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Abstract.  The primary goal of this research is to investigate flow separation phenomena using various turbulence 
models. Also investigated are the effects of free-stream turbulence intensity on the flow over a NACA 0018 airfoil. 
The flow field around a NACA 0018 airfoil has been numerically simulated using RANS at Reynolds numbers 
ranging from 100,000 to 200,000 and angles of attack (AoA) ranging from 0° to 18° with various inflow conditions. 
A parametric study is conducted over a range of chord Reynolds numbers for free-stream turbulence intensities from 
0.1 % to 0.5 % to understand the effects of each parameter on the suction side laminar separation bubble. The results 
showed that increasing the free-stream turbulence intensity reduces the length of the separation bubble formed over 
the suction side of the airfoil, as well as the flow prediction accuracy of each model. These models were used to 
compare the modeling accuracy and processing time improvements. The K- SST performs well in this simulation for 
estimating lift coefficients, with only small deviations at larger angles of attack. However, a stall was not predicted by 
the transition k-kl-omega. When predicting the location of flow reattachment over the airfoil, the transition k-kl-
omega model also made some over-predictions. The Cp plots showed that the model generated results more in line 
with the experimental findings. 
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1. Introduction 
 

Airfoils are used in various engineering applications, from UAV wings to wind turbine blades 

to commercial aircraft wings (Mueller and DeLaurier 2003, Lachenal et al. 2013, Zhou et al. 

2017). Airfoils can also be used at various speeds, from leisurely gliders to supersonic combat 

aircraft. Because engineers have a substantial challenge regarding necessary airfoil performance 

due to the broad design space over which airfoils are used, several airfoil designs have been  
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Fig. 1 Instability of separated flow in the trailing edge of standard NACA 0012 airfoil 

(Theofilis and Sherwin 2001) 

 
 

thoroughly assessed. The Reynolds number based on the airfoil chord length is an important non-
dimensional characteristic that distinguishes this wide range of operating circumstances. One of 

the most challenging ranges for designing chords is below 700×103, where performance drops 
significantly compared to higher chord Reynolds numbers (Carmichael 1981, Istvan et al. 2016). 
Suction-side laminar boundary layer separation is the primary cause of airfoil performance 
degradation. 

Various qualitative and quantitative experimental techniques have investigated airfoil 
performance and boundary layer properties at low Reynolds numbers (Drela 1989, Yarusevych et 
al. 2006, Shen et al. 2016, Kamada et al. 2016). Previous research has shown that the angle of 

attack and the Reynolds number substantially impact separated shear layer properties over an 
airfoil. As aerodynamic test models, symmetric airfoils have been widely employed. The NACA 
0012 profile is the most researched symmetric airfoil (Gerakopulos et al. 2010). McCroskey 
(Kojima et al. 2013) examines experimental aerodynamic performance data from nearly forty 
different NACA 0012 profile wind tunnel trials, some of which were conducted at low Reynolds 
numbers. A substantial experimental database is available for a NACA 0015 airfoil and the results 
for a NACA 0012 profile. Previous research into the effects of vortex shedding, near-wake 
development, and boundary layer features on an airfoil’s aerodynamic performance at low 

Reynolds numbers has increased our understanding (Gerakopulos et al. 2010). In vertical-axis 
wind and water turbines, thick airfoil sections are necessary to improve blade stiffness. To 
maintain constant blade loading, somewhat thick symmetric airfoils are required in these 
applications since the blades oscillate through positive and negative angles of attack (AoA). 
However, the vast literature available for thin symmetric airfoils with low Reynolds numbers is 
insufficient for precise design estimations for thicker symmetric airfoils (Kojima et al. 2013).  

Increasing the Reynolds number reduces the bubble’s length when a separation bubble forms 

on an airfoil’s upper surface (O’meara and Mueller 1987). Furthermore, when the angle of attack 
increases, the laminar separation point moves closer to the leading edge until it stalls. Despite 
significant efforts to comprehend the evolution of laminar separated shear layers, existing models 
for describing the separated flow zone on an airfoil still rely on empirically determined criteria and 
are unreliable. From the perspective of the numerical solution of the two-dimensional partial 
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derivative eigenvalue problem, Theofilis and Sherwin (2001) investigated the instability of 
separated flow in the trailing edge of a standard NACA 0012 airfoil. One of the most remarkable 
properties of the flow at Reynolds number 1000 is trailing-edge separation, as seen in Fig. 1. 

