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Abstract: The present study highlights the benefits of using vortex generators as a passive boundary 
layer control method to delay the flow separation. Using high fidelity CFD analysis, a parametric study 
regarding the optimum position of vortex generators is carried out using an in-house automation 
procedure. After that, relevant quantities such as wall shear stress, turbulent kinetic energy, pressure 
coefficient distribution and oil flow visualization are analyzed and corresponding conclusions are 
drawn. The use of turbulent and energy quantities allows to quantify the impact of the generated vortices 
on the boundary layer and to identify the optimal positioning of vortex generators for improved 
aerodynamic performance. 
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1. INTRODUCTION 
Originating from Prandtl’s manuscript on boundary-layer theory, methods for delaying the 
transition or separation point of the flow have been extensively studied in the aerospace 
industry. The complexity of the turbulent flow problem greatly increased the effort of 
understanding and creating boundary layer control devices used to effect beneficial changes 
in the wall-bounded region. Such methods can be grouped into passive or active flow control 
devices. The main advantage of being non-energy consumptive is of the former, while 
versatility and superior performance are the advantages of the latter. The overall benefit of 
using these devices usually includes an overall drag reduction and lift enhancement, whatever 
the purpose: delay or advance the transition point, suppress, or enhance the turbulence either 
prevent or induce the flow separation. Studies have shown that energy losses together with the 
deficit of momentum in the boundary layer region are clear indications of possible flow 
separation [1]. To overcome the adverse pressure gradient, additional energy from the exterior 
part of the flow or from another source of energy must be added in the flow. In [2], [3], a 
comparison of different types of control methods was presented, and the use of passive vortex 
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generators has been found to be the most effective for improving the aerodynamic performance 
of the blades. In addition, simplicity and robustness led to a high rate of adoption in the 
commercial sector. The downstream concentrated vortices developed by the vortex generators 
transport the high energy fluid outside the boundary layer into the near wall region enhancing 
the mixing process and thickening the boundary layer velocity profile by increasing the kinetic 
energy of the fluid [4], [5]. Even though numerous studies have been conducted and different 
performance criteria have been concluded such as the dimension of the vortex scale or vortex 
core spacing [6], the circulation and peak-vorticity [7] or geometrical parameters [8], [9] a 
general performance criterion widely utilized by research scientists has not been defined. In 
[10], using three-dimensional particle image velocimetry, wind tunnel testing was performed 
and showed that vortex generators transfer momentum from the outer flow into the boundary 
layer and as the flow advances, the mixing process increases. 

However, accurately predicting the behavior of vortex generators using CFD simulations 
poses computational challenges. The grid size problem arises due to the requirement of fine 
resolution near the vortex generators to accurately capture small-scale flow phenomena. This 
leads to an increase in computational effort and time, limiting the feasibility of parametric 
studies and design optimization. To address these challenges, a 2.5D grid approach coupled 
with polyhedral meshing techniques was used. This approach reduces the computational effort 
while still capturing the essential three-dimensional effects near the vortex generators [11]. 
Additionally, we leverage the advantages of polyhedral meshing, which offers improved 
efficiency and accuracy compared to traditional meshing methods [12]. The polyhedral 
meshing technique enables a more accurate representation of complex geometries with fewer 
computational elements. By employing this meshing approach, we aim to reduce the overall 
mesh size and subsequently decrease the computational effort required for the parametric study 
of vortex generator positioning. 

This paper focuses on analyzing the flow physics around the vortex generators and the 
importance of position in the overall efficiency of the control method. In the following, an 
outline of the methodology that we have used is presented together with representative 
quantities such as wall shear stress or turbulent kinetic energy. In addition, an automation 
process involving the domain and grid generation as well as the aerodynamic performance 
analysis using a high-fidelity CFD solver to assist the parametric study is presented together 
with the overall corresponding conclusions. 

2. METHODOLOGY 
The complexity of the downstream turbulent flow generated by the vortex generator can be 
properly studied with the help of numerical simulation. The aim of this paper is to determine 
additional performance criteria for defining the efficiency of the vortex generators by 
comparing the differences between the induced flow field characteristics of different 
positionings in a parametric driven study. The numerical simulations were performed using 
commercial CFD code, Ansys Fluent, while the computational grid was generated using Fluent 
Meshing. The computational domain was generated similarly to other previous studies such as 
[13], [14] to minimize computational effort and includes a wing section with NACA 63-618 
airfoil at 𝑅𝑅𝑅𝑅 = 2 ∙ 106. Figure 1 the defining geometrical parameters of the domain where 
R=25c and b represents the span of the domain. The vortex generators were chosen to be 
conventional counter clockwise triangular shape with ℎ = 0.01𝑚𝑚, 𝑙𝑙 = 0.02𝑚𝑚, 𝛿𝛿 = 0.001𝑚𝑚, 
𝛽𝛽 = 24o similar to the ones used in [8]. The domain was chosen such that a single pair of 
vortex generators is modelled and periodic conditions are applied on the lateral sides of the 
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domain and replicates the distance between two pairs of generators, λ as the wing span b. This 
helps to minimize the computational grid size and avoids the wing tip effect. 

