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Abstract

Details around vortex generators (VGs) used in hydrodynamic environments and their ef-
fects on the mitigation of vortex-induced vibrations (VIVs) have yet to be adequately stud-
ied. Hydroelectric power plants are prone to these severe structural vibrations, which can
give rise to premature failure of important hydro machinery components, and can bene t
from the mitigation of these effects. In order to shed light on this topic, an experimental
study has been conducted at the Waterpower laboratory of the Norwegian University of
Science and Technology. Effects of VGs attached on the blunt trailing edge of a hydrofoil
were studied and compared to a corresponding hydrofoil without VGs, which is shown
to experience a state of lock-in due to VIVs. Detailed ow eld images of the hydro-
foil wake were obtained using particle image velocimetry (PIV) and vibration frequencies
were measured using strain gauges situated close to the trailing edge of the hydrofoil. The
results indicate that the longitudinal vortices generated by the VGs are able to break up
the uniformity of the vortex sheets forming at the trailing edge of the hydrofoil, effectively
mitigating the VIVs. Thus it shows that applying VGs at the trailing edge of devices,
which tend to experience severe structural vibrations could help mitigate these vibrational
effects.







Sammendrag

Detaljer rundt bruk av virvelgeneratorer i hydrodynamiske miljter og deres effelaer p
mildning av virvelinduserte vibrasjoner er enikke tilstrekkelig understkt i litteraturen.
Vannkraftverk som er utsatt for disse strukturelle vibrasjonene, som kan fire til tidlig svikt
av komponenter som turbinblader og stagskovler, kan dra nytte av mildningen av disse
effektene. For belyse dette temaet er det utftrt en eksperimentell studie ved Vannkraft-
laboratoriet ved Norges teknisk-naturvitenskapelige universitet. Effekter av virvelgener-
atorer festet @ den stumpe bakkantlisten av en hydrofoil ble studert og sammenlignet
med en tilsvarende hydrofoil uten virvelgeneratorer som hadde blitt vistdppleve en
tilstand av synkroniseringgpgrunn av virvelinduserte vibrasjoner. Detaljerte bilder av
strimingsfeltet til hydrofoil vaken ble anskaffet ved bruk av particle image velocimetry

og vibrasjonsfrekvenser bleatt ved bruk av strekklapper lokalisert n r bakkantlisten av
hydrofoilen. Resultatene indikerer at langegde virvler som er generert av virvelgen-
ratorene er i stand té bryte opp den jevne fordelingen av virvelarkene som dannes ved
bakkantlisten av hydrofoilen og dermed effektivt dempe di virvelinduserte vibrasjonene.
Dermed kan bruken av virvelgeneratorexr @nheter som opplever alvorlige strukturelle
vibrasjoner bidra tia dempe disse vibrasjonseffektene.
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Chapter

Introduction

Every so often there is discussion about the world being in an energy crisis [1], [2]. This
crisis usually ties up with the depleting fossil fuel reservoirs around the world and that we
will not be able to meet the future energy demands of a growing world population. Thus it
becomes more and more important to utilise, produce, and store energy as environmentally
friendly and cost-ef cient as possible. Both the environmental impact and the cost are
important to consider when looking at new energy solutions or ways of improving on
preexisting solutions. No matter how environmentally friendly a solution is, it will not be
utilised on a global scale if the cost is not comparable to older, more polluting solutions.
A common trait amongst energy production is that one type of energy source needs to be
converted to utilisable energy through mechanical devices. Such mechanical devices will
experience variable and strong forces which can lead to wear and inevitably failure. With
the reduction of this wear, it is possible to reduce cost and possibly the environmental
impact. Devices which either are utilised for the production of energy or use energy in
environments with liquids tend to move large amounts of masses over time and are prone
to severe structural vibrations. These vibrations over time can lead to failure of important
components. Examples of such devices are rudders in ships, stay vanes in hydroelectric
power plants, and wind- and water turbine blades. The hydropower devices are especially
important in Norway, where hydroelectric power plants accour@$86of the total power
production [3]. New hydroelectric power plants are planned every year, and old plants
have to be refurbished due to wear from severe structural vibrations, among other things.
This pushes for innovation in the hydropower technology sector regarding the reduction
of manufacturing cost while simultaneously maintaining or increasing performance. To
give an insight into how simple alterations can help reduce severe structural vibrations in
hydroelectric power plants and potentially reduce cost, an experimental study is conducted
at the Waterpower laboratory of the Norwegian University of Science and Technology
(NTNU).

