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“When theoretical results are presented,
no one seems to believe in them,
except the one who did the analysis.

When experimental results are presented,
everyone seems to believe in them,

except the one who did the experiments.”

- Unknown






Abstract

The aim of this thesis is the characterization and modeling of the longitudinal
structures actuated by vortex generators. Results from generic studies per-
formed at low Reynolds numbers have shown that the device induced vortices
possess helical structure of the vortex core. Further, their ability to control sep-
aration and downstream evolution across the chord of a circular sector have been
studied. Similar flow structures to the ones found in the generic experiments
have been found in a higher Reynolds number setting, more applicable to realis-
tic cases common to, e.g., aeronautical applications. The helical structure of the
vortices can, however, not be confirmed by the results of these experiments due
to practical concerns of obtaining a measuring signal with high enough quality
and resolution.

Furthermore, in order to study the dynamics of the device induced struc-
tures, power spectra from LDA time series have been constructed from the
burst-mode LDA theory developed mainly by Buchhave and George [19, 46]. In
the process of applying this theory to the LDA time series, a technique has been
developed correcting for the effect of random noise in spectra and correlations.
The power spectra obtained from the flow behind the actuating devices did
not display any distinct periodicity of the flow, but rather a random, or at best
quasi-periodic, behavior. In addition, commonly employed interpolation and re-
sampling methods for estimating power spectra from LDA data were compared
to the corresponding spectra derived from hot-wire data. When the flow was
well resolved, these methods showed acceptable results at high LDA data rates
at all frequencies except at the highest ones. However, they failed miserably at
low data rates, essentially burying the entire spectrum in frequency dependent
noise beyond recognition.






Resumé

Formalet med den foreleeggende afhandling er karakterisering og modellering
af de longitudinale strukturer som dannes af hvirvelgeneratorerne. Resultater
fra fundamentale studier udfgrt ved lave Reynoldstal har vist at de genererede
hvirvler har en hvirvelkerne med helisk struktur. Endvidere har deres dygtighed
til at kontrollere separation og deres udvikling langs med strgmningsretningen
over korden pa en cirkuleer sektor blevet undersggt. Lignende strgmningsstruk-
turer er observeret ved hgjere Reynoldstal, mere karakteristiske for de fleste
applikationer. Hvirvlernes heliske struktur kan dog ikke blive verificeret ved
hjelp af resultaterne af disse malinger pa grund af praktiske problemer med at
opné et malesignal med tilfredsstillende kvalitet og oplgsning.

For at studere de passivt dannede strukturers dynamik, er frekvens-spektre
fra LDA-tidsserier blevet beregnet udfra burst-mode LDA-teori som er udviklet
hovedsageligt af Buchhave og George [19, 46]. Ved at applicere denne teori pa
LDA-tidsserier udvikledes en teknik som korrigerer for effekten af hvidt stgj
i frekvensspektre og korrelationer. De frekvensspektre der beregnedes udfra
malinger lavet bagved hvirvelgeneratorerne fremviste ikke nogle spor af dis-
tinkte periodiske bevaegelser i den betragtede strgmning. Det virker udfra re-
sultaterne, som at bevaegelserne optrader enten kvasiperiodiskt eller maske helt
tilfaeldigt. Desuden er nogle af de mest anvendte interpolations- og resam-
plingmetoder, for at vurdere spektre ved LDA-data, blevet sammenlignet med
tilsvarende spektre lavet med hot-wire-data. Ved god oplgsning af strgmningen
gav disse metoder tilfredsstillende resultater over nasten alle frekvenser, uden
de allerhgjeste. Dog mislykkes metoderne fuldstzendigt ved lave data rates,
hvor den frekvensafthaengige stgj mere eller mindre begraver hele det beregnede
spektre, og al veaesentlig information er fortabt.
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Introduction






Chapter 1

Importance of Work

One of the most prominent causes of drag on bodies in motion through a viscous
fluid is flow separation near the rear of the body and at abrupt changes in its ge-
ometry (such as sharp edges and protrusions). Separation occurs when the flow
in the boundary layer is retarded to a point where it can no longer counteract
the pressure gradient and separates from the surface. This results in reversed
flow and thickening of the boundary layer downstream of the separation point.
Prandtl [110] showed that separation like that over a uniform infinite cylinder is
caused by excessive momentum loss near the wall in a boundary layer trying to
move downstream against increasing pressure, dp/dx > 0. This adverse pressure
gradient appears in the rear of the cylinder, whereas a favorable pressure gradi-
ent, dp/dx < 0, appears in the front of the body. If the adverse pressure gradient
declines after separation, reattachment can sometimes occur downstream of the
separation point, resulting in a region with fluid recirculation. If reattachment
does not occur, the separation will result in a low velocity wake downstream
of the body where the pressure on the downstream side of the cylinder is es-
sentially constant, and equal to the low pressure on the top and bottom points
of the cylinder just downstream of where separation occurs. The pressure in
the recirculating and wake regions is much lower than the large pressure which
occurs at the stagnation point on the upstream side of the cylinder, leading to a
pressure imbalance and, consequently, a large pressure drag on the cylinder, see,
e.g., White [153]. If the boundary layer flow remains attached, only a relatively
small drag due to the skin friction will remain.