 

 

 

 

Figure 1. Computational domain and vortex generators geometry parameters. 

The polyhedral cell type was chosen for the grid generation in Fluent Meshing and adapted 
with near-wall mesh height corresponding to 𝑦𝑦+ = 1 with a global ratio of 1.1. The boundary 
layer region was generated using prismatic layers with a first cell height of 2.5 ∙ 10−5𝑚𝑚 and a 
number of 35 layers. To properly capture the specific turbulent structures correlated to the 
vortex generators, a minimum of 10 cells on the thickness of the generator was imposed. Non-
conform periodic boundary conditions were imposed on the lateral sides of the domain while 
on inlet, a velocity-inlet boundary condition was used. The pressure outlet condition defined 
the outflow region of the domain and a no slip condition was applied on the surface of the 
wing. 

 
Figure 2. Polyhedral grid and boundary conditions 

The polyhedral cells were chosen for the combined benefits of hexahedral cells which 
have a low numerical diffusion which contributes to the accuracy of the solution, and the 
versatility of tetrahedral cells for easily and accurately capturing complex geometries. In 
addition, another benefit of polyhedral cells is the high number of neighboring cells which 
contribute to a better approximation of the numerical gradients [11]. The numerical solution 
was obtained using a widely used commercial solver, Fluent, where RANS (Reynolds-
averaged Navier-Stokes equations) were solved for a steady-state flow using the SIMPLE 
(Semi-Implicit-Pressure-Linked-Equations) algorithm.  

For the parametric study, an automation process was developed to minimize the 
computational time required and minimize the human interaction. For this, commercial 
programs such as Workbench, Design Modeler, Fluent Meshing and Fluent solver were linked 
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together with the help of MATLAB. Starting from a MATLAB script, with the help of a 
Windows batch file, Workbench is started. Using a python script, Workbench is used to start 
the domain generation tool (Design Modeler). With the help of a Jscript, the computational 
domain is generated and exported to Fluent meshing where using a predefined journal the 
computational grid is obtained and exported to Fluent solver. After the numerical solution is 
obtained, using MATLAB, the aerodynamic performances are read. In Figure 3, a logical 
scheme of the process is presented. 

 
Figure 3. Logical schema of the automation process 

3. RESULTS 
Although other geometrical parameters were studied, significant results were obtained for the 
chordwise vortex generator position relative to the leading edge of the wing section. In the 
following, results will be presented for four significant positions (0.1c,0.2c,0.3c,0.4c) as 
shown in the table below. 

Table 1: Cases Studied 

 Case 0 Case 1 Case 2 Case 3 Case 4 

Position w\o VGS 0.1c VGS 0.2c VGS 0.3c VGS 0.4c VGS 
 

 
Figure 4. Vortex generators positions for every case 
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Figure 5 shows the numerical solution obtained for different chordwise position of the 
vortex generators in comparison to the clean wing section. The lift curve underlines the 
effectiveness of the vortex generators relative to the clean configuration. Positioning the vortex 
generators further downstream leads to a decrease in the stall angle from 230 at 0.1c to 150  
at 0.4c and shows that a proper positioning can lead to an increase by 23% in the lift coefficient 
and an increase of 90 in the stall angle compared to the baseline case. Although significant 
increases in maximum lift coefficient and stall angle are shown, an overall perspective on the 
results show that the post stall lift slope is inversely proportional to the positioning of the 
vortex generators. This shows that the chordwise position of the generators does have an 
important role for the post stall performance and a sudden decrease in lift coefficient must be 
avoided for safety reasons. While, there is no variation of the lift slope between different 
configurations, a performance criterion such as the value of the stall angle can be used in an 
optimization procedure.  Drag variation with angle of attack is shown below and shows a 
significant reduction of drag coefficient after the base line stall angle for every vortex 
generator configuration that we have studied. 

  
(a) (b) 

Figure 5. Lift and drag polars 

The distribution of the pressure coefficient in the middle section for every case at 𝛼𝛼 =
220 is shown in Figure 6. A decrease in the pressure coefficient on the upper surface can be 
seen near the vortex generators for every position except the 0.4𝑐𝑐 positioning. 

The increase in lift is partly attributed to the acceleration of the fluid between the 
generators due to the vortex tubes that are being created, and partly due to the fluid suction 
effect which occurs before the generators. The 0.4𝑐𝑐 positioning shows no lift increase due to 
the lack of the mixing process created by the vortex tubes and denotes a lack vortex generator 
efficiency. 

