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Linné Flow Centre, KTH Mechanics, SE-100 44 Stockholm, Sweden

Abstract
Boundary layer separation is an unwanted phenomenon in most technical ap-
plications, as for instance on airplane wings, ground vehicles and in internal
flow systems. If separation occurs, it causes loss of lift, higher drag and energy
losses. It is thus essential to develop methods to eliminate or delay separation.

In the present experimental work streamwise vortices are introduced in tur-
bulent boundary layers to transport higher momentum fluid towards the wall.
This enables the boundary layer to stay attached at larger pressure gradients.
First the adverse pressure gradient (APG) separation bubbles that are to be
eliminated are studied. It is shown that, independent of pressure gradient,
the mean velocity defect profiles are self-similar when the scaling proposed by
Zagarola and Smits is applied to the data. Then vortex pairs and arrays of vor-
tices of different initial strength are studied in zero pressure gradient (ZPG).
Vane-type vortex generators (VGs) are used to generate counter-rotating vor-
tex pairs, and it is shown that the vortex core trajectories scale with the VG
height h and the spanwise spacing of the blades. Also the streamwise evolu-
tion of the turbulent quantities scale with h. As the vortices are convected
downstream they seem to move towards a equidistant state, where the distance
from the vortex centres to the wall is half the spanwise distance between two
vortices. Yawing the VGs up to 20◦ do not change the generated circulation of
a VG pair. After the ZPG measurements, the VGs where applied in the APG
mentioned above. It is shown that that the circulation needed to eliminate
separation is nearly independent of the pressure gradient and that the stream-
wise position of the VG array relative to the separated region is not critical to
the control effect. In a similar APG jet vortex generators (VGJs) are shown to
as effective as the passive VGs. The ratio VR of jet velocity and test section
inlet velocity is varied and a control effectiveness optimum is found for VR = 5.
At 40◦ yaw the VGJs have only lost approximately 20 % of the control effect.
For pulsed VGJs the pulsing frequency, the duty cycle and VR were varied. It
was shown that to achieve maximum control effect the injected mass flow rate
should be as large as possible, within an optimal range of jet VRs. For a given
injected mass flow rate, the important parameter was shown to be the injection
time t1. A non-dimensional injection time is defined as t+1 = t1Ujet/d, where d
is the jet orifice diameter. Here, the optimal t+1 was 100–200.
Descriptors: Flow control, adverse pressure gradient (APG), flow separa-
tion, vortex generators, jet vortex generators, pulsed jet vortex generators.
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Preface

This doctoral thesis in fluid mechanics is a paper-based thesis of experimental
character. The subject of the thesis is turbulent boundary layer separation
control by means of longitudinal vortices. The thesis is divided into two parts
in where the first part is an overview and summary of the present contribution
to the field of fluid mechanics. The second part consists of five papers, which are
adjusted to comply with the present thesis format for consistency. In chapter 7
of the first part in the thesis the respondent’s contribution to all papers are
stated.

December 2008, Stockholm
Ola Lögdberg
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Part I

Overview and summary





CHAPTER 1

Introduction

With the increase in oil prices and the increased environmental concerns, re-
garding both toxic exhausts, particulates and green house gases, the reduction
of fuel consumption is an important issue both for vehicle manufactures and
those who utilise the vehicles. Large improvements have been made over the
last decades in terms of engine efficiency, aerodynamic drag etc. but there is
still possibilities for future improvements. This thesis deals with a fundamental
aerodynamic problem, namely how to control flow separation, a phenomenon
that in most cases lead to increased aerodynamic drag. The results may be use-
ful in many engineering situations, but the work is motivated by the possibility
to reduce the aerodynamic drag on long haulage trucks.

Figure 1.1. The author performing a smoke visualisation
on a Scania truck in the German-Dutch LLF wind tunnel in
2001. The largest test section, with a cross sectional area of
9.5 m×9.5 m is used for this test.

1



2 1. INTRODUCTION

0 40 80 120
0

100

200

300

400

500

U [km/h]

P 
[k

W
]

P

P

aero

tire
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this approximate plot the coefficients of wind averaged drag
and rolling resistance were asumed to be CD,wa = 0.6 and fr

= 0.0045.

1.1. Truck aerodynamics
The aerodynamic drag is an important part of the total average tractive re-
sistance of a long-haulage truck. A heavy truck (for example the Scania R-
series truck shown in figure 1.1), with warm low resistance tires, at a speed
Ux = 80 km/h on a flat dry road has a rolling resistance which is approximately
50 % of the total tractive resistance. The remaining 50 % is aerodynamic drag.
The rolling resistance coefficient fr is known to be almost independent of the
speed and therefore the drag caused by the tires increases linearly with the
speed (Fx,tire = frUx). Also the aerodynamic drag coefficient (CD) is fairly
independent of the speed for a truck, which means that the aerodynamic drag
Fx,aero = 1

2ρCDU2
x , where ρ is the density of the fluid, increases quadratically

with the speed. At speeds above approximately 80 km/h the contribution of
the aerodynamic drag to the total drag overshadows that of the tires, as can
be seen i figure 1.2.

The analysis above is however oversimplified, since very few long haulage
routes in the real world are completely flat. Furthermore, vehicles occasionally
have to slow down or even stop. Therefore it is necessary to take into account
both ”hill climbing” and acceleration. According to simulations performed by
the author the aerodynamic drag constitutes around 30 % of the total drag on
moderately hilly long haulage routes, like Stockholm-Helsingborg. This is for a
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Figure 1.3. Fuel consumption and fuel cost for a truck used
in long haulage operation. The fuel cost is based on an annual
mileage of 200000 km and the price of diesel oil in December
2008 (11.40 kr/l). This is a slight overestimation since all large
transport companies get discounts on fuel.

truck trailer combination with a relatively smooth-sided trailer, low resistance
tires and a modern 420 hp engine.

Since truck manufacturers do not develop tires and cannot change the
topography (although there are systems to store brake energy), or do much
about the traffic situation, aerodynamic drag is the component of the tractive
resistance that is possible to reduce. Apart from the obvious environmental
benefits of bringing down the fuel consumption, the economical gains are sub-
stantial. Figure 1.3 demonstrates the relation between aerodynamic drag, fuel
consumption and the annual cost of fuel for a long haulage operator. The truck
in figure 1.4 was developed at Scania in 1999 as a technology demonstrator and
one of the main features was its low CD,wa

1. In figure 1.3 this concept vehicle
is chosen to represent the realistic limit for aerodynamic drag reduction. The
Scania R-series in figure 1.1 is typical for an aerodynamically well-designed
truck of today and the span of CD,wa given is a conservative estimation of the
variation due to trailer choice.

1Since CD increases with yaw for a normal truck, a wind averaged drag coefficient CD,wa is
calculated by averaging weighted CD measurements at different yaw angles.
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Figure 1.4. A Scania low drag concept truck from 1998. The
shown configuration is without the accompanying trailer.

A truck is a bluff body and a major part of the drag stems from pressure,
which means that friction is less important. In the beginning of time, trucks
were shaped like bricks, producing massive separation all around the front.
During the 70s and 80s the front of the trucks went from sharp cornered to
rounded and air deflectors were fitted to the roof and the sides to smooth the
transition from the cab to the body. This is illustrated as the change from (a)
to (b) in figure 1.5. When the front radii are greater than 300 mm and the
air deflector kit is properly designed, there are no major improvements to be
made on the front. However, there are still many areas to improve on the sides,
around the wheels and on the underbody, but in order to drastically reduce
aerodynamic drag the separation at the end also needs to be addressed.

Early truck Today's truck Low drag truck(a) (b) (c)

Figure 1.5. The aerodynamic development of trucks since
the 1970s.
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Figure 1.6. A 1 m long boat tail attached to the back end of
the 1998 Scania concept truck. The tapering angle is 15◦ and
the flow is kept attached until the cut off of the boat tail.

The conventional - and very effective - way to reduce the wake is by tapering
the rear end. Aerodynamically the best thing would be a full boat tail, like
on an airplane, but this would result in a vehicle of illegal length or a vehicle
with very limited cargo space. Fortunately the marginal benefit decrease with
length and a cut off boat tail (so called Kamm back) like in figure 1.5(c) or
figure 1.6 gives much of the benefit of a full boat tail without sacrificing the
possibility to actually use the truck on the road. In figure 1.6 a boat tail tested
by Scania can be seen. This particular 1 m device reduced CD about 0.10.

Unfortunately, even an elongation of only 1 m is very difficult to apply on
a European long-haulage truck. This is because of the rigorous legislation on
vehicle length in the European Union. Since most of the cargo is box shaped
and geometrically adapted to the internal width of a trailer2 the tapered part
must be an add-on device, or at least not a part of the effective cargo volume.
Thus, a 1 m boat tail will lead to a loss of about 3–7% of the cargo space in a
standard 13.6 m trailer.

To make a boat tail more attractive the angle must be made much larger.
Hence, the air must be made to withstand a steeper pressure gradient without

2A Euro pallet is 1200×800 mm and the internal width of a trailer is approximately 2450 mm
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separation. In 2001 the author performed a wind tunnel test on a boat tail,
where the boundary layer was energised using slot blowing. The device was
mounted on the 1:2 scale model shown in figure 1.4. With the blowing turned on
the maximum non-separating tapering angle increased from 15◦ to 25◦. Even
though the concept was implemented in a very crude way the principle was
shown to work. However, the energy consumption of the fans needed to supply
air for the blowing slot was so high that it neutralised the gains from the drag
reduction. Furthermore, the fans, valves and tubing needed not only reduces
the cargo volume but impede access. Therefore, it would be desirable to find
another technical solution for the separation control; one that would have a
similar effect but would be easier to implement. Such a possible solution would
be to use longitudinal vortices to transport high momentum fluid towards the
wall.

1.2. Research outline
This thesis is paper-based, but there is a common storyline.

The theme is separation control and paper 1 describes the separated region
that is to be controlled. The scaling of the velocity profiles of the separated
region is also discussed.

In paper 2 the use of longitudinal vortices as a flow control method is intro-
duced. The vortices are here produced by vane-type vortex generators (VGs)
and the vortex characteristics are thoroughly investigated in a zero pressure
gradient (ZPG) flow.

The next step is to apply the vane-type VGs of paper 2 to control the
separation bubble of paper 1. These experiments are reported in paper 3 and
focus mainly on the robustness of the control method.

In paper 4 and 5 the vane-type VGs are exchanged for jet vortex generators
VGJs. The same separation bubble is first controlled by steady jets in paper 4
and then with pulsed jets in paper 5.



CHAPTER 2

Separation

Separation of boundary layers occurs either due to a strong adverse pressure
gradient (APG) or due to a sudden change in the geometry of the surface.
Typical examples of the latter is obtained where there is a sharp edge or strong
curvature such as for a backward facing step, bluff bodies (typical truck ge-
ometries etc). For strong adverse pressure gradient flows along flat or mildly
curved surfaces the occurrence of separation does however not only depend on
the local pressure gradient but also on the local boundary layer state.

2.1. The separated region
The separation point and the so called ”separated region” or ”separation bub-
ble” are not well defined quantities in a turbulent boundary layer. The sep-
aration point xs is usually defined as the point where the wall shear stress
τw = 0. However in a turbulent boundary layer this means that part of the
time the fluctuating wall shear stress is positive and part of the time negative.
Another definition of xs uses the backflow coefficient (χ), i.e. the fraction of
time the flow is in the backward direction. The separation point is then defined
as the point on the wall where χ = 0.5. This position does only correspond
to the position where τw = 0 in case the probability density distribution of
the fluctuating wall shear stress is symmetric around zero. The reattachment
point, i.e. the position where the boundary layer reattaches to the surface (if
it does), can be defined in a similar way as for the separation point. The value
of the shape factor H12 = δ1/δ2, where δ1 is the displacement thickness and δ2

is the momentum loss thickness, can be used as an indication of how close the
boundary layer is to separation.

The separated region can be defined as the region where the flow is recir-
culating in a time averaged sense. The demarcation line is hence called the
dividing or separation streamline. Other definitions of the demarcation line
is the contour line where the streamwise velocity is equal to zero or the con-
tour line on which χ = 0.5. The two latter definitions usually give regions of
similar size whereas the dividing streamline definition naturally gives a larger
separated region.

Many papers and reviews have been written on APG separation and only a
few are mentioned here for further reference. Simpson (1989) reviews the field

7
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Figure 2.1. Schematic of the test section seen from above.

up to 1989 and also references his own extensive research. Later work was done
by Fernholz and co-workers on an axisymmetric body and Kalter & Fernholz
(2001) also contain an up-to-date review of the literature.

In the present work, all APG experiments were performed in the KTH BL
wind-tunnel, with a free stream velocity of 26.5 m/s at the inlet of the test
section. The test section, which can be seen in figure 2.1 is 4.0 m long and has
a cross-sectional area of 0.75 m×0.50 m (height×width). A vertical flat plate
made of Plexiglas, which spans the whole height and length of the test section,
is mounted with its back surface 0.3 m from the back side wall of the test
section. The back side wall diverge in order to decelerate the flow and suction
is applied on the curved wall to prevent separation there. The induced APG
on the flat plate can be varied by adjusting the suction rate through the curved
wall. All measurements are made with particle image velocimetry (PIV) and
for a detailed description of the experimental set-up the reader is referred to
Angele & Muhammad-Klingmann (2005a,b).

The three pressure gradients shown in figure 2.2(a) are compared in the
experiment. Case I is a weak separation bubble similar to the case of Dengel
& Fernholz (1990), whereas case III is the strongest APG and the strength
of case II is approximately in between case I and case III. The separation
bubble is here defined as the region where the backflow coefficient is χ > 0.5.
Figure 2.2(b) shows the evolution of the shape factor in the three flow cases
and figure 2.3 shows the separation bubble for case II. Upstream of x=1.8 m
(before separation in all cases) there are no notable differences between the
cases, but the maximum value of H12 in the separation bubble varies between
4.1 for case I to more than 7 in case III. Furthermore, the value of H12 at the
point of separation increases with the size of the separation bubble.
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2.2. The Zagarola-Smits velocity scale
There is still no consensus on the proper mean velocity scaling of the outer
region in a strong APG and separated turbulent boundary layers. According to
Townsend (1961), the criterion for similarity to exist in the mean velocity profile
is that the ratio between the pressure gradient in the streamwise direction and
τw is constant. This ratio is constant when H12 is constant. The validity of
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respectively. The lower three curves show the average of the
above three sets.

Townsend’s criterion has been experimentally verified by Clauser (1954) and
Sk̊are & Krogstad (1994).

Turbulent boundary layers developing towards separation clearly do not
fulfill this criterion, as τw decreases towards zero and then changes sign, while
H12 monotonically increases. Usually the friction velocity, uτ =

√
τw/ρ is used

as the velocity scale. However to avoid the singularity at separation Mellor
& Gibson (1966) suggested to instead use the scale up based on the pressure
gradient and δ1. A different velocity scale, us, which explicitly depends on the
maximum Reynolds shear-stress was suggested by Perry & Schofield (1973)
and Schofield (1981). Here us is determined from a fit to the velocity profile.
However Angele & Muhammad-Klingmann (2005a) showed that, for their data,
up and us scale the same data-set upstream and downstream of separation
equally well.

Recently, Maciel et al. (2006b) proved the usefulness of the Zagarola-Smits
velocity scale (Zagarola & Smits (1998)), which is defined as
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UZS = Ue
δ1

δ
, (2.1)

where Ue is the free-stream velocity and δ is the boundary layer thickness.
Their data before and after separation show similarity for the outer layer mean
velocity distribution. Panton (2005) points out that uτ is proportional to the
Zagarola-Smits velocity scale for high Reynolds numbers. Maciel et al. (2006a)
reviewed APG data from Perry (1966), Maciel et al. (2006b), Sk̊are & Krogstad
(1994), Dengel & Fernholz (1990) and others and showed that the Zagarola-
Smits scaling works well.

In figure 2.4, the scaled mean velocity profiles of APG cases I-III are pre-
sented in three sets: upstream of xs, in the separated region upstream of the
position of maximum in H12, denoted xh, and after the position of the maxi-
mum in H12. In the region upstream of xs, the four plotted profiles do not show
self-similarity. However, the three profiles between xs and xh are self-similar
when scaled with UZS . The four velocity profiles for x > xh are also self-
similar, but only within that set of profiles, i.e. they are not self-similar when
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they are plotted together with the profiles from upstream of xh, as is shown
at the bottom of figure 2.4. Thus, there seem to be two different self-similar
regions in the separated region: before and after xh.

To investigate whether the similarity holds between different sized separa-
tion bubbles, velocity profiles from the region xs < x < xh for flow cases I,
II and III are scaled by UZS and plotted together in figure 2.5. In the outer
region all profiles collapse, which is noteworthy since the differences in size of
the separation bubbles are quite large.

In the recent study of Maciel et al. (2006a), it is shown that the mean-
velocity defect profiles display self-similarity at some streamwise positions, but
that data from the different experiments do not collapse. They suggest that
the reason is the difference in the pressure gradients. The present results on
the other hand, show velocity profiles that are self-similar in all three pressure
gradient cases. Both the streamwise positions and the ranges of H12 differ
between the cases. Thus, it is rather the streamwise position relative to the
point of separation and the bubble maximum that determines the similarity.



CHAPTER 3

Vane-type vortex generators

Control of separation of boundary layer flows can be achieved through different
approaches. One common method, that has proved to be effective, is to intro-
duce longitudinal vortices in the boundary layer. The vortices enhance mixing
and transport high momentum fluid towards the wall.

The vortices are normally produced by vane-type VGs, i.e. short wings
attached to the surface with the wingspan in the wall-normal direction and set
at an angle α towards the mean flow direction. Such devices are commonly
seen on the wings of commercial aircraft and their blade height (h) are often
slightly larger than δ. The first experiments on conventional vane-type passive
VGs were reported by Taylor (1947).

A VG array can be designed to produce different vortex configurations. The
three basic types are shown in figure 3.1. The main geometrical parameters of
a VG array are shown in figure 3.2.

3.1. Vane-type VGs in ZPG
Pearcy (1961) published a comprehensive VG design guide. Here the vortex
trajectories are also analysed, using the inviscid model from Jones (1957).

The evolution of a single vortices and vortex pairs embedded in a turbulent
boundary layer was thoroughly investigated by Shabaka, Mehta & Bradshaw
(1985) and later Mehta & Bradshaw (1988). They show that single vortices
produce opposite sign vorticity around the vortex and that vortex pairs with
common upflow are lifted out of the boundary layer. Another study of a single
vortex in a boundary layer was performed by Westphal, Pauley & Eaton (1987).
The overall circulation, when the vortex evolved downstream, either decreased
slowly or remained almost constant depending on the case.

Pauley & Eaton (1988) examined the streamwise development of pairs and
arrays of longitudinal vortices embedded in a zero pressure gradient (ZPG)
turbulent boundary layer. In this study the blade spacing of VGs and the
blade angle were varied, and the difference between counter-rotating vortices,
with common upflow and downflow, and co-rotating vortices were examined.
The proximity of other vortices does not affect circulation decay, but increases
the diffusion of vorticity.

13
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(a)                                      (b)                                       (c)                                     

Figure 3.1. Different types of vortex pairs: (a) co-rotating,
(b) counter-rotating with common downflow and (c) counter-
rotating with common upflow.

d

h

D

α

xVG

Camera

Laser

Fan

x
y

z

Vortex generators

  l

β
z

x
Top-view Smoke

generator

Smoke chamber

Figure 3.2. Sketch of the experimental setup, flow visualisa-
tion arrangement and VG geometry.

Wendt (2001) studied the initial circulation of an array of VGs. The vortex
strength was observed to be proportional to Ue, α and the ratio h/δ. Thus
the circulation can be accurately modeled by a modified version of Prandtl’s
relation between circulation and airfoil geometry.

In most of the earlier studies VGs with h/δ > 1 have been used. However
to reduce the drag penalty caused by the VGs, work has been done to reduce
their size, without sacrificing efficiency. The comprehensive review on low-
profile VGs by Lin (2002) shows that small (h/δ ∼ 0.2) VGs can be as effective
in preventing separation.

An experimental investigation of the streamwise evolution of longitudinal
vortices in ZPG was carried out in the MTL low-turbulence wind tunnel at
KTH Mechanics. A horizontal 5.8 m long flat plate, which spans the whole 1.2
m width of the test-section, was mounted with its upper surface 0.51 m from
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correspond to (x− xVG)/h = 6, 42, and 167, respectively.

the test-section ceiling at the leading edge. The ceiling was adjusted to give a
zero streamwise pressure gradient at the nominal free stream velocity. At all
velocity measurements Ue was set to 26.5 m/s and the temperature was kept
constant at 18.1 ◦C. The velocity measurements were performed using hot-wire
X-probes with the anemometer operating in constant-temperature mode.

In order to set up the streamwise vortices inside the turbulent boundary
layer traditional vane-type VGs were used (see figure 3.2). Three different sizes
of the VGs were used and arranged both as single spanwise pairs (p) as well
as spanwise arrays (a) to create counter-rotating vortices inside the boundary
layer. The design follows the criteria suggested by Pearcy (1961) and uses
α = 15◦. The different VG sizes are geometrically ”self-similar”.

The vortices modify the base flow and in figure 3.3 the three mean velocity
components of the VG10 array configuration are contour plotted. The U - and
W -components are symmetric, however the asymmetry in the V -component is
due to the large velocity gradients which affect the cooling velocities of the two
wires of the X-probe differently. The maximum magnitude of the cross-flow
components are approximately 15-25 % of Ue in the measurement plane closest
to the VG array.

In figure 3.4(a) the vortex centre paths from VG pairs are projected on the
y-z plane. The paths of the vortices behind the VGp

10 and the VGp
18 seem to

collapse on each other. The downward motion in the beginning is caused by
the induced velocity by the neighbouring vortex. However, as the two vortices
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move away from each other the influence from neighbouring vortex becomes
weaker and the growth of the vortex causes the vortex centre to move away
from the wall. An interesting behaviour of the VGp

6 vortex path is that it turns
back towards the centre line.

The corresponding vortex paths of the VG arrays are shown in figure 3.4(b).
In the case of the array, when the vortices move away from each other they are
moving closer to the vortex from the neighbouring vortex pair and eventually
form a new counter-rotating pair – this time with common upflow. The induced
velocities in the new pair will tend to lift the vortices and according to inviscid
theory (Jones 1957) they will continue to rise from the wall. However, the
measurements show that the vortex centre paths of the original pair, while still
rising, start to move towards each other again. This is probably due to vortex
growth; when the area of the vortex grows the vortices are forced to a spanwise
equidistant state. The maximum vortex radius in an equidistant system of
circular vortices is D/4, where D is the spanwise distance between the VG
pairs. If the distance from the vortex centre to the wall is D/4 (2.08h), the
induced velocities from the real vortices and the three closest mirrored vortices
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Figure 3.5. Vortex centre paths plotted in plan view (the x-
z plane). (− · ♦ · −, —!—, − −© − −) denote h = (6, 10,
18) mm. (a) The paths downstream of a pair of VGs. (b) The
same planes for a VG array. Note that for the array the paths
of the neighboring vortices are actually within the figure area,
but for the sake of clarity they are not shown.

all cancel. Hence, if the assumption holds, the vortex centres should approach
(y/h, z/D) = (2.08,±0.25). In figure 3.4(b), these coordinates are marked
with small circles, and there seem to be a tendency for the vortex centres to
move towards the predicted position.

Now, it is possible to explain the peculiar vortex centre path produced by
the VGp

6 in figure 3.4(a). In analogy to the paths of the vortices generated
by the array, the curving back motion indicates the existence of secondary
vortices, outside of the primary pair. At (x− xVG)/h = 445 the circulation of
the secondary vortices is about 55% of the primary vortices. The secondary
vortices probably originate from the very thin layer of stress-induced opposing
ωx under the primary vortex.

In figure 3.5(a) the vortex paths from the single VG pair are shown in plan
view. A divergence of the paths, from all VG sizes, caused by the mirrored
images can be observed. The angle of divergence increases with vortex strength.
Vortex centre paths downstream of VG arrays are plotted in figure 3.5(b). In
plan view it is easy to see how the paths first move apart, roughly at the same
rate as in the case of the single pairs, up to about (x− xVG)/h = 50 and then
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how they converge towards the asymptotic spanwise location of z/D = ±0.25
as discussed earlier.

Also the turbulence quantities were measured and in figure 3.6 it is striking
how well their maxima scale with h. Note, that here all three VG sizes have
been plotted.

In many practical applications, especially on ground vehicles, the VGs
operate in yaw most of the time. Therefore it is of interest to study vortex
generation and decay under such non-ideal conditions.

When a VG pair is yawed the angle of attack of one blade is increasing while
the angle of attack of the other blade is decreasing and therefore it is difficult
to predict the total circulation generated by the VG pair. Figure 3.7(a) shows
that the total circulation, up to a VG pair yaw angle of β = 20◦, is almost
constant and that the circulation decay (seen vertically in the figure) also seems
to be independent of yaw. In figure 3.7(b) the effect of yaw on the individual
vortices in a VG pair is shown. When the yaw angle increases (one blade angle
is increasing, while the other is is decreasing) the circulation of both vortices
changes linearly and according to the figure the blade that is parallel to the
flow at β = 15◦ is still producing a vortex. The reason for this could be that
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Figure 3.7. (a) The total circulation, i.e. the contribution
from both the vortices, in the VGp

10 case versus the yaw angle
at (x−xVG)/h = 6, 41, 116 shown by (◦, !, ♦), respectively.
(b) The individual contribution from the two vortices for the
VGp

10 case at (x− xVG)/h = 6.

the strong vortex is deflecting the flow to reach the parallel blade at some angle
or that this is caused by vorticity induced by the larger vortex.

3.2. Vane-type VGs in APG
Much research on VGs have been done in ZPG, but their real use is in APG.
Schubauer & Spangenberg (1960) tried a variety of wall mounted devices to
increase the mixing in the boundary layer. They did this in different APGs
and they concluded that the effect of mixing is equivalent to a decrease in
pressure gradient.

Godard & Stanislas (2006) made an optimisation study on co- and counter-
rotating VGs submerged in a APG boundary layer. They found that the
counter-rotating set-up was twice as effective as the co-rotating in increasing
the wall shear stress. In another recent experiment Angele & Muhammad-
Klingmann (2005a) made extensive PIV measurements to show the flow and
vortex development inside a turbulent boundary layer with a weak separation
bubble.

In the present study the VG arrays of section 3.1 were positioned upstream
of the separation bubbles described in section 2.1. Due to the rapidly growing
boundary layer in that region, which causes the velocity at y = h to vary,
four different VG arrays could be used to produce any vortex strength up to
γe

1 = 4.0 m/s by placing them at different streamwise positions (xVG). The
effect of the VGs on the separated region was studied with PIV.

1γe is the circulation per unit width, calculated from h and the velocity at y = h.
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Figure 3.8. Mean velocity profiles at (a) the spanwise posi-
tion of inflow and (b) the position of outflow.

In figure 3.8 the streamwise mean velocity profiles at the positions of inflow
and outflow are shown for different VG configurations at xh in APG case II.
The uncontrolled case is shown for comparison. At the position of inflow, more
streamwise momentum is transported down, and a larger effect of the VGs
can be seen. The two VGs which produce the smallest amount of circulation
have negligible influence on U , but when the circulation is increased to γe =
1.4 separation is prevented. This is the most efficient VG configuration for
eliminating separation in this particular flow case, in the sense that the drag
generated by the VGs is expected to be less than that generated by the larger
VGs. Even though this gives a pronounced efficiency maximum it could also
cause a system designed for maximum efficiency to be sensitive to changes in
the flow conditions.