1.1 Objective

In this master’s thesis, it is proposed to introduce vortex generators (VGs) close to the trail-
ing edge of devices in uids which experience severe structural vibrations due to vortex-
induced vibrations (VIVs). The belief is that these VGs will generate strong vortices which
might mitigate the effects of these vibrations. A measurement campaign with particle im-
age velocimetry (PIV) and strain gauges is performed on a hydrofoil with a blunt trailing
edge, which has been shown to experience these vibrational effects. VGs are attached on
the trailing edge of this hydrofoil and compared to the hydrofoil without VGs in order to
investigate the effects these devices have on the VIVs.




1.2 Scope and Limitations

The effects a speci ¢ design of VGs have on the wake of a simple hydrofoil will be dis-
cussed, and experimental results obtained from PIV and strain gauges will be presented.
Uncertainties within the PIV measurements are also presented and discussed. The relevant
theory concerning VGs, PV, data attainment and data processing is presented. A relatively
short literature review is presented, showing the inspiration for the design of the VGs. An
optimal VG design was developed as part of a project thesis in the fall semester of 2019, a
short summary of these results is given. The experimental setup is discussed, and methods
around data attainment are laid forth. Results of the experiments performed concerning
the effects of the VGs are also discussed in great detail. Finally, some keynotes on future
work are given.

Experiments with an additional hydrofoil having no VGs called the reference hydrofoil
were planned, but due to the situation with Covid-19, these experiments proved to be
challenging to complete. Instead, the experimental results obtained for the hydrofoil with
VGs are compared to earlier experiments with a corresponding hydrofoil performed by
Sagmo et al. [4]. A summary of their results is presented in chapter 6. This is not ideal
but deemed to be suf cient for the execution of this master’s thesis. Devices like serrated
trailing edges and splitter plates are mentioned, but not discussed upon as the focus of the
thesis is to quantify the effects of the VGs on the wake behind a hydrofoil and VIVs. Other
types of ow control devices are not discussed.




Chapter 2

Vortex Generators Theory

2.1 Foil Theory

A foil is a lifting surface meaning an object when placed in a moving uid generates a
force perpendicular to the ow direction several times greater than the resisting, tangential
force acting on the object. The perpendicular force is called lift, and the tangential force is
called drag. When the acting uid is water, the object is called a hydrofoil, and the forces
are called hydrodynamic forces. A simple explanation of the lifting force can be obtained
with Newton’s second and third laws. As uid ows over a foil, the foil exerts a downward
force on the uid, and the uid will then push back with an equal and opposite force. Fluid
is also de ected and accelerated downwards, causing a net force upwards according to
Newton’s second and third laws. While the mechanisms behind the lifting force can be
simply explained by Newton’s laws, a more complex and detailed explanation is needed
to understand how the air pushes back on the foil. This explanation can be found in
a paper by Doug Mclean from 2018 [5]. Essentially there exists a pressure eld around
the foil, which is a result of applied forces from the uid with reduced and increased
relative pressure above and below the foil respectively. This pressure eld is illustrated
in gure 2.1. In this pressure eld, the ow will accelerate in the direction of decreasing
pressure forces, according to Newton’s second law. This is consistent with the principle
of Bernoulli, where the higher velocity ow on the upper surface experiences a lower
pressure. It is thus this pressure eld along with the accelerating downwards ow, which
accounts for the net perpendicular force the foil experiences called lift. The total drag is
called parasitic drag and is a combination of skin friction drag and form drag. Skin friction
drag is the resistance force caused by the uid viscosity and surface friction. Form drag is
the resistance force which arises from the shape of the body. Flow separation might also
occur on such bodies which can lead to vortex shedding. This is told more about in the
next section.

