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Abstract

In contrast to active flow control schemes thaumegan external energy source, passive flow contro
methods have been of great interest to engineersaantists, due to their potential in augmenting
the performance characteristics of various engingesystems, in addition to reducing fabrication,
operation and maintenance costs. In aerodynamibge whe two primary passive flow control

approaches, known as leading-edge and trailing-adgdifications, have proven successful in
improving performance efficiency, complexities mayse in determining the design guidelines that
ensure minimal penalties such as an increase indthg force while improving lift-generation

capabilities.

Operating at high attack angles, wings with unduodpteading-edge modifications, in the form of
protrusions similar to those on the humpback whalettoral flippers (tubercles) and wavy leading-
edge configurations, have been shown to renderla@hmdynamic loading benefits with negligible
penalties in the transitional flow regime. Theseaadages include higher post-stall lift, reducealgdr
and lower tonal noise, in comparison with unmodifi®ings of the same cross-sectional profile.
Hence, the undulating leading-edge modification bean proposed as a viable passive flow control

method.

To account for the superior behaviour of the medifivings, a number of studies have attributed the
observed advantages to the generation of streanwsisiees. Accordingly, analogies of tubercles to
vortex generators, wing fences and delta wings hmeen proposed. Consensus, however, on the
underlying flow mechanism triggered by the presesica tubercled leading edge in different flow
regimes has not been reached. In addition, thedtom mechanism of streamwise vortices over

tubercled foils is in question.

The present project aims to contribute to this aede area by exploring the mechanism associated

with the flow over full-span wings with undulatifgading edges in the laminar, transitional and-near



turbulent regimes. The project also aims to ingegé the underlying flow dynamics responsible for
the development of streamwise vortices. To this, ethéoretical, experimental and numerical

approaches were adopted.

In the theoretical approacRrandtl’s non-linear lifting-line theorywas employed to examine the
effect of an undulating leading edge on the spamwisculation distribution of the bound votex.
Experimental work in the form of wind tunnel foraad pressure measurement tests were performed
on a wavy wing to study the similarities and diffieces in the loading behaviour of a tubercled and a
wavy wing in the transitional flow regime. On thammerical front, Computational Fluid Dynamics
was utilized to perform comprehensive investigationo the flow structure around modified wings

in three flow regimes. This allowed investigatidrhigher Reynolds number flows.

The results of the study demonstrate that wingh witdulating leading edges (tubercled and wavy
leading edges) alter the flow field in a fundaméwtsimilar manner across the laminar, transitional
and near-turbulent regimes. The presence of anlatiy leading edge induces a spanwise pressure
gradient that gives rise to flow skewness, whichium leads to the development of streamwise
vortices in line with a mechanism known Rsandtl’s secondary flow of the first kinth addition,
spanwise circulation of the bound vortex associatigd pairs of counter-rotating streamwise vortices
behaves in a cyclic manner along the span of a fieddiwving. The spanwise vortex sheets,

accordingly, appear to be rippled in the immediétaity of a wing with an undulating leading edge.

The loading behaviour of the wings with tubercleshown to be dependent on the flow regime in
which they operate. In the laminar and transitioih@alv regimes, the counter-rotating streamwise
vortices induce a momentum-transfer enhancemeetteffhereby the flow from the separated flow
region is transported to the neighbouring areasrevilee boundary layer remains attached to the
surface of the wing. Whereas the unmodified wingeo lift abruptly in the lower limit of the

transitional flow regime, possibly due to the buwkt laminar separation bubble, the tubercled foll

maintains more attached flow which leads to a ngoaelual loss of lift at high attack angles.



In the near-turbulent flow regime, numerical resglhow that, contrary to the trend in the loweitlim
of the transitional flow regime, post-stall liftgerated by a full-span tubercled wing is lower ttzat

of an unmodified wing. It is observed that the udified wing's loss of lift is less abrupt in theame
turbulent regime than in the transitional regime tlu the presence of higher momentum fluid within
the boundary layer. On the other hand, the momentamsfer effect associated with the tubercled foil
is still at play, however the lift coefficient dfi¢ tubercled foil is lower than that of the unmusdif
foil at post-stall attack angles. The inferior penhance of the tubercled wing, compared with tliat o
the unmodified, highlights the significance of ttede played by Reynolds number effects and the

influence of the cross-sectional profile on thef@anance of the modified wing in question.

The present project provides a better understandiirthe impact of full-span wings modified with
undulating leading edges on the underlying flow Inag&dsm across a wide spectrum of the Reynolds

number.
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Chapter 1

| ntr oduction

Flow control is defined as the ability to alter tblearacter or disposition of a natural flow field
actively or passively in order to effect a desiobdnge [4]. As such, this branch of fluid mechanics
has immense technological importance. Through tleeessful manipulation of the boundary layer, a
wide variety of industrial applications can be emed [5]. An example of this achievement in
modern aviation, is the vortex generator whichngplyed successfully to improve the aerodynamic
performance of commercial aircraft such as the7BaBd B767 [15]. Consequently, efficient flow
control, whether passive or active, can offer thlegeconomical benefits through saving fuel costs f
air, sea and land vehicles per year [4]. It isneated that a 5% increase in the maximum lift
coefficient in aircraft landing would allow a 25%ygoad increase [1]. Drag reduction for a tractor-
trailer vehicle, can save in excess of 50 millmrels of oil [13]. Equally important, efficienibfv
control devices aim to have minimal adverse envitental impact, for instance low noise profiles

and negligible air pollution.