Figure 3.9 summarizes the separation control effectiveness, in terms of H12,
of all examined VG configurations. Here H12 at xh for cases I, II and III are
compared for different magnitudes of γe. In the uncontrolled case, H12 is about
4, 5 and 7 in the respective cases. The value of γe at which the flow stays
attached seems to be fairly insensitive to the pressure gradient, even though
the difference in size of the separated region is quite large in the uncontrolled
cases. When γe is further increased, the average H12 seems to asymptotically
approach 1.4, which is the value of a ZPG turbulent boundary layer.

In order to investigate the influence of xVG, the same level of circulation
was produced at four different x positions. This was accomplished by ap-
plying differently sized VGs at different streamwise positions so that Uh at
y = h is constant. Two arrays are placed before the pressure gradient peak,
one is placed at the peak-position and one is positioned right after the maxi-
mum. In figure 3.10(a) the resulting mean streamwise velocity profiles at xh
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Figure 3.10. (a) Mean velocity profiles at the spanwise posi-
tions of inflow and outflow for four different VG configurations.
The four rightmost profiles are measured at the position of
inflow and the others at the position of outflow. (b) H12 mea-
sured at xh for a generated γe of 3.1 m/s. The upper curve is
H12 at the position of outflow and the lower curve is H12 at
the postion of inflow. The grey line shows the average H12.
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are presented. For the case of 6 mm high VGs the boundary layer seems two-
dimensional, but the 10 mm VG array shows a fuller profile at the position of
inflow. For the next two cases of larger VGs, the shift of the profiles increases.
However, if an average of the profiles at the inflow and outflow positions is
taken for each VG size, the curves of the three largest VGs are similar. Hence,
the shape factor of the average mean velocity profiles will be similar. This
is shown in figure 3.10(b), where H12 at the inflow and outflow positions are
plotted versus the upstream distance to the VG arrays. From this figure one
can conclude that H12 at xh, i.e. the control effect, is quite insensitive to the
streamwise position of the VGs.



CHAPTER 4

Jet vortex generators

An alternative way of producing the vortices is by jets originating from the
wall. Flow control by vortex generator jets (VGJs) was first described by Wallis
(1952). He claimed that an array of VGJs could be as effective as passive VGs
in suppressing separation on an airfoil. In the following the jet direction is given
by the skew and pitch angle, see figure 4.1 for a definition of the geometry.

4.1. Steady jet VGs
A study by Johnston & Nishi (1990) demonstrated how streamwise vortices are
produced by a VGJ array. A pitch angle of less than 90◦ was needed in order to
generate vortices effectively. Some success in reducing the size of a separated
region in an APG, was also demonstrated when the velocity ratio VR, which
is the ratio of jet speed to free stream velocity, was 0.86 or higher. Compton
& Johnston (1992) studied VGJs pitched at 45◦. A skew between 45 and 90◦
was found to give the strongest vortices. The circulation of the vortices was
also found to increase as the VR was increased.

In a study on a backward facing 25◦ ramp, where the flow separates, Selby,
Lin & Howard (1992) measured the pressure for different VGJ array configu-
rations. The pressure recovery increased up to the highest tested VR ratio of
6.8. It was shown that a small pitch angle (15◦ or 25◦) is beneficial and that
the optimum skew angle appears to be between 60◦ and 90◦.

According to the review by Johnston (1999) the VR is the dominant pa-
rameter in generating circulation. The exact streamwise location of the VGJ
row seems less important since the boundary layer reacts likewise independent
of where it is energised. Khan & Johnston (2000) performed detailed measure-
ments downstream of one VGJ and showed that the flow field is similar to that
of solid VGs.

Zhang (2000) showed that a rectangular jet can produce higher levels of
vorticity and circulation compared to a circular jet of equal hydraulic diameter
and VR. Another experiment on the jet orifice shape by Johnston, Moiser &
Khan (2002) showed that the inlet geometry affects the near-field but not the
far-field. Zhang (2003) studied co-rotaing vortices produced by a spanwise array
of VGJs, where both skew and pitch are set to 45◦, and described the complex
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Figure 4.1. Schematic of a VGJ device producing counter-
rotating vortices. U is the free stream mean direction and Ujet

is the jet velocity. The direction of the jet is defined by the
pitch angle α and the yaw angle β. The jet exit diameter is
named d, the distance between the jets of a VGJ pair L and
the distance between the pairs in an array λ. For a co-rotating
array there is no L and thus λ is the distance between the jets.

near field. The ratio of the vortex strength of the primary and secondary
vortices (cf. Rixon & Johari (2003)) are shown to depend on VR.

In all previous reports the vortex strength has been reported to increase
monotonically with VR, but Milanovic & Zaman (2004) find a maximum in the
region of VR = 2.0–2.8.

The most extensive investigation in recent years is the one by Godard &
Stanislas (2006). They measure the skin friction increase for different VGJ
configurations producing co-rotating and counter-rotating vortices. Their data
shows that optimised VGJs produce results comparable to passive vane-type
VGs in terms of skin friction increase. For a counter-rotating pair their optimal
set of parameters are: β = 45 − 90◦, α = 45◦ and L/d = 15. They show a
strong increase in skin friction with jet velocities up to VR =3.1. Above that
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Figure 4.2. Schematic of VGJ set-up.

there is almost no increase. They also reported that the counter-rotating VGJ
pair is still effective at free stream yaw angles up to 20◦.

Here a counter-rotating configuration was chosen for the VGJ array and
the geometry was chosen in agreement with the results of the above mentioned
studies. The skew and pitch angles are chosen as 90◦ and 45◦, respectively, and
the jet spacing is L = 16d. In figure 4.2 the set-up of the VGJ system is shown.
The 9 unit (18 jets) array spans the full width (0.75 m) of the wind tunnel and
deliver VR = 8–9 at a test section inlet velocity Uinl of 26.5 m/s. One of the
VGJ devices is placed outside the wind tunnel and a hot wire probe is used to
continuously monitor the jet velocity during the experiments.

PIV is used to measure a 150 mm × 150 mm plane at y = 5 mm, parallel
to the wall. Since the small gradient makes it possible to average the data
in the streamwise direction the accuracy of the spanwise velocity profile is
increased. The streamwise-averaged velocity, normalised by Uinl, is called U5

in the following. From U5 a scalar effect measure can be calculated by averaging
the velocity over one period λ in the spanwise direction. This scalar is termed
U5.

Between the two counter-rotating vortices, at z/D = 0, the vortices pro-
duce a downflow that transport streamwise momentum towards the wall. The
effect of this can be seen for VR = 3 in figure 4.3(a), where the velocity con-
tours have a U-shape around z/D = 0. At z/D = 0.5 the vortices instead
produce upflow and transport of low streamwise momentum from the wall. If
VR is increased to 6 the U distribution in the cross-plane changes as can be
seen when comparing figures 4.3(a, b). The velocity increases near the wall, but
a high speed streak, unconnected to the free stream, is also formed at z/D = 0.
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Figure 4.4. (a) Velocity profiles at y = 5 mm for different
VR and (b) the corresponding mean velocities U5.

With a fixed geometry the only variable parameter of the VGJs is VR.
In figure 4.4(a) the velocity profiles at different jet velocities are shown and
in figure 4.4(b) the corresponding U5 is shown. There is almost no change
when the jets are activated at VR = 0.5. This is possibly because the jets are
still too weak to produce any vortices. A further velocity increase to VR = 1.0
eliminates the mean backflow. Thus, there are now longitudinal vortices present
in the boundary layer. From VR = 0.5 to VR = 2.0 the increase in U5 with
VR is nearly linear. After that and up to VR = 5.0 the control effectiveness is
still increasing, but at a lower rate. Above VR = 5.0 there is a decrease in U5.

The VGJ array is also tested at yaw. The VGJ devices of the array are
yawed individually, at θ = 0◦−90◦, and the resulting U5 is shown in figure 4.5.
U5 decreases slowly with θ, down to a minimum at θ = 60◦. For increasing θ >
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60◦ U5 increases to a second maximum at θ = 90◦. This is more pronounced
for VR = 5

4.2. Pulsed jet VGs
The flow control effect of pulsed VGJs can be due to several different physical
mechanisms. They can influence the flow by amplifying natural frequencies in
the boundary layer, like the shedding of a stalled airfoil. Furthermore, they
can function like steady VGJs and produce longitudinal vortices that transport
high momentum fluid towards the wall. In the experiment presented in this
article pulsed VGJs of the last category are applied. If the VGJ geometry is
set, there are three main parameters that decide the performance of a pulsed
VGJ. It is the velocity ratio, the pulsing frequency f and the duty cycle Ω.

For steady VGJs the generated circulation depend strongly on VR and the
same is valid for for pulsed VGJs. This has been shown for arrays of VGJs by
McManus et al. (1995) and Kostas et al. (2007). Also similar to steady jets
is the occurrence of an circulation optimum in VR above which the vortex is
translated out of the boundary layer.

In McManus et al. (1995) and Scholz et al. (2008) the frequency had little
effect on lift and drag, but in McManus et al. (1996) the magnitude of the
upper side suction peak was strongly dependent on the pulsing frequency. The
optimum frequency Strouhal number was found to be of the same order as that
characterizing the natural eddy shedding behind blunt objects.

The duty cycle was shown by Scholz et al. (2008) to be important in in-
creasing post-stall lift on an airfoil. They found Ω ≤ 0.25 to be most beneficial.
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In the study by Kostas et al. (2007) the wall shear stress increases nearly lin-
early with increasing Ω. Johari & Rixon (2003) suggested that the maximum
jet penetration determines the maximum circulation produced by a pulsed VGJ
and suggested that the optimum injection time is 4–8 d/Ujet.

In the same VGJ array as in figure 4.2 the jets were pulsed at f = 12.5−
400 Hz. A typical jet pulse train is shown in figure 4.6. The nominal injection
velocity is the average of the pulse plateau. T is the period time and t1 is
the injection time. Thus Ω = t1/T . There is a leakage flow when the valve is
closed, but the volume and impulse of the leakage flow is low.

In figure 4.7(a) the control effect variation with VR is compared for steady
and pulsed jets. The two lines show that the rate of increase of U5 decreases
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at VR ≈ 2.5− 3 for both configurations. The symbols show the data points at
different frequencies and VRs plotted against VR∗ = ΩVR. When the pulsed
data is compensated for the lower mass flow by using VR∗ as measure, the
control effect is similar to that of the steady jets. In order to study whether
there is an maximum volume efficiency, the control effect is recalculated as
U5/VR∗. If U5/VR∗ is plotted against the jet based Strouhal number Stjet =
fd/Ujet, there seems to be an optimum, as can be seen in figure 4.7(b).

The frequency and Ω were varied at a constant VR = 3. In figure 4.8(a)
the resulting U5 is shown. Compared to Ω, the influence of f is small. A non-
dimensional injection time is defined as t+1 = t1Ujet/d, and the variation of the
control efficiency ∆U5/VR∗ with t+1 is shown in figure 4.8(b). There seems to
be a maximum at t+1 = 100− 200

At a constant f = 50 Hz, the VR and Ω is varied. As expected, figure 4.9(a)
shows that a higher velocity ratios and longer duty cycles produce more control
effect. If instead, the variation of ∆U5/VR∗ with t+1 is studied, as shown in
figure 4.9(b), it is possible to identfy a maximum at t+1 = 100−150 for VR = 2, 3
and 4.
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CHAPTER 5

Conclusions

In this chapter the main conclusions from the different investigations are sum-
marised.

5.1. The separated region
• In the separated region the Zagarola-Smits velocity scaling was found

to better scale the mean-velocity defect profiles than the methods sug-
gested by Mellor & Gibson (1966), Perry & Schofield (1973) and Schofield
(1981).

• There were two regions of similarity: before and after the maximum
of H12 and χw in the separation bubble. In these two regions velocity
defect profiles are independent of the pressure gradient.

• H12 increases linearly with increasing χw in the separated region. Down-
stream of their maxima, H12 decreases linearly with decreasing χw, but
at a higher level of H12.

5.2. Vane-type VGs
• The vortex core paths in plan view as well as in the plane normal to the

flow, scale with the VG size in the downstream and spanwise directions.
• In this paper an asymptotic limit hypothesis of the vortex array path

is stated and is shown to hold reasonable well. The limiting values
for vortices far downstream are (y/h, z/D) = (2.08,±0.25), which the
experimental data seems to approach.

• It is here shown, in the VG pair case, that the vortices are able to induce
opposite sign vorticity, which is rolled up into a secondary vortex and
strongly affect the primary vortex path.

• For VG arrays of different sizes, but with self-similar geometry, the
generated circulation increases linearly with the vane tip velocity.

• In both the pair and the array configurations, the circulation decays
exponentially at approximately the same rate.

• The maxima of the turbulence quantities scale with h in the streamwise
direction.

• The spanwise-averaged shape factor and circulation are unaffected by
yaw.

31



32 5. CONCLUSIONS

• In order to capture the evolution of vortex core paths in the far region
behind an array of counter-rotating vortices it has been shown through
a pseudo-viscous vortex model that circulation decay and streamwise
asymptotic limits have to be taken into account.

• For three separation bubbles of different size, separation was prevented
at approximately the same λe. For higher λe, H12 for all APGs approach
a asymptotic value of 1.4.

• The streamwise position of the vortex generating devices is, within a
certain range, of minor importance, which makes separation control by
VGs robust and less sensitive to changing boundary conditions.

5.3. Jet VGs
• VGJs have been shown to be as effective as vane-type VGs. Further-

more, there seems to be a maximum possible value of U5 ≈ 0.4, that is
common for both systems.

• The maximum U5 is reached at VR = 5. The maximum volume flow
efficiency and the maximum kinetic energy efficiency is obtained at
VR = 2.0 and VR = 1.0, respectively.

• At yaw the control effect is decreasing slowly up to θ = 40◦, where it
is still 70–80 % of the non-yawed level. Thus, the system robustness for
yaw is good.

• When VR is in the maximum efficiency range and more control is
needed, the VGJ array should, if possible, be made denser instead of
increasing VR. Similarly, to reduce control the VGJ array is made more
sparse.

• The basic mechanism of pulsed VGJs is pulse-width modulation. The
control effectiveness is primarily a function of VR∗ = ΩVR. Thus, for
maximum effectiveness at constant VR the duty cycle should be Ω = 1.

• If they can be run at the optimum VR, pulsed jets can be more efficient
than steady jets for a required level of U5.

• For a given Ω there is a optimum Stjet. The optimum Stjet can be seen
as a limit for a robust system, due to the rapid decrease in control effect
at frequencies higher than the optimum.

• The injection time, and not Ω, is the relevant parameter. Here the
optimal injection time span is 100 < t+1 < 200. The optimum Stjet

mentioned above can be expressed in t+1 . Thus, there are only two
non-geometry parameters that determine the efficiency: VR and t+1 .

• Johari & Rixon (2003) suggested that the optimal injection time for
pulsed VGJs is in the range of 4–8 d/Ujet. In the present experiment
the optimal t1 has been shown to be approximately 25 times longer.



CHAPTER 6

Outlook

6.1. Practical applications
Flow control systems utilising vane-type VGs, steady VGJs or pulsed VGJs
have been shown to be effective and robust. This make them suitable for use
on ground vehicles. As mentioned earlier an array can be utilised to energise
the boundary layer upstream of a steep tapering of the vehicle rear end and thus
prevent separation. The effectiveness of VGs and VGJs are equal and therefore
the choice can be based on which system is the most practical. Passive VGs
are of course simpler, but sharp blades cannot be mounted on a ground vehicle
due to safety reasons. Furthermore they can not be turned off while braking
or when driving in a convoy1.

There are other areas on a ground vehicle that can benefit from flow control,
as for example the underbody. The internal flow systems can also be improved.
The air inlet to the engine should have a low pressure drop even though the
pipes are bent. Also the important cooling air flow can be increased if the
pressure drop is reduced.

An obvious application of VGJs is on airplanes. Vane-type VGs are already
used on wings and in engine air intakes, however also on an airplane it is useful
to be able to turn of the flow control system.

6.2. Further research
There are two main areas of interest that needs to be pursued: the application
of the VGJ system on a bluff body and the exchange of pulsed jets for synthetic
jets.

It would be valuable to study the effect of VGJs on a truck-like bluff body
and analyse how the energy consumption will change. If the energy consump-
tion of the jets is larger than the decrease in energy consumption caused by
the drag reduction the system is less useful.

Synthetic jets are very attractive since they require no air supply and thus
make the installation simple. Since a synthetic jet has little influence on the
boundary layer during its suction phase their flow control mechanisms are the

1The total drag of a convoy of trucks can probably be reduced if all vehicles except the last
turn off their flow control systems to increase the wake size.
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same as for non-synthetic jets. One example of a study using synthetic jets is
the investigation by Amitay et al. (2001). Synthetic jets are probably the way
ahead, but injection times in the order of 100–200 d/Ujet requires actuators
with large reservoirs.
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Ola Lögdberg



37



Acknowledgements

First I would like to thank my supervisor Prof. Henrik Alfredsson for accepting
me as his student and for his guidance.

I would also like to thank my assistant supervisor Dr. Jens Fransson for
teaching me how to set up and perform a nice experiment. Everything is so
much easier if you are well organised.

Furthermore, I would like to thank Dr. Kristian Angele for introducing me
to PIV and for his unlimited enthusiasm.

Special thanks to Dr. Olle Törnblom, Tek. Lic. Timmy Sigfrids and
Dr. Claes Holmqvist for sharing lots of practical and theoretical knowledge
on fluid mechanics. Thanks to Thomas Kurian for helping me with X-probe
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1Linné Flow Centre, KTH Mechanics, S-100 44 Stockholm, Sweden
2Scania CV AB, S-151 87 Södertalje, Sweden
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This study focuses on the mean velocity distribution of turbulent boundary lay-
ers near, at and after separation. The proper mean velocity scaling of the outer
region in strong adverse pressure gradients and separated turbulent boundary
layers is still under debate and over the years various different velocity scales
have been proposed. Here the scaling proposed by Zagarola and Smits (J. Fluid
Mech., 373, 33) is applied to data from three different separated flows. In all
cases the mean velocity defect profiles are self-similar in the region between
separation and the position of maximum mean reverse flow. Downstream of
the reverse flow maximum the profiles change, but they are still self-similar
within that region. It was also found that the mean velocity defect profiles of
all three pressure gradients show similarity in the region between separation
and the position of maximum mean reverse flow.

1. Introduction
The proper mean velocity scaling of the outer region in strong adverse pres-
sure gradient (APG) and separated turbulent boundary layers is still under
debate. According to Townsend (1961), the criterion for similarity to exist
in the mean velocity profile is that the ratio between the pressure gradient
in the streamwise direction (dP/dx) and the wall shear-stress (τw) expressed
as β = (δ1/τw)(dP/dx), is constant. This ratio is constant when the shape-
factor, H12 = δ1/δ2, is constant (δ1 is the displacement thickness and δ2 is
the momentum loss thickness). The validity of Townsend’s criterion has been
experimentally verified by Clauser (1954) and Sk̊are & Krogstad (1994).

Turbulent boundary layers developing towards separation clearly do not
fulfill this criterion, as the wall shear-stress decreases towards zero and then
changes sign, while H12 monotonically increases. Usually the friction veloc-
ity, uτ =

√
τw/ρ, where ρ is the density of the fluid, is used as the velocity
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scale. However to avoid the singularity at separation Mellor & Gibson (1966)
suggested to use instead the scale up defined as follows

up = β1/2uτ =

√
δ1

ρ

dP

dx
(1)

A different velocity scale, us, which explicitly depends on the maximum
Reynolds shear-stress was suggested by Perry & Schofield (1973) and Schofield
(1981). Here us is determined from a fit to the velocity profile in a similar
manner as uτ is obtained from a Clauser plot. However Angele & Muhammad-
Klingmann (2005a) showed that, for their data, up and us scale the same
data-set before and after separation equally well.

Recently, Maciel et al. (2006b) proved the usefulness of the Zagarola-Smits
velocity scale Zagarola & Smits (1998), which is defined as

UZS = Ue
δ1

δ
, (2)

where Ue is the free-stream velocity and δ is the boundary layer thickness (de-
fined in a suitable way). Their data before and after separation show similarity
for the outer layer mean velocity distribution, and also for the Reynolds stresses.
Panton (2005) points out that uτ is proportional to the Zagarola-Smits veloc-
ity scale for high Reynolds numbers. Maciel et al. (2006a) reviewed APG data
from Perry (1966), Maciel et al. (2006b), Sk̊are & Krogstad (1994), Dengel &
Fernholz (1990) and others and showed that the Zagarola-Smits scaling works
well.

In the present work, we apply the Zagarola-Smits scaling on two newly
acquired pressure gradient cases as well as the data-set reported in Angele &
Muhammad-Klingmann (2005a) (referred to as case I herein). The results show
that the Zagarola-Smits velocity scaling is useful not only for the region near
separation, but also for cases of different adverse pressure gradients.

2. Experimental setup
All experiments were performed in the KTH BL wind-tunnel, with a free stream
velocity of 26.5 m/s at the inlet of the test section. The test section is 4.0 m
long and has a cross-sectional area of 0.75×0.50 m2 (height×width). For a
detailed description of the wind tunnel, the reader is referred to Lindgren &
Johansson (2004). A vertical flat plate made of Plexiglas, which spans the
whole height and length of the test section, is mounted unsymmetrically with
its back surface 300 mm from the back side wall of the test section. The plate
is equipped with pressure taps (∆x = 0.1 m) along the centreline. At 1.25 m
from the beginning of the test section, the back side wall diverge in order to
decelerate the flow. Suction is applied on the curved wall to prevent separation
there. The induced APG on the flat plate can be varied by adjusting the
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Table 1. Separation bubble size. In the table, xs denotes the
position of separation, xr is the position of reattachment, ls is
the length of the separated region, hs is the maximum height
of the separation bubble and H12,sep is the shape factor at the
position of separation.

Case I Case II Case III
(dCp/dx)max (m−1) 0.70 0.78 0.87

xs (m) 2.4 2.24 2.09
xr (m) 2.7 2.85 3.1
ls (m) 0.3 0.6 1.0

hs (mm) 7 17 35
H12,sep 3.45 3.52 3.75

suction rate through the curved wall. The measurements are made with PIV
and for a detailed description of the experimental setup the reader is referred
to Angele & Muhammad-Klingmann (2005a,b).

3. Results
Three pressure gradients of different strengths are compared here. Case I is a
weak separation bubble similar to the case of Dengel & Fernholz (1990), whereas
case III is the strongest APG and the strength of case II is approximately in
between case I and case III. In table 1 the main parameters of the three flow
cases are given. We define the region of separated flow as where the backflow
coefficient χw is larger than 0.5. Note that with increasing APG the separation
point moves upstream and the reattachment point downstream.

Figure 1 shows the evolution of the shape factor in the three flow cases.
Upstream of x=1.8 m (before separation in all cases) there are no notable
differences between the cases, but the maximum value of H12 in the separation
bubble varies between 4.1 for case I to more than 7 in case III. Furthermore, the
value of H12 at the point of separation increases with the size of the separation
bubble, see table 1.

In figure 2, the scaled mean velocity profiles are presented in three sets:
before the point of separation (x < xs, labeled with the index a in figure 1), in
the separated region before the maximum in H12 (xs < x < xh, labeled with
the index b in figure 1), and after the position of the maximum in H12 (x > xh,
labeled with the index c in figure 1). Here δ95 is used as the outer length scale.
The different sets of curves are offset to make the figure more readable. In the
region upstream of separation, x < xs, the four plotted profiles do not show
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Figure 1. The evolution of the shape factor for the three
different pressure gradient cases. I (open triangle), II (filled
square) and III (open circle). Region a in the streamwise di-
rection is upstream of separation, region b is between the sep-
aration point and the position of maximum in H12 and region
c is downstream of the position of the maximum in H12.

self-similarity. However, the three profiles for xs < x < xh are self-similar when
scaled with UZS . In this self-similar region the boundary layer thickness δ95

grows from 70 to 110 mm and δ1 increases from 40 to 70 mm, over a streamwise
distance of 240 mm.

The four velocity profiles for x > xh are also self-similar, but only within
that set of profiles, i.e. they are not self-similar when they are plotted together
with the ones upstream of xh, as is shown at the bottom of figure 2. Thus, there
seems to be two different self-similar regions in the separated region, before and
after xh. For case II there are no data in between the two regions, but for case
III there is an intermediate region where the velocity profile seems to be an
average of the ones in regions b and c.

In the study of Dengel & Fernholz (1990) a linear relationship between
H12 and the backflow coefficient, χw was claimed. In their experiment the
value of H12 is the same at separation and reattachment. A similar linear
relationship between H12 and χw is found in this study, but here there are two
separate linear regions before and after xh, as can be seen in figure 3. The
transition between the two linear regions seems abrupt, but it takes place over
a region of approximately ∆x=0.2 m. It is tempting to connect the respective
linear regions to the different regions of self-similarity before and after xh,
but note that the linearity extends to χw=0, where the velocity profiles no
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Figure 2. Mean velocity profiles scaled with UZS and δ95 for
case II. The top three sets of curves show velocity profiles up-
stream of separation (a, circles), between the separation point
and the position of the maximum in H12 (b, squares) and af-
ter the maximum in H12 (c, triangles), respectively. The lower
three curves show the average of the above three sets.

longer collapse. Figure 3 also shows that H12 and χw both reach their extreme
values at the same streamwise position. The shape factor at reattachment has
increased by ∆H12≈0.5 compared to the separation point, contradicting the
results obtained by Dengel & Fernholz (1990).

To investigate whether the similarity holds between separation bubbles
of different size, velocity profiles from the respective region upstream of the
maximum in H12 for flow cases I, II and III are scaled by UZS and plotted
together in figure 4. For y/δ95 > 0.15 all profiles collapse. This is noteworthy
since the differences in size of the separation bubbles are quite large. There
are no data available downstream of the maximum in H12 for case I, but the
profiles of case II and case III show similarity in region c as well.

We should also point out that the scalings based on us and up, which
rendered self-similarity for case I in Angele & Muhammad-Klingmann (2005a),
do not show the same extent of similarity as the Zagarola-Smits scaling showed
here.
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Figure 3. The shape factor H12 as a function of the back flow
coefficient χw for case II. The arrows indicate the direction of
increasing x.

4. Discussion
In the recent study of Maciel et al. (2006a), where a number of experiments
are compared, it is shown that the mean-velocity defect profiles display self-
similarity at some streamwise positions, but that data from the different ex-
periments do not collapse. The reason for this is said to be the difference in
the pressure gradients. The present results on the other hand, show that the
velocity profiles are self-similar in all three pressure gradient cases. Both the
streamwise positions and the ranges of H12 differ between the cases, however,
it is rather the streamwise position relative to the point of separation and the
bubble maximum that determines the similarity.

According to the similarity analysis presented by Maciel et al. (2006a),
there are three necessary conditions for self-similarity, namely that the following
parameters are constant

βZS =
δ2
95

δ1ρU2
e

dP

dx
, γZS =

δ1

δ95
=

UZS

Ue
,

dδ95

dx
(3)

The latter two criteria leads to the conclusion that both the length scales
δ95 and δ1 should increase linearly in the streamwise direction and that both
δ95 and δ1 work equally well as the outer length scale. Also, Ue can be used
instead of UZS as the velocity scale.
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Figure 4. Mean velocity profiles scaled with UZS and δ95 in
the region between the separation point and the position of
the maximum in H12 for cases I, II and III. The insert shows
how the velocity profiles deviate from an average of all profiles.
Note that the scale of the ordinate is increased in the insert.

