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Abstract

Vortex generators are a form of flow separation control that improves the aerodynamic
performance of aerodynamic objects. This form of flow separation control is still being
used /researched for modern-day problems, for example, to improve wind turbines. This study
investigates the change in boundary layer properties of a CFD simulated turbulent flow on a
flat plate, due to the vortex created by a singular triangular vane vortex generator. In addi-
tion, the velocity and turbulent shear stress profiles from the CFD results are compared to
the experimental results of Y.Bay. From the results, it is concluded that the boundary layer
properties are affected by the vortex created by the VG such that flow separation is delayed.
The shapes of the velocity and turbulent shear profiles from the CFD results were often similar
in shape but not in magnitude compared to the experimental results.
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Nomenclature

Incidence angle
Boundary layer thickness
Displacement thickness
laminar viscosity
t eddy viscosity
Q Vorticity

Specific dissipation ratio
Density
Shear stress
t Turbulent Shear stress
w Wall Shear stress
Momentum thickness
CFD Computational Fluid Dynamics
H Shape Factor
hyvg height of the VG
k Turbulent kinetic energy
| Turbulence length scale
NSD Numerical solutions design
T Temperature

U;V; W Vector components of the velocity field

u Velocity
Ua Free-stream velocity
VG Vortex generator

Xvg x-coordinate of the trailing edge of the VG
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1 Introduction

1.1 Vortex Generator Introduction

VG's are applied to improve the aerodynamic performance of an object (aircraft, turbine blades, auto-
motive). This improvement is done through ow-separation control. Aerodynamic objects often have the
problem of where the ow separates from the object. This is because, in the boundary layer of the object,
the pressure gradient will go from favorable to adverse going downstream the length of the object. When
the pressure gradient is adverse, the air owing, close to the surface of the object, will decelerate as shown
in gure 1. If this adverse pressure gradient is big enough and/or the air ow is under this adverse pressure
gradient for a long time, the deceleration of the air ow will be enough to reverse the direction of the air ow.

At the point where this happens, the ow separates from the object which creates a low-pressure region
behind the separation point called wake. This wake is often not desired, for example, aircraft wings can
experience an increase in pressure drag due to the wake, which decreases the aerodynamic performance of
the aircraft or can even cause an aerodynamic stall when the angle of attack is increased su ciently.

Figure 1: Boundary Layer evolution over an airfoil [1]

To counter this, VG's are applied. VG's delay the separation point of the ow, by re-energizing the
boundary layer with air coming outside of the boundary layer. This transitions the boundary layer from
laminar to turbulent much quicker, which is bene cial because a turbulent boundary layer has a steeper
velocity gradient [2], which is illustrated in gure 1. Because the air ow close to the wall has a higher
velocity, due to the steeper velocity gradient, it takes longer for the deceleration to reverse the direction
of the air ow, thus delaying the separation point.



VG's can be applied to numerous modern issues, which is why it is/still being researched thoroughly.
For example, to extract wind energy using turbine blades, it is desired that the turbine blades increase in
size to gain more electricity. This is because the turbine blades can extract more energy from the wind
when its surface area is bigger. However, increasing the surface area comes with a drawback. Erosion can
occur on the turbine blades due to the raindrops colliding with the turbine blades. To limit erosion, the
speed of the tips of the turbine blade is limited [3]. Assuming a constant tip-speed ratio, the rotational ve-
locity of the rotor needs to decrease when the turbine blade increases in size [4]. The decrease in rotational
velocity means that the turbine blades must de ect more wind for the same amount of power, meaning
that the turbine blades' aerodynamic performance needs to be increased. The e ect of VG's on thick tur-
bine blades has been researched experimentally by Zhang et al [5] and they found that installing VG's on
the thick wind turbine airfoils: CAS-W2-350, CAS-W2-400, and CAS-W1-450, increased the aerodynamic
performance of those airfoils.

Applying VG's can also increase the post-stall performance of an aerodynamic object. For example,
placing a VG near the leading edge of an airfoil increases the stall angle of attack, which delays the stall,
and post-stall performance. Choudhry et al [6] researched this e ect of VG's on the dynamic stall behavior
of the NACA 0021 airfoil and concluded that the use of VG's improves the post-stall performance and
reduces the created drag caused by the dynamic stall vortex.

