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ABSTRACT
The goal of the present study is to investigate the vortex dynamics and the physical mechanisms involved in the
process of separation control by means of fixed vortex generators (VG) in a separating turbulent boundary layer
with a closed reverse-flow region.
The wall shear-stress in spanwise and downstream directions was measured using wall pulsed-wires. The 3dimensionality in the wall shear-stress introduced by the VGs is persistent to approximately 30 VG-heights
downstream of the VGs.
The downstream development in terms of turbulent statistics and the instantaneous behaviour of the streamwise
vortices were investigated in both the cross-stream (yz-) and the wall-normal (xy-) plane using Particle Image
Velocimetry (PIV). It is shown that VGs reorganise the velocity field. High momentum is brought down to the
wall in the wake of a VG. This can be seen in the streamwise velocity distribution (U) which is fuller, the wall
normal (V) component has a large component towards the wall (Figure 1) and the Reynolds shear stress has a
large negative peak, preventing separation. The instantaneous spanwise position, zp of the vortex center is
fluctuating within a distance of about one VG height (h) whereas the instantaneous wall-normal position, yp is
fluctuating within h/2 due to the damping of the wall (Figure 2). The downstream development of the vortical
structure in terms of maximum vorticity ωx max, maximum spanwise velocity Wmax and wall-normal velocity Vmax
shows that the strong 3-dimensionality is decreased.

Figure 1: Velocity profiles at the centerline of a
vortex generator at x/h = 5.

Figure 2: Histograms of vortex center position at
x/h = 5.
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INTRODUCTION

While transition control is developing towards utilizing advanced reactive feed-back control-loops, see for
example Högberg (2001), the control of turbulent separation is still relying on simpler techniques. The aim of
separation control is to manipulate the flow in such a way that the mean reverse flow can be reduced or even
eliminated (e.g. Fiedler & Fernholz (1990) or Gad-el-Hak, 1991). The manipulation of separation can be
achieved by active or passive means. Passive actuators are, for example, grids which generate free-stream
turbulence (Kalter & Fernholz, 2001) or flow mixers, for example VGs.
1.1

Vortex Generators

There are many different types of VGs. The classical so called vane-type VG consists of a pair of wings mounted
normal to the surface at an angle to the flow. Their height is usually of the order of the boundary layer thickness.
To the knowledge of the authors the first device of this kind was tested by Taylor (1948).
Schubauer & Spangenberg (1960) investigated several types of mixing devices and their effect on boundary
layer development and separation. They concluded that streamwise vortices generated by the VG have the same
effect as a lowering of the pressure gradient.
Pearcey (1961) investigated the design and positioning of VGs. Wing combinations producing both co-rotating
and counter-rotating vortices were tested. A rule of thumb, in the recommended counter-rotating case, is using
the following design parameters: l/h = 2.5-4, D/d = 4, D/h = 10, where l is the VG side length, h the height, d the
distance between the two blades (at l/2) of one VG and D the distance between two VGs, see Figure 5. This
geometry assures the most efficient vortices in the sense that they are persistent for a considerable downstream
distance. Stronger vortices existing over a shorter range can be achieved if D/h = 5 is used.
More recent studies of VGs focus on the parasite drag induced, aiming at optimal design by minimizing the size
or using vortex generator jets.
Lin et al. (1989) investigated the relative performance of submerged VGs, longitudinal, transverse and swept
grooves and conventional vane-type VGs by means of wall static-pressure measurements and flow visualization.
It was found that the conventional vane-type VG was the most efficient device but also induced the greatest
parasite drag. The disadvantage of using submerged devices is that they are more sensitive to the positioning.
Johnston (1990) investigated streamwise vortices using vortex-generator jets instead of VGs. The motivation
was to avoid the parasite drag generated by the fixed VGs and it was shown that skewed pairs of jets could create
the same kind of spanwise mean wall shear-stress as a VG in a Zero Pressure Gradient (ZPG) turbulent case.
Less attention is paid to the velocities and turbulence induced by the VGs and its interaction with a separating
turbulent boundary layer. However, Mehta & Bradshaw (1988) investigated the turbulence in a case with a
vortex pair with common flow out from the surface in a ZPG boundary layer.
1.2

Present work

This experimental study is aimed at investigating the turbulence and the instantaneous velocity fields it stems
from, in the process of turbulent separation control by means of conventional VGs, by using PIV. Its accuracy
might not be comparable to conventional techniques such as hotwire anemometry and LDA and the temporal
resolution is poor but the overall flow field images give qualitative/quantitative information which is hard to
achieve with traditional techniques.
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2.1