These consequences are the same as the ones for the theory presented by
Townsend (1961). These were not fulfilled in the cases by Maciel et al. (2006b)
and Dengel & Fernholz (1990) even though βZS and γZS do not change very
much in the regions where the mean-velocity profiles are self-similar. In the
case reported in Sk̊are & Krogstad (1994), however, they are constant, but in
that case also β and H12 are constant, which fulfills the criteria of the classical
equilibrium. For the present case βZS and γZS are shown in figure 5 and
6. Neither parameter is constant in the self-similar regions. βZS decreases
when χw increases and vice versa. γZS behaves in the opposite way and since
(Ue − U)/UZS = 1/γZS on the wall, it can also be seen from figure 4 that
despite the self-similarity of the velocity profiles γZS is not constant. Note
that in the separated region, βZS is larger and γZS is smaller for the weaker
separation bubbles.

As pointed out by Maciel et al. (2006a), mean-velocity defect profiles scaled
with UZS can exhibit an apparent similarity, due to the fact that the scaling
forces the area under the curve to be equal to one. In the present case the
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Figure 5. The downstream development βZS . Symbols as in
figure 1.
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Figure 6. The downstream development γZS . Symbols as in
figure 1.

average velocity profiles from the different sets of curves in figure 2, show that
differences in shape are still possible to detect.

To conclude we have found that the Zagarola-Smits velocity scaling for
mean-velocity defect profiles is useful not only for the region around separation
but also for cases of different pressure gradients. There seem to be two distinct
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regions of similarity before and after the maximum of H12 and χw in the sepa-
ration bubble. In these two regions velocity defect profiles are independent of
the pressure gradient.
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In this experimental study both smoke visualisation and three component hot-
wire measurements have been performed in order to characterize the stream-
wise evolution of longitudinal counter-rotating vortices in a turbulent boundary
layer. The vortices were generated by means of vortex generators (VGs) in dif-
ferent configurations. Both single pairs and arrays in a natural setting as well
as in yaw have been considered. Moreover three different vortex blade heights
h, with the spacing d and the distance to the neighbouring vortex pair D for
the array configuration, were studied keeping the same d/h and D/h ratios. It
is shown that the vortex core paths scale with h in the streamwise direction
and with D and h in the spanwise and wall-normal directions, respectively. A
new peculiar ”hooklike” vortex core motion, seen in the cross-flow plane, has
been identified in the far region, starting around 200h and 50h for the pair and
the array configuration, respectively. This behaviour is explained in the paper.
Furthermore the experimental data indicate that the vortex paths asymptote
to a prescribed location in the cross-flow plane, which first was stated as a hy-
pothesis and later verified. This observation goes against previously reported
numerical results based on inviscid theory. An account for the important vis-
cous effects is taken in a pseudo-viscous vortex model which is able to capture
the streamwise core evolution throughout the measurement region down to
450h. Finally, the effect of yawing is reported, and it is shown that spanwise-
averaged quantities such as the shape factor and the circulation are hardly
perceptible. However, the evolution of the vortex cores are different both be-
tween the pair and the array configuration and in the natural setting versus
the case with yaw. From a general point of view the present paper reports
on fundamental results concerning the vortex evolution in a fully developed
turbulent boundary layer.
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1. Introduction
1.1. Background and motivation

This work deals with the development of streamwise vortices in turbulent
boundary layers. Vortices are introduced in a controlled way by vortex genera-
tors (VGs) and their downstream development is investigated. The interest in
such development is twofold: firstly because of the appearance of streamwise
vortices in many natural flow situations and secondly because of the use of VGs
to control separation.

In laminar and turbulent boundary layers along concave surfaces streamwise-
oriented vortices develop, usually called Görtler vortices (see e.g. Swearingen &
Blackwelder 1987). Also boundary layers influenced by spanwise rotation may
develop streamwise-oriented vortices (Watmuff et al. 1985). In these two cases
centrifugal and Coriolis forces, respectively, give rise to the vortices.

Surface roughness in laminar boundary layers may also generate streamwise
vortices, which develop into longitudinal streaks of high and low velocities.
Depending on the roughness height Reynolds number and spanwise distribution
they may either promote or delay transition (Fransson et al. 2005, 2006). In
turbulent boundary layers streamwise-oriented streaky structures of low and
high velocities are well documented and are believed to be associated with
streamwise vortices (Blackwelder & Eckelmann 1979).

As mentioned above the introduction of streamwise vortices through VGs
can be used in order to delay or even avoid separation in adverse pressure
gradient (APG) flows. Such devices are commonly observed on aircraft wings,
diffusers and other APG surfaces but also have a potential to be used on ground
vehicles. The work presented here is partly motivated by the possibility to
reduce drag on trucks, by adding a boat tail to the rear and hence reducing
the pressure drag. However, there is a restriction, prescribed by law, on how
long the tail can be, and hence the deflection angle becomes an important
parameter. Too large angles would give flow separation, which may be avoided
by means of passive VGs. For design optimization fundamental knowledge of
vortex evolution and induced drag is therefore needed. Here, we have chosen a
fundamental study philosophy by idealizing the flow geometry to a zero pressure
gradient (ZPG) turbulent boundary layer over a flat plate. This less complex
flow geometry, compared to practical flow situations, allows us to focus on the
fluid physics to a higher degree. One should however be careful in drawing
conclusions for the APG case based on the present ZPG investigation, since
the results are believed to depend on the pressure gradient to some degree.

Although naturally developing vortices are of interest in their own right
we will only review the literature in which vortices are introduced into the
boundary layer with some kind of vane-type VG, either to study the effect on
separation directly or to study the vortex development in itself.
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1.2. Review of streamwise vortex development work

The first experiments on conventional vane-type passive VGs were reported by
Taylor (1947). This type of VG normally consists of a row of blades or airfoils
mounted perpendicular to the surface and with an angle against the oncoming
flow. The height (h) of these blades is often slightly higher than the boundary
layer thickness (δ).

Schubauer & Spangenberg (1960) tried a variety of wall-mounted devices
to increase the mixing in the boundary layer. They did this in different adverse
pressure gradients and concluded that the effect of mixing is equivalent to a
decrease in pressure gradient. One year later Pearcy (1961) published a VG
design guide. The focus of this work was primarily on shock-wave boundary
layer interaction and how to reduce the separation strength behind the shock
wave. However, the study also deals with the basics of VGs, such as co- and
counter-rotating vortex pairs (see figure 1 for definitions) as well as various
geometrical parameters and shapes. In general, the co-rotating arrays are more
efficient in preventing separation, however, for blade spacings greater than three
times their height Pearcy (1961) showed that the counter-rotating arrays are
equally good.

Pearcy (1961) also analysed the movement of the streamwise vortices inside
the boundary layer, using the inviscid analysis of Jones (1957). That analysis,
which takes into account the mirror imaging of the vortex at the wall, shows
that the vortices move away from the wall infinitely as they are convected
downstream. Vortices in a counter-rotating pair with a common downflow,
arranged in a larger array, will first move away from each other and towards
the wall. As the vortex is getting closer to the next vortex originating from the
neighbouring vortex pair it will be lifted away from the wall and asymptote to a
constant in the spanwise direction. A new counter-rotating pair with common
upflow is formed, which will continue to move away from the wall.

The evolution of a single vortex embedded in a turbulent boundary layer
was thoroughly investigated by Shabaka, Mehta & Bradshaw (1985). The ex-
perimental results show that close to the wall the vortex induces vorticity,
whose sign is opposite to that of the primary vortex. This induced vorticity
was observed to be convected to the upwash side of the vortex. It is also stated
that since turbulence is responsible for the diffusion of both the boundary layer
and the vortices, their size ratio stays constant when moving downstream over
the plate.

In a continuation Mehta & Bradshaw (1988) reported experiments with a
counter-rotating vortex pair in the same basic set-up. The vortices had a com-
mon upflow from the surface and were initially embedded in the boundary layer,
but due to the lift up motion the vortex centres had moved to around twice
the boundary layer thickness from the wall at a certain downstream distance.
Compared to the single vortex configuration the circulation of each vortex is
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(a)                                      (b)                                       (c)                                     

Figure 1. Different types of vortex pairs: (a) co-rotating,
(b) counter-rotating with common downflow and (c) counter-
rotating with common upflow.

about 20 % stronger, which may be attributed to the constraint imposed of
vortices acting as mirror images of each other. Throughout the test region
there was little direct interaction between the vortices. Both in this study as
well as in the study of the single vortex configuration the lateral meandering
was shown to be small.

Another study of a single vortex in a boundary layer was performed by
Westphal, Pauley & Eaton (1987). The vortex was produced by a delta wing
that was slightly higher than the boundary layer thickness. They examined the
vortex core area growth and showed that when the core radius reaches a certain
fraction of the height of the vortex centre to the wall, the vorticity contours
become elliptic in shape. This was hypothesized to be a sign of meandering,
but no evidence of any lateral movement of the vortices was found. The overall
circulation, when the vortex evolved downstream, either decreased slowly or
remained almost constant, depending on the case. The APG results are re-
ported both in Westphal, Eaton & Pauley (1985) and Westphal et al. (1987)
and show an increased diffusion of vorticity and hence a more rapid vortex
centre growth. The onset of vorticity contour flattening was accelerated by the
pressure gradient. To investigate more thoroughly whether the ellipticity was
caused by vortex meandering an experiment with a laterally oscillating VG
was carried out by Westphal & Mehta (1989). The results indicate that the
unforced vortex is laterally stable and also show that the initial meandering
caused by the moving VG is damped as the vortex is convected downstream.

Pauley & Eaton (1988) examined the streamwise development of pairs and
arrays of longitudinal vortices embedded in a ZPG turbulent boundary layer.
In this study the blade spacing of VGs and the blade angle were varied, and the
difference between counter-rotating vortices, with common upflow and down-
flow, and co-rotating vortices were examined. All configurations use blade
heights well above the boundary layer thickness. The researchers state that
the interaction of the secondary flow and the wall produces negative vorticity
below the vortex. This vorticity is swept up on the side of the primary vortex
to create a small region of opposite vorticity. The vortex centre movements in
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the cross-plane are as expected from inviscid theory, although the paths are
slightly modified by secondary flow structures. The proximity of other vortices
does not affect circulation decay, but increases the diffusion of vorticity.

In most experiments the first measurements are taken at more than 10h
downstream of the VGs. In order to study the initial circulation and peak
vorticity Wendt (2001) measured as close as one chord length downstream of
the blade trailing edge of an array of VGs. Several counter- and co-rotating
configurations were investigated by varying the aspect ratio, the blade length
and the blade angle. The vortex strength was observed to be proportional to
the free stream velocity, the blade angle and the ratio of the blade height and
boundary layer thickness. With these three parameters held constant an in-
creasing blade aspect ratio reduces circulation. In the study counter-rotating
vortices show greater magnitudes of circulation than a single vortex produced
with the same blade parameters. For co-rotating vortices the produced cir-
culation is lower than for the single vortex. The circulation is shown to be
accurately modelled by modified version of Prandtl’s relation between circu-
lation and airfoil geometry. In a previous work Wendt et al. (1995) studied
the decay of counter-rotating vortices in approximately the same set-up. The
vortices had their common flow directed upwards, and their distance to the
wall increased as they evolved downstream. Thus the wall friction decreased,
and the decay also decreased. The circulation decay is almost linear until a
distance of 70h downstream the VG.

In most of the earlier studies VGs with h/δ > 1 have been used. However to
reduce the drag penalty caused by the VGs, work has been done to reduce their
size, without sacrificing efficiency. The comprehensive review of low-profile
VGs by Lin (2002) shows that small (h/δ ∼ 0.2) VGs are just as effective in
preventing separation as the normal-sized (h/δ ∼ 1) devices. It was concluded
that low-profile VGs should be applied when the detachment point is relatively
fixed, and the VGs can be positioned close to the separated region. Yao, Lin
& Allan (2002) used stereoscopic particle image velocimetry (PIV) to compare
a low-profile VG (h/δ = 0.2) with a conventional one. In that study it was
shown that the maximum vorticity generated increases as the angle of attack
increases, from 10◦, for the small VG, but it decreases with angle of attack for
the large VG due to stall. Apart from this result there are no fundamental
differences between the two VGs.

Godard & Stanislas (2006) made an optimization study of co- and counter-
rotating VGs submerged in the boundary layer. They concluded that triangular
blades are better than rectangular blades, both in terms of vortex strength and
drag. They also found that the counter-rotating set-up is twice as effective as
the co-rotating in increasing the wall shear stress and that the optimum angle
of attack is about 18◦.
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In another recent experiment Angele & Muhammad-Klingmann (2005)
made extensive PIV measurements to show the flow and vortex development
inside a turbulent boundary layer with a weak separation bubble. The bubble
was controlled by VG arrays with different sizes (but all with h < δ). They
concluded that the important parameter with respect to the efficiency of the
VG is the circulation of the streamwise vortices. Although the circulation of the
vortex may be hard to determine experimentally they found that it scales with
the height of the generator blade and the velocity at its upper edge. Lögdberg
(2006) later confirmed their findings and also showed that the separation is
avoided altogether after only a small increase in circulation.

1.3. Layout of the paper

The present study complements earlier studies with embedded VGs in ZPG
boundary layers through extensive hot-wire mapping of the flow field, for both
for VGs giving a pair of counter rotating vortices and arrays of VGs. The flow
behind yawed VGs, with respect to the base flow, was also investigated. An
extended vortex model taking viscous effects into account was shown to give
good agreement with the measured vortex motion.

Section 2 describes the wind tunnel set-up, the measurement technique and
the VG family used. In §3 the results regarding the downstream vortex devel-
opment are given, and in §4 results with yawed VGs with respect to the base
flow are shown. The extended model for the vortex development is presented
in §5, and the paper ends with conclusions in §6.

2. Experimental setup and flow condition
In this section the experimental setup in the MTL (”minimum turbulence level”
or Mårten Theodore Landahl after its late initiator) wind tunnel is presented
together with the VGs that were used and the techniques for flow visualization
as well as velocity measurements. The section also treats the characterization
of the base flow, i.e. a ZPG turbulent boundary layer, in which the streamwise
evolution of vortices have been studied.

2.1. Wind tunnel

The experimental investigation of the streamwise evolution of longitudinal vor-
tices was carried out in the MTL wind tunnel, which is located at KTH Mechan-
ics in Stockholm. This wind tunnel is of closed-circuit type and was designed
with the aim to have a low background disturbance level. At the nominal
velocity of U0 = 25 m s−1 the high pass filtered root mean square velocity
values are less than 0.025 %, 0.035% and 0.035 % of the free stream velocity
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Figure 2. Sketch of the experimental setup, flow visualiza-
tion arrangement and VG geometry.

in the streamwise, wall-normal and spanwise directions, respectively1. The air
temperature can be regulated within ±0.05◦C by means of a heat exchanger,
which is located just upstream of the first corner after the axial fan (DC 85
kW). At the nominal velocity the total pressure variation is less than ±0.06 %.
For further information regarding the flow quality in the MTL wind tunnel the
interested reader is refered to Lindgren & Johansson (2002).

The test section is 7.0 m long and has a cross-sectional area of 1.2 m ×
0.8 m (width × height). A horizontal 5.8 m long flat plate, which spans the
whole width of the test section, was mounted with its upper surface 0.51 m
from the test section ceiling at the leading edge. The ceiling is adjustable
in order to make compensating for the boundary layer growth possible and
was here adjusted to give a zero streamwise pressure gradient at the nominal
free stream velocity. The boundary layer was tripped by means of eight rows
of Dymo tape embossed with the letter ”V” at the flat plate leading edge
to ensure a spanwise homogenous boundary layer transition. The plate was
waxed to make it smooth, but no measurement of the surface roughness was
performed, since this parameter was considered insignificant in this particular
experiment.

A sketch of the experimental set-up is shown in figure 2. The coordinate
system is chosen with the origin at the leading edge centreline of the plate,
and the coordinates x, y and z correspond to the streamwise, wall-normal and
spanwise directions, respectively.

1The applied cutoff frequency was defined as fc = U0/λs, where λs is the sum of the two
test-section side lengths, assuring that all disturbances with wavelengths fitting in the cross-
sectional area are conserved.
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The MTL wind tunnel is equipped with five degrees of freedom (x, y, z
and two angles α, ϕ) traversing system operated with computer-controlled DC
motors. This together with the feature of computer-controlled wind tunnel
speed allow for fully automatic in situ X-probe calibration (§ 2.3). In the
present set-up the probe was traversable in the following measurement volume:
200 & x & 5300, 0 ' y ' 130 and −72.5 ' z ' 72.5 (mm).

2.2. Flow visualization technique

The near flow development behind a spanwise pair and array of vortices was
first investigated through smoke visualization. The smoke was obtained by
heating a glycol-based liquid with a disco smoke generator (JEM ZR20 Mk II)
and then led through ventilation tubing to a stagnation chamber (80 litre in
volume). Two small DC regulated fans (12 V) were used to drive the smoke
from the stagnation chamber to the 1 mm slot (205 mm in the spanwise extent)
in the plate through five vinyl hoses creating a steady leakage of smoke through
the slot. The smoke was illuminated by a laser sheet, approximately 2.5 mm
thick, using a continuous Argon-ion laser (LEXEL 95–4) with a laser beam of
1.5 W and a cylindrical lens. The sheet was adjusted parallel to the plate,
spanning the region 3.0 mm < y < 5.5 mm. At each visualized configuration
300 images were captured through the traversing system slit in the test-section
ceiling with a CCD camera (1280 pixels × 1024 pixels). The image size in the
physical x-z plane was 205 mm × 102 mm (cf. figure 2).

2.3. Measurement technique

The velocity measurements were performed using hot-wire probes manufac-
tured in-house with the anemometer operating in constant-temperature mode.
Both a single-wire probe and X-probes were used for the measurements and
were made from 5.0 µm platinum wire with about 1 mm between the prongs.
The probes were calibrated in situ, far outside the boundary layer, against a
Prandtl tube. For the single-wire probe a modified King’s law calibration func-
tion was used (cf. Johansson & Alfredsson 1982), and for the X-probe an angle
calibration (–40◦ to +40◦) was performed in the velocity range 7–28 m s−1.
A surface fit, in the least squares sense, was applied to the data and used as
a transfer function (see e.g. Österlund 1999). All three velocity components
(U, V, W ) could be measured through double grid-point traverse by using two
boundary layer X-probes, one oriented for U − V and the other for U −W .

In the single-wire probe case the wall position was determined by decreas-
ing the speed until a laminar boundary layer was achieved. Six wall-normal
traverses, close to the wall, measuring the mean velocity in each position were
used to linearly extrapolate the velocity down to zero, in that way determining
the position of the wall with an estimated accuracy of 0.02 mm. In the case
of the X-probe measurements the probe was photographed next to a precision
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Figure 3. Mean streamwise velocity profiles in inner-law scal-
ing for Re = 3670, 5100, 6370, 7540, 8710, 9780 and 10770 in
the present ZPG turbulent boundary layer. Solid lines corre-
spond to single-wire probe data and symbols to X-wire probe
data, corresponding to Re = 7540, 8710 and 9780.

manufactured 777 ± 1 µm long cylinder, and then the wall distance was de-
termined by measuring the probe position relative to the top of the cylinder
on the photograph. With this method the wall position, relative the vertical
centre of the probe, was determined with an estimated accuracy of 0.01 mm.

Normally seven y-z planes were measured downstream of each test con-
figuration. In each measurement plane there were either 266 (19×14) or 322
(23×14) grid points. The traversing and collection of data were automatic and
took approximately 14 hours for seven planes. Before every 14 hour run the
calibration was checked against the wind tunnel Prandtl tube. Usually a new
calibration had to be performed after two runs of seven planes.

The velocity data from an X-wire probe in a gradient perpendicular to the
wires need to be corrected because the simplifying assumption of uniform ve-
locity in the probe measurement volume is not fully valid. In this experiment
the worst case appears when the probe is oriented to measure the U and W
velocity components in the boundary layer. In this case the wires are at dif-
ferent y positions that causes the wire-normal velocities and hence the cooling
velocities to differ considerably. Normally this does not produce any significant
error in the U component which is proportional to E1 +E2 (i.e. the sum of the
voltages from wires 1 and 2) and thus a function of the mean cooling velocity
in the measurement volume. The wall-normal/spanwise velocity component
(V/W ), on the other hand, is proportional to E1 − E2. This means that any
velocity gradient in z/y will produce an erroneously measured velocity in V/W .
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x U∞ uτ 1000 cf Re δ1 δ2 H12 δ99

(mm) (m s−1) (m s−1) (mm) (mm) (mm)
500 26.4 1.09 3.41 2260 1.88 1.28 1.47 10.4
1000 26.4 1.04 3.09 3670 3.02 2.08 1.45 17.2
1500 26.4 1.00 2.89 5100 4.01 2.89 1.39 23.7
2000 26.4 0.98 2.77 6370 5.04 3.60 1.40 29.9
2500 26.4 0.97 2.68 7540 5.97 4.26 1.40 35.9
3000 26.5 0.96 2.61 8710 6.78 4.90 1.38 41.6
3500 26.5 0.95 2.55 9780 7.66 5.51 1.39 47.5
4000 26.5 0.94 2.50 10770 8.63 6.07 1.42 53.2
4500 26.6 0.93 2.45 12200 9.62 6.86 1.40 60.2

Table 1. Description of the zero pressure gradient turbulent
boundary layer. Here Re is based on δ2.

In the experiments reported here the data are corrected using the procedure
described by Cutler & Bradshaw (1991). Only the mean velocity components
V and W and the covariances 〈uv〉 and 〈uw〉 are corrected. In U the error is
very small, and the correction terms of the velocity variances 〈u2〉, 〈v2〉 and
〈w2〉 include terms not known from the measurements.

In figure 3 mean velocity profiles for different Reynolds numbers are shown
for both single-wire (seven Reynolds numbers) and X-wire probes (three Rey-
nolds numbers). The figure has been cut at about y+ = 80 in order to empha-
size the comparison between the two probes. In order to assess an estimated
error of the X-probe data compared to the single-wire data the standard devi-
ations of the mean and root mean square values of the X-probe values as com-
pared to the single-wire data, normalized by the respective maxima, were cal-
culated. The results are (0.0011, 0.0012, 0.0014) and (0.0086, 0.0097, 0.0087)
for the three Reynolds numbers in exceeding order, for the mean and root
mean square standard deviations, respectively. This means that the mean val-
ues are measured within 0.2 % of accuracy, and the root mean square values
are measured within 1 % of accuracy with the applied sampling time.

2.4. ZPG base flow

In this subsection it is shown that the present turbulent boundary layer that
develops on the flat plate in the MTL wind tunnel has the characteristics that
are typical of a ZPG turbulent boundary layer. For these measurements a
single-wire probe was used (cf. § 2.3).

At all velocity measurements the free stream velocity U∞ was set to 26.5 m s−1,
and the temperature was kept constant at 18.1 ◦C. The variation of the free
stream velocity was measured by traversing the probe along the test-section
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VG h (mm) d (mm) l (mm) D (mm) l/h D/h h/δ99 Uh/U∞
VG6 6 12.5 18 50 3 8.33 0.22 0.74
VG10 10 21 30 83 3 8.33 0.36 0.81
VG18 18 37.5 54 150 3 8.33 0.65 0.92

Table 2. Physical dimensions of the VG sets used in the ex-
periment together with some relative boundary layer measures.
The last two columns are based on U∞ = 26.5 m s−1 and
x = 1830 mm where δ99 = 27.8 mm. Uh is the velocity at
the tip of the VG. See figure 2 for a clarification of the param-
eters. Note that the subindex in VG stands for the height (h)
of the vortex generator.

centreline at y = 120 mm. The test-section ceiling was adjusted to give a
velocity variation of less than 0.5 %.

Wall-normal velocity profile measurements were performed at nine differ-
ent streamwise positions from x = 500 mm to x = 4500 mm. According to
Österlund (1999) the boundary layer is fully developed, in the sense that there
exists a significant logarithmic overlap region, when the Reynolds number Re
based on the momentum thickness (δ2) is larger than 6000, and at Re ( 7000
even the second-order moment of the pressure seems to be fully developed in
a turbulent boundary layer (see Tsuji et al. 2007). In the present experiment
Re reaches a value of 6000 a small distance upstream of x = 2000 mm.

The skin friction was not measured independently but calculated from Re
using the equation

cf = 2
[

1
κ

ln(Re) + C

]−2

, (1)

which is derived from the logarithmic skin friction law. Österlund et al. (2000)
fitted this relation to a large set of data obtained using oil-film and near-wall
methods in the MTL wind tunnel. The values of the constants reported by
Österlund et al. (2000) in this way are κ = 0.384, C = 4.08. When the skin
friction is known the friction velocity can be calculated as uτ = U∞ (cf/2)1/2.
The main features of the streamwise evolution of the turbulent boundary layer
are collected in table 1, and some quantities will be used for later comparison.
Here, the so far non-defined boundary layer thicknesses are the displacement
thickness (δ1) and the thickness at which the velocity reaches 99% of U∞ (δ99).
The shape factor H12 is defined as δ1/δ2.
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2.5. VGs and test configurations

In order to set up the streamwise vortices inside the turbulent boundary layer
traditional square bladed VGs were used (see figure 2). Three different sizes of
the VGs were used and arranged as both single spanwise pairs (p) and spanwise
arrays (a) to create counter-rotating vortices inside the boundary layer. A
summary of the dimensions and relative boundary layer measures are found in
table 2. The blade angle α was kept at 15◦, and the design followed the criteria
suggested by Pearcy (1961) for persistent streamwise existence of the vortices.
The different VG sizes were geometrically ”self-similar”.

The spanwise extension of the arrays was between 660 mm and 750 mm,
thus, they did not span the whole width of the test section, only 55 %–63%.
For the 6 mm, 10 mm, and 18 mm arrays (VGa

6 , VGa
10, VGa

18) 13, 9 and 5 VGs
were used, respectively. The vortex generators were mounted with the trailing
edge of the blades at xV G = 1830 mm, where the boundary layer had reached
an Re of approximately 6000 at the prescribed free stream velocity. This was
to ensure a fully developed turbulent boundary layer and thus to avoid any
peculiarities from the transition process.

The VG10, in both pair and array, was also tested varying the yaw angle
β between 0◦ to 20◦ with an increment of 5◦. In these experiments the yawing
as performed on the individual VG pair, resulting in the VG tips in an array
configuration being exposed to the same local velocity (Uh) (see figure 2). All
tested configurations are summarized in table 3.

3. The flow field downstream of VGs: pairs vs arrays
3.1. Smoke visualization

The set-up for the smoke visualization is described in § 2.2 and was here used
in the VG6 configuration. Both a pair and an array of VGs were tested, which
were mounted immediately upstream of the smoke slot (figure 4(a)). The free
stream velocity was 25 m s−1, and the camera exposure time was set to 0.10 ms
for a good compromise between sensitivity and resolution. The bright vertical
line, which can be seen in the figures 4(b) and 5 at (x − xV G)/h around 4,
originated from the joint between the smoke injection insert and the flat plate,
and was due to reflection of light. The case without vortex generators is seen in
figure 4(b). The lower limit of the laser sheet was at y = 3 mm, and it was clear
from the figure that the smoke was not diffused high enough from the plate to
be illuminated by the laser until (x − xV G)/h about 7. Turbulent structures
were seen in the interval (x−xV G)/h = 10–30, as would have been in a regular
turbulent boundary layer.