There is a reduction in the performance of an airfoil with Re<700×103 compared to that of a 
higher Reynolds number due to a suction side laminar separation bubble (Carmichael 1981). While 
many distinct airfoil sections have various characteristics for different flow conditions, all airfoils 

operating in the low Reynolds number zone encounter the laminar separation bubble. At low 
speeds, the boundary layer developed over the forward zone of the airfoil remains laminar. Thus 
making it more susceptible to separation than a turbulent boundary layer as it carries minimum 
momentum near the wall (Jones et al. 2018). The flow faces an unfavorable pressure gradient 
downstream of the suction peak, which may cause the flow to separate. The turbulence that results 
from the separated shear layer might cause mean flow reattachment due to the increased 
momentum exchange with the free stream. A laminar separation bubble is a recirculating fluid 

patch between the mean separation and reattachment points. 
There is currently no agreement on the minimal level of flow modeling required to effectively 

estimate airfoil aerodynamics while considering various flow regimes/states (e.g., laminar, 
transitional, and turbulent flows) and inflow circumstances (e.g., Reynolds numbers and angles of 
attack) (Herbert-Acero et al. 2015). Consequently, Rogowski et al. (2021) have used the 
conventional uncalibrated four-equation Transition SST turbulence model and the unsteady 
Reynolds-averaged Navier-Stokes (URANS) equations to assess the aerodynamic performance of 
the NACA 0018 airfoil and the features of the laminar separation bubble created on its suction 

side.  
The aerodynamic unstable and steady airfoil characteristics of the NACA 0018 airfoil of a two-

dimensional vertical-axis wind turbine are described numerically (Rogowski et al. 2018) (steady 
and unsteady). The RNG k- and the SST Transition turbulence models are utilized in this study to 
analyze the properties of airfoils. The mesh distribution that is utilized around the airfoil edges is 
the same. The results computed using the SST Transition model correlate quite well with the 
experiment results, particularly concerning the static airfoil characteristics (Rogowski et al. 2018).  

Only a few studies have attempted to compare the accuracy of various fluid flow modeling 
techniques for forecasting the aerodynamic behavior of two-dimensional airfoils under various 
inflow conditions. The current project’s goal is to figure out how separation bubbles behave. Two 
turbulence models were used in the numerical analysis: the two-equation SST K- and Transition k-
kl-omega model. The free stream turbulent intensities are also changed to test the effect at low 
Reynolds numbers. Finally, the results of the simulation at Reynolds number 120,000 are 
compared to Gerakopulos et al. experimental investigation (Gerakopulos et al. 2010). 

 
 

2. Governing equation 
 

We consider the RANS equations to be the governing equations for the two-dimensional, 
unstable, and incompressible flow 

∂ui

∂xi
= 0.  (1) 

∂ui

∂t
+ uj

∂ui

∂xj
= −

1

ρ

∂p

∂xi
+ υ

∂2ui

∂xj ∂xj
−  

∂ui
′̅̅ ̅uj

′̅̅ ̅

∂xj
  (2) 
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where 𝑢𝑖 is the mean velocity, 𝜈 the kinematic viscosity of the air, q the density of air, 𝜌  the 

pressure, and −𝑢𝑖
′̅𝑢𝑗

′̅ the Reynolds stress. 

