1, 2, and 3, 

shows as the AOA increases, the trailing vortices display a distinct turbulent vortex 

shedding pattern. This indicates that, at higher AOA, the KFm airfoils start to show 

significant effects of stalling whereas NACA 4415 airfoil performs relatively well even 

at a high AOA of 15
o 

and Mach number. The comparison indicates with the 

introduction of backward-facing steps in KFm generates fluctuating trailing vortices 

which produces a lack of stability and reduces efficiency. 
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Figure 8: (a) NACA 4415 

with AOA 0
o
 and Mach 

number 0.3 

Figure 8: (b) NACA 4415 

with AOA 0
o
 and Mach 

number 0.6 

Figure 8: (c) NACA 

4415 with AOA 15
o
 and 

Mach number 0.6 

  
 

Figure 8: (d) KFm-1 with 

AOA 0
o
 and Mach number 

0.3 

Figure 8: (e) KFm-1 

with AOA 0
o
 and Mach 

number 0.6 

Figure 8: (f) KFm-1 

with AOA 15
o
 and Mach 

number 0.6 

 
  

Figure 8: (g) KFm-2 with 

AOA 0
o
 and Mach number 

0.3 

Figure 8: (h) KFm-2 

with AOA 0
o
 and Mach 

number 0.6 

Figure 8: (i) KFm-2 

with AOA 15
o
 and Mach 

number 0.6 

  
 

Figure 8: (j) KFm-3 with 

AOA 0
o
 and Mach number 

0.3 

Figure 8: (k) KFm-3 

with AOA 0
o
 and Mach 

number 0.6 

Figure 8: (l) KFm-3 

with AOA 15
o
 and Mach 

number 0.6 
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These particular behaviors are the key factors behind KFm airfoils' limited application 

in the world of aerodynamics. As a result of this, the KFm series airfoil application is 

mostly limited to small scale low weight carrying aircrafts such as remote-controlled 

lightweight aircraft instead of commercial aircraft where their ability to generate lift 

force is highly sought after without investing a significant amount of effort or energy. 

Conclusion 

NACA airfoil series is described by the 4 digits which appoint the camber, position of 

the best camber, and thickness. In this research work, the aerodynamic performance of 

NACA 4415 and the KFm based three airfoils was measured and compared to highlight 

the importance of having a passive form of vortex generation with backward-facing 

steps. Based on the analyses that were carried out, several outcomes are noted. 

KFm-1 airfoil is a good utility airfoil but it is superseded by the KFm-2. KFm-2 has a 

higher lift than KFm-1 so that its center of pressure is stable. Since the KFm-3 airfoil 

has a higher lift than the previous two KFm based airfoil, this airfoil can be used for 

slightly heavier lifting. Therefore, KFm-3 was the best performer of the three modified 

airfoils and its performance was better compared to the more traditional NACA series 

airfoil.  KFm-3 with two backward-facing steps showed improved aerodynamic 

efficiency compared to the NACA 4415 airfoil. Since the Analysis was chosen to be 

carried out in a 2D format, the Spalart-Allmaras model naturally captured the lift and 

drag trends subsequently well. However, this model does not consider the turbulence 

kinetic energy,  . As a result, future research may be carried out with other complex 

and versatile turbulence models such as k-ε, k-ω, low Reynolds number k-ε, SST k-ω, 

and v2-f turbulence models, etc. This may be able to get us a complete picture of 

various turbulence models' overall performance for numerically analyzing a variety of 

airfoil designs (such as KFm-4, 5, 6, etc.) along with detailed images of vortex 

shedding. 
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