1.2 Mathematical model

The optimization of aerodynamic components for an object, on which VG's are applied, happens within the
initial design phase of said object. For this optimization, NSD tools, such as XFOIL [7], are used instead of
CFD simulations. This is because the NSD tools are often cheaper and are faster with computing results.
The only drawback of these NSD tools is that they can not compute the e ect of VG's on the air ow, as
the NSD tools compute results that are in 2D. VG's however are 3D prisms, so trying to add a VG to a 2D
geometry within an NSD tool does not give correct results. So currently in the optimization of applying
VG's, CFD simulations are required. But because it is known that VG's re-energize the boundary layer by
transitioning the boundary layer from laminar to turbulent, the e ect of a VG on the boundary layer in
2D can be approached with the plane mixing layer theory [8]. With this approach, a mathematical model
can be created which can be inserted into an NSD, so that the NSD can compute the 2D results which
includes the 3D e ect of an VG. However, to determine this mathematical model, the exact mathematical
relations between the VG parameters and the a ected boundary layer parameters need to be determined,
which still has not been achieved yet.

1.3 Objectives

The main objective of this paper is to analyze the e ects of a singular triangular vane VG on the boundary
layer properties of an incompressible turbulent ow, that is simulated to ow over a at plate using CFD.
This will be done by comparing the: , , , H values between the cases where there is a VG on the at
plate and when there is not. In addition, the velocity and turbulent shear stress pro les from the CFD
results are compared to experimental data found by Y.Bay [9] to see if the CFD results are in line with
real cases.

2 Theory

2.1 \ortex creation

A streamwise vortex is created by a VG through pressure di erence. When the air ow strikes the frontal
surface of a VG, the pressure at the frontal surface will be bigger than at the back of the VG. Because the
air ow tends to ow from high pressure to low pressure, the air ow "curls" around the VG to reach the
low-pressure region behind the VG. This is the creation of the vortex that develops behind the VG. This
vortex will increase the within the air ow. can be calculated by taking the curl of the velocity of the

air ow: @W @Va @U @W @Y @
= k 1
= @y @z) @x tj @
The lateral path of the vortex is dependent on the angle, this is also shown in the study of F.Gamiz
[10]. F.Gamiz also concluded that the peak decreases downstream of the ow. A sketch of the expected
vortex created by a VG with a positive  angle is shown in gure 2



Figure 2: Sketch of the vortex created by single vane VG with positive () angle

2.2 Shear Stress

Within the boundary layer, the velocity of the uid is lower than  U; . This is because the "wall" of the
surface is not moving, so the uid slows down due to the viscosity. The closer the uid is to the "wall",
the slower the uid gets due to the no-slip condition that states that the velocity at the wall is zero [11].
Within the boundary layer, layers of uid generate shear stresses between each other due to these velocity
di erences. The total shear stress for a turbulent boundary layer can be stated as follows:

= wt ot (2)
Where in the wall shear stress can written as [2]:
_ du
wE oy 3)

When the wall shear stress equals zero at the wall, then that would mean that the velocity gradient is zero
and ow separation has occurred.

The turbulent shear stress can be writtenas  <u ioujo >, which is known as the Reynolds stress [12].
This form of the Reynolds stress can be rewritten for turbulence models according to the Boussinesq

hypothesis: @ @
Qu Gy
@x " @x )

Where . is calculated by the CFD program depending on which turbulence model is used.

<uful>=

The composition of the shear stresses in the turbulent boundary layer goes as follows: closer to the
wall, the wall shear stress in the turbulent boundary layer is larger than the turbulent shear stress. And
farther away from the wall the opposite can be said. At the boundary layer's edge, both shear stresses
should equal zero as seen in gure 3. [13].



Figure 3: Shear stress pro les for a turbulent boundary layer [13]

2.3 Boundary Layer Thickness

is the distance between the uid and the wall where the uid's velocity reached 99% of U; [2]. For
laminar boundary layer ow it is easier to spot where in the velocity pro le the uid's velocity equals 99%
of the Uz , but for turbulent boundary layer ow it is more complicated due to the unsteadiness of the ow.