A single image of the smoke visualization, taken of the configuration VGp
6

shown in figure 4(a), can be seen in figure 5(a). Since the smoke was lifted up
to the laser sheet by the vortices, it could be seen instantly after the smoke
injection slot. The vortices produced clear bands of smoke that are fairly steady
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Injection slot

Flow direction
0.5

0

-0.5

0 5 10 15 20 25 30
(x-x    )/hVG

z/
D

(a) (b)

Figure 4. (a) A VG pair, VGp
6, mounted upstream of the

smoke injection slot. The flow direction is diagonal, from the
upper right corner to the lower left. (b) An instantaneous
image without VG. The smoke is injected at (x− xV G)/h = 0
but is not visible until approximately (x − xV G)/h = 7 when
the smoke particles have been diffused high enough to be in
the illuminated zone.

from image to image. When VGs were added to the single pair to form an array,
VGa

6 , the smoke bands from the neighbouring VGs seemed to converge around
(x− xV G)/h = 25 (see figure 5b).

Figure 5(c, d) shows the result of averaging 300 images in the VGp
6 and

the VGa
6 configuration, respectively. This produces images in which the light

intensity indicates the averaged position of the smoke band. A least squares
fit was made to the light intensity peaks of each pixel column to produce the
white dashed lines. Note that the lines do not show the paths of the vortex
centres. It is rather the position of the maximum positive mean velocity in V
at y = 3–5.5 mm. Thus the vortex centre paths are located somewhere between
the white lines (which will be shown in § 5).

In figure 6 the spreading of the two dashed lines from figure 5(c, d) are
compared. Furthermore, the light intensity variation across the image is also
shown at a number of x positions. The reduction of the peak height, with
increasing x, is a combination of smoke diffusion and an increase in vortex size.
Somewhat surprisingly, the lines for the VGp

6 and the VGa
6 seem to collapse,

but it should be noted that in the area in which they are expected to deviate,
i.e. the most downstream part of the image, the smoke density is getting lower
and the results are less reliable.

The important result from this near wake flow visualization is that there is
no substantial difference in the evolution of vortices between the VG pair and
array configurations at least up to (x− xV G)/h of about 35.
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Figure 5. Instantaneous images at 25 m s−1 with the con-
figurations (a) VGp

6 and (b) VGa
6 (c), (d) The corresponding

averaged images. Dashed lines indicate the spreading of the
peak in light intensity, which corresponds to the position of
the maximum positive mean wall-normal velocity component.

0 5 10 15 20 25 30

0.5

0

-0.5

35

z/
D

(x-x    )/hVG

Figure 6. The white dashed lines from figure 5 (c, d) super-
imposed on each other. The solid line is the VGp

6 configuration,
and the dashed line is the VGa

6 . Also shown is how the light
intensity varies in the spanwise direction at six x positions.

3.2. Mean flow

The vortex generators set up strong vortices which modified the base flow. In
figures 7 and 8 the three mean velocity components are the plotted contours of
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Figure 7. All three mean velocity components (from left to
right, streamwise, wall normal and spanwise) in the bound-
ary layer in the VGp

10 configuration. From top to bottom the
rows correspond to (x − xV G)/h = 6, 42 and 167, respec-
tively. The contour levels for U/U∞ are (0.05:0.05:0.95). For
V/U∞ the levels [−10(− 3

3 : 13 :− 7
3 ); 10(− 7

3 : 13 :− 3
3 )], [−10(− 4

3 : 13 :− 7
3 );

10(− 7
3 : 13 :− 5

3 )] and [−10(− 5
3 : 13 :− 7

3 ); – ] are plotted for the ex-
ceeding downstream positions, respectively. The correspond-
ing contour levels for W/U∞ are [−10(− 2

3 : 13 :− 7
3 ); 10(− 7

3 : 13 :− 2
3 )],

[−10(− 4
3 : 13 :− 7

3 ); 10(− 7
3 : 13 :− 4

3 )] and [−10(− 5
3 : 13 :− 7

3 ); 10(− 7
3 : 13 :− 5

3 )].
Positive and negative contour levels are plotted with solid and
dotted lines, respectively.

the VG10 pair and array configurations, respectively. It can be observed that
even after the corrections described in § 2.3 some error in the V component
is present. This is due to the difficulty in applying the appropriate correction
when there are large velocity gradients in all cross-flow directions (see § 2.3 and
the discussion therein). The U and W components are symmetric; however the
asymmetry in the V component is due to the large velocity gradients which
affect the cooling velocities of the two wires of the X-probe differently. The
maximum magnitude of the cross-flow components are approximately 15 % of
U∞ in V and 26 % in W at (x− xV G)/h = 6 for a VG pair. For the VG array
they are 13 % and 26 %, respectively. At this x position both V and W are
symmetric in the sense that the negative and the positive velocities are of the
same magnitude and are expected to be even larger closer to the VGs. The
cross-flow components decrease with downstream distance as the vortex grows.



Evolution of vortices in a turbulent boundary layer 77

0

4

y/
h

0

4

−0.5 0 0.5
0

4

z/D
−0.5 0 0.5 −0.5 0 0.5

Figure 8. Same as in figure 7 but for the VGa
10 configura-

tion. The contour levels for U/U∞ are (0.05:0.05:0.95). For
V/U∞ the levels [−10(− 3

3 : 13 :− 7
3 ); 10(− 7

3 : 13 :− 3
3 )], [−10(− 5

3 : 13 :− 7
3 );

10(− 7
3 : 13 :− 4

3 )] and [−10(− 6
3 : 13 :− 7

3 ); 10(− 7
3 : 13 :− 6

3 )] are plotted
for the exceeding downstream positions, respectively. The
corresponding contour levels for W/U∞ are [−10(− 2

3 : 13 :− 7
3 );

10(− 7
3 : 13 :− 2

3 )], [−10(− 4
3 : 13 :− 7

3 ); 10(− 7
3 : 13 :− 4

3 )] and [−10(− 6
3 : 13 :− 7

3 );
10(− 7

3 : 13 :− 6
3 )]. Positive and negative contour levels are plotted

with solid and dotted lines, respectively.

As far downstream as (x − xV G)/h = 267 (not shown here), the ranges2 of V
and W are however still 1.8 % and 3.2 % of U∞ in the VGp case and 2.3 % and
2.4 % in the VGa case.

The mean velocities of a VGp case (figure 7) can be compared to that of an
array in figure 8. Most noticeable is the larger symmetry in the VGa

6 case for all
three velocity components. With an array of VGs there is a small increase in
the boundary layer thickness. For counter-rotating vortices the V component
of the neighbouring vortices is added, and thus it persists further downstream.
For W the effect of the array is the opposite, and this velocity component
decays faster compared to the VG pair case. Both effects are clearly visible in
the figures.

For control purposes the induced drag due to the presence of the VGs
is an important factor, which has to be taken into account as a cost in any

2At (x−xV G)/h = 267 the V component no longer has positive and negative velocities of the
same magnitude due to the boundary layer growth. Hence, the range between the maximum
and the minimum values becomes a better measure than the magnitude, when comparing
with the still-symmetric W component.
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Figure 9. Spanwise distribution of the momentum thickness
for different downstream positions with (symbols) and with-
out (lines) VGs. (a) The VGp

10 configuration. (b) The VGa
10

configuration. The symbols and lines – © solid, ! dashed and
# dash-dotted – correspond to (x− xV G)/h = 6, 42 and 167,
respectively.
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Figure 10. Streamwise distribution of the spanwise-averaged
local skin friction coefficient (cf ). The ♦ and ! symbols corre-
spond to VGa

6 and VGa
10, respectively. The subindex 0 denotes

the case without VGs.

performance improvement estimation. Here, we have calculated the spanwise-
averaged local skin friction (cf ) by considering the momentum loss for the array
case by integrating over one spanwise period (λ) according to

cf (x) = 2
τw

ρU2
∞

, with τw(x) = ρU2
∞

dδz
2(x)
dx

and δz
2(x) =

1
λ

∫ λ/2

−λ/2
δ2(x, z)dz .
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The streamwise derivative of the momentum thickness in the expression for τ(x)
was approximated by a forward-step finite difference. In figure 9 the spanwise
distribution of the momentum thickness is shown for both (a) the pair and (b)
the array cases with h = 10 and at three different downstream positions. One
may observe that the boundary layer modulation due to the VGs is different
for the pair and the array cases as also concluded from figures 7 and 8. From
figure 9 it is clear that the level of modulation peaks earlier, i.e. closer to
the VGs, for the VGa case compared to the VGp case but not necessarily at a
higher level. This is realized by comparing the two most downstream positions,
(x − xV G)/h = 42 and 167. Finally, in figure 10 the spanwise-averaged local
skin friction is plotted versus the downstream distance for the VGa

6 and the
VGa

10 cases. The skin friction coefficient is normalized with the local ZPG
turbulent boundary layer case without VGs, which gives a direct measure of
the cost (i.e. increased drag) along the plate.

3.3. Vortex centre paths

There exist a number of different methods for vortex indentification; for a
review see Jeong & Hussain (1995). In this particular case the vortex centre is
defined as the position of the maximum absolute streamwise vorticity |ωx|max.
This method would give the same result as the Q method proposed by Hunt
et al. (1988), i.e. by identifying the maximum positive values of the second
invariant of the velocity gradient tensor denoted by Q, since the background
shear in the turbulent boundary layer of the position of the vortex cores is
weak compared to the vorticity magnitude within the vortex. The vortices
generated by VGs are relatively strong and steady, implying that any method
would work well. The second invariant Q is defined as 1/2

(
U2

i,i − Ui,jUj,i

)
, and

the streamwise component becomes

Qx = −1
2

∂W

∂y

∂V

∂z
, (2)

to which we will come back later.
In order to determine the vortex centres a simple interpolation scheme was

used. To find the vortex centres of each plane the data positions of the maxi-
mum and minimum streamwise vorticities were identified, for the positively and
negatively rotating vortices respectively. Then, a cubic surface fit was applied
on the surrounding 24 points (±2 in y and z) and a new 20× 20 matrix, with
higher spatial resolution, was produced in which a new maximum or minimum
was found. Since the peak of maximum absolute vorticity is getting flatter as
the vortices are convected downstream, and the vorticity is diffused so that
the area of the vortex core is increased, the position of maximum/minimum
vorticity becomes more diffused. Thus the vortex centre coordinates get less
precise with increasing x.
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Figure 11. Vortex centre paths plotted in a y-z plane normal
to the stream: −·♦ ·−, —!—, −−©−− denote VG6, VG10

and VG18, respectively. (a) The paths downstream of a VG
pair. (b) The same planes for an array of VGs .
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Figure 12. Contours of ωx/(U∞/h) in the y-z plane at
(x−xV G)/h = 278, downstream of a 6 mm VG pair; Γ1 and Γ2

denote the circulation of the primary and secondary (induced)
vortices. The solid lines indicate positive vorticity with con-
tour levels (2.5 : 2.5 : 10)×10−3 and the dashed lines negative
vorticity with contour levels (−10 : 2.5 : −2.5)× 10−3.

In figure 11(a) the vortex centre paths from VG pairs are projected on
the y-z plane. The three curves do not start on the same streamwise location,
since the first data point in each case are not located at the same normalized
streamwise position, (x− xV G)/h. The paths of the vortices behind the VGp

10
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and the VGp
18 seem to collapse nicely over each other. Progressing downstream

these vortex paths move away from each other; at first one may observe a
small approach towards the wall which is followed by a steady rise until the
last measured streamwise position. This can be understood using the same
reasoning as Pearcy (1961), based on potential flow theory, for VG arrays.
The downward motion in the beginning is caused by the induced velocity by
the neighbouring real vortex, which leads to a stronger induced force away
from each other due to the mirrored vortices at the plate. However, as the
two vortices move away from each other the former influence becomes weaker,
and the growth of the vortex causes the vortex centre to move away from the
wall. An interesting behaviour of the VGp

6 vortex path is that, after about
(x − xV G)/h = 200–250, it makes an unexpected turn and starts to approach
its neighbour. An explanation of this peculiarity will be given below.

The corresponding vortex paths of the VG arrays are shown in figure 11(b),
and it is seen that they look similar to the VGp

6 case. First they move apart
and towards the wall due to the same reason as in the VG pair case. But in
the case of the array, when they move away from each other they are moving
closer to the vortex from the neighboring vortex pair and eventually form a new
counter-rotating pair – this time with common upflow. The induced velocities
in the new pair will tend to lift the vortices, and according to the inviscid
theory (Jones 1957) they will continue to rise from the wall with a constant
slope, along an asymptotic value of z/D in the horizontal plane. However, the
measurements show that the vortex centre paths of the original pair, while still
rising, start to move towards each other again. This is probably due to vortex
growth; when the area of the vortex grows the vortices are forced to a spanwise
equidistant state. The influence from the other vortices (real or mirrored) is
decreasing with increasing downstream distance. At (x − xV G)/h = 50 the
circulation is reduced to half of the initial value and thus the induced flow is
equally reduced. Since the distance between the VG pairs in an array is D,
and each VG pair produces two vortices, the maximum vortex radius in an
equidistant system of circular vortices is D/4. If the distance from the vortex
centre to the wall is D/4, the induced velocities from the real vortices and
the three closest mirrored vortices all cancel. The following mirrored vortex
images will produce small, alternating positive and negative forces in the span-
wise direction, and the system will be close to balanced. In these experiments
D/h = 8.33 (cf. table 2), and thus D/4 = 2.08h. Hence, if the assumption
holds, the vortex centres should approach (y/h, z/D) = (2.08,±0.25). In
figure 11(b), these coordinates are marked with small circles, whereas the large
circles show the maximum size of a circular spanwise equidistant vortex. There
seems to be a tendency for the vortex centres to move towards the predicted
position.

Now, one can understand the peculiar vortex centre path produced by
the VGp

6 in figure 11(a). Analogous to the paths of the vortices generated
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Figure 13. Vortex centre paths plotted in plan view (the x-
z plane): − · ♦ · −, —!—, − −©−− denote hV G = 6 mm,
10 mm, 18 mm. (a) The paths downstream of a pair of vortex
generators. (b) The same planes for a VG array. Note that for
the array the paths of the neighbouring vortices are actually
within the figure area, but for the sake of clarity they are not
shown.

by the array, the curving back motion appears to indicate the existence of
more vortices, outside of the primary pair. The three most downstream planes,
(x − xV G)/h = {194, 278, 445}, certainly show two more vortices flanking
the original ones. The new induced secondary vortices are relatively strong; at
(x−xV G)/h = 194 their circulation is about 25 % of the primary vortices, and
at (x − xV G)/h = 278 they have reached a strength close to 50 %. At (x −
xV G)/h = 445 a small part of the secondary vortices is outside the measurement
plane, but the major part is inside, and the circulation is about 55 % of the
primary vortices. Note that the circulation of the primary vortices has ceased
to decay in this region and that the secondary vortices thus not only increase in
strength relative to the primary vortex pair but also grow in absolute numbers.
Partly this is due to their increasing distance from the wall, moving more of
the secondary vortices into the measurement plane, but the major increase in
circulation is due the continuous vorticity transfer from the primary vortices
close to the wall to the upwash regions. In figure 12, the plotted vorticity
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Figure 14. Vortex centre paths plotted in a plane parallel to
the stream (the x-y plane): −·♦ ·−, —!—, −−©−− denote
hV G = 6 mm, 10 mm, 18 mm. (a) The paths downstream of
a pair of VGs. (b) The same planes for a VG array. The dash-
dotted line shows the boundary layer thickness in the 6 mm
case; the solid line is the 10 mm case; and the dashed line is
the 18 mm case. Note that the scale of the y-axis is more than
10 times that of the x-axis.

contours reveal the existence of an outboard pair of induced secondary vortices
at (x− xV G)/h = 278.

The secondary vortices originate from the very thin layer of stress-induced
opposing ωx under the primary vortex. This layer is too thin to be detected
in the experiments reported here but is described in Shabaka et al. (1985).
According to Pauley & Eaton (1988) there is some evidence that the layer of
opposing vorticity is convected out to form a small low-momentum region of
opposing vorticity on the upflow side of the main vortex and close to the wall.
To the authors knowledge it has never been shown before how this induced
vorticity is rolled up into a vortex that rises up from the wall to influence the
vortex centre path of the primary vortex.

In figure 13(a) the vortex paths from the single VG pair are shown in plan
view. The paths from the VGp

6 continue to (x − xV G)/h = 445, but in order
not to compromise the resolution the figure is cut at (x− xV G)/h = 300. This
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Figure 15. Contours of ωx/(U∞/h) in the first three planes
behind the V Gp

18 configuation. The dashed and solid contour
levels correspond to (−1.8 : 0.2 : −0.2) and (0.2 : 0.2 : 1.8),
respectively. The thick contour line represents Qx = 0.05 Qmax

x

and encompasses the vortex core area A.

also applies to figures 13(b) and 14. A divergence of the paths, from all VG
sizes, caused by the mirrored images can be observed. The angle of divergence
seems to increase with vortex strength.

Vortex centre paths downstream of VG arrays are plotted in figure 13(b).
These paths scale better than the VGp paths, using D in the spanwise and h
in the streamwise directions. In plan view it is easy to see how the paths first
move apart, roughly at the same rate as in the case of the single pairs, up to
about (x− xV G)/h = 50 and then how they converge towards the asymptotic
spanwise location of z/D = ±0.25 as discussed earlier.

Shabaka et al. (1985) suggested that since turbulence diffuses both the
boundary layer and the vorticity the proportion between vortex size and bound-
ary layer thickness should remain constant at all x stations for isolated vortices
in a boundary layer. For a circular vortex, this implies a vortex centre that
moves away from the wall with the increase of the boundary layer thickness.
According to the inviscid analysis by Jones (1957) the interaction of the vortex
pairs will make them move away from the wall linearly after an initial approach
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towards the wall. Earlier in this section it was suggested that the vortex cen-
tres will move towards a constant height y = D/4. In figure 14 the vortex
centre paths are plotted on a plane parallel to the stream. These paths seem
to scale with h and in the figure the boundary layer thicknesses (δ99) for the
different VG sizes are also plotted. It is clear from the figure that the vortex
centre height does not scale with the boundary layer thickness regardless of
configuration. The paths seem to scale with h. The single pairs in figure 14(a)
continue to rise through the test section, but the corresponding array centres
in figure 14(b) seem to reach a constant height of y/h = 1.5–2. This range is
close to the asymptotic value of y/h = 2.08 from the hypothesis of asymptotic
path values stated above. When the wall-normal positions of the vortex cen-
tres are closer to the wall than D/4 the induced velocities from the mirrored
images produce a force towards the neighbouring vortices with a common out-
flow. However the paths in figure 11(b) and 13(b) show no tendency to diverge.
Thus there must be an opposing force.

3.4. Vortex strength decay

According to Kelvin’s circulation theorem the circulation around a closed mate-
rial circuit in an inviscid fluid is conserved. Thus the circulation would remain
constant as the vortices are convected downstream from the VGs. In the present
experiment the no slip condition at the wall generates a spanwise shear stress
component that reduces the angular momentum, and hence the circulation, of
the vortex.

The vortex circulation is calculated by integrating the streamwise vorticity
over the area A according to

Γ =
∫

A
ωx dA , (3)

where A is defined as the area enclosed by the contour Qx = 0.05 Qmax
x (cf.

(2)). Note that Qmax
x refers to the local maxima in the measured plane. The

choice of cutoff level was chosen after some consistency tests. Figure 15 shows
the evolution of the vortex areas of three measurement planes. Since the aspect
ratio and the angle of attack are the same for all three VG sizes it is appropriate
to normalize the circulation by the height h and the streamwise velocity at the
blade tip Uh.

In figure 16(a, b) the downstream development of circulation for the 6 mm,
10 mm and 18 mm VGs are shown for the pair and the array cases, respec-
tively. Here, the clearly identified asymptotic value in a linear plotting has
been subtracted from the data. In (a) the three curves collapse well, and down
to (x− xV G)/h ≈ 200 the circulation seems to decay exponentially. The same
exponential decay is achieved with VG arrays, at least up to (x−xV G)/h ≈ 100,
as can be seen in (b).
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Figure 16. The vortex strength decay of the (a) VGp and
(b) VGa cases. The symbols ♦, ! and ◦ denote hV G = 6 mm,
10 mm and 18 mm. The solid lines correspond to the expo-
nential decay exponent −0.0164.

3.5. Turbulence quantities

In this section the velocity variances and covariances of the accessible compo-
nents from the two X-probes are shown for the V G10p and V G10a cases. It
may be observed from figures 17 and 18, which show all three velocity variance
components for the pair and array configuration, respectively, that the maxima
of 〈v2〉/U2

∞ and 〈w2〉/U2
∞ follow the location of the strongest velocity shear of

their respective mean velocity components. The streamwise velocity variance
component is the largest of the three for both the pair and the array configura-
tions with a value just below 15×10−3 close to the VGs when normalized with
U2
∞. However, the high fluctuation level decays close to the VGs and reaches

a constant level of 〈u2〉/U2
∞ around 6 × 10−3 from about (x − x0)/h = 150

and beyond. In figure 19 the streamwise evolution of the turbulence quantities
are plotted, and an undershoot of the decay may be observed with the min-
ima for all three velocity variance components around (x − x0)/h = 40. This
undershoot is the strongest for the spanwise component, which behaves as the
streamwise component but shifts somewhat to a lower fluctuation level. The
undershoot is an artefact of the second outer maximum in the y-z plane of all
three velocity variance components, which is well developed around (x−xV G)/h
= 42 (cf. figures 17 and 18). A shift from the inner peak to the outer peak
being the largest gives rise to the undershoot. Similar explanation applies for
the observed undershoot of the −〈uv〉 covariance component, which however is
not revealed in figures 20 and 21. On the other hand at (x−xV G)/h = 17 (not
shown here) there are two clear negative outer peaks of 〈uv〉/U2

∞, which merge
downstream, and at (x−xV G)/h = 42 only a single outer peak is observed (cf.
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Figure 17. Contours of all three velocity variance compo-
nents. From left to right, 〈u2〉/U2

∞, 〈v2〉/U2
∞ and 〈w2〉/U2

∞, in
the boundary layer for the VGp

10 configuration. From top to
bottom the rows correspond to (x− xV G)/h = 6, 42 and 167,
respectively. The contour levels are (1 : 1 : 8)× 10−3 for 〈u2〉
and (1 : 0.5 : 8)× 10−3 for 〈v2〉 and 〈w2〉.
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Figure 18. Same as in figure 17 but for the VGa
10 configura-

tion. The contour levels are (1 : 1 : 10) × 10−3 for 〈u2〉 and
(1 : 0.5 : 10)× 10−3 for 〈v2〉 and 〈w2〉.
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Figure 19. Streamwise evolution of the maximum values of
the turbulence quantities shown in figures 17–21, but for all
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figures 20 and 21). Worth mentioning is that the wall-normal velocity variance
component is only 25 % of the others after the initial decay.

Furthermore, the larger term of the streamwise production of turbulence
is −〈uv〉∂U/∂y as compared to the −〈uw〉∂U/∂z term. From figure 19 it is
observed that the maxima in−〈uv〉 and−〈uw〉 are of opposite signs but ”equal”
magnitudes. The regions of the covariance maxima and their corresponding
velocity gradient maxima (cf. figures 20 and 21) appear to coincide in the
cross-flow plane. The gradient ∂U/∂z has its maximum at the centre of the
vortex and is zero at the outflow and inflow positions with a corresponding
minimum and maximum in U , respectively, where it also changes signs. On the
other hand the gradient ∂U/∂y has its maximum at the position of maximum
outflow due to the S-shaped wall-normal velocity profile in U (see e.g. Angele
& Muhammad-Klingmann 2005). Thus, this gives the maximum production
at the position of outflow and at the centre of the vortex, corresponding to
−〈uv〉∂U/∂y and −〈uw〉∂U/∂z, respectively.

Finally, it is striking how well all the turbulence quantities in figure 19
scale with the VG heigth, h. Note that here all three VG heights have been
plotted. The above discussed undershoot appears around (x − xV G)/h = 42,
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Figure 20. Contours of the two velocity co-variances with the
streamwise component and the mean streamwise velocity gra-
dients in the cross plane for the VGp

10 configuration. From left
to right, −〈uv〉/U2

∞, −〈uw〉/U2
∞ and (∂U/∂y, ∂U/∂z)·δ̃99/U∞

= (left, right). From top to bottom the rows correspond to
(x−xV G)/h = 6, 42, and 167, respectively. The contour levels
are (−2.4 : 0.3 : 2.7) × 10−3 and (−1.25 : 0.25 : −0.25; 0.25 :
0.25 : 1.25) for the co-variances and the gradients, respec-
tively. Note that for the former levels solid and dotted lines
correspond to negative and positive co-variances, respectively.
The opposite holds for the latter levels of the gradients. δ̃99 is
the spanwise averaged boundary layer thickness.

independent of the studied turbulence quantity and despite the factor of ”three”
in VG height difference between the lowest and the highest VGs.

4. The flow field downstream of yawed VGs
In many practical applications, especially ground vehicles, the VGs operate in
yaw most of the time. Therefore it is of interest to study vortex generation
and decay under such non-ideal conditions. Here, the VG10 case was chosen
in both pair and array configurations (cf. table 3) for the yaw study. Yawing
an array can be done in at least two different ways – either by yawing the
whole array as one unit or by yawing the individual VG pairs (see the squared
insert in figure 2). In this fundamental experiment the VG pairs are yawed
individually in order to have the same boundary layer thickness at all blades
and thus produce the same circulation for all VGs. The tested yaw angles were
0◦, 5◦, 10◦, 15◦ and 20◦. They were chosen to be relevant for flow control on
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Figure 21. Same as in figure 20 but for the VGa
10 configu-

ration. The contour levels are (−2.1 : 0.3 : 2.7) × 10−3 and
(−1.25 : 0.25 : −0.25; 0.25 : 0.25 : 1.25) for the co-variances
and the gradients, respectively.

ground vehicles, such as trucks. Since the blade angle α is ±15◦ the ”positive”
blade will be yawed to 15, 20, 25, 30 and 35◦ and the ”negative” blade to
−15◦, −10◦, −5◦, 0◦ and 5◦, implying that the negative blade will be parallel
to the base flow in one configuration.