The distribution of the pressure coefficient in the middle section for every case at 𝛼𝛼 =
220 is shown in Figure 6. A decrease in the pressure coefficient on the upper surface can be 
seen near the vortex generators for every position except the 0.4𝑐𝑐 positioning. 

The increase in lift is partly attributed to the acceleration of the fluid between the 
generators due to the vortex tubes that are being created, and partly due to the fluid suction 
effect which occurs before the generators. The 0.4𝑐𝑐 positioning shows no lift increase due to 
the lack of the mixing process created by the vortex tubes and denotes a lack vortex generator 
efficiency. 
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(a) (b) 

Figure 6. Pressure coefficient distribution for the middle section for all configuration at 𝛼𝛼 = 22𝑜𝑜 

In Figure 7 flow separation zones, which are associated with low energy dissipation in the 
boundary layer region, are shown for all configurations at𝛼𝛼 = 220. The position of the vortex 
generators near the leading edge increases the efficiency of the control method by reducing 
the surface area of the flow separation zones. The 0.4c positioning shows the occurrence of 
flow separation before the vortex generators and does not have significant impact on 
controlling the flow. Notably, separation tends to occur only on the lateral sides of the wing 
section which indicates the beneficial influence of the downstream generated vortex tubes. 
The overlap of the separation lines shows a dependency of the separation area to the 
positioning of the vortex generators. 

 
Figure 7. Representation of flow separation zones 

In Figure 8, a comparison between velocities contours plotted on equidistant planes 
perpendicular to the vortex generators surfaces for the three configurations at 𝛼𝛼 = 220 is 
presented.  The region near the top of the vortex generator indicates a recirculation zone. 
Moreover, the area of the recirculation zone shown with the help of the downstream 
perpendicular planes increases and indicates that the vortex tubes are generated from the vortex 
generator surface. A comparison between the three positions shows a dependency between the 
efficiency of the vortex generator and the size of the recirculation zone. This behaviour can be 
explained by the pressure difference connecting the exterior and interior surface of the 
generator. Positioning the vortex generators at 0.1𝑐𝑐, the recirculation zone occurs at about 60% 
of the vortex generator length, whereas positioning at 0.3𝑐𝑐, the recirculation zone starts at 
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about 20%. This implies that another performance criteria that can be used for validation only 
is the size of the recirculation zone. 

The same comparison was done in terms of the turbulent kinetic energy and shows that 
the recirculation zone has highly turbulent flow. As the efficiency of the vortex generators is 
decreased by positioning further downstream, the overall turbulent kinetic energy decreases. 
In the case of 0.1𝑐𝑐 positioning, the creation of the vortex tubes from the front of the vortex 
generator can be seen. Additionally, a correlation between the turbulent kinetic energy and 
velocity contours can be concluded. A high turbulent kinetic energy zone corresponds to an 
area of small recirculation zone which leads to a highly efficient vortex tube. 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 8. Velocity contours and turbulent kinetic energy contours plotted on equidistant planes for three 
configurations: C1 [(a),(b)], C2 [(c),(d)], C3 [(e),(f)]  at 𝛼𝛼 = 220 

Furthermore, to better understand the highly complex structure of the turbulent flow, on 
top of the velocity contour representation on equidistant planes, a representation of the 
streamlines is presented in the figure below. This shows the generation of the vortex tube is 
happening near the tip of the vortex generator, and as the flow advances, the fluid follows an 
helicoidal path dictated by the local pressure drop, forming the vortex tube. Moreover, to better 
comprehend the flow physics related to boundary layer flow, an oil flow visualization was 
plotted on the surface of the wing. In the middle section of vortex generators, we can see that 
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the flow undergoes a contraction and near the tip of the generator, two large wedges that relates 
to regions of turbulent flow are starting to form. The mixing process produced by the vortex 
tubes can be observed after the vortex generators. 

  
(a) (b) 

Figure 9. Streamlines representation (a) and oil flow visualization (b) 

Although, velocity and turbulent kinetic energy contours as well as streamline 
representation or oil flow visualization helps us to better understand the flow physics around 
the vortex generators, for tridimensional highly turbulent flows, an objective criterion of 
vortices such as 𝑄𝑄 criterion could be of help. This criterion is defined as 𝑄𝑄 = 1

2
(‖Ω‖2 − ‖E‖2), 

where Ω represents the vorticity tensor, and 𝐸𝐸 the strain rate tensor. This means that for a 
region to be defined as a vortex, the fluid rotation must play a leading role in comparison to 
the strain rate. In the figure below, a visualization using 𝑄𝑄 criterion is presented, and the 
creation of the vortex tubes and the highly turbulent flow is clearly shown. 