Methods commonly employed for flow control today provide promising
means to increase the performance of aerodynamic systems when the boundary
layer is separated, or at least close to separated. This is done by re-distributing
the momentum in the boundary layer in such a way as to yield a fuller veloc-
ity profile (see figure 1.1) and thereby effectively moving the separation point
further aft, delaying or even obstructing separation. Both active (e.g., blow-
ing, synthetic jets, pulsed jets, suction, plasma actuators and Micro Electro-
Mechanical Systems (MEMS)) and passive (e.g., turbulators, surface roughness,
riblets, dimples, bumps and vortex generators) devices have been employed in
aerodynamic research as well as in commercial applications. Different devices
can trigger different mechanisms in the flow, hopefully ultimately resulting in
higher streamwise momentum in the separated region and an elimination of the
recirculating flow. For passive momentum addition to a boundary layer, two
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Figure 1.1: Sketch of the redistribution of the streamwise momentum in the
boundary layer.

Flow Vortex generator

Pa }fﬁc]e path

Figure 1.2: Sketch of a vortex generator pair in a flow, displaying a conceivable
particle path actuated by one of the vortex generators (from [115]).

general methods are commonly applied:

e The use of fixed lifting surfaces, commonly referred to as vortex genera-
tors, for the generation of embedded streamwise vortices that cause macro
overturning of the mean flow.

e Reynolds stress amplification, which can be accomplished by a range of
methods and devices, yielding increased cross-stream momentum transfer.

The investigations in the current work are limited to the former alterna-
tive. Vortex generators were, to the best knowledge of the author, formally
introduced by Taylor [131, 132, 133, 134] and are series of small winglets that
are mounted perpendicularly on a surface at an angle of attack to the oncom-
ing flow. These aerodynamic devices generate longitudinal vortices, causing
overturning of the near wall flow via macro motions [108]. Figure 1.2 displays
a sketch of a vortex generator pair on a wall with an oncoming flow and an
interpretation of a conceivable particle path actuated by one of the devices.
Vortex generators are believed to re-energize the boundary layer by inducing
momentum transfer between the free-stream and the near wall region through
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Figure 1.3: Power curve of the ELKRAFT 1000 kW wind turbine measured with
and without vortex generators [103].

advection of high momentum fluid towards the near wall region and retarded
fluid out into the outer layer or free stream. These processes are described
by Rao et al. [114], Betterton et al. [11], Pauley and Eaton [106], Lin et al.
[72, 73, 74, 75] and Jenkins et al. [60]. Experimental studies with passive de-
vices performed by Lin et al. [72, 73, 74, 75] concluded that the most efficient
mechanism to reduce flow separation is based on the exchange of momentum
between the near wall region and the outer flow. These studies also confirm
that the effect of streamwise vortices is to transfer high momentum fluid toward
the wall and thereby increase the skin friction, which is done most efficiently
by vortex generators producing longitudinal counter-rotating vortices. In [147],
it is stated that studies conducted within the ATDA project have suggested
that vortex generators are the most promising means of passive flow control
in intermediate turbine ducts. Generic studies describing the physics of vortex
generator actuated vortices can be found, e.g., in [124, 39, 71, 26, 27, 89]. Thus,
being a passive method that can delay or even obstruct separation and that re-
quires no auxiliary power, vortex generators can be employed to increase the lift
on, e.g., an airfoil. However, they suffer a parasitic drag penalty when applied.
It is therefore of importance to know how the lift/drag ratio is affected at all
stages of usage. In an empirical study optimizing the aerodynamic performance
of the ELKRAFT 1000 kW wind turbine Qye [103] showed that vortex genera-
tors can be applied successfully, increasing the output power for nearly all wind
speeds, see figure 1.3. They have also successfully yielded a 100% increase in
the lift /drag ratio for a high-lift airfoil and significant reductions of the pressure
loss in a diffusor [76].