The purpose of introducing VGs in a flow is to increase the momentum near
the wall, and in figure 22 the effect of changing the yaw angle is illustrated.
Here the original ZPG boundary layer, without any vortices, is compared to
the boundary layer modified by the the vortices from an array of VGs at 0◦, 10◦
and 20◦ yaw. In the upper part of the boundary layer (y = δ95), unless too close
the VGs, the VGs slow down the fluid and make the boundary layer thicker.
This is more prominent in the downstream planes. Closer to the wall (y = δ80)
the vortices produce the desired velocity increase compared to the undisturbed
ZPG case. The size of the area between the dotted and the solid black lines
gives a visual indication of the momentum increase caused by the vortices. This
area is almost constant for each x position, i.e. independent of the yaw angle,
except for the first plane. This means that the momentum transfer to the lower
part of the boundary layer neither decreases nor increases with yaw. Hence a
flow control system based on the tested type of VGs will remain stable. A
frequently used measure of the base flow modulation is the shape factor, which
here has been calculated in order to demonstrate the overall effect of VGs in
an array. Due to lack of X-probe data points near the wall, especially close
to the array at the location of strong downwash at which the boundary layer
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Figure 23. Shows the spanwise averaged shape factor for dif-
ferent yaw angles. (!, ), *) correspond to β = (0, 10, 20)
degrees for the VGa

10 case, respectively. (♦) correspond to
VGa

6 at zero yaw. The dashed line represent the ZPG base
flow without VGs (cf. table 1).

is relatively thin, the calculation of the displacement thickness gives erroneous
results. To compensate for the poorly resolved near-wall velocity profiles three
additional points have consistently been added to approximate the profile in
this region. Apart from the point corresponding to the no-slip condition, the
additional points are y+ = 5 and 50, using the law of the wall and the log law,
respectively, although the spanwise variation of uτ due to the vortices cannot
be taken into account. Here it should be noted that it is not the local absolute
values of H12 which are in focus; instead it is the spanwise-averaged values
compared between the different configurations. In figure 23 the streamwise
distribution of the spanwise-averaged shape factor is plotted for different yaw
angles for the configuration VGa

10. In addition, the natural setting (β = 0) for
VGa

6 is also compared. It is seen that close to the VG array the shape factor
is close to 1.4, i.e. hardly changed compared to the ZPG case without VGs,
but decreases to a minimum value below 1.3 around 1.5 m behind the array,
where it starts to recover. A similar evolution of the shape factor was reported
by Fransson et al. (2005) in a laminar boundary layer. Here, the interesting
result is that in an averaged perspective the yaw does not affec the shape factor
or the change of VG size (only moderately) as shown in figure 23.

When a VG pair is yawed the absolute angle of attack of one blade increases,
while the angle of attack of the other blade decreases. Thus one of the vortices
in the counter-rotating pair becomes stronger, and the other gets weaker. Due
to the shear flow and possible blade separation it is not clear whether this is
a linear process at both blades, and therefore it is difficult to predict the total
circulation generated by the VG pair. This investigation shows that the total
circulation, up to a yaw angle of 20◦, is almost constant (see figure 24a). The
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Figure 24. (a) shows the total circulation, i.e. the contribu-
tion from both the vortices, in the VGp

10 case versus the yaw
angle at (x−xV G)/h = 6, 41, 116 with (◦, !, ♦), respectively.
(b) shows the individual contribution from the two vortices for
the VGp

10 case at (x− xV G)/h = 6.

circulation decay (seen vertically in the figure) also seems to be independent of
yaw.

In figure 24(b) the effect of yaw on the individual vortices in a VG pair is
shown at (x−xV G)/h = 6. At 0◦ the two vortices should be of equal strength.
The difference in the figure is due to imperfect positioning and manufacturing
of the VG and to some degree also due to measurement error. When the yaw
angle increases the circulation of both vortices changes linearly and according to
the figure the blade that is parallel to the flow (β = 15◦) still produces a vortex.
The reason for this behaviour could be that the strong vortex deflects the flow to
reach the parallel blade at some angle or that this is caused by vorticity induced
by the larger vortex. As shown by Wendt (2001) the circulation generated by
a VG blade keeps increasing even after the blade stalls. This is probably what
we observe here, since at 20◦ of yaw, i.e. an angle of attack of 35◦ of the strong
vortex, the flow has most likely separated from the low pressure side of the
blade.

Furthermore, the vortex centre paths are changed at yaw, which could be
observed already in figure 22. This is due to the asymmetry caused by the fact
that the two vortices of a pair are of different strength. In the 0◦ yaw case there
is no net side force, but as soon as there is a difference in circulation the mirror
images will induce a velocity that modifies the vortex paths. The paths are
deflected in the direction of the strong vortex, and in figure 25 the vortex centre
paths for different yaw angles are shown. When one of the vortices from the
VG pair disappears, there is no longer a pair or an array of counter-rotating
vortices. In the case of a VG pair the result is a single longitudinal vortex.
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Figure 25. Vortex centre paths of VG10 pairs and arrays at
0◦, 10◦ and 20◦ yaw.

An array of VG pairs at yaw will produce a system of co-rotating vortices.
Since the induced velocities of all the mirror images of the array work in the
same direction the deflection angle is larger for an array compared to a pair
at the same yaw angle. The vortex centre path of a VG pair at 20◦ yaw is
approximately the same as that of a vortex generated in an array at 10◦ yaw.
For the VG pair it was only possible to track the paths of the vortices up
to (x − xV G)/h = 116; beyond this position they were deflected out of the
measurement plane due to the limited spanwise range of the traversing system.
In case of the array it was possible to combine the vortex paths that were going
out of the plane with the ones coming in from the other side.

5. A pseudo-viscous vortex model
In the course of this paper potential flow theory has been used to explain the
streamwise evolution of longitudinal vortices. Jones (1957) calculated the paths
of counter-rotating vortices from a system of VGs using potential flow theory
and Pearcy (1961) proposed design criteria of VGs based on these calculations.
Even though the assumption that the effect of viscosity can be neglected, im-
plying that there is no wall-normal shear due to the slip condition at the wall
and consequently that the vortices do not decay in strength as they move down-
stream, the agreement with experiments is remarkably good in the near region
of the VG array. In this experiment measurements have been performed as
far downstream as 450h of the VG array, and it is clear that the assumptions
become questionable. However, here we have extended the analysis by Jones
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Figure 26. Model functions for (a) the vortex strength decay,
and (b) the variable C in expression 4.

to also include vortex strength decay and a streamwise asymptotic z/D limit
of the vortex centre based on experimental observations. This improved model
seems to capture the effects of the flow physics in order to describe the vortex
path also in the far region and, thus, gives a satisfactory agreement with the
experimental results throughout the measurement region.

Jones (1957) showed that the projected vortex path in the plane normal to
the stream is given by

cosech2η + cosec2ξ = C , (4)

where ξ = 2πz/D, η = 2πy/D, and C is a constant determined from the
coordinates of the VG pair tips (ξ1, η1). From simple geometry analysis of the
present VGs these coordinates are (ξ1, η1) = (π[d/D + l/D tan α], 2πh/D)
giving C = C0 = 3.89 (cf. table 2). Moreover, the slopes of the paths projected
in the x-z and x-y planes were also deduced by Jones and are given by

dξ

dθ
=

k tan2ξ

sinh 2η
(
tan2ξ + tanh2η

) (5)

and

dη

dθ
=

k tanh2η

sin 2ξ
(
tan2ξ + tanh2η

) , (6)

respectively, where θ = 2πx/D and k = {k0 = Γ0/(D · Uh)} = constant is
the dimensionless vortex strength at the VG tips. These equations can be
integrated stepwise after substituting for η or ξ from (4). For continuously
increasing ξ and η, once one of the two integrals (from (5) or 6) has been
calculated, the path projected in the missing plane is known, indirectly, through
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(4). Worth mentioning here is since the applied VGs are ”self-similar” there
is no difference between the array configurations and thus their vortex centers
follow the same paths.

Jones (1957) estimated the magnitude of k by a form of ”lifting-line-theory”
and hence k becomes solely a function of the incidence angle and configuration
of the VGs (i.e. chord length, tip locations (ξ1, η1) and the lift slope in two-
dimensional flow). However, the experiments (figure 16) show that the vortex
strength decays exponentially with x, i.e. k = k(θ), and is not a constant.
Thus, in the extended model we let k vary as exp{−σ × 10−2(x−xV G)/h} with
σ = 3.24, as shown in figure 26(a), where k0 is estimated from the experimental
data to be 0.19 in the limit when x goes to zero. Here, the exponent has been
tuned to fit the data, and a comparison with the measured vortex strength
decay (figure 16) reveals that a stronger decay is needed for the model to work
well in the far region. However, the choice of the exponential constant σ can
be seen as a calibration parameter.

According to (4) the cross-flow vortex path is independent of k and for
increasing η the vortex core asymptotes to a constant ξ value, which is already
set by the initial VG configuration since C = C0 = constant. However, the
experimental data show that the position of vortex core levels off to a constant
wall-normal distance at the same time as the cores from a VG pair (in the
array) move towards each other. In order to capture this behaviour with the
model one needs to allow C to vary with θ. Now, we can make use of the
previously discussed asymptotic core limits (see § 3.3), namely (ξasymp, ηasymp)
= (1.57, 1.57), which gives Casymp = 1.19, and assume C to vary as exp{ϕ(θ−
θs)2} between C0 and Casymp (see figure 26(b)). Here, θs and ϕ were set to
14 and 1.5 × 10−4, respectively, and can be seen as another set of calibration
parameters of the model.

Figure 27 compares Jones (1957) original model and the pseudo-viscous
model with experimental data for the three projected planes. In (a) the near
region, up to (x − xV G)/h = 45, for the x-z plane is shown. The dashed
lines correspond to the smoke visualization results, which rather represent the
position of maximum positive mean velocity of the wall-normal component
and then the location of the vortex cores. It is seen that the dashed lines
diverge from the measured data points in the downstream direction, which is
an artefact of the vortex growth. However, already at (x − xV G)/h of about
30 the neighbouring vortices limit the growth in the spanwise direction. In
figure 27(a) it is seen that both models work well in the near region of the VGs.
However, since Jones’s (1957) model does not allow for a variation in C the
vortex path reaches its asymptotic spanwise equidistance around (x−xV G)/h =
30 and consequently fails to describe the core evolution beyond this location
(see figure 27(c)). In figure 27(d) the x-y plane is shown. The dotted line
corresponds to the slope dη/dθ (6) in the limit when η goes to infinity. It is seen
that Jones’s (1957) model is unable to predict the correct behaviour beyond



Evolution of vortices in a turbulent boundary layer 97

0 10 20 30 40
−0.6

−0.4

−0.2

0

0.2

0.4

0.6
z /

 D

( x − xVG ) / h
−0.4 −0.2 0 0.2 0.4

0

0.5

1

1.5

2

2.5

y 
/ h

z / D

0 25 50 75 100 125 150
−0.6

−0.4

−0.2

0

0.2

0.4

0.6

z /
 D

0 25 50 75 100 125 150
0

0.5

1

1.5

2

2.5

y 
/ h

( x − xVG ) / h

(a) (b)

(d)

(c)

Figure 27. (a − d) show the vortex paths in the three pro-
jected planes. Bullets correspond to the positions of the VG
tips, dotted lines indicate asymptotic limits for Jones orig-
inal model , solid lines are theoretical curves where the bold
lines correspond to the pseudo-viscous model and the thin lines
to Jones model. The bold dashed lines in (a) correspond to
the flow visualization results. The symbols ♦, ! and © denote
hV G = 6 mm, 10 mm and 18 mm.
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(x − xV G)/h around 25, suggesting that the vortices, in quite an unphysical
way, take off from the wall with a constant slope. However, the pseudo-viscous
model works fine due to the vortex strength decay implementation. Finally,
the peculiar curving-back motion of the vortex cores in the cross-flow plane is
captured by the pseudo-viscous model as can be seen in figure 27(b).

6. Conclusions
In this study, in which both smoke visualization and hot-wire anemometry
have been used, several new results of the evolution of longitudinal vortices are
reported. Both vortex pairs and vortex arrays in the natural setting as well as
yawed have been studied. A comparison between the smoke visualisation and
hot-wire data affirm that, as intuitively expected, the trace of cumulative smoke
particles in the laser sheet rather corresponds to the position of maximum
positive vertical mean velocity than the location of the vortex core. Moreover,
it is shown that for the present similarity parameter D/h = 8.33 there is no
substantial difference between the pair and the array vortex core evolution up
to (x− xV G)/h of about 35.

The vortex core paths in plan view as well as in the plane parallel to the
stream scale with the VG height in the downstream direction and with D and h
in the spanwise and wall-normal directions, respectively. In the array case the
vortex paths are locked in the spanwise direction due to the neighbouring vor-
tex pair, and consequently the proposed scaling works better in the far region
for this configuration compared to the VG pair case. In this paper an asymp-
totic limit hypothesis of the vortex array path is stated and is shown to hold
reasonable well. The limiting values are (y/h, z/D) = (2.08,±0.25), which the
experimental data seem to approach. This result is contradictory to the invis-
cid flow analysis put forward by Jones (1957). Furthermore a peculiar hooklike
motion, not previously reported, of the vortex core in the cross-sectional plane
has been found in the array case as well as in the VG pair case. This motion
is explained by the vortex growth and the limiting space inside the boundary
layer due to neighbouring vortices. It is here shown, in the VG pair case, that
strong vortices are able to induce vorticity which is rolled up into a secondary
vortex and hence affect the primary vortex path. These flanking secondary
vortices, naturally present in the VG array configuration, are responsible for
the hooklike motion in the VG pair case, which otherwise would be absent.
Furthermore, it has been shown that in both the pair and the array configu-
ration the circulation decays exponentially with about the same rate, and the
circulation scales with the VG height and corresponding local velocity at the
position of the VG tip.

A striking result regarding the turbulence quantities is how well they scale
with the VG height in the streamwise direction (cf. § 3.5).

The results of the yawed configurations are that in an averaged perspec-
tive there is hardly any effect compared with the natural setting. We have
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shown that the spanwise-averaged shape factor is unaffected by yaw as well as
the spanwise-averaged circulation. The stronger vortex in a yaw configuration
compensates for the weaker contribution of the coupled vortex, thus rendering
out the averaged effect. A notable difference between the natural setting and
the yawed lies in the vortex core paths, which becomes important if a successive
array or pair is thought of being implemented for a more persistent streamwise
modulation of the base flow. It has been shown that the asymmetry affects
the array configuration more than the pair case by comparing the 10◦ array
yaw with the 20◦ single pair yaw, which show a similar streamwise evolution.
Furthermore, as soon as the symmetry is broken due to yaw the asymptotic
limit hypothesis ceases to be valid, since the paths are continuously deflected
in the spanwise direction in favour for the stronger vortex. The weaker vor-
tex with less circulation is not lifted up as strongly as its coupled vortex, and
consequently the weaker vortex core stays closer to the wall compared to the
stronger vortex.

In order to capture the evolution of vortex core paths in the far region be-
hind an array of counter-rotating vortices it has been shown through a pseudo-
viscous vortex model that circulation decay and streamwise asymptotic limits
have to be taken into account. These two viscous effects seem to contain the
necessary physics for a model to perform well also in the far field. Based on a
rather simple inviscid analysis by Jones (1957) an extended version is here pro-
posed in which the two viscous effects just mentioned have been incorporated.
Comparing the pseudo-viscous vortex model with the experimental data gives a
satisfactory agreement throughout the measured region down to 400h. Involved
in the model are three calibration/tuning parameters. One is the exponential
constant σ giving the circulation decay, and the other two are connected to
the model function C(θ) appearing as a constant in the inviscid analysis (cf.
(4)). Experimental data analysis of VG arrays has shown that the vortex core
evolution scales with the VG height (h) and the individual VG pair spacing
(D) in the streamwise and spanwise directions, respectively. Furthermore, the
wall-normal position also scales with the VG height. Since the starting point
for the pseudo-viscous vortex model is a purely inviscid model, i.e. boundary
layer independent, the newly developed pseudo-viscous model also does not de-
pend on the boundary layer parameters. In addition, since the analysis shows
that the circulation of the VGs scale with the VG height and the corresponding
velocity at that height, we believe that the initial vortex strength generated at
the VG tip would scale equally good with the VG blade angle (α). The vortex
path in both the x-z and x-y plane would in turn be well predicted by the
pseudo-viscous vortex model due to the locking effect in the spanwise direc-
tion, which is created by the neighbouring VGs. No other parameter is likely
to have any significant effect on the streamwise vortex core evolution meaning
that the model is robust to geometry changes.
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The robustness of vane-type vortex generators (VGs) for flow control was stud-
ied in a separating turbulent boundary layer on a flat plate. VG arrays of
different sizes and streamwise positions were positioned upstream of the sep-
aration bubble and their effect was studied with the help of particle image
velocimetry (PIV). The size of the separated region was varied by changing
the pressure gradient. It was found that the sensitivity of the control effect to
changes in the size of the separation bubble is small within the applied range
of pressure gradients. Furthermore, the importance of the relative position of
the VGs with respect to the separated region is small.

1. Introduction
Turbulent boundary layer separation is a flow phenomenon which often has a
great negative effect on the performance in many technical applications. There-
fore, it is of great practical importance and there is much to be gained if sepa-
ration can be controlled.

Schubauer & Spangenberg (1960) investigated the relative performance of
different mixing devices for separation control in a flat plate turbulent bound-
ary layer subjected to a strong adverse pressure gradient (APG). Spanwise
averaged mean velocity profiles were compared for different mixing devices and
pressure gradients, and it was concluded that forced mixing has a similar effect
as a lowering of the pressure gradient. Hence, forced mixing makes it possible
to withstand a stronger pressure gradient, thereby delaying or even avoiding
separation.

The most common technique to control separation in practice, on e.g. wings
of commercial aircrafts, are vane-type VGs. Many different VG configurations
were investigatd by Pearcy (1961) and design criteria were given for both cases
with co-rotating and counter-rotating vortices. The latter configuration is used
in the present investigation. In figure 1 the main VG parameters are defined.
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Figure 1. (a) VG geometry. All of the VG configurations
produce counter-rotating vortices with a common inflow.

Pearcy (1961) predicted the vortex paths, based on inviscid theory for
the interaction between different vortices and the surface (the image vortices).
With a counter-rotating set-up, there is a transport of high momentum fluid
from the free-stream towards the wall between two vortices from one VG, and
there is a transport of low momentum fluid from the wall region up towards the
free-stream between the two vortices from two different VGs. For this case the
following was found: initially equidistant vortices approach each other in pairs
with common outflow which results in a movement away from the surface. If
the vortices are arranged to be initially non-equidistant the two vortices from
one VG move away from each other and towards the wall. The movement
towards the wall was found to give a high maximum efficiency for separation
control. However, eventually the vortices will reach an equidistant state which
will lead to a movement away from the wall. This scenario can be delayed
by increasing the relative spanwise spacing (D/h) of the VGs, thus increasing
the length over which the vortices are effective, at the expense of a slightly
decreased maximum efficiency.

Pauley & Eaton (1988) carried out measurements in a zero pressure gra-
dient (ZPG) turbulent boundary layer using a VG height h of approximately
15 % of the local boundary layer thickness δ. Focus was on the downstream
development of the vortices in terms of streamwise vorticity ωx and circulation
Γ. For a vortex pair with common outflow it was found that at the streamwise
position where the decay in Γ was approximately 50 %, the maximum ωx was
reduced to 15-20%. The strength of the vortices increased linearly up to a VG
vane angle of attack α of 18◦.

Model predictions for the flow field induced by triangular wedge like VGs
were made by Smith (1994) to be used as a tool for VG design. The model pre-
dicted experimental data well and it was concluded that an increased efficiency
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could be realized by more dense VG arrays and by longer VGs. The most ben-
eficial spanwise spacing was found to be D/d=2.4, which is significantly lower
than the D/d=4, suggested by Pearcy (1961).

More recent studies have focused on minimizing the drag induced by VGs,
see e.g. the review by Lin (2002). A smaller VG results in lower form drag,
making VGs with h < δ attractive, where δ is the boundary layer thickness.
Lin et al. (1989) found that VGs with a relative height with respect to the
boundary layer thickness h/δ = 0.1 were effective but the circulation decayed
rapidly.

Angele & Grewe (2007) studied the behaviour of the streamwise vortices
from a VG for the control of a separating APG boundary layer. It was found
that the counter-rotating vortices from one VG moved away from each other in
the spanwise direction and slightly outward in the wall-normal direction. The
latter is contradictory to the conclusion by Pearcy (1961) and is an effect of
the viscous diffusion of the growing boundary layer and the growing vortices.
The results from wall shear-stress measurements showed that an approximately
two-dimensional state was reached at (x− xVG)/h=30.

It was concluded by Angele & Muhammad-Klingmann (2005a) that the
counter-rotating and initially non-equidistant streamwise vortices become and
remain equidistant and confined within the boundary layer, contradictory to
the prediction by inviscid theory. The boundary layer developed towards a two-
dimensional state in the downstream direction. A critical value was found for
the ability to eliminate the backflow, above which an increase in the circulation
only had a minor effect.

Godard & Stanislas (2006) recently published a comprehensive optimisa-
tion study on co- and counter rotating VGs, with h < δ, in an APG boundary
layer. They conclude that triangular blades are better than rectangular blades,
both in terms of increased vortex strength and in reduced drag. They also found
that the counter-rotating set-up was twice as effective as the co-rotating in in-
creasing the wall shear stress and that the optimum blade angle was α = 18◦.

Lögdberg et al. (2008) studied VG pairs and VG arrays in a ZPG wind
tunnel experiment, and showed that the vortex core paths scale with h in the
streamwise direction and with D in the spanwise directions. Furthermore the
experimental data indicates that the vortex paths asymptote to a prescribed
location in the cross-plane. This observation contradicts previously reported
numerical results based on inviscid theory. An account for the important vis-
cous effects is taken in a pseudo-viscous vortex model which is able to capture
the streamwise core evolution throughout the measurement region down to
(x− xVG)/h=450.
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1.1. Summary and present work

The present study is a continuation of Angele & Muhammad-Klingmann (2005a)
and Lögdberg et al. (2008) and aims at investigating the robustness of VGs
for separation control. The question is how sensitive the control effect is to
changes in the size and the location of the separation bubble relative to the
VGs, something which is motivated by the changing nature of flows in real
applications. More specifically we are investigating three different cases with
different strength of the pressure gradient, generating three different sizes of
separated regions. We also investigate the importance of the relative position
of the VGs with respect to the separated region.

2. Experimental set-up
2.1. Wind tunnel

The experiments were conducted in the BL1 wind tunnel at KTH Mechanics.
The test section is 4.0 m long and has a cross-sectional area of 0.75 m×0.50 m
(height×width). A temperature control system makes it possible to keep the
temperature constant within ± 0.03 ◦C. For a detailed description of the wind
tunnel the reader is referred to Lindgren & Johansson (2004). A schematic of
the experimental set-up is shown in figure 2. A vertical flat test plate made of
Plexiglas spans the whole height and length of the test section and is mounted
with its surface 0.30 m from the back side wall of the test section. The co-
ordinate system origin is located at the centreline at the plate leading edge,
with x in the streamwise direction, y in the wall-normal direction and z in the
spanwise direction. At the leading edge the boundary layer is tripped in order
to ensure a spanwise homogenous transition to turbulence. At the inlet the
test section width is 0.5 m, but at x = 1.25 m the test section is diverged,
by the back side curved wall, in order to decelerate the flow and thus induce
an APG. Suction is applied on the curved wall to prevent the boundary layer
from separating there. Instead the separation bubble develops on the flat test
plate. By changing the suction rate the strength of the APG can be varied.
Three different suction rates were used to create APG cases I, II and III. For
APG case I the suction rate was set to 6–7 % of the flow over the flat plate at
the inlet of the test section. In case II the suction rate was 12.5–13 % and in
case III it was approximately 17 %. APG case I was thoroughly investigated
by Angele & Muhammad-Klingmann (2005a, 2006) and case II and III are ex-
periments performed in the present study. For definitions of case I, II and III
see section 3.1a.

1For ”Boundary Layer” or ”Björn Lindgren”, after the designer of the tunnel.
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Figure 2. Schematic of the test section seen from above. The
x direction is aligned with the test plate and the y direction is
perpendicular to it.

2.2. Measurement technique

The static pressure was measured on the test plate centreline in order to quan-
tify the APG cases. All flow field measurements were performed with PIV in
either x-y planes or x-z planes.

The PIV-system uses a 400 mJ double cavity Nd:Yag laser operating at
15 Hz and a 1018×1008 pixels CCD camera with 8 bit resolution. The air was
seeded with smoke droplets generated by heating glycol injected in the pressure
equalizer slit downstream of the test section. The droplets are large enough to
render a particle image size larger than 2 pixels in all measurements. According
to Raffel et al. (1997) this is enough to avoid peak-locking due to problems
with the peak-fit algorithm. Furthermore, the ratio between the discretization
velocity ud and the urms is close to 2 in all measurements. According to
Angele & Muhammad-Klingmann (2005b) this reduces errors due to peak-
locking effects in mean- and rms-values to approximately 1 %. The number of
particles inside the interrogation areas is higher than five, as recommended by
Keane & Adrian (1992), in all measured x-y planes.

Conventional post-processing validation procedures were used. No particles
moving more than 25 % of the interrogation area length were allowed in order
to reduce loss-of-pairs and the resulting low-velocity bias. The ratio between
the highest and the second highest peak in the correlation plane must be more
than 1.2 if the vector should be accepted. Often the light in the PIV images
are streaky due to fittings and bubbles in the Plexiglas, but the streaks are
always in the wall-normal direction at x-y plane measurements. Thus it was
always possible to measure velocity profiles with validation ratios of more than
95 %.

The wall static pressure P was measured using a Furness pressure trans-
ducer. The pressure transducer has an accuracy of 0.025 % of full scale (2000 Pa),
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Figure 3. Pressure distribution Cp and its gradient in the
streamwise direction dCp/dx. The region where the VGs are
mounted is indicated on the x-axis.

which in the present experiment produces a measurement accuracy of 1–3 %.
In figure 3 the pressure coefficient

Cp =
P − Pref

P0 − Pref
(1)

for the wall static pressure and its gradient in the flow direction are plotted
against the distance from the leading edge of the test plate. Pref is taken on
the wall at x = 0.45 m and P0 is the total pressure at the same x-position.

2.3. The circulation generated by the VGs

In this experiment the separation control is performed by arrays of counter-
rotating vortices, where each VG pair produces a vortex pair with common
flow downwards (c.f. figure 1). All arrays span the whole width of the test
section, like in figure 4. The VG arrays applied here have the same dimensions
as the ones previously used by Angele & Muhammad-Klingmann (2006), but
are supplemented by one smaller set. Their geometries are described in table 1.
The blade angle α is 15◦ and the general design follows the criteria suggested
by Pearcy (1961). There are four different sizes, which are geometrically self-
similar, i.e. D/h, D/d and l/h are constant (see figure 1).

For a VG pair, Angele & Muhammad-Klingmann (2005a) found that the
total generated circulation can be estimated as

Γe = 2khUVG, (2)
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Table 1. Physical dimensions of the VG sets. The first pa-
rameters are defined in figures 1 and 4, Z is the width of the
test section and Z/D is the number of VG pairs in the array.

h (mm) d (mm) l (mm) D (mm) l/h D/h D/d Z/D
6 12.5 18 50 3 8.33 4 15
10 21 30 83 3 8.33 4 9
18 37.5 54 150 3 8.33 4 5
30 62.5 90 250 3 8.33 4 3

z
 
(m)
0

xVG

0.375- 0.375

D

Umean

Z

Figure 4. A top-view of the 10 mm VG array in the BL wind
tunnel. All tested arrays are set up like this: the mid pair at
z = 0 and the centreline of the outermost pair at a distance
D/2 from the wall. The streamwise position of the array is
defined as the position of the blade trailing edge.

where UVG is the mean velocity at the VG blade tip and k is a coefficient which
is a function of the geometry of the VG. The estimation of Γ makes it possible
to rank the circulation of different VG configurations without measuring the
velocities in the y-z plane. For an array of VGs, it is better to estimate the
circulation generated per unit width

γe = 2k
hUVG

D
. (3)

For the VG array the number of VGs increases with decreasing blade height,
but h/D is constant. However, γe increases with h since the blade reaches
higher up in the boundary layer, where the velocity is higher. For the VG
geometry described in table 1, eq. 2 becomes γe = 0.24kUVG.
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Figure 5. (a) Circulation generated by 6, 10 and 18 mm
VGs calculated in two different ways from the ZPG data of
Lögdberg et al. (2008). The two dotted lines show k = 0.6
and k = 1.0 in eq. 2. (b) Estimated generation of circulation
per unit width depending on the position and size of the VG
in APG case III for the arrays described in table 1.