Figure 2.1: Pressure eld around a foil [5].




2.2 Vortex Shedding

Vortex: A local structure in a uid ow characterised by a concentration of vorticity

in a tubular core with circular streamlines around the core axis [6]. Vortex shedding
is a phenomenon that occurs when a uid ows over a bluff body and is dependent on
the uid velocity and shape of the body. A bluff body is de ned as a body where the
ow is separated over a portion of its surface. Both Roshko [7] and Gerrard [8] have
thoroughly explained the physics and mechanisms of vortex shedding. Their conclusion
indicates that as separation occurs a free shear layer forms. Circulation from this shear
layer will grow until it is big enough to draw the shear layer on the opposite side, which
has a circulation in the opposite direction across. This recirculated ow will detach from
the body, causing a single shedding of a vortex. Several of these vortices with alternating
circulation will detach every second, producing a pattern calleciiarin vortex street,
shown in gure 2.2. In theory, an in nite number of these vortices are shed along the
foil width, forming a uniform vortex sheet with the highest pressure in the middle of the
vortex. It is the alternating circulation of this vortex sheet which will cause an object to
oscillate, something which is told more about later.

Figure 2.2: Karman vortex street downstream of a foil.

2.2.1 Strouhal Number

The number that describes the vortex shedding is the Strouhal number (St), which is de-
ned as characteristic ow time divided by the period of oscillation [6] and is given by
equation 2.1.

St= >— (2.1)

Wheref ¢ is the vortex shedding frequendy, is the characteristic length andi is the

free stream velocity. Named after the Czech physicist, Vincenc Strouhal who was studying
vortex shedding from steel wires. The Strouhal number is approximately constant for a
given geometry and ow medium. Rearranging equation 2.1 we get equation 2.2 which
can be used to approximate the shedding frequency for a given geometry.

_ StU;

2.2)




2.2.2 \Vortex Induced Vibrations

As vortices are shed behind a body, the pressure forces around it will no longer be symmet-
ric or in one direction. Alternating lifting forces will act on that body due to the alternating
nature of the vortex shedding. A bluff body which is not rigid will oscillate at approxi-
mately the same frequency as the vortex shedding frequency [9]. The rate and amplitude of
these oscillations will increase as the shedding frequency increases, proportionally to the
ow velocity, eventually syncing up with the natural frequency of the system. This will
cause resonance, and the system will go into a state called lock-in. Large damages and
failure may occur in this state. A solution to these effects can be to introduce longitudinal
vortices in the ow that might break up the uniformity of the vortex sheet formed at the
trailing edge of a bluff body. Vortex generators (VGs) is an example of devices that could
do this and are explained in more detail in the next section.

2.3 Vortex Generators

VGs are passive ow control devices designed to introduce longitudinal vortices in the
boundary layer of a system. They are most commonly used on aeroplane wings, as seen
in gure 2.3, to control ow separation and increase the stall angle. Therefore they are
usually placed on the system surface before the onset of separation. With the introduction
of a longitudinal vortex in the boundary layer, it is possible to transfer the higher energy
ow above closer down to the surface and transfer the low energy ow away from the
surface. A higher kinetic energy ow at the surface will be able to withstand a higher
pressure rise, thus delay separation [10]. With this adjustment of the point of separation, it
is possible to affect the vortex shedding frequency [4]. The longitudinal vortices generated
by VGs could also be used to break up the vortex sheet formed behind a bluff body and
thus mitigate the effects of vortex-induced vibrations (VIVs). The use of these devices is
not as widespread in liquid ows as for ows with air. A reason for this is that problems
with cavitation might arise with the use of these devices in liquid ows.

