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ABSTRACT
We first demonstrate the potential of cylindrical vortex gen-

erators to control the separation over a smoothly curved ramp
in a low velocity hydrodynamic channel. We then focus on th
influence of a row of four cylindrical vortex generators on a spa-
tially growing flat plate boundary layer. Using two-component
PIV measurements, we show how the boundary layer is mod
lated by counter-rotating streamwise vortices. We also analyz
the 3D velocity field using non-linear perturbations to emphasize
a clear modification of the base flow. This base flow modification
together with spanwise modulation, can explain the delay of th
separation of the boundary layer over the curved ramp.

NOMENCLATURE
x Streamwise direction
y Vertical direction perpendicular to the wall
z Transverse direction parallel to the wall
d Diameter of a vortex generator
h Height of a vortex generator
δ Boundary layer thickness

∗Address all correspondence to this author.
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INTRODUCTION

Vortex generators (VG) are well known as efficient tools for
the control of flow separation. They are commonly used in var-
ious industrial applications e.g. in aeronautics, to enhance air-
plane lift force in near stall situations, or in chemical industry to
increase the efficiency of static mixers. Nevertheless, the ques-
tion of the choice and design of the proper vortex generator (VG)
for a given application is still an open problem. As a matter of
fact, many different perturbations of the boundary layer can cre-
ate streamwise vortices, but the efficiency of the system will de-
pend on many parameters. For instance, one can choose to use jet
vortex generators (JVG) which will imply the choice of the jet di-
ameter, velocity and the forcing frequency if we deal with pulsed
jets. In the case of solid blade vortex generators, it will imply the
choice of the VG geometry (dimensions of the blade) together
with their spatial organization which will be different if we want
to create co-rotating or counter-rotating streamwise vortices. In
the case of small bluff bodies, one has to choose the geometry
of the VG which can be a vertical blade to control the separation
over a 3D bluff-body [1] [2], or small cylinders to postpone the
transition to turbulence [3]. In each case, another difficult task
will be to choose the longitudinal position of the VG line relative
to the separation line. One can see that, most of the time, using
VG implies many choices that can be analyzed only through long
Copyright c© 2006 by ASME



Figure 1. DEFINITION OF THE AXES AND OF THE PARAMETERS

DESCRIBING THE VORTEX GENERATORS LINE.

and tedious parametric studies. In order to facilitate the search o
the proper parameters, it is essential to understand how the V
interact with a boundary layer and why the resulting perturba
tions will be efficient to control, for instance, a separated flow.
Even if the global effect of vortex generators has been exten
sively discussed [4] [5] [6], the mechanism of vortex generation
and interaction with the boundary layer still need further investi-
gation. In this study we first demonstrate the efficiency of a row
of four cylinders to delay the separation over a smooth curved
ramp in a low velocity hydrodynamic channel. We then ana-
lyze, for a given Reynolds number, the perturbation of a bound
ary layer growing over a flat plate downstream from the line of
vortex generators. Using two-component PIV measurements, w
characterize the linear and non-linear perturbation of the longi
tudinal velocity field in the transverse and longitudinal direction.
More specifically, we show that the base flow is modified leading
to a decrease of the mean boundary layer thickness downstrea
of the VG, as compared to the natural case (without VG). We be
lieve this base flow modification is an essential mechanism in th
process of separation control.

EXPERIMENTAL SETUP
Hydrodynamic channel

We use a low-speed water tunnel made of plexiglas to allow
optical measurement from any direction including downstream
The flow is driven by gravity using a water reservoir kept to a
constant height. Stabilization of the flow is obtained by divergen
and convergent sections separated by a honeycomb. The cro
section of the tunnel is 140mmhigh and 150mmwide in the ramp
configuration and 100mmhigh and 150mmwide in the flat plane
configuration. The test-section is 800mm long. The test section
can be changed from a flat plate to a smooth contoured ramp
The ramp has a curved cross-section with a constant radiusR=
100mmand a heightH = 40mm.
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Figure 2. EXPERIMENTAL SET-UP OF PIV ACQUISITION FOR SEPA-

RATED FLOW (TOP) AND FLOW OVER A FLAT PLANE (DOWN).