This is why  for turbulent boundary layer ows is determined using di erent methods, for example
looking at when  within the boundary layer equals zero.

2.4 Displacement Thickness

The physical interpretation of is the distance in the wall's normal direction, that the streamlines of the
uid need to be displaced due to the formation of the boundary layer [2]. It can be calculated using the
following equation [2]: 7

a %)dz 5)

2.5 Momentum Thickness

is the distance from such that the momentum corresponding to U; for the corresponding is equal to
the momentum de cit within the boundary layer [2]. It can be determined with the following equation:

Z
B U U
=, n & ge ©

When gets bigger it means that there is more momentum within the boundary layer, because is in
relation to the momentum de cit within the boundary layer.

2.6 Shape Factor
H for boundary layer ow is a measurement to determine the nature of the ow [2]. This is calculated
with:

H= — (7)
The physical interpretation is that a higher H means that more mass ow is being displaced than momentum

is being transferred. This means that for lower H values, the velocity gradient close to the wall is steeper
than for higher H values as more momentum is being transferred to the boundary layer.

2.7 Turbulence model variables

For modeling turbulent ow in CFD programs, it is important to specify the turbulence model variables

at the inlet of the mesh grid. The turbulence model variables are dependent on which turbulence model is
used. For external ows, the k ! SST turbulence model is often used, as it is considered to be in good
agreement with simulating turbulence compared to real cases [14]. Thek ! SST turbulence model has
k and ! as turbulence variables. These variables can be determined by the following equations [15]:

_3 2
k= 3(UD (8)

p
I = (9)

| for wall-bounded inlet ows can be set as 0.22 times the [16] of the inlet velocity pro le.

_‘7\'\



3 Methodology

3.1 Simulation setup and meshes
3.1.1 CFD program

The CFD program that was used during this project is SU2. "SU2 is an open-source collection of software
tools written in C++ and Python for the analysis of partial di erential equations (PDEs) and PDE-
constrained optimization problems on unstructured meshes with state-of-the-art numerical methods." [17].
For this project, the incompressible RANS solver of SU2 is used as the RANS solver solves for the Reynolds
stresses which are needed for the turbulence modeling of the ow for this project. The incompressible solver
has been chosen because the ow is incompressible due td1; being below 0.3 for this project [2].

3.1.2 Con guration les

The con guration le used for the no VG case is taken from the SU2 tutorial: "Incompressible turbulent

at plate" github [18]. As explained above, the solver is set to the incompressible RANS solver. Addi-
tional changes made to that con guration le are that the turbulence model is set to SST, the option that
speci es a velocity inlet pro le is set to "ON" (inlet pro les are explained in section 3.1.4), is set to 1.204
kg=m® and is setto 1.825e-05 N s)=m?Z.

The same con guration le is used for the case when there is a VG but with more changes to it. Be-
cause the mesh of the no VG case is 2D and the mesh of the case with VG is 3D, more markers need
to have boundary conditions speci ed [19] in the con guration le for the case where there is a VG. For
the 3D mesh, there are 7 markers: inlet, outlet, left, right, top, bottom, and vg. The "Inlet" boundary
condition is assigned to the inlet marker, the "Outlet" boundary condition is assigned to the top, left,
right, and outlet markers. The "Outlet" boundary condition is set to be as a pressure outlet with the
pressure set to 0. Finally, the constant heat ux (no slip) wall marker option with heat ux=0 is assigned

to the bottom and vg markers. One of the used con guration les for the case with VG can be seen in
Appendix A.

3.1.3 Mesh les

The 545x385 mesh le from the SU2 tutorial: "Incompressible turbulent at plate" github is used as mesh
for the case when there is no VG [18]. This 2D mesh has 208896 elements and 209825 points. The length
of the mesh is 2.33 meters and the height is 1 meter.