 

 
3. Turbulence models 
 

3.1 The SST k-omega turbulence model 
 
The SST K-ω combines the Wilcox K-ω and the standard K-ε model (Menter et al. 2003). The 

standard K-ε is transformed to K-ω by substituting ε=Kω. The turbulent viscosity is defined using 

the k-omega SST turbulence model, which includes the transport of the turbulence shear stress. 
That is why the k-omega SST turbulence model was chosen. K-omega SST turbulence model is 
governed by 

𝐷𝜌𝑘

𝐷𝑡
=  𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
+ 𝛽∗𝜌𝜔𝑘 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝑘

𝜕𝑥𝑗
]  (3) 

𝐷𝜌𝜔

𝐷𝑡
=

𝛾

𝑣𝑡
𝜏𝑖𝑗

𝜕𝑢𝑖

𝜕𝑥𝑗
− 𝛽𝜌𝜔2 +

𝜕

𝜕𝑥𝑗
[(𝜇 + 𝜎𝑘𝜇𝑡)

𝜕𝜔

𝜕𝑥𝑗
] + 2𝜌(1 − 𝐹1)𝜎𝜔

1

𝜔

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
  (4) 

where, β*=𝛽∗ =
𝜀

𝑘𝜔
 and the turbulence stress tensor is 

𝜏𝑖𝑗 = −𝜌𝑢𝑖
, 𝑢𝑗

,̅̅ ̅̅ ̅ = 𝜇𝑡 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
−

2

3

𝜕𝑢𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗) −

2

3
𝜌𝑘𝛿𝑖𝑗  (5) 

The turbulence viscosity can be estimated by 𝑣𝑡 =
𝑎1𝑘

max(𝑎1𝜔,Ω𝐹2)
, where 𝛺 is the absolute value 

of the vorticity, 𝑎1=0.31 and the function 𝐹2 is given by 

𝐹2 = tanh {[max (
2√𝑘

0.09𝜔𝑦
,

500𝑣

𝑦2𝜔
)]}

2

  (6) 

where y is the distance to the nearest surface. 
 

3.2 The k-kl-𝝎 model 
 

For transition flows, K-kl-ω was created (Aftab et al. 2016, Ghasemi et al. 2013) and accurately 
estimates the boundary layer’s transition initiation feature. For turbulent viscosity, three equations 

are used in this turbulence model. 

𝐷𝑘𝑇

𝐷
= 𝑃𝐾𝑇

+ 𝑅 + 𝑅𝑁𝐴𝑇 − 𝜔𝑘𝑇 − 𝐷𝑇 +
𝜕

𝜕𝑥𝑗
[(𝑣 +

𝛼𝑇

𝛼𝑘
)

𝜕𝑘𝑇

𝜕𝑥𝑗
]  (7) 

𝐷𝑘𝐿

𝐷𝑡
= 𝑃𝐾𝐿

− 𝑅 − 𝑅𝑁𝐴𝑇 − 𝐷𝐿 +
𝜕

𝜕𝑥𝑗
[𝑣

𝜕𝑘𝐿

𝜕𝑥𝑗
]  (8) 

𝐷𝜔

𝐷𝑡
= 𝐶𝜔1

𝜔

𝑘𝑇
𝑃𝐾𝑇

+ (
𝐶𝜔𝑅

𝑓𝑊
− 1)

𝜔

𝑘𝑇
(𝑅 + 𝑅𝑁𝐴𝑇) − 𝐶𝜔2𝜔2 + 𝐶𝜔3𝑓𝜔𝛼𝑇𝑓𝑊

2 √𝑘𝑇

𝑑3
+

𝜕

𝜕𝑥𝑗
[(𝑣 +

𝛼𝛾

𝛼𝜔
)

𝜕𝜔

𝜕𝑥𝑗
]  

(9) 

The turbulent kinetic energy is modeled using KT. The turbulent kinetic energy is modeled  
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Fig. 2 Domain with structured mesh 

 

 

Fig. 3 Denser region near the airfoil 

 

 
using KT. The KL equation captures the energy associated with the Tollmien-Schlichting instability 
in the transition area. The Inverse time scale ω is modeled as epsilon. The inverse time scale in the 
outer turbulent boundary layer has been proven to lessen the intermittency impact. It more 
accurately reflects adverse pressure gradients. 

 
 

4. Numerical analysis 
 

The experimental data from Gerakopulos et al. was used to test the turbulence model on the 
NACA 0018 airfoil (Gerakopulos et al. 2010). First, a surface is produced using 2D airfoil points 
loaded into ANSYS Design Modeler. After that, the model is loaded into the ANSYS package for 
meshing. As seen in Fig. 2, a fluid domain forms around the airfoil. 