In Lögdberg et al. (2008) the cross-plane velocities produced by VG arrays,
identical to the ones applied here, were measured in a plane 6h downstream
of the array. The circulation was calculated by integrating the streamwise
vorticity ωx over an area. The total circulation Γtot is obtained by integrating
ωx over ∆z = D/2 and to obtain ΓQ an integration of ωx is made over the area
inside a contour defined by a constant value of Qx. Q is the second invariant
of the velocity gradient tensor, and its streamwise component is calculated as

Qx = −1
2

∂W

∂y

∂V

∂z
. (4)

in the y-z plane. Qx is useful since it is a measure of the local rotation,
without contribution from pure shear. The contour of constant Qx is chosen
as Qx = 0.05 Qx,max. This level is somewhat arbitrary, but empirical tests
have shown that this value produces stable and consistent levels of circulation
for a wide range of data. In figure 5(a) the circulation measured for h = 6,
10 and 18 mm are compared to the corresponding circulation estimates from
eq. 2. The dotted lines in figure 5(a) show k = 0.6 and k = 1.0. The value of
k is less important and it is sufficient that the estimate works in a consistent
way when comparing the relative strength of the vortices produced by different
VG configurations. In the results presented hereafter k = 0.6 is used, thus
γe = 0.144UVG.
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In the present study, the circulation generated by the VG array is var-
ied by varying h and xVG. Changing h directly affects eq. 2, but xVG acts
by changing UVG. When the position of the VG array is moved downstream,
the rapidly increasing boundary layer thickness δ causes h/δ to decrease and
thereby reduces UVG. The VG array was positioned at different locations at
1.10m < xVG < 1.95 m in order to generate different levels of circulation. To be
able to estimate γe, 15 wall-normal velocity profiles were measured in this re-
gion. Then γe was calculated for four different values of h at each measurement
position, using eq. 2. The resulting γe for case III are presented in figure 5(b).
The lines are least squares fits to the points2. Note that for the largest VGs,
h > δ for x < 1.5 m and thus γe no longer increases as xVG is moved upstream.

3. Results
In the following the experimental results are presented. First the uncontrolled
flow cases are characterized. Then the effects of different VG array configura-
tions are reported. The shape factor H12 = δ1/δ2, where δ1 is the diplacement
thickness and δ2 is the momentum loss thickness, is consistently used to de-
scribe the boundary layer.

3.1. The uncontrolled case

The uncontrolled APG cases are also discussed in Lögdberg et al. (2008). The
free stream velocity in the wind tunnel U∞ is 26.5±0.1 m/s at the inlet of the
test section. The temperature was kept constant at 20 ◦C throughout all the
measurements.

3.1a. The pressure distribution and the shape factor. The pressure gradient was
set through a contoured wall and by changing the suction rate as described in
section 2.1. Three pressure gradients are compared here. Data for case I are
taken from Angele & Muhammad-Klingmann (2005a, 2006) and are reproduced
here. Case II and III are new experiments. Case I is a weak separation bubble,
case III is the largest possible separation bubble with the present suction fan
and geometry and case II is in between the other two pressure gradients. Case
II is the most thoroughly investigated configuration.

As shown in figure 3 the APG reaches its maximum between x = 1.6 and
1.7 m. In this area the maximum dCp/dx for the three APG cases are 0.70,
0.78 and 0.87 m−1 respectively. The shape factor is approximately constant
until x = 1.7 m for all APG cases, as shown in figure 6. Then it increases
rapidly and reaches a maximum at x ≈ 2.55 m.

2By extrapolating the curves to γe = 0, it is possible to obtain a fairly accurate estimate of
the separation point.
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Figure 6. Streamwise evolution of H12. Note that the lines
are for visual aid only.

3.1b. The backflow coefficient. Here the separation bubble is defined as the
region where backflow occurs more than 50 % of the time (χ > 0.5). The point
of separation is defined as the position where the backflow coefficient on the
wall3 (χw) reaches 0.5. This parameter is difficult to measure directly with PIV,
since the interrogation areas must be large enough to contain approximately 5
particles. In this experiment the data points closest to the wall are located at
y = 1.5–3 mm, and since χ is a strong function of y, the value of χ measured at
the point closest to the wall under-predicts χw. Dengel & Fernholz (1990) used
wall pulsed wires with the sensor wires only 0.03 mm above the wall to obtain
an accurate value of χw. According to their data, χ is almost a linear function
of y when χw is larger than 0.4–0.5. Therefore, χw was estimated from a linear
fit to the seven data points closest to the wall, as shown in figure 7(a). The
described procedure will still under-predict χw for lower values of χw. This
will cause the estimated separation point to be slightly more downstream and
the point of reattachment to be more upstream than their actual positions. In
the separation bubble χw is more accurate. In figure 7(b) the development of
χw through the separated region is shown for APG case II.

3.1c. Overview of the separated region. The set-up aims at a two-dimensional
flow around the test section centreline (z = 0) and the spanwise velocity profiles
in figure 8 show an acceptable two-dimensionality even for the worst case (III).

An overview of the three investigated separation bubbles is given in table 2,
where xs and xr are the separation and reattachment points, respectively, ls

3On the wall it is the direction of τw that defines χ.
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Figure 7. (a) The backflow coefficient at the wall for case
II. χ is extrapolated to the wall from the data points in the
region y ≈ 1.5–10 mm, to estimate χw. (b) The downstream
development of χw for case II.
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Figure 8. Mean velocity profiles at x = 2.55 m for case III.

is the length of the separated region and hs its maximum height. Here xr is
defined in the same way as xs, i.e. χw = 0.5. When the pressure gradient
increases, xr is moving downstream approximately the same distance as xs

is moving upstream. Thus, the position of the separation bubble centre is
nearly constant for all cases. Furthermore, the bubble aspect ratio AR, i.e.
ratio of height to length, increases with increasing pressure gradient. Thus the
separation bubble thickness increases both in absolute and relative terms with
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Table 2. Separation bubble size. In case III the point of
reattachment is approximated from visual inspection of tufts
attached with tape on the test plate. Thus xr and ls are more
uncertain for case III.

Case dCp/dx (m−1) xs (m) xr (m) ls (m) hs (mm) H12,sep AR
I 0.70 2.4 2.7 0.3 7 3.45 0.23
II 0.78 2.24 2.85 0.6 17 3.50 0.28
III 0.87 2.09 3.1 1.0 35 3.75 0.35
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Figure 9. The separation bubble for the APG case II . The
figure is not to scale and therefore the bubble appear to be
thicker. The full lines show U/Uinlet, the dash-dotted lines
show the backflow coefficient χ. The extent of the separation
bubble, defined as the region where χ > 0.5, is shown by the
lower dashed line. The higher dashed line shows the region of
χ > 0.

increasing APG. Also H12,sep, which is H12 at xs increases with increasing
APG.

Case II is most thoroughly investigated and an overview of the flow around
the separation bubble is shown in figure 9. In the figure the streamwise evolu-
tion of the mean velocity profile and the backflow coefficient are presented. A
complete profile at each position was obtained from two measured x-y planes,
which overlap slightly in the y-direction. As reported in table 2, xs = 2.24 m
and xr = 2.85 m. Note that, due to the growth of the boundary layer, the
y position where χ > 0 is moving further out from the wall even after the
bubble has passed its maximum height. The first backflow events occur a short
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Figure 10. The mean velocity profiles at x = 2.55 m in the
uncontrolled APG cases.

distance upstream of the separation point, and from figure 7(b) the position
can be estimated to be at x ≈ 2.1 m.

The mean velocity profiles for all three cases at x = 2.55 m are compared
in figure 10. In Lögdberg et al. (2008) it was shown that the mean velocity
defect profiles of the three APG cases are self-similar in the region between xs

and the position of maximum backflow.

3.2. The controlled case

As shown in 5(b), the rapidly growing boundary layer makes it possible to pro-
duce any vortex strength up to γe = 4.0 m/s with only four different VG arrays.
However, in relation to the measurement position, the vortices produced fur-
ther upstream will evolve and decay over a larger distance compared to vortices
produced at a position further downstream. This is discussed in section 3.2c.

3.2a. Measurement positions. In figure 6 it is shown that the maximum in
H12 occurs at xh ≈ 2.55 m for all APG cases. Furthermore, in Lögdberg
et al. (2008) it was reported that H12 increases linearly with χw and that their
maxima coincides. Thus xh is suitable as reference position when the control
effect of different VG sets are compared. The spanwise position where the
vortices produce an inflow is always at z/D = 0 and the outflow position is at
z/D = 0.5. Since these are the extreme positions, velocity profiles are always
measured at both z/D = 0 and z/D = 0.5. Detailed results from APG case
I are thoroughly presented in Angele & Muhammad-Klingmann (2005a) and
the focus of the present paper is on case II and case III.



118 O. Lögdberg, K. Angele & P. H. Alfredsson

-0.1 0 0.1 0.3 0.5 0.7 0.9
0

50

100

150

U/Ue

y 
(m

m
)

γ = 3.8
γ = 3.1
γ = 1.4
γ = 1.0
γ = 0.8
γ = 0

e
e
e
e
e
e

-0.1 0 0.1 0.3 0.5 0.7 0.9
U/Ue

(a) (b)

Figure 11. Mean velocity profiles at (a) the spanwise posi-
tion of inflow and (b) the position of outflow.

Table 3. H12 and χw of the profiles seen in figures 11 and 12.

γe (m/s) (xh − xVG)/h H12 χw

Inflow Outflow Inflow Outflow
0 - 4.9 4.9 0.75 0.75

0.8 92 4.6 4.9 0.74 0.75
1.0 55 4.0 4.4 0.63 0.65
1.4 31 2.6 3.2 0.11 0.13
3.1 53 1.4 1.6 0.0 0.0
3.8 81 1.3 1.5 0.0 0.0

3.2b. Circulation and reverse flow elimination. When evaluating the control
effect of the vortices it is useful to define a simple measure of merit. The
measure used in this article is H12. In separated flows H12 is a good indicator
of the backflow. It has been shown by Dengel & Fernholz (1990) and Lögdberg
et al. (2008) that H12 is proportional to χw in the separated region. In this
experiment H12 and χw are nearly proportional also in the flow cases with VGs.
It could be argued that χw is more suitable for separation control purposes.
The reason why H12 is preferred is that it is easier to calculate it accurately
for χw < 0.4− 0.5.

The purpose of the VG arrays is to eliminate the mean reverse flow in the
separated region. In figure 11 the streamwise mean velocity profiles U(y) at
the position of inflow (z/D = 0) and the position of outflow (z/D = 0.5), are
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Figure 12. Backflow coefficient profiles at (a) the spanwise
position of inflow and (b) the position of outflow.

shown for different VG configurations in case II. The uncontrolled case, γe = 0,
is shown for comparison. In table 3 the results are listed. At the position of
inflow, more streamwise momentum is transported down through the boundary
layer, and a larger effect of the VGs can be seen compared to the position of
outflow. However, due to the spanwise movement of the vortices and the viscous
diffusion, the difference has become quite small. The two VGs which produces
the least circulation, γe = 0.8 and γe = 1.0, have negligible influence on U , but
when the circulation is increased to γe = 1.4 mean separation is prevented. The
change in U is not large, but as shown in figure 12 the reverse flow is almost
eliminated. At the positions of inflow and outflow χw is only about 0.08 and
0.15 respectively. Thus, the backflow coefficient is correlated to the circulation
in a nonlinear way. Since the drag of the VG array is expected to increase with
γe, this is the most efficient VG configuration for preventing separation in this
particular flow case.

Figure 13 summarises the separation control effectiveness of all examined
VG configurations. Here the H12 values at xh for case I, II and III are compared
for different γe. In the separation bubbles of the uncontrolled cases, H12 is
approximately 4, 5 and 7 in the respective cases. This can also be seen in
figure 6. The dashed lines display the results at the spanwise position of outflow
and the dotted line refers to the position of inflow. A fuller profile and hence a
lower H12 is expected at the position of inflow, as can be seen when comparing
figures 11 (a, b). This is shown in figure 13, where the two curves are separated
by an average ∆H12 ≈ 0.3.

For the flow to stay attached H12 should be lower than H12,sep in table 2
i.e. H12 ≈ 3.5. The light grey area in figure 13 indicates the present range
of H12,sep. The value of γe at which the flow stays attached seems to be
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fairly insensitive to the pressure gradient, even though the difference in size
of the separated region is quite large in the uncontrolled cases. A γe of 1.3-
1.5 m/s is sufficient for cases II and III. Case I has too few data points to
allow any conclusions. The drop in H12 is sudden in both case II and III,
and confirms the nonlinearity suggested above. When the circulation is further
increased, the shape factor levels off to about H12 = 1.3 at the position of inflow
and to H12 = 1.5 at the position of outflow. Thus the average H12 seems to
asymptotically approach 1.4, similarly to a ZPG turbulent boundary layer. At
γe > 1.5 m/s the variation of H12 with γe is similar for all APG cases, and
for γe > 2.5 m/s the pressure gradient has no effect on H12. This suggests
that there exists a γe, within the present APG range, above which the pressure
gradient no longer affects the flow.

3.2c. Streamwise position of the VGs. To design an efficient flow control sys-
tem with VGs it is not only necessary to decide the circulation required to
prevent separation, but also the position of the VGs with respect to the point
of separation. So far, in the present study, it has not been taken into account
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Table 4. Four VG configuration that produce γe = 3.1.

h (mm) xVG (m) (xh − xVG)/h γe (m/s)
6 1.10 242 3.1
10 1.37 118 3.1
18 1.54 56 3.1
30 1.68 29 3.1
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Figure 14. (a) Circulation decay downstream of arrays of
VGs in ZPG (b) γe generated by the four different VG sizes
in case III. The horizontal line indicates γe = 3.1 and the x-
positions where it intersects with the four lines of estimated
circulation shows where the VGs should be placed to generate
γe = 3.1.

at which position γe is generated. The position is important since the circula-
tion decays in the downstream direction and also since the location of xs might
change.

In Lögdberg et al. (2008) the streamwise circulation decay of vortices pro-
duced by VG arrays identical to the present ones was measured in a ZPG tur-
bulent boundary layer. As shown in figure 14(a) the circulation decay scales
with h. Since the APG changes the boundary layer in which the vortices are
embedded it is reasonable to assume that the rate of decay might change. How-
ever, Westphal et al. (1987) reported that even though the vortex core grows
quicker in an APG and the peak vorticity becomes lower, the decay of circu-
lation from a vortex with the same initial circulation does not change when a
pressure gradient is imposed.
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In figure 11 the vortices of γe = 3.8 are produced by a VG array at xh −
xVG = 81 h, whereas the vortices of γe = 1.4 are generated at xh−xVG = 31h.
Assuming that the decay of circulation displayed in figure 14(a) is applicable,
the stronger vortices would have lost 60% of their estimated circulation at xh,
while the weaker vortices would have lost only about 20 % of their circulation.
The question is if it is γe at xh which is of importance for separation con-
trol purposes or if it is the initial γe. Figure 14(a) should not be interpreted
as showing the decay of the control effect. The boundary layer’s capacity to
withstand an APG depends on the fullness of the velocity profile and high
momentum fluid is transported towards the wall despite the fact that the cir-
culation decays, when the vortices are convected downstream. The downward
momentum transport thus takes place over a longer streamwise distance for VG
configurations positioned further upstream. Therefore there are two seemingly
opposing consequences when the streamwise position of the VG array is moved
upstream: a decreased circulation at xh and an increased total momentum
transport towards the wall.

In order to investigate the influence of the streamwise position of the VG
array, the same magnitude of circulation was produced at four different x-
positions. This was accomplished by applying the 6, 10, 18 and 30 mm VGs
at different streamwise positions so that hUVG is constant (see table 4). The
procedure is illustrated in figure 14(b), which is based on the data from figure 5.
Two arrays are placed before the pressure gradient peak in figure 3, one is placed
at the position of the peak and one is positioned right after the maximum in
the pressure gradient. The normalised distance from xVG to xh span x/h = 29
to 242.

In figure 15(a) the resulting mean streamwise velocity profiles at the span-
wise positions of inflow and outflow at xh are presented. For the case with
6 mm VGs the boundary layer has become two-dimensional. With the 10 mm
VG array, the velocity profiles at the positions of inflow and outflow are slightly
shifted with respect to each other, with a fuller profile at the position of in-
flow. For the next two cases of larger VGs and decreasing x/h, the shift of
the profiles at the inflow and outflow positions increases further, showing that
they have not developed as far. However, if an average of the profiles at the
inflow and outflow positions are taken for each VG size, the resulting velocity
profiles of the three largest VGs become quite similar. Hence, H12 of the aver-
age mean velocity profiles is similar. This is shown in figure 15(b), where H12

at the inflow and outflow positions are plotted against xVG. The grey line in
the figure shows the average H12 and one can conclude that the control effect
in terms of H12 at xh, is insensitive to the streamwise position and dP/dx for
xh − xVG = 29h− 118h. For the most upstream VG array at xh − xVG = 242h
the control effect is reduced (see table 4 for the conversion between xVG and
(xh − xVG)/h). Note that the resulting data points in figure 13 are all within
the xVG-insensitive range.



On the robustness of separation control by streamwise vortices 123

0

1

2

3

H
1

2

x
VG

1.0 1.2 1.4 1.6 1.8
 (m)

H
12, in

H
12, out

0 0.2 0.4 0.6 0.8
0

20

40

60

80

100

120

140
30 mm
18 mm
10 mm
6 mm

U/U
inl

y
 (m

m
)

+

++

(a) (b)

Figure 15. (a) Mean velocity profiles at the spanwise posi-
tions of inflow and outflow for four different VG configurations
described in table 4. The four rightmost profiles are measured
at the position of inflow and the others at the position of out-
flow. (b) H12 measured at xh for an estimated generated γe

of 3.1 m/s. The circulation is produced at four different x-
positions. The upper curve is H12 at the position of outflow
and the lower curve is H12 at the postion of inflow. The grey
line shows the mean H12.

4. Conclusions
In this study the control effectiveness of conventional vane-type VGs has been
investigated, for different pressure gradients and different levels of generated
circulation, using PIV.

As the circulation is increased the effect on the separated region is first
small, but when a critical γe is reached the flow does not separate. Since
the parasitic drag of the VGs increases with γe, the lowest possible γe that still
keeps the boundary layer attached is the most efficient. This, together with the
sudden change to attached flow produces a pronounced efficiency maximum.
However, in an application where the flow conditions vary, a system designed
for maximum efficiency might be sensitive to such variations.

Figure 13 illustrates the sensitivity of the VG system. A system is designed
for maximum efficiency probably produces γe ≈ 1.5. If a change of the flow
at xVG causes UVG and γe to decrease, the flow at xh can quickly become
separated. Thus, an optimised system is sensitive to variations in γe. However,
if instead the pressure gradient changes, figure 13 shows that the effect is small.
Thus, the VG system is not sensitive to variations in the pressure gradient.
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In figure 15(a, b) it is shown that, within a range of xh−xVG, the streamwise
position of the VG array is of minor importance. Thus, the VG system is not
sensitive to changes of the separation point.

To conclude, flow control by means of vane-type VG arrays is robust with
respect to changes in the pressure gradient and changes of separation point.
However, if the system is designed for optimum efficiency it could be sensitive
to changes of the flow conditions at the position of the VG array.

Acknowledgements
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Separation control by an array of vortex
generator jets. Part 1. Steady jets.

By O. Lögdberg1,2

1Linné Flow Centre, KTH Mechanics, S-100 44 Stockholm, Sweden
2Scania CV AB, S-151 87 Södertalje, Sweden

The effect of longitudinal vortices produced by an array of steady jets on a
separation bubble was examined experimentally. A adverse pressure gradient
on a flat plate causes the turbulent boundary layer to separate. The jets are
originating from orifices in the wall and are directed 45◦ from the wall and 90◦
from the mean flow direction. In the centre of the separated region, particle
image velocimetry (PIV) is used to measure the momentum increase near the
wall that the vortices produces. An effect maximum is found for a jet velocity
that is 5 times the test section inlet velocity. Maxima based on volume flow
efficiency and energy efficiency are also found at lower jet velocities. Further-
more, it is shown that the highest possible effect of the jet array is comparable
to that of a vane-type vortex generator array. In sidewind, the jet array is
shown to be effective at yaw angles up to 40◦.

1. Introduction
Control of separation of boundary layer flows can be achieved through different
approaches. One common method, that has proved to be effective, is to intro-
duce longitudinal vortices in the boundary layer. The vortices enhance mixing
and transport high momentum fluid towards the wall. In the past, the vortices
have been produced by vane-type vortex generators, i.e. short wings attached
to the surface with the wingspan in the wall-normal direction and set at an
angle towards the mean flow direction. Such devices are commonly seen on
the wings of commercial aircraft. An alternative way of producing the vortices
is by jets originating from the wall and lately there have been several studies
on vortex generator jets (VGJs). This study complements and extends earlier
work on VGJs and is divided in two parts, dealing with steady (present paper)
and pulsed jets (Lögdberg (2008)), respectively.

1.1. Background

Circular jets in cross-flow are known to produce a multitude of vortical struc-
tures. The complex interaction between the oncoming flow and the jet surface
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Figure 1. Schematic of a VGJ device producing counter-
rotating vortices. Note that the figure is in first-angle pro-
jection. U is the free stream mean direction and Ujet is the jet
velocity. The direction of the jet is defined by the pitch angle
α and the skew angle β. The jet exit diameter is named d, the
distance between the jets of a VGJ pair L and the distance
between the pairs in an array λ. For a co-rotating array there
is no L and thus λ is the distance between the jets.

vortex sheet generates a counter-rotating vortex pair as the jet is deflected in
the cross-flow direction. The mechanism is still not completely understood, but
plausible models are presented by Kelso et al. (1996) and Lim et al. (2001).
If the jet is inclined relative to the cross-flow, one of the vortices will grow
stronger, as explained by Zhang (2003). The vortex pair from an inclined jet
will thus form a primary and a secondary vortex.

Flow control by VGJs was first described by Wallis (1952). He claimed
that an array of VGJs is as effective as passive vortex generators in suppressing
separation on an airfoil. One advantage of an active system is that it can be
turned off when it is not needed and thus the parasitic drag of conventional
vortex generators can be avoided. In the following the jet direction is given
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by the skew and pitch angle, see figure 1 for a definition of the geometry. The
pitch angle α is the angle between the wall and the jet centreline. Skew is the
angle β between the wall projection of the jet centreline and the free stream
direction. Note that in some studies the skew angle is referred to as yaw angle.

After some more experiments by Wallis very little was published until the
1990s. The study by Johnston & Nishi (1990) demonstrated how streamwise
vortices are produced by an array of pitched jets at 90◦ skew. A pitch angle of
less than 90◦ was needed in order to generate a strong primary vortex. Some
success in reducing the size of a separated region in an adverse pressure gradient
(APG) was also demonstrated when the velocity ratio VR, which is the ratio
of the jet velocity to the free stream velocity, was 0.86 or higher.

Compton & Johnston (1992) studied VGJs pitched at 45◦ and skewed from
0-180◦ from the mean flow (a skew angle larger than 90◦ means that the jet is
directed in the upstream direction). A skew angle between 45 and 90◦ was found
to give the strongest vortices. The circulation of the vortices was also found
to increase monotonically as the VR was increased up to 1.3. A comparison to
vane-type VGs showed that the vortices from the jets decayed more rapidly.

In a study on a zero pressure gradient (ZPG) flow followed by a backward
facing ramp with a slope of 25◦, where the flow separates, Selby, Lin & Howard
(1992) (SLH1992) measured the increase in pressure recovery of different VGJ
array configurations. The pressure recovery increased monotonically up to the
highest tested VR ratio of 6.8. It was shown that a small pitch angle (15◦ or 25◦)
is beneficial, since momentum transfer occurs closer to the wall. The optimum
skew angle appears to be between 60◦ and 90◦. A comparison with tangential
slot blowing at an equal flow rate per unit width showed substantially better
pressure recovery for the VGJ case. Since this is one of the most comprehensive
studies made on VGJ arrays, the main characteristics are listed in table 1.

According to the review by Johnston (1999) the VR is the dominant pa-
rameter in generating circulation. He also concludes that a pitch angle below
30◦ and a skew angle in the range 60◦ to 90◦ from the free stream are the most
effective. The exact streamwise location of the VGJ row seems less important
since the boundary layer reacts likewise independent of where it is energised.
The VGJ spacing, the hole diameter and the hole shape are yet to be optimised.

Khan & Johnston (2000) showed detailed measurements of the flow field
downstream of one VGJ. Their data support earlier experiments when they
claim that a skew angle of 60◦ produces the highest peak vorticity. For pitch
they write that 30◦ is the optimum angle, but the only other angle that is
tested is 45◦. The flow field seems similar to that of solid VGs.

Zhang (2000) showed that a rectangular jet can produce higher levels of
vorticity and circulation compared to a circular jet of equal hydraulic diameter
and VR. The circulation decay with distance is linear for both nozzle configu-
rations. The complicated near field structures around a rectangular skewed jet
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was earlier investigated by Zhang, Zhang & Hurst (1996). Another experiment
on the jet orifice shape by Johnston, Moiser & Khan (2002) showed that the
inlet geometry affects the near-field but not the far-field.

For a single VGJ with a fixed direction, the VR was varied in an experiment
by Rixon & Johari (2003). The jet creates a pair of vortices of which one is
significantly stronger. The weak vortex was found to decay rapidly and only
the strong one persisted downstream. Both circulation and the vortex centre
distance to the wall increased linearly with VR for ratios between one and
three. The vortex core was observed to meander up to 0.3 δ in both the wall
normal and spanwise directions.

Zhang (2003) studied co-rotaing vortices produced by a spanwise array of
VGJs where both skew and pitch are set to 45◦, and described the complicated
near field. The ratio of vortex strength of the primary and secondary vortices
(cf. Rixon & Johari (2003)) are shown to depend on VR. Compared to a single
vortex the array of co-rotating vortices experience a larger spanwise movement
as they evolve downstream, but after a certain distance opposing secondary
flow structures seem to halt the spanwise motion.

In all previous reports the vortex strength has been reported to increase
monotonically with VR, but Milanovic & Zaman (2004) finds a maximum in
the region of VR = 2.0–2.8. The optimum skew angle and pitch angle are in
accordance with earlier experiments.

The most extensive investigation in recent years is the one by Godard &
Stanislas (2006) (GS2006). It is the third part in a larger study of flow control
by longitudinal vortices in an APG without separation. They measure the
skin friction increase for different VGJ configurations producing co-rotating
and counter-rotating vortices. Their data show that optimised VGJs produce
results comparable to passive vane-type VGs in terms of skin friction. For a
counter-rotating pair their optimal set of parameters are: β = 45−90◦, α = 45◦
and L/d = 15. They show a strong increase in skin friction with jet velocity
up to VR = 3.1. Above that there is almost no increase. They also reported
that the counter-rotating VGJ pair is effective at free stream skew angles up
to 20◦. The main characteristics of this study are also listed in table 1.