These passive devices have a range of engineering applications, but are
most commonly employed in separation control, mixing and heat transfer appli-
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cations. For separation control, they are commonly found on external surfaces
such as airfoils [107, 95, 16], in aviation application and on various turbines as
well as on road vehicles and boat keels. They are also likely to be found on inter-
nal surfaces such as ducts, diffusers [56, 32, 18] and compressor blades [129]. In
mixing applications, vortex generators can be used, e.g., to mix toxic, acid or in
other respects hazardous chemicals. Vane-type vortex generators can enhance
the turbulence mixing, which is generally very efficient [38]. In heat transfer
applications, their main function is to advect low temperature fluid towards a
hot surface in order to cool the surface down and to transport the hot fluid
away from the wall. In this way, cool fluid will continuously be supplied to the
heated wall, keeping the surface temperature under control. This application
might, e.g., be of interest in heat exchangers.

Vortex generators have the advantage of being effective, cost-effective and
simple to set up and manufacture, which is why they are generally the primary
option in trying to control flow separation. Even though vortex generators
are commonly employed, their effect on the flow is not yet fully understood.
The common practice in engineering applications is to find one configuration
of vortex generators that works optimally, or at least well, in the most critical
stages of application, without knowing or dealing with their effect on the flow
in all of the remaining phases. Vortex generators have many degrees of freedom
in the form of geometrical parameters such as general shape, height, length and
angle to the main flow direction as well as the chord wise position and span
wise spacing. It can therefore be tedious and costly to find the optimal device
configuration for every new product empirically and therefore manufacturers
tend to be conservative in their choice of products and aerodynamic devices.
If one can better understand the physics of how vortex generators mix high
momentum fluid into the boundary layer, it could be possible to optimize the
effect of the devices in a faster and less expensive manner.

The scope of the present work is to investigate the physics of the flow
actuated by vortex generators, due to their common application on wind tur-
bine blades and other aerodynamic applications. Vortex generators can have
virtually any shape, but are most commonly rectangular or triangular vanes.
In this thesis, only these two device geometries are therefore considered. The
device height can also vary substantially, usually ranging from the boundary
layer thickness or even beyond, to a fraction of it. The effects of actuators of
various heights have been investigated with emphasis on devices of boundary
layer height due to their common application and modest interaction with the
wall bounded flow, facilitating the study of their physics.



Chapter 2

Previous Work

The theory of vortex dynamics can be traced back to Helmholtz [55], who de-
veloped the theory for straight parallel vortex filaments in the midst of the 19*®
century. The vortices treated in this thesis have a finite core with a non-uniform
vorticity distribution across. They can be formally treated as wing tip vortices
emerged in wall-bounded flow. In accordance with [109], one must account for
the possible disturbance of the mirror vortex resulting from the presence of the
wall. Let us start by discussing free vortices and then approach the case of
vortices submerged in wall-bounded flow.

For three-dimensional uniform vortex pairs without axial flow, there ex-
ist two commonly observed outcomes. If the vortices are counter-rotating, the
vortices can be subject to long-wave Crow instability or short-wave elliptic in-
stabilities. The Crow instability is an inviscid long-wave co-operative line-vortex
instability [25, 121]. This is most commonly observed behind large aircraft in
operation when the wingtip vortices interact with the wakes of the engines. This
instability typically undergoes the following stages, see figure 2.1. The vortices
interact by amplifying initial (sinusoidal) perturbations in each other. These
perturbations grow through interaction from one vortex on another and self
induction. Eventually, this instability leads to the formation of vortex loops.
Analysis similar to that of Crow was developed for vortices in liquid Helium IT
by Raja Gopal [112, 113] and attempts to calculate the three-dimensional insta-
bility of the von Karman vortex street (a staggered double row of vortices) were
made by Schlayer [122] and Rosenhead [119]. Short-wavelength elliptic insta-
bilities are usually found in vortex pairs of high characteristic ratio at low and
high Reynolds numbers. In an experimental study, Leweke and Williamson [70]
studied the cooperative short-wavelength elliptic instability of a freely devel-
oping counter-rotating vortex pair. Some pictures from this paper illustrating
visualizations of these short-wavelength instabilities in a vortex pair evolution
coupled with long-wavelength Crow instabilities are displayed in figure 2.2.

On the other hand, if the vortices are co-rotating the vortices will either
rotate about their common center of mass or, if the characteristic size of the vor-
tex core exceeds a certain fraction of their separation distance, the two vortices
do not remain separated, but merge into one single vortex. Previous work has
mainly comprised constant vorticity patches [28, 29, 102, 120, 149]. However,
experimentally observed vortices usually have a non-uniform vorticity distribu-
tion across the vortex core. This has, e.g., been observed in two-dimensional
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Figure 2.1: Visualization of long-wavelength instabilities in vortex pair evolu-
tion. The pictures were obtained from the official web-page of Cornell University
www.mae.cornell.edu/ fdrl/research/long _wave.jpg.