METHOD
Experimental set-up

The experiments were performed in a low-speed open-return wind tunnel. The tunnel is driven by a centrifugal
fan placed upstream of the settling chamber and a wide-angle diffuser. To provide uniform flow conditions in the
test section the circular settling chamber was equipped with a non-woven filter mat followed by a single
perforated plate (open area ratio 64%). The nozzle contraction ratio is 18.64 (see Dengel & Fernholz, 1990).
The test section used here is made of Plexiglas and has a circular cross section with an inner diameter of 441mm
and a length of 2000mm, see Figure 3. The nozzle boundary-layer is blown out and a new boundary layer is
formed downstream of an elliptical leading edge. Two rows of Dymo-tape (raised V) were used as a tripping
device. The unit Reynolds number at the inlet was 9.2×106/m, based on U∞ = 13m/s.
A concentric inner cylinder ending in a cone made of wire gauze to apply suction was used to generate an
Adverse Pressure Gradient (APG) turbulent boundary layer on the inner wall of the Plexiglas cylinder.
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Downstream of the suction cone a centerbody generated a
Favourable
Pressure
Gradient
(FPG)
causing
reattachment. The streamwise pressure gradient
distribution allowed to generate a separation bubble. The
location and the size of the closed reverse-flow region
could be varied by changing the suction flow-rate and the
location of the downstream centerbody. The test section
is followed by a diffuser to reduce the outflow velocity.
For a given length of the separation region the resulting
flow field without VGs is presented in Figure 4 in terms
of the pressure coefficient cp, the wall skin-friction
Figure 3: Sketch of the axisymmetric test section.
coefficient cf and the reverse-flow factor χw (the fraction
of time the flow spends in the upstream direction). Mean
separation and reattachment are characterized as the locations where both cf = 0 and χw = 50%. The mean bubble
length is lrev = 490mm.

Figure 4: Unforced flow field.
2.2

Vortex-generator geometry

Figure 5 shows the geometry of a VG used in the present experiment. The
flow is from left to right. The streamwise (x) length is l = 30mm, the height
(in y-direction) h = 10mm, the distance between the two blades d = 25mm
and the distance between two VG pairs D = 103mm. The blade angle is 15
degrees. The design criteria were taken from Pearcey (1961) and h was
chosen as O(δ). The configuration creates pairs of counter-rotating vortices.
The VG position is in the upstream part of the APG, at x = 60mm (see
Figure 4), where the boundary layer is still thin.
Figure 5: Vortex generator.
2.3

Experimental equipment and its accuracy

The static pressure was measured using a row of 42 equally spaced static pressure taps in streamwise direction
and MKS Baratron 220C pressure transducers in the range 0-100 Pa and 0-1000 Pa. The accuracy is 0.15% of
the reading, giving a total error of less than ± 0.4%.
Wall pulsed-wire probes calibrated in a ZPG turbulent boundary layer against a Preston tube were employed to
measure the streamwise component of the wall shear-stress τw, see Bradbury & Castro (1971) and Castro (1992).
The wall pulsed-wire is also able to measure χw. According to Fernholz et al. (1996) the accuracy of this
measuring technique is about ± 4% regarding τw.
Velocity and turbulence measurements were performed in both the cross-stream yz-plane and the wall-normal
xy-plane (see Figure 11 for coordinate system) with an OFS PIV system consisting of two pulsed Continuum
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lasers operating at 2 Hz and a PCO 12-bit digital camera with a 1024 × 1280 pixel CCD chip. The camera was
equipped with two different lenses for the measurements, f = 180mm and f = 105mm. Seeding (alcohol) was
introduced upstream of the settling chamber.
A VidPIV software system was used which synchronizes and handles the measurements and calculates the cross
correlations to get the velocity vector fields. The size of the investigated area was approximately 60mm × 70mm
and the timing between the images ∆t = 30µs in the yz-plane measurements. A 32 × 32 pixel interrogation area
with 50% overlap was used during evaluation. The validation techniques were based on the peak value ratio
(>1.2, see Adrian & Keane, 1992) and a global filter which removed vectors much larger in magnitude than the
surrounding vectors. 100 image pairs were used for calculating the turbulence statistics.
PIV measurements in the yz-plane were made using a mirror placed downstream at an angle of 45° to the wall
and placing the camera below test section and mirror. The distance between the measurement plane and the
mirror was about 1.5m.
The accuracy of the velocity and turbulence measurements with PIV
Since the main flow is normal to the laser sheet in the yz-plane, a short timing has to be used in order not to loose
particles. This puts an upper restriction on the image size, since the particles should move as far as possible in
terms of pixels to maximize the dynamical range. On the other hand if both vortices downstream of a vortex
generator are to be captured instantaneously a large enough image size is needed. To be able to have a larger
time difference between the pictures the laser sheet was broadened to 2-3mm. The maximum average particle
displacement using the present settings was around 2-3 pixel.
There is always an uncertainty in the calibration of the image size. Here it is determined with an accuracy of
±0.25mm giving an error of 0.7%.
Angele and Muhammad-Klingmann (1999) and Angele (2000) have shown that PIV can give accurate results in
the xy-plane for the mean velocity and the Reynolds stresses in the near-wall region of a ZPG turbulent boundary
layer.
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3.1