 
Figure 10. Visualization of the generated vortex tubes on the using Q iso-surface criterion 

Numerical simulations have been carried out as part of a parametric study to better 
understand the flow physics around the vortex generators. Regarding the generator 
positioning, the parametric study has shown, not only the optimal configuration, but also new 
validation criteria such as the value of the stall angle, the post stall lift loss, or the area of the 
recirculation zone. Results have shown that proper positioning of the vortex generators can 
produce significant improvements in aerodynamic performance for near stall angles of attack. 

Comparison between different configurations of vortex generators placements to the base 
line configurations show, not only increases in lift coefficient, but also a reduction in drag 
coefficient and an increase in the value of the critical angle of attack. However, the lift curves 
shows that the post stall lift loss is inversely proportional to the chordwise position of the 
generators and implies that the efficiency of the control method must consider, not only the 
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lift increment, but also the value of the post stall lift slope for safety reasons. The flow 
separation zones associated to each configuration shows the beneficial effect of the 
downstream generated vortex tubes. For proper positionings, the separation occurs only on the 
lateral sides of the wing section due to energy transport from the outer flow to the boundary 
layer region in the downstream area of the generators. The pressure coefficient distributions 
representation on the middle section of the domain for every vortex generator configuration 
shows that the lift increment is attributed, not only to the vortex tube effect on the downstream 
flow, but also to the suction effect in the upstream flow region. 

The lift increment can be associated with the turbulent mixing process produced by the 
helicoidally downstream vortices represented with the help of the streamlines. The reduction 
of the drag coefficient at high angles of attack can be attributed to the highly turbulent flow 
induced by the generators which contributes to the stall delay. The representation of the 
velocity contour and the turbulent kinetic energy on equidistant planes perpendicular to the 
wing section surface contributes to the understanding of the vortex tubes generation. In 
addition, the oil flow visualization shows that the fluid undergoes a contraction near the tip of 
the generators with two large wedges of turbulent flow starting to form.  

The transport of energy from the outer flow to the boundary layer region can be seen in 
the downstream flow, not only with the help of the oil flow visualization or streamline 
representations, but also with the help of iso-surfaces defined by the Q criterion. In addition, 
the developed automation procedure proved to be robust and can be used to further extend the 
obtained results with parametric studies of other design variables such as the rotation angle or 
geometrical parameters. Therefore, the work should be continued, and further numerical 
studies should be performed not only with different vortex generator geometries but also for 
different flow regimes. 

4. CONCLUSIONS 
Numerical simulations have been carried out as part of a parametric study to better understand 
the flow physics around the vortex generators. Regarding the generator positioning, the 
parametric study has shown, not only the optimal configuration, but also new validation 
criteria such as the value of the stall angle, the post stall lift loss, or the area of the recirculation 
zone. Results have shown that proper positioning of the vortex generators can produce 
significant improvements in aerodynamic performance for near stall angles of attack. 

Comparison between different configurations of vortex generators placements to the base 
line configurations shows not only increases in lift coefficient, but also a reduction in drag 
coefficient and an increase in the value of the critical angle of attack. However, the lift curves 
show that the post stall lift loss is inversely proportional to the chordwise position of the 
generators and implies that the efficiency of the control method must consider, not only the 
lift increment, but also the value of the post stall lift slope for safety reasons. The flow 
separation zones associated to each configuration shows the beneficial effect of the 
downstream generated vortex tubes. For proper positionings, the separation occurs only on the 
lateral sides of the wing section due to energy transport from the outer flow to the boundary 
layer region in the downstream area of the generators. The pressure coefficient distributions 
representation on the middle section of the domain for every vortex generator configuration 
shows that the lift increment is attributed, not only to the vortex tube effect on the downstream 
flow, but also to the suction effect in the upstream flow region. 

The lift increment can be associated with the turbulent mixing process produced by the 
helicoidally downstream vortices represented with the help of the streamlines. The reduction 
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of the drag coefficient at high angles of attack can be attributed to the highly turbulent flow 
induced by the generators which contributes to the stall delay. The representation of the 
velocity contour and the turbulent kinetic energy on equidistant planes perpendicular to the 
wing section surface contributes to the understanding of the vortex tubes generation. In 
addition, the oil flow visualization shows that the fluid undergoes a contraction near the tip of 
the generators with two large wedges of turbulent flow starting to form.  

The transport of energy from the outer flow to the boundary layer region can be seen in 
the downstream flow, not only with the help of the oil flow visualization or streamline 
representations, but also with the help of iso-surfaces defined by the Q criterion. In addition, 
the developed automation procedure proved to be robust and can be used to further extend the 
obtained results with parametric studies of other design variables such as the rotation angle or 
geometrical parameters. Therefore, the work should be continued, and further numerical 
studies should be performed not only with different vortex generator geometries, but also for 
different flow regimes. 
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