Figure 2.2: Visualization of combined long- and short-wavelength instabilities
in vortex pair evolution The figure was obtained from Leweke and Williamson
[70].

turbulence, where the vorticity distribution is better approximated by Lamb-
Oseen vortices having a Gaussian vorticity profile [61]. A merging criterion for
a pair of equal two-dimensional co-rotating vortices was found theoretically by
[120], where critical values for the onset of merging were found from a stability
analysis. This theoretical study was later supported experimentally and nu-
merically by Meunier et al. [91]. The highly nonlinear process of merging of a
vortex pair has been analyzed numerically [90] and analytically [3]. Dritschel
[28] posed that the process of merging can be perceived as an instability of a
pair of vortices.

Lamb [67] studied the two-dimensional dynamics of point vortices in ground
effect. Much experimental work has since been carried out describing embed-
ded vortices in wall-bounded flow using single point measurements; see, e.g.,
[89, 106, 124, 125]. For a deeper understanding and the optimization of the
effect of vortex generators, three-dimensional instantaneous realizations of the
flow structures can provide valuable information. Particle Image Velocimetry
(PIV) and Stereoscopic PIV (SPIV) have become increasingly popular due to
their abilities to provide instantaneous realizations of all three velocity compo-
nents in a plane [52, 143, 144, 146]. It has also recently become possible to carry
out experimental studies using more complex techniques such as time-resolved
tomographic PIV, which has also been applied to vortex generator induced flow
[42].

Many studies have presented nominal guidelines for optimizing the effect
of forced mixing for vortex generators of varying geometries under different flow
conditions, [52, 56, 107, 124, 133, 150]. Further, the contribution of Lin [76] and
Rao and Kariya [114] provide nice reviews on experimental and computational
studies of low-profile, a.k.a. submerged, vortex generators. Some of the studies
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showed that such devices, much smaller than the boundary layer thickness (~
0.19), still can be fairly efficient, while reducing the parasitic drag. However,
such devices must be placed fairly close to the location of separation. Therefore,
larger devices might be more suitable in many applications such as over curved
surfaces without protrusions (e.g., airfoils), where one typically does not have a
fixed position of separation.

Streamwise vortices embedded in turbulent boundary layers is a common
phenomenon and is seen, e.g., in the treatment of free organized structures
(see, e.g., [117, 101, 62, 2] and references therein), Gortler vortices in bound-
ary layers over walls of streamwise concave curvature (see [53]), corner vortices
with an axial velocity component, vortex rings near walls and as roll-up or
horseshoe vortices folding around objects attached to a wall [2]. Longitudinal
vortices imposed using passive devices such as vortex generators might act as
to enhance and interact with these pre-existing naturally occurring longitudinal
vortex structures in the boundary layer, thus aiding in the exchange of momen-
tum between the boundary layer and the outer flow. How the actuating devices
interact with the coherent structures of the boundary layer, if at all, is not fully
understood at this point.

Attempts have been made to correctly characterize vortex generator ac-
tuated vortices for device heights comparable to the boundary layer thickness
[77, 127, 157]. Some take into account or observe the Lamb-Oseen vortex struc-
ture of the secondary velocities. However, the non-uniform axial velocity com-
ponent u, commonly observed across the vortex core has previously never been
properly explained except as a velocity deficit. In the present work, the flow
structures downstream of vortex generators have been analyzed in order to gain
insight into the physical processes of the flow to increase the predictability and
simplify the optimization of their effect (cf., [143, 144, 146]). Generic exper-
iments at low Reynolds numbers have shown that the vortices possess helical
symmetry of the vorticity and therefore can be modeled by relatively simple
equations provided that the helical pitch and convection velocities of the vor-
tices are known [146]. Since the velocity formulation used to determine helical
symmetry of the vortex is linear, one can apply averaging in both space and
time; < u, >=< ug > + < ugr/l >, where <> indicates averaging. u, and
uy are the axial and azimuthal velocities, respectively and ug is the convection
velocity of the vortex. r is the radial coordinate and 1 is the helical pitch. This
enables the neglection of, e.g., turbulent pulsations, positional variations of the
vortex in time or variations across the azimuthal coordinate 6. If the averaged
data can fulfill the averaged velocity formulation, then one has found helical
symmetry of the vortex in that averaged sense.



Chapter 3

Current Investigations

3.1 Objective

The objecti