RESULTS
Wall shear-stress

The mean wall shear-stress τw was measured by means of a wall pulsed-wire. Figure 6 shows the development of
τw behind two vortex-generator pairs at five different spanwise (z) positions and at eight different streamwise (x)
positions. x = 0 refers to the rear end of the VGs, λ = ∆z/D to the spanwise z-position. 0 and 1 are right
downstream of either one of two VGs, 1/2 is at the symmetry line between the two pairs and 1/4 and 3/4 are in
between.

Figure 6: Downstream development of the wall shear stress τw at different spanwise positions λ.
From these measurements it can be concluded that the 3-dimensionality introduced in the wall shear-stress by a
VG is persistent to x/h ≈ 30. Comparison is also made to the unforced case and it shows that the wall shear-stress
is increased.
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3.2

Vortex development

PIV has been used for mapping the velocity field in the yz-plane at four different downstream positions x/h = 5.5,
9, 13, 20 to investigate the downstream development of the vortices. Quantities used to show the vortical
structure of the flow are
∂w ∂v
∂w ∂v
ωx =
−
Qx = −
∂y ∂z
∂y ∂z
the mean streamwise vorticity ωx and the x-component of the second invariant of the velocity gradient tensor (the
"vortex strength'') Qx, used for example by Adrian et al. (2000). Qx is a better measure of the local rotation since
ωx also gets contribution from pure shear.
3.2.1

Mean Flow

ωx

Qx
and the secondary
U∞ h
(U ∞ h ) 2
flow components V U ∞ and W U ∞ at x/h = 5.5 and 9. The two vortices are clearly seen as regions with
concentrated high values of ωx and Qx. The vortex center positions are approximately at y/h = 0.8. Large negative
V-components are seen between the VG blades (3 ≤ z/h ≤ 4.5) inducing large W-components along the wall
beneath the vortices (z/h = 2 and z/h = 5). The maximum secondary flow velocities are approximately 0.2 U∞. A
large V-component is seen in the upper part due to suction.

Figure 7 and 8 show the nondimensional mean vorticity

a)

b)

c)

d)

, vortex strength

Figure 7: Non-dimensionalized vorticity ωx /(U∞ /h) (a), vortex strength Qx /(U∞ /h)2 (b), and secondary flow
V/U∞ (c) and W/U∞ (d) in the yz-plane at x/h = 5.5.
The distance between the two VG blades is 1.5h at their leading edge, 2.4h at half the length (l/2) and 3.3h at the
rear end of the VG. The mean distance between the vortices is assumed to be around 2.4h initially. It can be seen
that the mean spanwise positions zp of the vortices move away from each other. The mean distance between the
vortices is increased from 2.7h to 3h between x/h = 5.5 to x/h = 9. The mean wall-normal position yp of the vortex
center remains almost constant at yp /h = 0.8.
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a)

b)

c)

d)

Figure 8: Non-dimensionalized vorticity ωx /(U∞ /h) (a), vortex strength Qx /(U∞ /h)2 (b), and secondary flow
V/U∞ (c) and W/U∞ (d) in the yz-plane at x/h = 9.
Figure 9 shows the downstream development of the maximum value in ωx, Qx and the secondary flow velocities
V and W. It can be seen that they are all decreasing functions of the downstream position i.e. the strong 3dimensionality is decreasing.

Figure 9: Downstream development of maximum mean vorticity ωx, vortex strength Qx and the secondary
flow components V and W in the yz-plane.

6

3.2.2

Turbulence

Figure 10 shows the downstream development of the maximum of v′2 and w′2 . These maxima initially coincide
with the vortex center but the position of the maxima in w′2 moves towards the wall region at x/h = 9. v′2
decreases in the downstream direction at the same time as w′2 is increased until x/h = 13. This might be
interpreted as an entrainment of the vortices into the boundary layer. At x/h = 20 the behaviour reverses i.e. v′2
and w′2 are negatively correlated.