The mean freestream velocityU∞ can range between 0.005
to 0.30ms−1. In the following, we focus onU∞ = 0.04ms−1. The
typical boundary layer thickness at the beginning of the test sec-
tion is about 10mm. The four vortex generators are located 80mm
upstream the curved ramp for the separated flow and 100mm
downstream from the beginning of the test section for the flat
plate study. As shown in Fig. 1, the origin is taken on the begin-
ning of the curved ramp for the separated flow and at the lower
wall at the symmetry point of the VG line for the flat plane study.
The VG are small cylinders defined by their diameterd = 8mm
and their heighth= 6mm. The spacing between the VG, or wave-
lengthλ, is fixed and equal to 3d.

PIV acquisitions
We perform PIV in vertical planes (x,y) for differentzvalues

to characterize the separated flow over the curved ramp and in
horizontal (x,z) planes for differenty values to study the flow
over the flat plate downstream the VG. We use a bi-cavity YaG
pulsed laser with a nominal energy of 170 mJ. The laser sheet is
less than 1mmthick. The image resolution is 1200×1600 with
a 12 bits dynamic range and a sampling frequencyf = 15Hz.
The whole PIV operation from acquisition to vector processing
is carried out with Davis 7.1 software from LAVISIONc©.
Copyright c© 2006 by ASME



Using this set up we record 300 couples of images for eac
y = const. plane. Thex× z dimensions for every image are
100×70mm2. Although different image processing techniques
are used to obtain the vector fields and improve their quality, n
data interpolation was done. The final vector fields correspon
to the real measurements.

For every vector field we check the convergence by look
ing at the cumulative average and standard deviation of refe
ence vectors located in high fluctuation areas. Deviation of th
flowrate measured by the electromagnetic flowmeter is less tha
1% during the acquisition process.

For the acquisitions on the curved ramp eightxyplanes have
been used at differentz positions spaced byλ8 = 3mm through-
out a full wavelength in order to achieve a spatial averaging o
the flow. For the flat plane flow we stack everyy = const. veloc-
ity field to reconstruct a three dimensional representation of th
boundary layer flow for the two componentsux anduz. We de-
fine one Reynolds number based on VGs heighth and freestream
velocityU∞, Reh = hU∞

ν .

INFLUENCE OF THE VORTEX GENERATORS ON THE
SEPARATED FLOW

In this section we show briefly how the VG interacts with a
separated flow over a curved ramp. PIV acquisitions have bee
made with and without the presence of the VGs. The uncon
trolled separated flow shows a separation at a curvilinear co
ordinates = 32.5mm (see Fig. 3-a). The introduction of the
VGs causes the separation position to change along thez direc-
tion. In the direct wake of a VG the separation is delayed up to
s= 43.5mmwhile in between two VGs the separation can be ad
vanced tos= 31.5mm. The mean effect of the VGs along thezdi-
rection (see Fig. 3-b) is a delay of the separation by 6.4mmalong
the curvilinear coordinate of the curved ramp (s= 39mm) which
corresponds to a nearly 20% decrease of the separated flow
gion.

BOUNDARY LAYER MODIFICATION
Description of the flow downstream of the VG

In order to understand how the separation is modified by
the row of VGs we investigate the boundary layer modification
created by these devices on a flat plane as shown in Figs. 1 and
(b). All the experiments are performed for the Reynolds numbe
Reh = 286. To be able to characterize the influence of the VG, we
first measure the boundary layer without VG along the centerlin
of the channel, i.e. in the (x, y) plane. The velocity profiles will
be used in the following as the base flow. The boundary layer i
then modified by a line of four VG with a wavelengthλ = 3d.
The velocity field is taken in 17 (x, z) planes for increasingy
value (y = 0,0.5,1,1.5,2,3,4,5,6,7,8,9,10,12,15,20,30mm).
3

h

o
d

-
r-
e
n

f

e

n
-
-

-

re-

2
r

e

s

a)

b)

Figure 3. STREAMLINES OF TIME AND SPACE AVERAGED FLOW

OVER A CURVED RAMP WITHOUT VG’S (a) AND WITH VG’S (b).

THE EFFECT OF THE VG’S IS A DELAY OF THE SEPARATION POINT

FURTHER DOWNSTREAM. THE POSITION OF THE SEPARATION IS

MARKED WITH THE DOTTED LINE.