1.2. Present study

This study focuses on the VGJ array as a system, but not on the detailed flow
physics. Of the above mentioned works the ones by SLH1992 and GS2006 have
been the most influential on the present investigation. Here an array of VGJs,
that spans the full width of a flat plate, is used to control a separation bubble.
The measurement technique used here makes it easier to quantify the control
effect as compared to SLH1992. The difference compared to GS2006 is that
the uncontrolled flow separates and that the VGJs form an array.
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Figure 2. Rotatable VGJ device mounted flush in Plexiglass plate.

2. Vortex generator jets
The intention of this study was not to optimise the VGJ geometry. This has
already been done by SLH1992, GS2006 and others.

2.1. VGJ devices

Here a counter-rotating configuration was chosen for the VGJ array, because
of our earlier experiences of counter-rotating vane-type VGs (see Angele &
Muhammad-Klingmann (2005a), Lögdberg et al. (2008c) and Lögdberg et al.
(2008b)) in the BL wind tunnel at KTH. The geometry was chosen in agreement
with the results of the above mentioned studies, although modified to suit the
wind tunnel. The skew and pitch angles are chosen as 90◦ and 45◦, respectively.
The distance between the jets of the VG device is 40 mm and the diameter of
the circular jet is 2.5 mm. This results in L = 16 d, which is close to the
optimum according to GS2006. However, in their set-up L/δ99 = 0.6 and in
our set-up it is 1.6. Since others have shown good results with L > 1 this
geometry was judged to be a good compromise. To ease future configuration
changes the distance between the devices was set to 80 mm (λ = 2 L). An
array that spans the full wind tunnel width of 0.75 m will then consist of 9
VGJ devices (18 jets). A compressor with a capacity of 25 g/s at 4 bar and 18
jets with d = 2.5 mm, the maximum sustainable jet velocity is 220–230 m/s,
which corresponds to VR = 8–9 at a test section inlet velocity Uinl of 26.5 m/s.
This produces a reasonable VR range for the experiment. The most important
geometry quantities of the VGJ devices used in this experiment are listed in
table 1.

To be able to yaw each VGJ pair individually, the VGJ devices consist of
50 mm diameter cylindrical aluminum plugs. In figure 2 two plugs of the array
can be seen. Through the Plexiglas, in which the plug is mounted, two of the
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adjustment screws are visible. With these, fine adjustment of the plugs are
possible, to avoid steps between the plug and the plate. There is an air supply
inlet for each jet and they are placed on the lower side of the plug. The inlets
are normal to the surface of the plug and thus there is a 45◦ bend of the air
channel inside the plug.
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Compressor

Accumulator tank 1

Accumulator tank 2

Precision regulator
Indicator jet

HW anemometer

VGJ array

x = 1.50 m x = 2.55 m

Measurement 

plane
Approximate 

separation line

Figure 3. Schematic of VG set-up. The tubes between the
compressor, accumulator tank 1 and accumulator tank 2 is
approximately 20 m each. The measurement plane is parallel
to the wall and located at the flat plate centreline, 5 mm from
the wall.

2.2. VGJ installation

As already mentioned, the array of VGJ devices are mounted on a Plexiglas
plate. This can be seen in figures 3 and 4. The high pressure air for the jets,
produced by a compressor is then fed to the 0.3 m3 accumulator tank 1 via a
20 m hose. The compressor keeps the pressure in accumulator tank 1 at 7–8 bar
and the large volume of the tank enables the jets to run at higher jet velocities
for short periods. On the hose between accumulator tanks 1 and 2 there is
a SMC IR3020 precision regulator to control the jet velocity. The 0.012 m3

accumulator tank 2 is located outside the wind tunnel and connects the large
supply hose to the 18 4 mm (inner diameter) tubes that feed the VGJ devices
in the wind tunnel. In figure 4 one can observe valves on the 4 mm tubes. They
are used for the pulsed jets discussed in Lögdberg (2008).

One of the VGJ devices is placed outside the wind tunnel. It is identical
to the ones in the array and connected to accumulator tank 2 with a tube
of the same length and diameter as the others. A straight hot wire probe,
connected to a Dantec DISA 55M10 anemometer, is used to measure the jet
centreline velocity UCL. The jet velocity is continuously monitored during the
experiments, and kept within ± 3 m/s.

2.3. Jet results

Before the separation control experiments the main characteristics of the VG
jets were studied.
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VGJ array

Figure 4. The VGJ array seen from below the plate. The
valves seen outside the test section are not used in this exper-
iment.

To measure the jet exit velocity profile a single-wire probe was traversed
over the jet exit hole at y/d = 0.4. The measurements are thus not taken
perpendicular to the jet axis. The jet centreline velocity was varied from 26.5
to 159 m/s, or VR = 1 − 6, by adjusting the pressure in accumulator tank 2.
As expected there was a linear relationship between the square of UCL and the
pressure.

In figure 5(a) the velocity profiles for VR = 1 − 6 are shown normalised
by UCL. In the figure the positive x direction is from the centre of the VGJ
plug and outwards. Except for a small deviation for VR = 1, all U profiles are
self-similar. At y/d = 4 the profile for VR = 3 is shown and the spreading of
the jet is clearly seen. For clarity the data for y/d = 4 in the figure is centered
around x/dx = 0 despite the jet angle.

The asymmetry of the velociy profile is due to the 45◦ angle in the plug
channel. A CFD computation of the channel geometry produced the same
skewed profile. In the computation it was shown that flow separation at the
inner corner of the bend in the channel produced the asymmetry.

The rms-profiles in figure 5(b) are also quite similar, although less so than
the velocity. The two peaks in rms are, as expected, found where the mean
velocity gradient is the largest. Between the peaks urms increases with the jet
velocity.



138 O. Lögdberg
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Figure 5. (a) The full lines show U/UCL at y/d = 0.4
for VR = 1–6 and the dotted line shows U/UCL,y/d=0.4 at
y/d = 4 for VR = 3. (b) urms/UCL,y/d=0.4 at y/d = 0.4 and
y/d = 4 mm. Note that dx is d/sin 45◦.

3. Experimental set-up
The VGJs were evaluated in a wind tunnel, where pressure measurements and
PIV measurements were performed.

3.1. Wind tunnel

All experiments were performed in the KTH BL wind tunnel, with a free stream
velocity of 26.5 m/s at the inlet of the test section. The test section, which is
shown in figure 6, is 4.0 m long and has a cross-sectional area of 0.75 m×0.50 m
(height×width). For a detailed description of the wind tunnel, the reader is re-
ferred to Lindgren & Johansson (2004). A vertical flat plate made of Plexiglas,
which spans the whole height and length of the test section, is mounted un-
symmetrically with its back surface 300 mm from the back side wall of the test
section. The plate is equipped with pressure taps, separated by ∆x = 0.1 m,
along the centreline. At x = 1.25 m, the back side wall diverges in order to
decelerate the flow. Suction is applied on the curved wall to prevent separa-
tion there. The induced APG on the flat plate can be varied by adjusting the
suction rate through the curved wall. The measurements are made with PIV
and for a detailed description of the experimental set-up the reader is referred
to Angele & Muhammad-Klingmann (2005a,b).
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adjustable backside wall
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adjustable flapvortex generator jets

PIV laser

0.3 m PIV image size

Figure 6. Test section with plate model. Here the PIV sys-
tem is arranged to measure a x-y plane.
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Figure 7. The pressure and its gradient at APG-1 (%), APG-
2 (∗), APG-3 (!), APG-4 (•) and APG-5 (*).

3.2. Pressure measurements

The wall static pressure P was measured along the spanwise centreline using
a 16 channel Scanivalve pressure scanner. The pressure transducer has an
accuracy of ± 0.2 % of full scale (2500 Pa), which in the present experiment
produces a measurement accuracy of ± 3 %. The pressure coefficient

Cp =
P − Pref

P0 − Pref
(1)



140 O. Lögdberg

for the wall static pressure and its gradient in the flow direction are plotted
in figure 7 against the distance from the leading edge of the test plate. Pref

is taken on the wall at x = 0.45 m and P0 is the total pressure at the same
xposition.

3.3. PIV set-up

The PIV-system used consists of a 400 mJ double cavity Nd:Yag laser operating
at 15 Hz and a 1018×1008 pixels CCD camera with 8 bit resolution. The air was
seeded with smoke droplets generated by heating glycol injected in the pressure
equalizer slit downstream of the test section. The droplets are large enough to
render a particle image size larger than 2 pixels in all measurements. According
to Raffel et al. (1997) this is enough to avoid peak-locking due to problems with
the peak-fit algorithm. Also the ratio between the discretization velocity ud

and the rms-value of the streamwise velocity is close to 2 in all measurements.
According to Angele & Muhammad-Klingmann (2005b) this reduces errors due
to peak-locking effects in mean- and rms-values to approximately 1%.

Conventional post-processing validation procedures of the PIV image pairs
were used. No particles moving more than 25% of the interrogation area length
between two images were allowed in order to reduce loss-of-pairs and the re-
sulting low-velocity bias. The peak height ratio between the highest and the
second highest peak in the correlation plane must be more than 1.2 if the vector
should be accepted.

3.4. Hot-wire

Hot-wire measurements were performed to characterize and monitor the jet. A
single-wire probe with a welded 5 µm tungsten wire was used. The wire length
is 1.2 mm and the probe was connected to a Dantec DISA 55M10 anemometer.
The probe was calibrated before each measurement series (i.e. once per day).

4. Separation control
There are two ways of studying the effect of VGs. The generated circulation or
vorticity can be measured at different positions in the flow field. Alternatively
the region of the flow that the VGs are designed to influence is studied. Here
the second approach is chosen.

4.1. The uncontrolled case

The curvature of the wall causes a pressure gradient that can be further in-
creased by applying suction. Flow control will be applied at four different APG
cases. They are chosen so that the first is on the verge of separation, the fourth
the largest possible separation bubble and the other two evenly distributed in
between. They will henceforward be called APG case 2–5. APG case 1 is
without suction. What restricts the size of the case 5 separation bubble is the
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Figure 8. Mean velocity profiles at x = 2.55 m and z = 0 mm.
Symbols as in figure 7

capacity of the suction system. The baseline case in the flow control study will
be case 4.

Figure 7 shows the pressures and the pressure gradients of the five APG
cases. The four largest pressure gradients have their maxima at approximately
x = 1.65 m. Without suction the pressure gradient is weak. The streamwise
position of separation xsep was not measured, but considering the results in
the same wind tunnel at an almost identical APG presented in Lögdberg et al.
(2008a) a reasonable estimate is xsep ≈ 2.1 m for case 4.

In Lögdberg et al. (2008a) the position of maximum bubble height and
the position of maximum backflow coefficient χwall was shown to coincide at
xh = 2.55 m for all pressure gradients. Because of the similarity mentioned
above it was assumed that the bubble maximum was located near that position
also in this set-up. For this experiment the exact position is not so important,
but it is vital that it is fairly constant. For approximately the same set-up it
was shown in Lögdberg et al. (2008b) that even for large separation bubbles
the flow is two-dimensional around the centreline at xh.

The velocity profiles of the different APG cases, at xh, are shown in fig-
ure 8. The free stream velocity Ue is reduced by approximately 2 m/s when
suction is applied. However, when the suction flow is further increased to en-
large the separated region, Ue remains constant. Thus, at increased suction
ratios the increased blockage from the separation bubble seems to balance the
reduced flow after the suction region. For the other APG cases the height of
the separation bubble, defined as χ > 0.5, ranges from 0 to 60 mm.

4.2. Effect measure

In order to compare many different flow control configurations a simple scalar
measure of the control effect is helpful. Since the purpose of introducing the
vortices in the flow is to transport momentum towards the wall, measuring
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Figure 9. (a) Velocity profiles at baseline APG for VR = 0,
VR = 3 and VR = 6. (b)Velocity profiles for APG cases 2 (∗),
3 (!), 4 (◦) and 5 (*) at VR = 3.

the momentum increase near the wall at the streamwise position of maximum
backflow (xh), seems to be a straightforward method. To be able to detect
small differences a large range or a high accuracy is needed; preferably both. At
y = 5 mm the backflow of the uncontrolled case 4 has reached U/Uinl = −0.075,
which is close to its maximum value. Consequently, velocity measurements at
that position could potentially provide a good range and it is still close enough
to the wall for the velocity to be approximately zero when the flow is on the
verge of separation, i.e. when ∂U/∂y = 0 at y = 0 mm. Furthermore it is
far enough from the wall to avoid most of the disturbances from dust particles
on the wall when measuring an x-z plane with PIV. By measuring a plane
parallel to the wall the accuracy is increased, since the small gradient makes it
possible to average the data in the streamwise direction. The resulting velocity,
normalised by Uinl, will be called U5 in the following. From U5 a scalar effect
measure can be calculated by averaging the velocity over one wavelength λ in
the spanwise direction. This scalar will be termed U5.

The approximate position of the measurement plane is shown in figure 3.
The wall-normal position of the laser sheet is at y = 5±0.5 mm and its thickness
is approximately 1.5 mm. Furthermore, the sheet is not completely parallel to
the wall. The spanwise angle error is, however, less than 0.1◦. The error in
the streamwise angle is estimated to be less than 0.3◦. Due to the difficulty in
reproducing the same laser sheet, all x-z planes at y = 5 mm were measured in
a sequence, without touching the laser and the camera of the PIV system. Thus
the different configurations of this experiment can be accurately compared, but
if U5 is calculated from other data the accuracy is reduced.
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In figures 9(a, b) the suitability and limitation of U5 as effect measure is
demonstrated. Figure 9(a) show velocity profiles at VR = 0, 3 and 6 in APG
case 4. As shown in the magnification, below the main figure, the range of
U5 is approximately 0.5 and increasing with increasing VR. If instead VR is
kept constant and the pressure gradient varied U5 increases with decreasing
pressure gradient for the three cases with separated flow without control. For
case 2, which does not separate, the momentum transfer produces a peak at
y = 15–20 mm, but leaves U5 unchanged compared to case 3. Thus U5 seems
to work in APG cases 3–5 and for the range of VRs applied in this experiment.

For a ZPG turbulent boundary layer with the same free stream velocity
(Lögdberg et al. (2008c)) U5 is 0.68 at x = 2.55 m.

4.3. VGJ position

Both the passive and the active vortex generators are positioned at xVG =
1.5 m. There the momentum thickness Reynolds number is approximately
6000 and δ = 26− 27 mm, depending on the pressure gradient. For case 4 this
is approximately 0.6 m upstream of the separation line.

4.4. Vane-type VG

In the the earlier experiments described in Angele & Muhammad-Klingmann
(2005a) and Lögdberg et al. (2008b) square-bladed vane-type vortex generators
were used to successfully control separation in a set-up similar to the present.
Here the same passive VGs were applied in APG case 4. The VGs produce
counter-rotating vortices with common downflow and exist in three different
sizes, which are geometrically self-similar. The VGs are mounted in an array at
xVG. In figure 10(a) U5 profiles at xh are shown for VG heights h = 6, 10 and
18 mm. As expected the larger VGs, that produce more circulation, increases
U5. Furthermore, the wavelength amplitude is relatively larger for the stronger
vortices, i.e. the velocity difference between the positions of inflow and outflow
increases.

The circulation per unit width generated by an array of VGs can be esti-
mated as

γe = 2k
hUVG

D
. (2)

where UVG is the mean velocity at the VG blade tip and k is a coefficient that
is a function of the geometry of the VG. Lögdberg et al. (2008c) measured the
circulation produced by the above mentioned VGs in a ZPG and found k to be
0.6± 0.05. Since the boundary layer profile is known at the position of the VG
arrays, γe can be determined in the present set-up. Obviously, k might change
due to the APG, but in Lögdberg et al. (2008b) it is shown that the velocity
profiles at xVG are quite constant. In figure 10(b) U5 is shown for varying γe.
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Figure 10. (a) Velocity profiles at y = 5 mm for h = 6 mm
(%), h = 10 mm (2) and h = 18 mm (#). (b) The correspond-
ing averaged velocities U5 at different γe.
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Figure 11. (a) Velocity profiles at y = 5 mm for different VR
and (b) the corresponding mean velocities U5.

4.5. Jet vortex generators

4.5a. Velocity ratio. With a fixed geometry the only variable parameter of the
VGJs is VR. Here VR is varied between 0 and 7, i.e. Ujet = 0 − 185 m/s.
Figures 11(a, b) show that U5 = −0.075 without the jets, at VR = 0. There
is almost no change when the jet are activated at VR = 0.5. Possibly, this
is because the jets are still too weak to produce any vortices. A further ve-
locity increase to VR = 1.0 turns the backflow into the mean flow direction.
Thus, there are now longitudinal vortices present in the boundary layer. From
VR = 0.5 to VR = 2.5 the increase in U5 with VR is approximately linear.
After that and up to VR = 5.0 the control effectiveness is still increasing, but
at a lower rate. Above VR = 5.0 there is a decrease in U5.



Separation control by vortex generator jets. Part 1. Steady jets. 145

0 2 4 6 8
0

0.05

0.1

0.15

0.2

VR

Δ
U 5

/V
R,

 Δ
U 5

/V
R

2

Figure 12. The volume flow efficiency ∆U5/VR (◦) and the
energy efficiency ∆U5/VR2 (∗) at different VR.

For a vane-type VG array with h > 18 mm, the increase in γe with h
is small since the h is close to the boundary layer thickness and thus UVG is
already close to the free stream velocity. Therefore the maximum U5 for the
VG array is only slightly larger than 0.38. Likewise, for the jet array, the
maximum U5 is slightly larger than 0.38. It is a coincidence that U5,max is
exactly the same for both cases, but there appears to be a maximum level of
control effect possible with longitudinal vortices. Note that the accuracy of the
y position of the laser sheet is such that quantitive comparisons to previously
obtained data in the same set-up are uncertain.

If the available flow rate for the VGJs is limited, it is interesting to study
flow control efficiency instead of effectiveness. Since VR is proportional to the
volume flow rate, it can be used to normalise U5 to produce a measure of volume
flow efficiency. In order to avoid negative data points ∆U5 = U5 − U5,VR=0

is now used as the effect measure. In figure 12 ∆U5/VR is shown to have a
maximum in the region VR = 1.5 − 2.5. This coincides with the end of the
linear region in figure 11(b), after which the rate of increase in U5 decreases. If
instead the kinetic energy of the jet is considered, the effect measure is scaled
with VR2, and the maximum efficiency is achieved at VR = 1.0.

An expression for γe that approximates the data in figure 10(b) with a
least squares fit was used to produce figure 13. Here the estimated levels of
γe produced at different VRs are shown. As in the report by Rixon & Johari
(2003) the circulation increases in a fairly linear way between VR = 1.0 and
VR = 3.0. At VR > 3.0 the gradient is decreasing until VR = 5.0, where
γe start to decrease. The circulation calculated from U5 is only the effective
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Figure 13. Estimated circulation produced at different VR.
Above VR = 5 the estimate is no longer credible.

Table 2. The velocity ratio that produces a boundary layer
on the verge of separation for different APGs.

Case hs (mm) (dCp/dx)max VRχw=0 γe

APG-3 24 0.82 0.70 2.10
APG-4 40 0.88 0.85 2.15
APG-5 49 0.95 1.00 2.21

circulation, i.e. the part of the produced circulation that affects the boundary
layer at xh. For VR > 5.0 the vortices are probably formed partly outside the
boundary layer and consequently the estimate is no longer valid.

Since both the pressure gradient and the generated circulation can be varied
it is possible to test at what level of VR or γe separation is inhibited. This was
done by measuring x-y planes at z/D = 0 and adjusting the jet velocity until
∂U/∂y = 0. The circulation required differs only marginally between the APG
cases. The necessary VR varies between 0.70 and 1.00 as shown in table 2. For
APG-4 the flow remain attached when VR ≥ 0.85.

4.5b. Cross-planes. In order to get a better view of the flow field at xh an
y-z plane is plotted. The y-z plane contours shown in figure 14 are produced
by interpolating data from several x-z planes at y = 5, 10, 20, 30, 40, 50, 60
and 75 mm.

Between the two counter-rotating vortices, at z/D = 0, the vortices pro-
duce a downflow that transport streamwise momentum towards the wall. The
effect of this can be seen for VR = 3 in figure 14(a), where the velocity contours
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Figure 14. Contours of (a) U/Uinl at VR = 3, (b) U/Uinl at
VR = 6, (c) W/Uinl at VR = 3 and (d) W/Uinl at VR = 6.
All measurements are taken at xh.

have a U-shape around z/D = 0. The figure width is one period of the array
and thus contains two vortices. At z/D = 0.5 the vortices instead produce
upflow and transport of low streamwise momentum from the wall. At xh the
cross-plane velocities of the vortices is quite low. Figure 14 (c) shows that the
maximum spanwise velocity is W/Uinl ≈ 0.008. In the figure only the spanwise
components of the lower parts of the vortices are seen. This is because the
spanwise velocity of the upper vortex half diffuses more rapidly as the vortices
are convected downstream. In Lögdberg et al. (2008c) this is shown for vane-
type VGs in a ZPG. There the spanwise velocity magnitude of the upper half
of a vortex, in an array, is shown to be less than 25% of the lower half velocity
magnitude. This is in a measurement plane 1.17 m downstream of a VG array
with λ = 83 mm.

If VR is increased to 6 the U distribution in the cross-plane changes as
can be seen when comparing figures 14(a, b). The velocity increases near the
wall, but a high speed streak, unconnected to the free stream, is also formed at
z/D = 0. A possible explanation is that initially strong vortices have created
the U-shaped contours mentioned above but lost strength as they are convected
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Figure 15. (a) W profiles at VR = 0.0 (∗), VR = 1.0 (*),
VR = 3.5 (◦) and VR = 6.5 (+). (b) The range of W for
different VR.

downstream and thus causing the wall-normal transport of streamwise momen-
tum to end. The circulation of the initially stronger vortices seems to decay
faster. In figures 14 (c, d) the spanwise velocity magnitudes for the VR = 6
configuration is lower than for VR = 3.

In figure 15(a) profiles of W at y = 5 mm are shown for some levels of VR.
The amplitude at VR = 3.5 is substantially larger than at VR = 6.5. This
agrees with the conclusions from figures 14 (c, d). Furthermore the contour
plots show that the decrease in W is not due to lifting of the vortices at higher
VRs. Figure 15(b) seems to confirm that no vortices are created at VR = 0.5.
When the jet velocity is increased to VR = 1.0 there is a jump in the range of
W , indicating that vortices now are present in the boundary layer. For VRs
higher that 3.5 the W range decreases rapidly, implying that the circulation also
decreases. Despite this U5 in figure 11(b) continues to increase up to VR = 5.0
and then falls off very slowly. Thus, even though the circulation is lower for
higher VR at xh the momentum transport is greater. This further augments
the hypothesis above, that the vortices that the initially strongest vortices also
experience the highest rate of decay.

Figures 16(a, b) show urms/Uinl for VR = 3 and VR = 6. For both cases
the turbulence distribution is symmetrical and the average level is similar. Still
the contours are very differently organised. In order to estimate quantitatively
how VR affects urms, its mean value is calculated from the x-z planes at y =
5 mm and plotted against VR in figure 17. Without control the turbulence
intensity is approximately 6% in the separation bubble. At VR = 0.5 no
vortices are formed and the separated region is unaffected. When weak vortices
are produced at VR = 1.0 they tend to increase the turbulence level, in spite
of the now attached flow. At higher jet velocities the turbulence intensity
decreases as the flow become more organised.
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Figure 17. Mean urms at y = 5 mm for different levels of VR.

4.5c. Yaw. In many real life applications the mean flow direction is not con-
stant. Thus, to be robust a flow control system must be able to function even
at yawed flow conditions. Earlier experiments, by Lögdberg et al. (2008c), have
shown that vane-type VG pairs, with the vanes set at ±15◦, produce the same
level of circulation, independent of yaw angle, up to a yaw angle θ = 20◦.

Since it is not feasible to yaw the flow in the wind tunnel, a study of
the influence of yaw was made by yawing the VG-devices. This was done by
turning the VGJ plugs. It would be more like in a real application if the whole
array was yawed, but that was not practical. Furthermore, an advantage of
the chosen configuration is that every VGJ will remain at the same streamwise
position and thus act on the same boundary layer. Yaw measurements were
performed for θ = 0−90◦ at VR = 3 and VR = 5, and the resulting U5 profiles
are shown in figures 18(a, b). For VR = 3 the control effect is slowly decreasing
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Figure 18. Velocity profiles at different yaw angles at (a)
VR = 3 and (b) VR = 5. Full lines show yaw angles up to
60◦ and the dash-dotted lines show the yaw angles 70◦ and
90◦. Thus for the full lines U5 decreases monotonically with
increasing θ but for the dash-dotted lines U5 is increasing with
θ.

as θ is increasing. From 0◦ to 40◦ the velocity maximum is gradually moving
in the yaw direction and the flow field seems to be qualitatively similar. At
θ = 50◦ the velocity maximum is back at z/D = 0, possibly indicating the
loss of one of the vortices in the counter-rotating pair. At θ ≥ 60◦ U5 is low,
but increasing slightly after a minimum at θ = 60◦. This is more clearly seen
on U5 in figure 19. When the jet velocity is increased to VR = 5 both U5

and U5 increase, but their development with θ seems similar to VR = 3 up to
θ = 60◦. Again there is a minimum, but when the angle is further increased
the control effect increases rapidly. At θ = 90◦ U5 is back on same level as at
approximately θ = 45◦ (interpolated).

4.5d. Geometry and velocity ratio. If it is necessary to increase the control
effect either VR or the the number of jets can be increased. A comparison
between the alternatives were made by turning off half the jets, while keeping
the jet flow rate constant. First every second VGJ device were turned off to
produce counter-rotating vortices with L = 40 mm and γ = 160 mm. Then ev-
ery second jet were turned off to produce co-rotating vortices with γ = 80 mm.
Measurements were made at two flow rates: Q = Q1, corresponding to VR = 3
in the original configuration, and Q = Q2, corresponding to VR = 5 in the
original configuration.

Figure 20(a) compare U5 profiles of the sparse counter-rotaing array and
the original array. Obviously the amplitude increases when λ is doubled and
the total flow rate is kept constant. Furthermore the distance between the U5

profiles is smaller for the sparse array. This is because the increase of U5 with
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Figure 20. U profiles at y = 5 mm. (a) The filled circle
and diamond show velocities at VR = 3 and 5, respectively,
with every second VGJ device turned off. Open circles and
diamonds show velocities for the standard configuration at
VR = 1.5 and 2.5, respectively. (b) Every second jet is turned
off to produce co-rotating vortices. Symbols as in (a).

VR is smaller at this VR level. At the flow rate Q = Q1 the sparse array
produces a highest control effect and at flow rate Q = Q2 the dense array
is best. For both flow rates it is the configuration with a VR closest to the
maximum U5/Q in figure 12 that produces the best result.

For the co-rotating configuration the result, shown in figure 20(b), is less
clear. The co-rotaing array is slightly better than the original at Q1 and the
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original is better at Q2, but the differences are smaller than in figure 20(a).
Apparently the rate of change of U5 with VR is different with co-rotating
vortices. The spanwise variation of U5 is smaller for the co-rotating vortices.