 

4.1 Domain details 
 
A C-type domain is formed around the airfoil of unit chord length c, as shown in Fig. 1. The 

inlet is 15 c from the airfoil, while the outflow is 20 c. The domain is extended 15c above and 
below the airfoil to avoid confinement effects. Ansys Meshing is used to mesh the data. A body 
split approach is used to divide the domain into different zones. High grid density is achieved near 
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the airfoil by encapsulating a layer of very thin mesh, as shown in Fig. 3. The mesh density 
steadily increases in the outer zone, coarsening the mesh density as it moves away from the 
airfoil’s surface. A mesh of quad type is generated. The wall Y+ is calculated, and the estimated 
distance is fixed at Y+≤1. In order to capture the creation of the separation bubble, it is critical to 
pay attention to Y+. 
 

4.2 Boundary conditions 
 

The relevant study (Gerakopulos et al. 2010) states that the same is provided for the turbulence 
quantities at the boundaries. The no-slip condition enforces kL=kT=0 for k-kl-ω at solid borders. A 
zero normal gradient condition is employed for omega. The values of kT and ω are specified at 
flow inlets using Eqs. (2) and (3). 

𝑘𝑇 =
3

2
 (𝑢∞𝐼)2  (10) 

𝜔 =  
𝐶𝜇,𝑆𝑡𝑑𝑘𝑇

𝛽𝜐
  (11) 

I stands for turbulence intensity in the equations above, and β is the eddy viscosity ratio. Earlier 
investigations supplied the turbulence intensity of 0.1, 0.2, and 0.5, which were used to determine 
the kinetic energy in this article. The laminar kinetic energy associated with pre-transitional 
fluctuations is zero at inlets sufficiently removed from solid walls. And the appropriate boundary 

condition 𝑘𝐿=0 is specified. For k-ω SST, Eqs. (10) and (11) specify the turbulent kinetic energy 
and frequency.  

As the flow is incompressible, a pressure-based solver is used. It is implemented as a SIMPLE 

pressure velocity coupling. Two turbulence schemes implemented are SST K-ω and k-kl-ω. The 
major goal of putting various turbulence models in place is to see which is most effective at 
capturing flow behavior. Double precision is used to avoid calculating errors. Second-order 
discretization is used for pressure, momentum, and other factors. 

 

4.3 Grid-independence tests 
 

The grid independence study was carried out after selecting fine mesh settings and varying the 
number of elements. The grid was varied considering the different number of elements in the 
domain. The Cd was set as the criterion for mesh dependency. The initial 21,620 and 23840 
elements in the grid were enough to capture the results. However, the 24,700-element size mesh 
finally provided an accurate solution, and the comparison of Cd is shown in Table 1.  

This strategy expanded the grid size while maintaining compatibility with other turbulence 
models. The mesh size was increased until additional increases in the mesh yielded little difference  

 

 
                         Table 1 Cd comparison 

Number of Elements Cd at 4° AoA SST k-omega model 

21,620 0.0227 

23,840 0.0213 

24,700 0.0205 

25,300 0.0205 
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in the Cd values, as the major goal was to represent the separation bubble. The advantage of 
utilizing the SST-k-omega model is that it is recommended in the literature for improved 
aerodynamic coefficients. Curvature correction is enabled in Ansys Fluent in this simulation to 
represent the eddies around the curvature of the airfoil accurately. The results showed that the SST 
k-omega and k-kl-omega lift of drag values matched the mesh selected. Flow physics altered when 
the BL and contour plots were plotted together. 

Fine meshing is a better option because all the above errors appeared to be optimized for lift, 
drag, and efficiency. As a result, the tiny mesh was sufficient for accurately predicting lift, drag, 
and efficiency in this case study and employed throughout the simulation. 

The SST k-turbulence model is nearly determined to be more suited for low Reynolds number 
aeronautical applications. Furthermore, the numerical simulations of the SST model, which 
corresponds to NACA 0018, have matched the experimental results well. The SST k-, on the other 
hand, could not anticipate the flow transition phenomenon. This phenomenon can be explained by 

the SST model’s fundamental assumption of highly turbulent flow. Except in the post-stall zone, 
the drag coefficient estimates are typically underestimated. 