Figure 4 shows the transverse modulation of the boundary
layer 67mmdownstream the VG line. We observe alternatively
high and low velocity areas throughout the entire boundary layer
thickness. The accelerated profiles are in the wake of the cylin-
ders, while the lower velocities are observed downstream from
the area between the cylinders. This is due to the creation of
counter-rotating streamwise vortices (CRSV) as seen behind a
single VG [5] which shows regions of inflow where high veloc-
ity fluid is brought from upper parts of the boundary layer to near
wall region and regions of outflow where lower velocity fluid is
brought from the wall toward the upper part of the boundary layer
Copyright c© 2006 by ASME



Figure 4. 3D VIEW OF THE STREAMWISE VELOCITY PROFILES

ALONG THE Z AXIS FOR X = 68mmDOWNSTREAM THE VORTEX

GENERATORS. THE CENTER OF THE CYLINDERS ARE LOCATED AT

Z =±36mmAND Z =±12mm.

Figure 5. 2D VIEW OF THE LONGITUDINAL VELOCITY Ux IN THE (x,

z) PLANE FOR y = 3mm.

(see Fig. 6).
The longitudinal evolution of the spanwise modulation i

shown on Fig. 5 on a (x, z) plane fory = 3mm. The recircula-
tion bubbles are clearly observed just downstream of the cyli
ders, with a mean recirculation lengthLrec ' 30mm. Between
the recirculation bubbles we can see traces of a weak transve
modulation of longitudinal velocity. Further downstream, th
streaks of high and low velocity rearrange themselves so that
low velocity areas behind the VG become high velocity area
comparable to the freestream velocity. The lengthLmod' 75mm
corresponds to the mean distance where the flow reorganized
4
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Figure 6. MODIFICATION OF ISO-VELOCITY LINES INDUCED BY A

PAIR OF COUNTER-ROTATING VORTICES CREATED BY A SINGLE

VG LEADING TO INFLOW AND OUTFLOW REGIONS.

Figure 7. LONGITUDINAL VELOCITY PROFILES IN THE INFLOW

AND OUTFLOW REGIONS COMPARED TO THE BASE FLOW FOR 3

STREAMWISE POSITIONS.

self into a regular and strong spanwise modulation. It can also be
seen as an effective length where the streamwise vortices become
well organized and the influence of the VG on the boundary layer
becomes positive.

We show on Fig. 7 the boundary layer profiles obtained
at three streamwise positionsx = 12,40 and 93mm. For each
streamwise positions, we compare the profiles obtained in the
wake of the VG (position 1), or downstream from the region
between the VG (position 2), to the base flow. We can see on
x = 12mm the strong effect of the recirculation behind the VG
(red dots). Onx = 40mm the velocity deficit due to the obsta-
cle has nearly vanished and the boundary layer is only weakly
slowed down. Finally, onx = 93mm, the modulation due to the
vortices gives birth to two distinct boundary layer profiles: one
Copyright c© 2006 by ASME



r

G
o
d

t
e
a

c
c

-

Figure 8. Z-AVERAGED BOUNDARY LAYER THICKNESS AS A

FUNCTION OF THE LONGITUDINAL POSITION.

in the far wake of the VG (red curve, star markers) which ha
more kinetic energy in the near wall layers and has a higher g
dient close to the wall (inflow region) and one in between (blu
curve, triangle markers) which has less kinetic energy and sho
a smaller gradient (outflow region).

We see that we recover the clear signature of the CRS
with alternate low and high velocity streaks forx > 75mm. Once
again, we find thatLmod' 75mmseems to be critical length for
the reorganization of the flow.

To evaluate quantitatively this characteristic length, we com
puted streamwise evolution of the z-averaged boundary lay
thickness for the base flow and the flow perturbed by the V
(Fig. 8). First, the boundary layer is slowed down due to the l
cal effect of the recirculation bubbles behind the VG. The boun
ary layer thickness increases regularly up tox' 40mmwhere it
reaches a maximum. Then, under the action of the streamw
vortices the gradient in the boundary layer is increased and
boundary layer thickness decreases regularly. Finally, the p
turbated boundary layer thickness becomes lower than the b
flow boundary layer whenx > Lmod' 75mm. It clearly confirms
that Lmod is an important characteristic lengths: it defines th
streamwise position where the perturbated boundary layer thi
ness becomes lower than the base flow boundary layer. We
finally define three spatial regions downstream the line of VG:

0 < x < Lrec the flow is dominated by the recirculation bub
bles.
Lrec < x < Lmod the streamwise vortices reorganize them
selves and begin to re-accelerate the mean flow.
x > Lmod the streamwise vortices are well organized and th
mean boundary layer thickness is lower than the base flow

Linear and nonlinear perturbation. We have shown
in the previous section that the spatially averaged mean flow
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modified by the presence of the streamwise vortices. This modi-
fication can only be produced by a non-linear perturbation, other-
wise the mean contribution should be null. As the flow is steady
at this Reynolds number, it can be separated in different linear
and non-linear perturbations:

U(x,y,z) = Ubase(x,y)+uL(x,y,z)+unL(x,y,z), (1)

whereUbase is the base flow boundary layer,uL is the first
harmonic perturbation (wavelengthλ), while unL is the nonlinear
perturbation.

We can write the different perturbations as Fourier decom-
positions, averaged along thezdirection on only two wavelength
(betweenz=−24mmandz= 24mm) to avoid most of boundary
effects:

uL (x,y,z) = u∗1(x,y) exp

(
i
2π
λ

z

)
, (2)

unL(x,y,z) = ∑
k≥0,k6=1

u∗i (x,y) exp

(
i k

2π
λ

z

)
, (3)

< U(x,y) >z= Ubase(x,y)+u∗0(x,y), (4)

whereU(x,y,z) is the measured flow-field with VG while
Ubase(x,y) is the measured base flow without VG. The mean
flow modification (or zero-mode)u∗0 is then calculated, afterz-
averaging the flowfield with VG on a multiple of the forcing
wavelength and substraction of the measured base flow. This
calculation was done previously for time dependent flow (vortex
shedding [7]) and for spatially modulated flows (Görtler instabil-
ity [8]).

The mean effect on thezdirection of every harmonics is null
at the only exception of the zero-mode of the non-linear perturba-
tions which is responsible for the modification on the mean flow.
The longitudinal evolution ofu∗0 is detailed in Fig. 9 where we
show the vertical profiles of the zero-mode. We can notice that
this perturbation is confined in the boundary layer. While the
deceleration of the flow close to the VG corresponds to a large
signal with a characteristic size of the order ofh, the acceleration
of the flow forx> 75mmis very localized in the near wall region
of the boundary layer.

As mentioned previously, the initial loss of velocity can be
attributed to the recirculations bubbles behind the cylinders while
the velocity increase observed further downstream can be at-
tributed to the streamwise vortices, a mechanism of a smaller
characteristic size. In Fig. 10 we show a plot of the growth of the
cumulative zero-mode effect defined as the integral ofu∗0 over the
boundary layer thickness, along the streamwise direction. Just
Copyright c© 2006 by ASME



Figure 9. SUCCESSIVE VERTICAL PROFILES OF ZERO MODE u∗0
ALONG STREAMWISE DIRECTION.

Figure 10. EVOLUTION OF THE INTEGRATED EFFECT OF u∗0 UPON

THE BOUNDARY LAYER THICKNESS AS A FUNCTION OF STREAM-

WISE POSITION.

downstream the VG the main effect is due to the recirculations
and a blockage effect of the cylinders. We can, however, see tha
at Lmod' 75mmthe streamwise vortices have produced enough
nonlinear perturbations to fill the gap and accelerate the mean
boundary layer.

CONCLUSION
We have investigated the flow past an array of VGs. The re-

sulting flow shows a strong variation between the local effect of
the VGs and the far downstream effect. In the near wake the row
of VGs slows the mean flow and increases the boundary layer
6
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thickness. Further downstream the mean boundary layer is accel-
erated and its thickness decreases. In both cases the longitudinal
velocity field is modulated with nonlinear perturbations and the
nonlinear effects produce a modification of the mean flow in the
boundary layer through the zero-modeu∗0. The near wake pertur-
bation vanishes along the streamwise direction under the action
of the streamwise vortices to give birth to the far wake modula-
tion. In the far wake wherex > Lmod the modulation creates two
kinds of boundary layer profiles: in the direct wake (inflow re-
gion) of a VG the boundary layer profile shows stronger velocity
gradient, while in between (outflow region) the boundary layer
profile shows lower velocity gradient. Comparing with the flow
over the curved ramp one can see that the higher velocity gradi-
ent regions matches with the regions of delayed separation. In
the far wake the reduction of the mean boundary layer thickness
(increased gradient) delays the global separation.
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