For the case when there is a VG, a mesh le is given by the EFD research group of the University of
Twente. As explained in section 3.1.2, the 3D mesh le has 7 markers which can be seen visualized in
gure 4. The 3D mesh le has 2283336 elements and 2341094 points. The length of the mesh is 1.3 meters,
the width of the mesh is 0.8 meters and the height is 0.5 meters. The trailing edge of the VG is located at
[0.2403,0.00562,-0.25] meters. The height of the VG is 0.05 m. The angle of the VG is 12 .

Figure 4: Mesh domain for the VG on at plate case (the "left" marker grid is the grid opposite
to the "right" marker grid and the "bottom" marker is underneath the "vg" marker
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3.1.4 Inlet proles

The inlet pro le le for the SU2 speci ed velocity inlet pro le using the SST turbulence model, consists

of the following data: The coordinates of the inlet grid points of the corresponding mesh, T, the velocity
magnitude, the normal vector components of the ow, k and ! . The T for all points of the mesh is set
to OK as T does not matter since the density of the ow does not change due to it being incompressible.
The normal vector components are set so that the ow, ows in parallel to the x direction. k and ! are
calculated using equations 8 and 9 using the data acquired from the experimental measurements. For the
velocity magnitude, k, and !, experimental data has been interpolated/extrapolated for each inlet grid
mesh point using MATLAB's pchip command [20]. For interpolation, linear interpolation has been used
so that the data curves are not smoothed out, as that would take away the turbulence uctuations of
the turbulent ow. For extrapolation, the maximum value for each corresponding data variable has been
assigned to the inlet grid mesh points that were applicable for extrapolation.

The experimental data measured by Y.Bay [9], had 3 di erent types of inlet pro les. This means that for
each mesh there are 3 inlet proles. The 3 cases of inlet pro les are: the in ow is not tripped (“free"),
the inow is tripped by an 8mm zigzag tape ("8mm"), and the inow is tripped by a 12mm zigzag
tape("12mm). For each experimental in ow case, 3 measurements are taken. For the inlet pro les made
for the CFD con guration, the mean of these experimental measurements has been taken for all variables
that are interpolated/extrapolated. The resultant data arrays from taking the mean are used for the inter-
polation/extrapolation. A zoomed-in velocity pro le acquired from using interpolation/extrapolation can

be seen in gure 5. The mean velocity pro les and interpolated/extrapolated velocity pro les are shown
in Appendix A.

Figure 5: Interpolated inlet velocity pro le for the 12mm trip inlet (Zoomed in)

3.2 Post processing
3.2.1 Air ow data extraction/visualization

Paraview [21] was used during this project to extract and visualize the air ow data generated by SU2.
Within Paraview the gradients and curl of the velocity are calculated through a "pythoncalculator" Iter.
To visualize the vortex created by the VG, a threshold lter is applied in which the x-component of
needs to be 50 or higher.

3.2.2 Experimental Domain

The experimental results from Y.Bay [9] are analyzed using a di erent domain from the 3D mesh grid
used in this project. The experimental domain has a length of 0.3 meters, a width of 0.16 meters, and
a height of 0.15 meters. The coordinates of the trailing edge of the VG for the experimental domain are
[-154.5,-154.5,23.53] mm. Thehyy is the same as the 3D mesh domain which is 0.05m and the angle
of the VG is 12 . Because the coordinates of the trailing edge of the VG of the computational domain
are di erent compared to the experimental domain, a coordinate transformation needs to be used to make
sure that the computational domains are in line with the experimental domain:

11



Computational coordinates Transformations

X computational (X experimental :1000) +0;3948
Ycomputational 0,02914  (Zexperimentar =1000)
Zcomputational (Yexperimental =1000) 0;0955

Table 1: Coordinate transformation

For the 2D mesh, the x-coordinate transformation is chosen for the x-coordinates. For the y-coordinates,
the following equation is used: Ycomputationat = @rCiength (Yexperimentat ). The results in Chapter 4 will be
shown in the experimental coordinates.

3.2.3 Boundary Layer Properties

For all boundary layer properties, the equations shown in Chapter 2 are used. To determine three meth-
ods are used.