Figure 2.3: Vortex generators on an airplane wing [11]




2.3.1 Cavitation

As local pressure rapidly drops below the vapour pressure in a liquid, small bubbles or
cavities of vapour form within the liquid. These bubbles will move with the ow to regions
with higher pressure where they rapidly implode. Bubbles imploding close to the surface
can cause substantial damage and erode material from the object’s surface. Far from the
surface, these bubbles will obstruct the uid ow forcing it around the cavities. As uid
ows around the VGs, a rapid change in velocity occurs, and in turn, a rapid change in
pressure is observed. This can potentially cause cavitation, which can obstruct the ow and
make the VGs less ef cient or even useless and just a means of drag increase. Therefore
it is crucial to design the VGs properly to try to avoid these effects as much as possible,
something which is told more about in the next chapters.




Chapter 3

Vortex Generator Literature Review

This chapter is devoted to a discussion of previous research done on vortex generators
(VGs). Most research has been towards delaying ow separation and thus increasing stall
angle of lifting surfaces, like aircraft wings. This again amounts to lower Reynolds num-
ber ows than what is the case for the experiments in this master’s thesis. Regardless of
this, the results from these previous research papers are essential for the end product of
this thesis. Some cases where VGs were used to mitigate noise, thus potentially mitigate
vortex-induced vibrations (VIVs) are presented in this chapter. Cases, where VGs have
been utilised in a hydrodynamic environment are also presented.

VGs were rst introduced by Taylor et al. [12] in 1947. They studied the effects of using
simple vane-type VGs to control ow separation in diffusers showing that it was possible

to avoid ow separation with the introduction of these devices. Devices like these have
since been used to delay boundary layer separation [13], increase the performance of aero-
plane wings and wind turbine blades [14] and reduce noise [15].

3.1 \Vortex Induced Vibrations

In 1972 Kuethe [16] studied the effects of introducing streamwise vortices in the turbu-
lent boundary layer on the wake of at plates and airfoils. His experiments are showing
that vortices generated by VGs have a strong suppression on the formation afrthenkK
vortex street. The introduction of VGs at the trailing edge of a at plate showed a to-
tal suppression of the vortex shedding. Maull and Young [17] also studied the effects of
longitudinal vortices produced by VGs on the wake of an airfoil. Results are showing
in accordance with Kuethe, a decrease in the shedding frequency with the introduction
of VGs. Holmes et al. [15] did a study on sub-boundary layer VGs and their effects on
interior noise in aeroplanes at high velocities. Their results show that these devices were
effectively able to delay separation and break up thenkn vortex street. Park et al. [18]
introduced longitudinal vortices on the trailing edge of a bluff body using devices similar
to VGs in order to reduce drag. In addition to reducing the parasitic drag, it was observed
that the longitudinal vortices induced a mismatch and reduced the vortical strength in the
Karman vortex street. It was also observed that tleerkan vortex street entirely disap-
peared right behind the bluff body and occurred at locations further downstream.

3.2 Optimisation Studies

Most research on VGs has been concerned with parametric optimisation of these devices
for boundary layer separation control and drag reduction on airfoils. In 2002 Lin [13]