Therefore, the transition k-kl-ω model was employed, and the transition model could predict 
separation bubbles, as shown in the next sections. Overall, it gave the correct lift and drag 
coefficient at a low angle of attack but failed to give comparable results after pre-stall angles. In 
addition, the model managed to predict the transition behavior and increase the model’s accuracy. 
Thus, the flow separation analysis was presented using this turbulence model.  
 

 

5. Results and discussion 
 

This section discusses the detailed analysis of the experimental and numerical results for the 
angle of attack ranging from 0° to 18°. The given turbulence models’ separation bubble capture 
and prediction are also compared. The coefficient of pressure plots has explained the flow physics, 
velocity contours, streamline profiles and a few other plots.  

 
 

  

Fig. 4 Lift Coefficients at Re 160,000  

compared to experimental results 

Fig. 5 Lift Coefficients at Re 100,000  

compared at different turbulent intensities 
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5.1 Discussion of the lift coefficient 
 

Lift coefficient information is obtained at various angles of attack at different turbulence 
models. It is exhibited in Fig. 4 and Fig. 5, respectively. For a given Reynolds number, regular 
direct development of the lift coefficient with increasing angle of attack happens from α=0° to 
α≈6°. Then, a more steady development trails this up to the stall point. Finally, a sudden and huge 

lift coefficient diminishes is observed at the stall angle.  
The lift coefficient data of Gerakopulos et al. (2010) were compared. They agreed well with the 

present findings for 0°≤α≤10°; higher lift coefficients are obtained at lower Reynolds numbers for 
a given angle of attack. The SST model results agree well with the other experimental data set. 
Unlike full-turbulence models or experimental data, transition-based models anticipate higher flow 
speeds near the airfoil’s top surface, resulting in bigger lift forces. 

The results indicate that the agreement between the experimental data and all of the flow model 

predictions is relatively good for non-stall conditions. Furthermore, as the Reynolds number 
decreases, the disparity grows. When stall conditions were considered, the Transition 𝑘-𝑘𝑙-𝜔 
model failed to predict stalls. Full-turbulence models overpredict the lift force under stall 

conditions because free-stream turbulence encourages the early formation of turbulent boundary 
layers. Which often prevents flow detachment conditions (surface flow attachment or reattachment 
is improved in turbulent boundary layer). 

Also, the effect of SST k-omega turbulent intensity prevails at lower Reynold numbers. Still, at 
lower angles of attack, the results at all Reynolds numbers show no significant variation in CL with 
increasing turbulent intensity. As the attack angle increases towards the pre-stall range, a slightly 
higher lift is generated at lower turbulent intensity values. The upper limit of the low angle of 

attack range, and thus the onset of the pre-stall range, shifts to higher angles of attack with 
increasing Reynolds number.  
 

5.2 Discussion of the pressure coefficient 
 

Fig. 6 shows the surface pressure coefficient Cp distribution of the NACA 0018 airfoil at angles 
of attack of 3° and 10° and Reynolds numbers of 100,000 and 200,000, respectively. When the 

angle of attack is less than 2.0°, the pressure distribution curve is smooth, and there is no 
oscillation; however, when the angle of attack equals 2.5°, oscillation is seen in the pressure curve 
near the trailing edge of the airfoil’s upper surface.  

Another research (Ghasemi et al. 2013) said that while the commencement of oscillation of the 
pressure curve along the upper trailing edge creeps forward as the AOA increases, the pressure 
curve’s area and amplitude along the airfoil’s lower surface remain smooth. Long separation 
bubbles drastically reduce airfoils’ aerodynamic performance and cause unexpected stalling 
(Choudhry et al. 2015).  

In addition, it is shown that the airfoil experiences an induced camber effect due to the presence 
of the Long separation bubbles, the magnitude of which grows with increasing angle of attack. 
Reducing the bubble extent improves airfoil performance significantly. It causes a progressive 
trailing-edge stall as the Reynolds number or turbulence increases.  