Flow control in aerodynamics is primarily targetemlvards flow separation control within the
boundary layer. In most cases, it is desirablestaydseparation in order to reduce form drag, msee
lift and improve pressure recovery over a liftingdlg [4]. While numerous methods to postpone
separation have shown significant improvementsjctpdisadvantages such as an increase in
parasitic drag, energy consumption, system weigldt r@liability often arise [17]. Furthermore, in
three-dimensional boundary layers, that are uligsitin practical flow scenarios, the prediction of
separation becomes difficult [18]. Addressing swblallenges requires further research into novel
boundary layer flow control techniques that are lesmplex to implement, more economically viable

and incur lower overall penalty.

Leading-edge tubercles, which are the protrusidiseived on the pectoral flippers of the humpback

whale, have been demonstrated to augment aeroydvo-dynamic efficiency, when incorporated



into the design of lifting bodies [7, 10-12 o date, several studies have suggested thah{eadge
tubercles manipulate the surrounding flow field dpgnerating streamwise vortices to yield such
benefits [2, 6, 16]. Hence, tubercles can be reghehd utilized as a viable, nature-inspired fofm o

passive flow control device.

One application of tubercles, currently in usejndustrial ceiling fans for large buildings. It is
reported that a five-blade tubercle-modified fastsgn is 25% more efficient and consumes 20% less
electricity than a 10-blade unmodified configurati¢3]. Furthermore, tubercles suppress the
generation of tonal noise, for a range of frequesi@djacent to the tonal peak, compared to their
unmodified counterparts [8]. Leading-edge tuberckas also increase the energy generation by wind
turbine blades [14]. WhalePower Corporation [9] BRswn an increase in electrical generation at
moderate wind speeds using tubercles on a 35kVdhlarpitch wind turbine. It is conceivable that a
tubercle-like leading-edge modification could bedrporated into the design of aircraft wings.
Therefore, with the elimination of flaps and sl@isparticular for Micro Air Vehicles), the weiglof

the aircraft as well as fuel consumption would dese [3].

While the loading characteristics of full-span afidite-wings with tubercles and tubercle-like
features have been previously studied in the tiiansi flow regime, the flow mechanism that renders
the aero- or hydro-dynamic benefits is still ndtyfwinderstood. In addition, the role of streamwise
vortices in the loading behaviour of modified wingan be further explored. Finally, the flow
mechanism and loading behaviour of tubercled windke laminar and turbulent flow regimes are in
guestion. Accordingly, the present project aimsntgestigate these research knowledge gaps. It is
believed that gaining insight into the underlyingwf mechanism activated by the presence of
tubercles, can further elucidate the advantageselisas the limitations of this novel form of passi

flow control method for industrial applications.

The presented document is intended for Thesis Ijidation and organised into seven chapters that
chronologically follow the progress of the proje€hese chapters are succinctly introduced in this

section.



To gain perspective on where tubercles stand anmarigsr flow control devices, Chapter 2 contains
an overview of conventional, as well as more rdgatgveloped flow control methods. It has been
attempted to provide the conceptual principles ttihe flow control techniques to highlight the
flow mechanism under which they operate. The acged and drawbacks of the reviewed flow
control methods, as reported in the literature, als® discussed with qualitative and quantitative
details, where available. The second part of theptEr focuses on a comprehensive review of the
studies contributing to our knowledge about thevaand hydro-dynamic loading characteristics of
tubercled lifting bodies, in addition to their inghan the flow structure. This leads to the firedtsoon

of the chapter, which reveals the research avemurssied by the present work. Accordingly, the aims

and objectives of the project are defined, andiibthodology adopted is elaborated on.

Chapter 3 contains a published article in the Risysf Fluids journal titled, The effect of undulating
leading-edge modifications on NACA-0021 airfoil cheteristics. This work focuses on examining
the effects of wavy and tubercled leading edgegherspanwise circulation distribution of a NACA-
0021 airfoil, using a theoretical approach. Measwmts of flow-induced forces and pressure in a
wind tunnel were performed in the transitional fleegime to evaluate the loading behaviour of
several wavy foils against a tubercled and an uiifileddfoil. In addition, a numerical study was

carried out to explore the characteristics of thevfstructure around a wavy foil.

Chapter 4 contains a published article in the Risysf Fluids journal titled, “The formation
mechanism and impact of streamwise vortices on NADAL airfoil's performance with undulating
leading edge modification”. This work examines tinederlying mechanism responsible for the
development of streamwise vortices over tuberctitd in the transitional regime. Computational
Fluid Dynamics was utilized to probe into the fl@tvucture around several tubercled foils to gain
further insight into the mechanism accounting fa superior loading characteristics of the modified

foils in comparison with the unmodified NACA-002dilfin the transitional flow regime.