7



did an extensive review on research performed within the past 15 years on VGs for con-
trolling boundary-layer separation. What he found was a widespread agreement around
which type of VGs was the most ef cient. VGs with heights smaller than the boundary
layer were usually favourable for their separation control ef ciency and low device drag.
Counter-rotating (CoR) VGs were most effective in controlling 2D ow separation while
co-rotating VGs performed better in 3D ow separation. Betterton et al. [19] show that
CoR VGs which are spaced at the trailing edge more ef ciently control separation than
ones joined at the trailing edge. Spaced CoR VGs tend to have lower vortex decay, and
vortices are attached to the surface further downstream, this is shown in gure 3.1. Mutual
interaction between the vortices generated by the joined VGs causes interference and thus
reduces the vortex strength quicker downstream. Results from Godart and Stanislas also
show agreement with the ndings of Betterton et al. and Lin. They also show a decrease
in wall skin friction with the use of VGs, CoR ones contributing to the largest decrease.
Mueller-Vahl et al. [20] and Gao et al. [21] performed a parametric study on VGs for wind
turbine blades where the chordwise position, VG size and spanwise spacing were studied.
Experimental and computational uid dynamics (CFD) results show that spacing between
adjacent VG pairs has a signi cant impact on the performance of them. Further, the CFD
results of Gao et al. show that larger VGs in all dimensions will produce vortices with a
higher chance of lifting off from the surface. Li et al. [22], [23] have produced two de-
tailed papers on the effects of the VG height and the orientation angle on the performance
of these devices. Their results are showing that height has a signi cant impact on the drag
induced by the VGs. The orientation angle of the VGs has an impact on the diffusion of
vortices downstream, with quicker vortex decay for larger angles. Wang and Ghaemi [24]
also studied the orientation angle of vane-type VGs with results agreeing with those of Li
et al. An experimental study of VGs wake on a at plate using PIV was conduced by Shim
et al. [25] in 2015 where geometrical shape and VG length was examined. It showed that
rectangular VGs produced the strongest vortices while triangular VGs produced vortices
which stayed closer to the surface downstream.

Direction of flow f=setimm

b)

n=01,2

//ﬁ}h

Direction of flow

Figure 3.1: Vortex pairs shown as a function of downstream distance. a) Joined counter-rotating
(CoR) VGs. b) Separated CoR VGs [19].




3.3 Hydrodynamic Applications

Hydrodynamic applications of VGs are not as widely studied as applications in air, pos-
sibly due to the risks of cavitation. Nevertheless, some papers where VGs were applied
in hydrodynamic environments were found. A study on the performance and cavitation
of a single triangular vortex generator at several incident angles was performed by Brand-
ner and Walker [10]. Their ndings are showing promising possibilities of using VGs in
hydrodynamic environments. Results are indicating that as long as the gauge pressure is
kept high, and the incident angle is smaller ti2&n, no disruptive cavitation will occur.
While some cavitation could still occur at high gauge pressures, as seen in gure 3.2, it
was shown that this had almost no impact on the downstream boundary layer pro les and
the lift to drag ratio. Results from Oledal [26] show similar tendencies on triangular VGs
used in hydrodynamic environments as Brandner and Walker.

Figure 3.2: Cavitation on a single triangular vortex generatoR@t incident angle. a) High gauge
pressure. b) low gauge pressure [10].

Kundu et al. [27] investigated the effects of VGs to improve performance of a hydrofoil
commonly used as tidal current turbine blades. CFD simulations with a Reynolds number
of 2:4E 6 were performed on several VG con gurations. They are concluding with CoR
VGs being superior to other types of VGs, like many other researchers. They also see
that VGs placed closer to the trailing edge are more ef cient when it comes to delaying
separation. Velte et al. [28] have done experimental measurements on VGs with the same
Reynolds number as Kundu et al. Results are showing agreeance with Kundu et al. when
it comes to the VGs effect on delaying separation.

Ahmed et al. [29] researched ship hull resistance reduction by controlling ow separation
using simple sub boundary layer VGs. Their results are showing that while the VGs reduce
the hull resistance, their addition might lead to a total increase of ship resistance. They also
make a point that the addition of VGs may lead to improved ow in the propeller which
again would improve ef ciency. However, an experimental investigation of this is neces-
sary. Saydam et al. [30] have done studies on wake modi cation by utilising triangular
VGs in order to mitigate propeller-induced vibrations on ships. By placing three VGs on
each side of the hull ahead of the ship’s propeller, they achieved a signi cant reduction in
vibrations, a delay in separation and a total hull resistance reduction of 3% was observed.
This idea of using VGs to create a uniform velocity distribution ow into the propeller
and over the rudder of ships was also studied by Matheson [31] with results agreeing with
those of Saydam et al. Showing that VGs can be used to improve velocity distribution,
thus reduce vibrations and improve ship steering characteristics.









































































































































































































































