1: Vorticity
The rst method is by applying a threshold for . The boundary layer is reached when the magnitude
reaches a certain threshold that is in relation to the maximum magnitude. For this project, it is cho-
sen that is observed at the rst point after the maximum magnitude is reached when the following
threshold holds:

< 0:001  max (10)

2: Turbulent shear stress The second method is also by applying a threshold, but now for . As
explained in Chapter 2, : should equal/be close to 0 at the boundary layer edge. For this project, it is
chosen that is observed at the last point where the following threshold holds:

t > 0:005 t max (11)

The xy-component of ; is used for the case without VG and the xz-component of ; is used for the case
with VG. This is calculated using equation 4.

3: Mean of both methods The third method is taking the mean between the  observed from
and ;. The conclusions from the results will be drawn from this method.

4 Results

4.1 \Vortexes

For the results, 3 di erent experimental z-coordinates are analyzed. These 3 coordinates are: z=-40mm,
z=0mm, and z=40mm. These z-coordinates are chosen because the in uence of the vortexes for each of
these coordinates looks di erent when going downstream of the at plate, from looking at gures 6,7,8.
For each gure, 3 red lines are drawn which show the z=-40mm, z=0mm, and z=40mm lines from the top
down in this order. Looking at the vortex after x=0.25 m, it can be seen that for z=-40mm the vortex
reaches the z-coordinate further downstream compared to the other coordinates. For z=Omm, there is no
vortex in uence for a small distance, but after that distance, the z=0mm coordinate is constantly within
the presence of the vortex. For z=40mm it can be seen that in the beginning it is within the presence of
the vortex, but further downstream there is no in uence of the vortex to the z=40mm coordinate. It also
seems like the vortex created for the "12mm" inlet case is smaller compared to the vortexes of the other
inlet cases.

12



Figure 6: Vortex created by VG visualized for the "free" inlet case (axis coordinates are in com-
putational coordinates)

Figure 7: Vortex created by VG visualized for the "8mm" inlet case (axis coordinates are in
computational coordinates)

Figure 8: Vortex created by VG visualized for the "12mm" inlet case (axis coordinates are in
computational coordinates)
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4.2 Velocity pro les
4.2.1 z=-40mm

From gures 9,10 and 11 it can be seen that the velocity proles do not dier that much between the
noVG and VG case upstream of the at plate. The velocity pro les for z=-40mm in Appendix B show
that further downstream, the velocity pro les for the case with VG have an increased velocity gradient
close to the wall, "curve" back a bit, and then stabilize back to U; . The change in the velocity proles is
around the same x-coordinates as where the vortex starts to in uence the z=-40mm coordinate.

Figure 9: Velocity pro les comparison between the VG and noVG case for the experimental setup's
domain at z=-40mm ("free" inlet)

Figure 10: Velocity proles comparison between the VG and noVG case for the experimental
setup's domain at z=-40mm ("8mm" inlet)
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Figure 11: Velocity pro les comparison between the VG and noVG case for the experimental
setup's domain at z=-40mm ("12mm" inlet)

4.2.2 z=0mm

From gures 12,13 and 14 it can be seen that the velocity pro les are getting an increase of the velocity
gradient closer to the wall much earlier than for the z=-40mm coordinate. This is as expected as the
z=0mm is within the presence of the vortex much earlier. In Appendix B for z=Omm, it can be seen for
all inlet cases that the velocity gradient becomes steeper after the z=Omm coordinate is in the presence of
the vortex for the VG case compared to the noVG case.

Figure 12: Velocity pro les comparison between the VG and noVG case for the experimental
setup's domain at z=0mm (“free" inlet)

15



Figure 13: Velocity pro les comparison between the VG and noVG case for the experimental
setup's domain at z=0mm ("8mm" inlet)

Figure 14: Velocity pro les comparison between the VG and noVG case for the experimental
setup's domain at z=Omm ("12mm" inlet)

4.2.3 z=40mm

By looking at gures 15,16 and 17 it can be seen that the velocity pro les for the case with VG are already
deformed, as the z=40mm coordinate line is already within the vortex. Just like for the other z-coordinates,
by looking at the velocity pro les for z=40mm in Appendix B, it can be seen that the velocity gradient
becomes steeper for the case with VG due to the presence of the vortex.