Some non-local approaches to describing transitional flows via RANS equations necessitate the 
computation of certain boundary layer properties. Transitional and separated flows are predicted 
using a non-local Laminar Kinetic Energy model in this work. The discontinuous Galerkin method 

investigates the transitional flows in the T106c turbine cascade and around a NACA0021 airfoil  
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Fig. 6 Pressure coefficient distributions at AoA (2° & 10°) at different Reynolds numbers 

 
 

(Ferrero et al. 2017). 

The study’s findings reveal that increasing turbulence intensity has no effect on the location of 
separation bubbles but does result in a shorter bubble length. This is due to a significant upstream  
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Fig. 7 Separation bubble at the AoA 3°, Re 100,000 (a) TI O.5, (b) TI 0.2, (c) TI 0.1 

 

 

Fig. 8 Separation bubble at an angle of attack of 10° and Re=200,000 

 
 

shift in mean transition and, consequently, mean reattachment. Due to the reduction in local 
suction over the airfoil at low angles of attack, the reduction in separation bubble length causes a 

minor reduction in airfoil lift. It should be emphasized that the effect was more noticeable at lower 
Reynolds numbers. As Reynolds numbers increased, the influence of turbulent intensity became 
less noticeable. 

Regarding the accuracy of the two models, SST-K-OMEGA failed to anticipate transition 
behavior and separation bubble. Even with a revised grid, the production of separation bubbles and 
other instabilities that occur in low Reynolds number flows are not represented. As a result, SST 

K-𝜔 is more accurate for totally turbulent flow but not nearly sufficient for transition simulation, 
as indicated. 
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Fig. 9 Flow separation and reattachment at an angle of attack 8° and 6° respectively 

 

 

  

Fig. 10 Turbulent kinetic energy of two different turbulence models at AoA 0° (left) and 18° at Re=160,000 

 
 

The Cp graphs for k-kl- in Fig. 6 reveal the presence of a bubble but do not accurately predict 
flow behavior. The initial laminar separation at the airfoil’s trailing edge was accurately captured. 
However, as seen in the simulation findings, the reattachment was underestimated. Fig. 7 
demonstrates that with a 3° angle of attack, the laminar separation bubble forms at approximately 
0.65 chord and extends to 0.65 chord. At 0.85 chord, the turbulent reattachment occurs, where the 
flow reconnects with the surface, as shown in Figs. 8 and 9. 

The large turbulent kinetic energy and the large turbulent viscosity predicted by the SST-k-
omega model were well predicted, as shown in Fig. 10. The presence of the model in the vicinity 

of the airfoil results in enhanced transversal diffusion of momentum that is most noticeable at the 
airfoil’s upper surface, resulting in a significant reduction in the magnitude of the flow speed and 
an alteration in the direction of the resulting flow direction. However, to a certain extent, the 
Transition k-kl-omega model described the premature flow detachment conditions essential for the 
adequate prediction of separation. 
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6. Conclusions 
 

The parametric study results show that increasing the level of free-stream turbulence intensity 
results in a reduction in separation bubble length. Primarily due to an upstream shift in mean 
transition and, as a result, mean reattachment as the level of free-stream turbulence intensity is 
increased. At low angles of attack, the reduction in separation bubble length results in a minor drop 

in airfoil lift due to the reduction in local suction over the airfoil caused by the reduction in 
separation bubble length. As a result of this current simulation, the K-ω SST provides good results 
for estimating lift coefficients, with only minor variations at higher angles of attack. However, the 
Transition K-kl-ω did not predict a stall. Both models indicate a little development of the 
separating bubble but fall short of capturing it completely. In external aerodynamic instances 
where the flow is entirely turbulent, K-ω SST has produced good results in previous studies. At a 
low AoA (6°), the k-kl-ω produced extremely positive results. It was also used to predict separation 

bubbles with high accuracy. However, there were some over-predictions in the flow reattachment 
locations over the airfoil when using the transition k-kl-model. The Cp plots demonstrated that the 
model produced results that were more similar to the experimental results. 
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