Figure 10: Downstream development of the maximum values of v′2 and w′2 in the yz-plane.
3.2.3

Instantaneous Flow

Instantaneous vector fields in the yz-plane were investigated and the instantaneous vortex position (taken as the
position of maximum instantaneous Qx) and the amplitude of ωx at this position were extracted.
Figure 12 (c) shows the histogram of this maximum instantaneous ωx (from rotation and not shear). The
magnitude is larger than seen in the mean values in Figure 7 indicating that the instantaneous position of the
maximum is changing, smearing out the mean maximum value.
Figure 12 (b) shows the histogram of the instantaneous spanwise positions zp of two counter-rotating vortices
induced by a VG and Figure 12 (a) shows the histogram of the instantaneous position of the vortices in the wallnormal direction yp. The vortices clearly are not stationary. The instantaneous position in zp is fluctuating over a
distance of about h around the mean position. The instantaneous position in yp is fluctuating over a distance of
about h/2 around the mean position since the wall is damping.
Figure 12 (d) shows the histogram of instantaneous distance ∆z between the two vortices generated by the same
vortex generator. The most probable instantaneous separation equals the difference between the mean positions.
3.3

Velocity profiles in the xy-plane

PIV measurements were made at four different spanwise (z) positions downstream of a
vortex generator in the xy-plane between 4.2 ≤ x/h ≤ 6.8 and between 7 ≤ x/h ≤ 10.3 to
show the effect of the vortices on the wall-normal velocity profiles U and V and the
turbulence. The different cases are labeled 1, 2, 3 and 4. Case 1 corresponds to the
symmetry plane in the middle of the two VG blades of one VG, case 2 corresponds to
the symmetry plane between two VG pairs, case 3 to the position exactly downstream
of a VG blade and case 4 to the plane between cases 2 and 3, see Figure 11.
Figure 11: Spanwise position of measurement planes (case 1 - 4).

7

a)

b)

c)

d)

Figure 12: Histograms of vortex center position yp /h respectively zp /h, maximum vorticity ωx /(U∞ /h) and
instantaneous distance ∆z /h at x/h = 5.5.
3.3.1

Mean flow

Figure 13 (a) shows the mean velocity profiles at the four z-positions in the xy-plane at x/h = 5. It is clearly seen
that high momentum is carried towards the wall in between the VG blades in case 1, as seen earlier in the yzplane measurement (see Figure 7). Figure 13 (b) shows the large negative wall-normal V-component, i.e. flow
towards the wall. The U-profile in case 3 has an S-shape with high velocity close to the wall and in the outer
region but a region of lower velocity in between.
b)

a)

Figure 13: Mean velocity profiles for u (a) and v (b) for case 1-4 at x/h = 5.
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3.3.2

Turbulence

The position which deviates most from the unforced case regarding to the mean quantities is the position behind
the VG blade (case 3). Figure 14 (b) shows that at x/h = 9 the V-component has its maximum (negative) around
y
/h = 1.1 at the same position where there is a local minimum in the U-component, i.e. high momentum from the
free stream is transported to the wall region. A local maximum in u′2 is seen at this position. A local minimum
in u′2 occurs at the position of a local maximum in U, at y/h ≈ 0.4. The global maximum in u′2 is very close to
the wall where the velocity gradient is largest as in a ZPG case.
Comparing case 3 for the two x-positions, see Figure 14 (a+b), the position of the maximum in v′2 moves closer
to the wall further downstream decreasing its amplitude (as seen in the yz-plane). The same behavior is seen in
u ′v ′ .
b)

a)

Figure 14: The components of the Reynolds stress-tensor u ′2 , v ′2 and u ′v ′ for case 3 at x/h = 5.5 (a) and
at x/h = 9 (b) compared to the mean flow u and v.
Figure 15 shows the Reynolds stresses u ′2 , v ′2 and u ′v ′ for case 1-4 at x/h = 9 compared to the unforced case
which shows the typical APG structure with global maxima in the Reynolds stresses in the middle region. u ′2
(Figure 15 a) gets a large near-wall peak in both cases 1 and 3 behind the vortex generator like in a ZPG case.
The local minimum around y/h ≈ 0.4 has a lower magnitude than the unforced case but further out there is an
increase again. Case 2 and 4 have an overall lower magnitude.
The magnitude of v ′2 (Figure 15 b) is increased in all cases and the peak is closer to the wall (except for case 4)
than in the unforced case which has an outer peak typical for APG turbulent boundary layers.
In case 3 u ′v ′ < 0 also in the outer region which is an indication of high velocity brought down towards the wall
and low velocity brought up from the wall, see (Figure 15 c). In the middle region u ′v ′ > 0 as opposed to the
unforced case.
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a)

b)

c)

Figure 15:

u ′2
v ′2
u ′v ′
(a), 2 (b) and 2 (c) at x/h = 9.
2
U∞
U∞
U∞
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