16



Figure 15: Velocity pro les comparison between the VG and noVG case for the experimental
setup's domain at z=40mm (“free" inlet)

Figure 16: Velocity pro les comparison between the VG and noVG case for the experimental
setup's domain at z=40mm ("8mm" inlet)
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Figure 17: Velocity pro les comparison between the VG and noVG case for the experimental
setup's domain at z=40mm ("12mm" inlet)

4.3 Boundary Layer properties
4.3.1 z=-40mm

In gures 18,19 and 20 it can be seen that after the z=-40mm coordinate is within the presence of the

vortex, that , , and are getting bigger. for the "free" and the "8mm" inlet case becomes bigger for
the case where there is a VG compared to the case without VG, and for the inlet case "12mm" is  for the
case without VG bigger than the case with VG. For all 3 di erent inlet cases, it can be seen that and

are bigger for the case with VG than for the case without VG. It can be seen that the H value peaks, but
then its value becomes lower again. The H value for when there is a VG becomes lower than the case for
when there is no VG, only for the "free" inlet case. The H values for both the: with/without VG cases
are within the turbulent ow region [22].

Figure 18: Boundary Layer properties for both the VG and noVG cases at z=-40mm ("free" inlet)
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Figure 19: Boundary Layer properties for both the VG and noVG cases at z=-40mm ("8mm"
inlet)

Figure 20: Boundary Layer properties for both the VG and noVG cases at z=-40mm ("12mm"
inlet)

4.3.2 z=0mm
Looking at the results from gures 21, 22 and 23, it can be seenthat , , and H almost instantly increases
for the case with VG. This is as expected by looking at the velocity pro les for z=0mm. has an increase

a bit later, further downstream. Just like for the results of z=-40mm, the for the "free" and "8mm" inlet
cases becomes higger for the case with VG compared to for the case without VG. and become bigger
for the case with VG compared to the case without VG, for all inlet cases. It can be seen that H for the
case with VG becomes less compared to the case without VG. But for the "8mm" and "12mm" inlet cases
it can be seen that H for the case with VG becomes less than the H value for the case without VG further
downstream of the at plate, compared to the "free" inlet case. The H values for both the: with/without

VG cases are within the turbulent ow region [22].

19



Figure 21: Boundary Layer properties for both the VG and noVG cases at z=0mm ("free" inlet)

Figure 22: Boundary Layer properties for both the VG and noVG cases at z=Omm ("8mm" inlet)
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Figure 23: Boundary Layer properties for both the VG and noVG cases at z=0mm ("12mm" inlet)

4.3.3 z=40mm

It is seen in gures 24, 25 and 26, that for all inlet becomes bigger for the case with VG compared to the
case without VG, but going further downstream the  for the case with VG becomes less than the for the
case without VG. The same can be said for the and . While and become lower for the case with
VG compared to the case without VG, the H value of the case with VG becomes lower than the H value
for the case without VG. This means that in the case with VG, more momentum is being transferred than
mass ow being displaced compared to the case without VG. The H values for both the: with/without VG
cases are within the turbulent ow region [22].

Figure 24: Boundary Layer properties for both the VG and noVG cases at z=40mm ("free" inlet)
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Figure 25: Boundary Layer properties for both the VG and noVG cases at z=40mm ("8mm" inlet)

Figure 26: Boundary Layer properties for both the VG and noVG cases at z=40mm ("12mm
inlet)

4.4 Experiment comparison
4.4.1 Velocity Proles z=-40mm

The velocity pro le comparisons between VG and experiment for z=-40mm can be seen in gures 27,
28 and 29. It can be seen that there is not much di erence between the velocity pro les. However, for
x=-150mm there is a di erence between the SU2 VG data and the experimental data. Where close to the
wall, there is a slight curve back for the experimental data.
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Figure 27: Velocity pro les comparison between SU2 and experimental data at z=-40mm ("free"
inlet)

Figure 28: Velocity pro les comparison between SU2 and experimental data at z=-40mm ("8mm"
inlet)
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