5. Discussion
Jet vortex generators have been shown to be as effective as conventional vane-
type VGs. Furthermore, there seems to be a maximum possible value of U5 ≈
0.4, that is common for both systems. This agrees with the results in Lögdberg
et al. (2008c), where U5,max seems to approach an asymptotic value of 0.40–
0.45, independent of APG, for γe > 3. For a ZPG turbulent boundary layer
at the same x position and Uinl, U5 is 0.68. Since Ue = Uinl in ZPG, U5

is recalculated for Ue at xh. The new value of the symptotic value of U5 is
0.6-0.65, which is close to that of the ZPG case.

A maximum in U5 is reached at VR = 5. Since the rate of increase of U5

with VR is decreasing from VR > 2.5, the maximum volume flow efficiency and
the maximum kinetic energy efficiency is obtained at lower VRs. Their maxima
is at VR ≈ 2.0 and VR = 1.0, respectively.

The necessary VR to keep the flow attached varies little with APG. This
is in line with the results by Lögdberg et al. (2008b), where a circulation of
approximately γe = 1.0 − 1.5 was enough to eliminate separation in all three
APG cases. In APG-4 VR = 0.85 is enough to avoid separation. It is VR = 1.0,
when VR is based on Ue. This is similar to Johnston & Nishi (1990) in a
comparable APG, where the separation bubble was eliminated at VR > 0.86.

At yaw the control effect is decreasing slowly up to θ = 40◦, where it is still
70–80 % of the non yawed level. Thus, the system robustness for yaw is good.
If the jet velocity is adjusted for maximum volume flow efficiency, in this case
VR = 2.0, it is possible to keep U5 constant up to θ = 45◦ − 50◦ by increasing
VR. At θ > 60◦ U5 is increasing again. The performance difference between
high and low VR increases at θ > 60◦. In this θ region the flow field changes
qualitatively. At a yaw angle of the plug θ = 90◦, the two jets are directed such
that β is 0◦ and 180◦. According to Compton & Johnston (1992) and many
others each jet then produces a pair of weak counter-rotating vortices. Here,
however, the control effect at β = [0◦, 180◦] is quite strong for VR = 5.

When VR is in the maximum efficiency range and more control is needed,
the VGJ array should, if possible, be made denser instead of increasing VR.
Similarly, to reduce control the VGJ array is made more sparse. Obviously, λ
has to be within a certain range for the VGJs to continue to be effective.

In the second part of this study (Lögdberg (2008)) pulsed VGJs are studied
and the influence of VR, frequency and duty cycle on their effectiveness is
thoroughly investigated.
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Separation control by an array of vortex
generator jets. Part 2. Pulsed jets.

By O. Lögdberg1,2

1Linné Flow Centre, KTH Mechanics, S-100 44 Stockholm, Sweden

2Scania CV AB, S-151 87 Södertalje, Sweden

The effect of longitudinal vortices produced by an array of steady jets on a
separation bubble was examined experimentally. In the experiment an adverse
pressure gradient causes the turbulent boundary layer on a flat plate to sepa-
rate. The jets are originating from orifices in the wall and are directed 45◦ from
the wall and 90◦ from the mean flow direction. In the centre of the separated
region, particle image velocimetry (PIV) is used to measure the momentum
increase near the wall that the vortices produce. The geometry was fixed, but
the ratio of jet velocity Ujet to the free stream velocity, the pulsing frequency
and the duty cycle were varied. It was shown that to achieve maximum control
effect the injected mass flow should be as large as possible, within an optimal
range of jet velocity ratios. For a given injected mass flow the important pa-
rameter was shown to be the injection time t1. A non-dimensional injection
time is defined as t+1 = t1Ujet/d, where d is the jet orifice diameter. Here, the
optimal t+1 was in the range 100–200.

1. Introduction
Control of separation of boundary layer flows can be achieved through differ-
ent approaches. One common method, that has proved to be effective, is to
introduce longitudinal vortices in the boundary layer. The vortices enhance
mixing and transport high momentum flow towards the wall. In the past, the
vortices have been produced by vane-type vortex generators, i.e. short wings
attached to the surface with the wingspan in the wall normal direction and set
at an angle towards the mean flow direction. An alternative way of producing
the vortices is by jets originating from the wall. Lately several studies have
been devoted to research on vortex generator jets (VGJs). This study of VGJs
is divided into two parts. Part 1 (Lögdberg (2008)) discusses steady jets and
part 2 deals with pulsed jets. The geometry parameters of a VGJ system are
defined in figure 1.
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Figure 1. Schematic of a VGJ device producing counter-
rotating vortices. Note that the figure is in first-angle pro-
jection. U is the free stream and Ujet is the jet velocity. The
direction of the jet is defined by the pitch angle α and the skew
angle β. The jet exit diameter is d, the distance between the
jets of a VGJ pair L and the distance between the pairs in an
array λ.

1.1. Background

The flow control effect of pulsed VGJs can be due to several different physical
mechanisms. In a laminar boundary layer they can cause transition to turbu-
lence and thereby delay separation. They can influence the flow by amplifying
natural frequencies in the boundary layer, like the shedding of a stalled airfoil.
Furthermore, they can function like steady VGJs and produce longitudinal vor-
tices that transport high momentum fluid towards the wall. In the experiment
presented in this study the effect of pulsed VGJs of the last category is investi-
gated. Consequently, this introductory reveiw also focus on this type of pulsed
VGJs.
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1.1a. Previous research. The first experiments on pulsed VGJs were performed
by McManus et al. (1994). They demonstrated a significant performance im-
provement in controlling separation on a ramp when a short (3 jets) spanwise
array of VGJs was pulsed. Later McManus et al. (1995) and McManus et al.
(1996) succesfully applied 1–2 pulsed VGJs on a two-element flat airfoil model.
In these experiments force and pressure measurements were performed together
with some flow visualisations.

Johari & Rixon (2003) and Tillmann et al. (2003) used LDV to measure
the vorticity in cross-planes downstream of single pulsed VGJs in zero pressure
gradient boundary layers. Johari & Rixon (2003) studied the vorticity field
evolution in time and also the downstream development of vorticity and circu-
lation. Tillmann et al. (2003) varied the frequency (f) and the velocity ratio
(VR) to measure how the circulation and the vortex paths develop downstream
of the VGJ.

Recently the research group at the Technical University of Braunschweig
has contributed with a series of investigations on steady and pulsed VGJs.
Ortmanns et al. (2006) used stereoscopic PIV to study the vortex structures
produced by a skewed slot pulsed VGJ. Scholz et al. (2008) equipped an air-
foil with an array of skewed slot vortex generators and studied the effect of
frequency and duty cycle on the pressure profile.

Also the group at Laboratorie de Mécanique de Lille has extended their
studies of vane-type VGs and steady VGJs in an adverse pressure gradient to
pulsed VGJs in Kostas et al. (2007).

1.1b. The main parameters. If the VGJ geometry is fixed, there are three main
parameters that decide the performance of a pulsed VGJ. These are the ratio
between the jet velocity and the free stream velocity VR, the pulsing frequency
f and the duty cycle Ω. The duty cycle is defined as the ratio between the
injection time (t1) and the period of the pulse (T ).

For steady VGJs the generated circulation strongly depends on VR and,
the same statement can be made also for pulsed VGJs. This has been shown
for arrays of VGJs by McManus et al. (1995) and Kostas et al. (2007). Also
similar to steady jets is the occurrence of a circulation optimum in VR above
which the vortex is translated out of the boundary layer. Outside the boundary
layer the vortex quickly dissipates. Tillmann et al. (2003) have demonstrated
this for a single pulsed VGJ in a zero pressure gradient (ZPG) boundary layer.

The effect of the pulsing frequency is still not completely understood. In
McManus et al. (1995) and Scholz et al. (2008) the frequency had little effect
on lift and drag, but in McManus et al. (1996) the magnitude of the upper side
suction peak on the airfoil was strongly dependent on the pulsing frequency.
The optimum frequency Strouhal number was found to be of the same order as
that characterizing the natural eddy shedding behind blunt objects. Tillmann
et al. (2003) reported a significant variation in circulation due to the frequency.
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The frequency can be normalised by the jet diameter d and the jet velocity
Ujet to produce a Strouhal number Stjet = fd/Ujet. When there are dominant
length scales in the flow, like for example the chord of a wing, they can be
used together with the free stream velocity to normalise the frequency. Thus
there can be optima related both to the VGJs and to the flow field that is to
be controlled.

The duty cycle was shown by Scholz et al. (2008) to be of major importance
in increasing post-stall lift on an airfoil. They found Ω ≤ 0.25 to be most
beneficial. Bons et al. (2001) reported experiments on pulsed vortex generators
in a laminar boundary layer that were effective at duty cycles as low as 0.01.
However, the authors point out that this would change in a turbulent boundary
layer. In the study by Kostas et al. (2007) the wall shear stress increases nearly
linearly with increasing Ω.

Johari & Rixon (2003) suggested that the maximum jet penetration de-
termines the maximum circulation produced by a pulsed VGJ. Furthermore,
they proposed that it is the jet starting vortex ring that is crucial to increase
penetration. Gharib et al. (1998) showed that only the first 4d of injected fluid
contributed to the starting vortex. Hence, the injection time should be of such
length that only a fluid cylinder that is 4d long is injected. Based on their data
and the results of Gharib et al. (1998), Johari & Rixon (2003) suggested that
the optimum injection time is 4–8 d/Ujet

Synthetic jets are very attractive since they require no air supply and thus
make the installation of a flow control system much simpler. Since a synthetic
jet has little influence on the boundary layer during its suction phase their
flow control mechanism is the same as for non-synthetic jets. In recent years
research has been done, both on actuator development and on their use for flow
control. One example is the investigation by Amitay et al. (2001).

1.2. Present experiment

The experiments described here is a continuation of the investigations per-
formed in part 1 of this study (Lögdberg (2008)). The experiment is designed
to allow a large parameter range to be studied. The wind tunnel test-section
and the measurement technique is the same as in part 1 and the reader is
referred to that paper for details. In chapter 2 the new pulsating set-up is de-
scribed and the jet characteristics are presented in some detail. As mentioned
above, there are three parameters that can be varied for a given geometrical
set-up and the flow control effectiveness for various combinations of these pa-
rameters is thoroughly studied in chapter 3. Finally the results are discussed
in chapter 4.
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Table 1. The main features of the VGJ system of the present
experiment. α, β, d, L and λ are defined in figure 1. δ is
the boundary layer thickness at the streamwise position of the
VGJ array, njet is the number of jets in the array, VR is the
range of jet velocity ratios and ∆xsep is the distance from the
VGJs to the separation point.

α (◦) β (◦) d (mm) L (mm) λ (mm) njet δ (mm) VR ∆xsep (m)
45 90 2.5 40 80 18 26–27 0.5-7 ≈0.6

Accumulator tank 2

Precision

regulator

Indicator jet

HW anemometer

VGJ array

Power supply Control computer

Fast-switching valve

x = 1.50 m x = 2.55 m

Measurement 

plane

Approximate 

separation line

Figure 2. Schematic of VGJ setup.

2. Pulsating jet
2.1. Experimental set up

The geometry of the VGJ array is the same as in part 1 of this study, and the
various parameters are listed in table 1. However, the installation of the VGJs is
extended to enable pulsing of the jets. In figure 2 the set-up is shown. Between
accumulator tank 2 and the VGJ plugs fast-switching Festo MHE2 solenoid
valves, that can be seen in figure 3, are applied. The valves are connected to
a 30 A power supply through a 20 channel amplifier that is controlled from
a computer. The system is designed to make it possible to control each valve
individually, although this feature was not used in the present experiment. The
tubing has an inner diameter of 4 mm and the length from the valve to the VGJ
device is 0.6 m to make it possible to mount the valves outside the test-section.
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Figure 3. The 18 Festo MHE2 valves are located outside the
wind-tunnel test-section. Behind the valves there is a hole in
the Plexiglas, through which the tubing are lead into the wind-
tunnel. The alternating mounting is to improve cooling of the
valves.

A test of different tubing lengths between the valves and the jet device showed
that the leakage flow when the valve is closed increases with tubing length, but
at 0.6 m its impulse is negligible compared to the primary pulse.

One VGJ plug is placed outside the test-section with identical tubing
length, to facilitate hot wire measurements of the jet. This is necessary in
order to adjust Ω and VR1 while setting up of the configuration. VR is also
monitored during the PIV measurements.

2.2. Characterization of the jets

In figure 4 a typical jet pulse train (VR = 3, f = 100 Hz and Ω = 0.5) is shown.
The velocity UCL is measured at the jet centreline 1 mm from the orifice and
the figure is obtained by averaging 30 individual pulse trains. The nominal
injection velocity Ujet is the average of the pulse plateau. T is the period time
and t1 is the injection time, defined as the pulse width at UCL = 0.5Ujet. Thus
Ω = t1/T . There is a leakage flow when the valve is closed, this is due to
the fact that when the valve closes the high pressure side, it opens towards the

1VR is defined as VR = Ujet/Uinl, where the test-section inlet velocity Uinl = 26.5 m/s. To
obtain a VR based on the freestream velocity (Ue = 22.0 m/s) at the position of the VGJ
array, the reported VR numbers are to be multiplied by 26.5/22.0 ≈ 1.20.
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Figure 4. Jet pulses at VR = 3 and f = 100 Hz. The data
is averaged over 30 cycles.

atmosphere and a small flow enters the test-section through the jet orifice. The
volume and impulse of the leakage flow are however low.

To study how the velocity profile is affected when the jet is pulsed, transient
profiles of the same configuration as in figure 4 have been measured. The jet
velocity was phase averaged at 27 radial positions. At each position 200 jet
pulses were measured. The pulsed velocity profile maintains the asymmetric
shape of the steady jet as can be seen in figure 5. At its maximum velocity the
shape of the pulsed jet shows complete similarity with the steady jet, but also
when the velocity is increasing the same asymmetry is shown. However, at the
beginning of the pulse the profile is inversely asymmetric.

The shape of the maximum jet profile remains similar to the steady jet at
frequencies from 25 Hz up to 400 Hz. In figure 6 this is shown for VR = 3. In
the same figure profiles at VR = 1 and VR = 5 are also shown to be similar,
although Bremhorst & Harch (1979) studied pulsating jets and concluded that
the velocity profile changes with frequency.

According to the specifications of the Festo valves, the maximum switching
frequency is 330 Hz, but when the valves were tested it was not until f ≈ 650−
700 Hz that the valve stopped closing. It was possible to generate acceptable
pulses up to 500 Hz, but in this experiment the maximum frequency was chosen
to 400 Hz. In figure 7(a) the change of the pulse shape with frequency is
shown. At frequencies below 100 Hz the pulse is close to a square wave, but at
f ≥ 100 Hz the flanks start to become less steep, when scaled with the period
time. Note that with the chosen definition of t1 the kinetic energy of the
pulses decreases with frequency, while the volume flow remains approximately
constant.
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Figure 5. Transient velocity profiles at f = 100 Hz and VR =
3. The time step between consecutive profiles are 0.65 ms. In
(a) the jet changes from low state to high and in (b) it is the
opposite. The full line shows a steady jet profile.
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Figure 6. The dashed lines show maximum velocity profiles
for f = 25, 100 and 400 Hz at V R = 3 and VR = 1 and 5 at
f = 100 Hz. The full line shows a steady jet profile.

In figure 7(b) pulses of five different values of Ω are shown. The shortest
pulse shown has a duty cycle of just 0.05, but that is less than the minimum
Ω in the control experiments.
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Figure 7. (a) Pulses at VR = 3 averaged over 100 cycles.
Full line is f = 100 Hz, dashed line is f = 200 Hz and dotted
line is f = 400 Hz. (b) Pulses of Ω = 0.05, 0.30, 0.50, 0.70 and
0.90 at VR = 3, averaged over 40 cycles..
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Figure 8. The pressure gradient in the test-section. The
dashed line show Cp and the full line show dCp/dx.

3. Separation control
The adverse pressure gradient along the test section flat plate is shown in
figure 8. It is identical to APG-4 in the first part of this study and the maximum
value of dCp/dx is 0.88. This causes the turbulent boundary layer to separate at
x ≈ 2.1 m. The two-dimensionality of the flow around the test plate centreline
has been investigated for similar flow cases in the same set-up and was found
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Table 2. The parameter range for the pulsed VGJs. In the
position indicating a combination of f and Ω the tested VRs
are given. The configuration marked with † has been run
at yaw angles θ = 0◦, 10◦, 20◦, 30◦, 40◦, 50◦, 60◦, 70◦ and 90◦.
Configurations marked with ∗ have also been measured in the
x-y plane at z = 0.

f Ω
︷ ︸︸ ︷
0.08 0.15 0.325 0.5 0.675 0.85 1.00

400 - - - 1,2,3 - - -
260 - - - 4 - - -
200 - 3 3 1,2,3∗,4 3 3 -
100 - 3 3 1,2,3†∗,4,5 3 3 -
50 3 1,2,3,4 1,2,3,4 1,2,3∗,4,5 1,2,3,4 1,2,3,4 -
25 - 3 3 1,2,3∗,4,5 3 3 -

12.5 - 3 3 1,2,3,4,5 3 3 -
Steady - - - - - - 1:0.5:7

to be adequate. All PIV measurements are taken with the centre of the image
at x = 2.55 m, which is the approximate position of the maximum backflow in
separation bubble. The measurement plane is 120 × 120 mm, parallel to the
plate at y = 5 mm. The thickness of the laser sheet is approximately 1.5 mm.

The effect measure used is U5, which is the streamwise velocity normalised
by Uinl and averaged over the measurement plane. The motivation behind the
chosen measure of merit is given in part 1. In the uncontrolled case U5 =
−0.075.

3.1. Velocity ratio and frequency

In a first series of experiments VR and f was varied with Ω held constant
at 0.5. The mid column (Ω = 0.5) of table 2 lists the tested configurations.
As mentioned above, the maximum frequency of this experiment is 400 Hz.
The minimum frequency is chosen to 12.5 Hz with ∆f doubling for each step
in f . Using suitable length and velocity scales the frequency can be reduced
to a Strouhal number of fL/U . Here a Strouhal number based on the jet
diameter and velocity Stjet = fd/Ujet will be applied2 and the range of Stjet

is 0.24− 38 · 10−3.

2In experiments with pulsed VGJs on airfoils the chord is normally used as length scale.
Sometimes boundary layer scales are used to produce StBL = fδ/Ue.
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Figure 9. U5 vs f at V R∗ = 0.5 (∗), V R∗ = 1.0 (!),
VR∗ = 1.5 (◦), V R∗ = 2.0 (#) and V R∗ = 2.5 (*). The
maximum U5 for each V R∗, except V R∗ = 2.5, are circum-
scribed. The horizontal lines indicate U5 for steady jets, with
the corresponding V R shown to the right. For all measure-
ments Ω=0.5.

Figure 9 summarises the results for Ω = 0.5. The pulsed jet is run at
VR = 1, 2, 3, 4 and 5. An effective VR is defined as VR∗ = ΩVR. Note that
for a given Uinl, VR∗ ∼ Q, where Q is the volume flow. Since Ω = 0.5, the
corresponding VR∗ of the pulsed jet is VR∗ = 0.5, 1.0, 1.5, 2.0 and 2.5. The
control effect of the corresponding steady jet configurations is indicated with
horisontal lines in the figure.

At VR = 1 the control effect of the pulsed jet is better than the comparable
steady jet of VR = 0.5 at all frequencies up to 200 Hz and there is a weak
maximum of U5 at 25 Hz. At 400 Hz U5 is equal for both cases. However,
at no frequency separation is prevented. When VR is increased to 2, U5 is
positive at all studied frequencies, but at the highest frequency the pulsed jet
is less effective than the steady jet. The limit seems to be at f ≈ 300 Hz. At
this VR the maximum effect occurs at f = 50 Hz. For VR = 3 the variation
with frequency is approximately the same, except that the maximum is at
f = 100 Hz. As for the steady jets (see figure 10(a)) the increase of U5 with
VR is small when VR > 3. This can be seen for VR = 4 and VR = 5 in figure 9.
Due to the smaller rate of increase in U5 it is only at its maximum effectiveness
at f = 200 Hz that the pulsed VGJ at VR = 4 is superior to the comparable
steady jet. At VR = 5 the result is much worse for the pulsed VGJ compared
to the steady VGJ at VR = 2.5. The maximum possible pulsing frequency at
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Figure 10. (a) U5 vs VR and VR∗. The full line show steady
jet results, the dashed line show average pulsed jet results and
the symbols indicate U5 vs VR∗. (b) U5/VR∗ vs Stjet at VR∗ =
1.0, 1.5 and 2.0. The data and the symbols are the same as in
figure 9.

VR = 4 is 260 Hz and at VR = 5 it is less than 200 Hz. This is due to the
small diameter of the tubing.

In figure 10(a) the control effect variation with VR is compared for steady
and pulsed jets. The two lines show that the rate of increase of U5 decreases
at VR ≈ 2.5 − 3 for both configurations. The symbols show the data points
from figure 9 plotted against VR∗. When the pulsed data is compensated for
the lower flow by using VR∗ the control effect is similar to that of the steady
jets. It is also obvious that the VR is more important than the frequency.
Furthermore, the range of U5 variation with frequency seems to be larger when
the growth of U5 with VR is large.

It was shown above that the optimum frequency changes with VR. If,
instead, the control effect is plotted against the jet based Strouhal number
Stjet, the optimum is nearly independent of VR, as can be seen in figure 10(b).
U5 is normalised by the volume flow Q to reduce the control effect range. A
frequency corresponding to Stjet ≈ 4 · 10−3 produces the maximum effect for
VR = 2− 4.

3.2. Duty cycle and frequency

To study the correlation between the frequency and the duty cycle, these pa-
rameters were varied at a constant VR = 3. The levels were Ω = 0, 0.15, 0.325,
0.5, 0.675, 0.85 and 1, and f = 12.5, 25, 50, 100 and 200 Hz. In figure 11(a) the
resulting U5 is shown. If the effect of changing the duty cycle is a linear pulse-
width modulation of VR, Ω = 0 and Ω = 1 (ΩVR = 3) would be connected
with a straigth line. This is the dashed line in the figure. This assumption
requires that U5 is linear with VR and the dashed line in figure 10 shows that
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Figure 12. ∆U5/VR∗ vs t+1 for the same data as in figure 11.

this is nearly the case for VR < 3. Since the data points for 0.08 < Ω < 0.85
show better effect than the dashed line, there is a positive effect of the pulsing.

In order to study whether there is an optimum volume efficiency duty cycle,
the control effect is recalculated as ∆U5/VR∗. ∆U5 is the difference between
the measured U5 and the uncontrolled U5. In figure 11(b) the optimum Ω is
increasing with frequency. Thus, as proposed by Johari & Rixon (2003) the
injection time t1 may be a more relevant parameter to chraracterize the pulsing.
A non-dimensional injection time is defined as t+1 = t1Ujet/d. The variation
of the control efficiency ∆U5/VR∗ with t+1 is shown in figure 12. There seems
to be a maximum at t+1 = 100 − 200, even though the two lowest frequencies
never reached short enough injection times to be in that region. In figure 10(b)
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Figure 13. (a) U5 vs Ω at f = 50 Hz, for V R = 1 (∗),
V R = 2 (!), VR = 3 (◦) and V R = 4 (#). (b) ∆U5/VR∗ vs
t+1 for the same data as in (a).

the optimum Stjet was 4 · 10−3 and since t+1 = Ω/Stjet the corresponding
t+1 = 0.5/4 · 10−3 = 125.

3.3. Duty cycle and velocity ratio

The correlation between the duty cycle and the VR is investigated at a fixed
frequency, f = 50 Hz. The jet velocity levels were VR = 1, 2, 3 and 4, and the
duty cycles are as in section 3.2.

Figure 13(a) shows, as expected, that higher VRs and longer duty cycles
produce more control effect. If, instead, the variation of ∆U5/VR∗ with t+1
is studied, as shown in figure 13(b), it is possible to identfy a maximum at
t+1 = 100 − 150 for VR = 2 and 3. For VR = 1 the jet velocity is too low to
produce any vortices for Ω < 0.85 and thus its curve deviates from the other
VRs. For VR = 4 it is not possible to establish a maximum, but the data do
not contradict the optimum for VR = 2 and 3.

Note that VR∗ = fdt+1 /Uinl and since all parameters except t+1 is constant
the optimum t+1 could be interpreted as an optimum VR∗ of 0.5-0.75.

3.4. Summary of previous results

In the above sections the influence of three different parameters on the control
effect of pulsed VGJs have been investigated. In order to summarise the results
all reported data is combined to produce the rather complex figure 14. The
dashed lines (Ω = 0.5) show that the variation with t+1 is less pronounced when
the duty cycle is kept constant.
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3.5. Yaw

For steady jets, it was shown in Lögdberg (2008) that the control effect de-
creases slowly for yaw angles up to θ = 50◦.

In figure 15 the effectiveness of an array of VR = 3 pulsed VGJs at yaw is
shown compared to steady jets of the same VR. The steady jet is more effective
due to its higher VR∗, but apart from that the main difference is a reduced
influence of yaw for the pulsed jet. At θ = 40◦ the effectiveness ∆U5 of the
pulsed VGJs is still 86 % of the value at θ = 0◦. For the steady jets it is 75%.

4. Discussion
The main conclusion from the reported experiments is that the basic mechanism
of pulsed VGJs is pulse-width modulation. The control effectiveness is primary
a function of VR∗ = ΩVR. Thus, for maximum effectiveness the duty cycle
should be Ω = 1. Figure 10(a) shows that the control effect of steady and
pulsed jets is approximately the same for the same VR∗. However, the increase
of U5 with VR levels out at approximately the same VR. The existence of a
maximum U5 means that in order to achieve the maximum possible control
effect from a given geometry the duty cycle should be Ω = 1.

When maximum control effect is not necessary, pulsing is a convenient way
to be able to run the VGJs at an efficient VR. In part 1 it was shown that
for an array of steady jets VR = 0.85 is enough to prevent separation for the
same APG boundary layer as here. It was also shown that VR = 2.5 is the
most volume flow efficient VR. In figure 13(a) backflow is stopped for VR = 2
and VR = 3 at duty cycles of approximately 0.22 and 0.13, respectively. That
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Figure 15. Effectiveness at different yaw angles. The circles
show pulsed jets at VR = 3, f = 100 Hz and Ω = 0.5. The
line shows steady jet results at the same VR.

corresponds to VR∗ ≈ 0.4, which is about half of that for the steady jet. U5 = 0
is not equivalent to attached flow, but the difference in required jet velocity is
VR∗ < 0.05.

For a given VR there is an optimum frequency. Real applications of pulsed
VGJs should probably not be designed to run at the optimum Strouhal number
of figure 10(b). That might produce a sensitive flow control system, due to the
rapid decrease in control effect at frequencies higher than the optimum. Instead
the optimum Stjet can be seen as a limit for a robust system.

For effectiveness, the optimum duty cycle is Ω = 1, but for volume flow
efficiency there is no optimum Ω. The relevant parameter is instead the in-
jection time. In this experimental set-up the optimal injection time span is
100 < t+1 < 200. The optimum Stjet mentioned above could also be expressed
in t+1 . Thus, there are only two non-geometry parameters that determines the
efficiency: VR and t+1 .

Johari & Rixon (2003) suggested that the optimal injection time for pulsed
VGJs is in the range of 4–8 d/Ujet. In the present experiment the optimal t1
has been shown to be approximately 25 times longer. No pulses as short as
t+1 = 4− 8 have been tested here, but the trends in figures 12 and 13(b) do not
look very promising. When the purpose of the actuators is to excite natural
frequencies in the flow it is possible to employ shorter injection times. Then
the injection times proposed by Johari & Rixon (2003) might be valid.
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