Chapter 5 contains an article accepted for puldtinain the Journal of Fluid Mechanics titled,

"Evolution of streamwise vortices generated betwiedercles." This study examines the underlying



flow mechanism activated by the presence of leadithge tubercles in the laminar flow regime. A
Computational Fluid Dynamics investigation was amtdd to compliment the PIV experimental

work by Hansen [6].

Chapter 6, contains an article submitted to therniduof Theoretical and Computational Fluid
Dynamics titled, "Exploring Reynolds number effeds the flow mechanism over a tubercled
airfoil". In this numerical study, the flow overtabercled foil in the transitional flow regime was
compared and contrasted to that of the near-tunbuégyime. In addition, the loading characteristics

of the modified foil were compared to those of timenodified foil in the near-turbulent flow regime.

Finally, chapter 7 provides a comprehensive summoétiie work conducted, and the findings of the
project, followed by the key conclusions. In aflif suggestions for future research endeavours are

presented as the closing section of Chapter 7.
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Chapter 2

Background Literature

2.1 Historical Background of Flow Contr ol

Gad-el-Hak [38] provides a comprehensive reviewhefhistorical background of flow control, which
is reviewed in this sub-section. The evolutionloi control can be viewed within five distinct eras
the empirical era (prior to 1900); the scientifrea €1900-1940); the World War Il era (1940-1970);
the energy crisis era (1970-1990); and the new(E980s and beyond). Even in prehistoric times,
streamlined spears and boomerangs were shapedicalcto fly smoothly in air. Evidence of the
successful efforts to control the flow of water Bgypt and Mesopotamia exists in the form of
irrigation canals [8, 19]. In that period, howevenderstanding of the basics of fluid motion war/ve
limited and methods were devised on the basis giirezal attempts that relied heavily on trial and

error.

The scientific era began with Prandtl's comprehengsianuscript [90], detailing the boundary layer
theory and the mechanisms of flow separation. Syuesgly, the emergence of flow control devices,
designed based on the fundamental flow behaviounciptes accelerated. The advancement was
further motivated by the Second World War and tleédGNar [38], 1940-1970. Armies in both the
east and west investigated flow control methods adtapted the findings in the design of missiles,
torpedos and submarines. Two outstanding examjléssoera are laminar flow control techniques

and polymer drag reduction methods [64].

The development of flow control for civilian apm@iions was the centre of attention due to the gnerg
crisis in 1973. During the years 1970-1990, manyape corporations and government agencies
invested considerably in drag-reduction-orientedigmts to maximize energy utilization of air, sea
and land vehicles [38]. This was a remarkable afrattention from the military sector, seen prior t

1973. In the following decades, the availabilityrobust, relatively inexpensive computer programs

enabled engineers and scientists to perform complexerical simulations to predict the behavior of



fluids using Computational Fluid Dynamics (CFD).iFltrend is still in progress and has provided
tremendous benefits where analytical and experiahe@pproaches to address flow control problems
are onerous. Two primary flow control examples fribiis era are the numerical studies on transition-
delaying compliant coatings and large eddy breattepices to reduce skin-friction drag [37]. In
addition to more traditional methods, reactive floontrol has also been introduced to manipulate the
coherent structures in transitional and turbuléweias flows [20]. Areas such as chaos control, eura
networks and micro-electro-mechanical systems (MEM@ve contributed to the development of
reactive flow control. In the following sectionsyalto its relevance to the present project, fosus i

specifically placed on boundary layer control itezxal flow.

2.2 Boundary Layer Control in External Flow

Ludwig Prandtl's seminal work on boundary layerelegment revolutionized fluid dynamics in the
early 20th century. The description of how fluidshbve in close proximity to a wall boundary, as
proposed by Prandtl, has had a profound impactasiows branches of fluid mechanics. Ever since
Prandtl's ground-breaking paper [90], scientistd angineers have attempted different methods to
control and manipulate the behaviour of the bountkrer to improve the efficiency of a given flow

application [44].

Aerodynamics of lifting bodies, in particular, reda the lift-to-drag ratio as a measure of efficken
[2], and therefore it is desirable to achieve highelues of this ratio. The primary mechanisms
through which aerodynamic efficiency is improveddives procedures to prevent or delay boundary
layer flow separation. This is especially signifiten situations where the flow encounters an astver
pressure gradient. Under such circumstances thedaoy layer is susceptible to flow separation, a
phenomenon which often results in the reductionhef lift force and a subsequence rise in drag,
known as stall [2]. It is expected that the thréenpry forms of stall: leading-edge, trailing-edaysd
thin-airfoil stall, may occur for one airfoil atftkrent Reynolds numbers. This can also be true for
different airfoils at the same Reynolds number [LE4idently, stall is an undesirable phenomenon,

both in terms of power requirements and stability.



Both passive and active flow control methods hasenbdeveloped to, either increase the lift, reduce
the drag or introduce a combination of the two hyiaus means to manipulate the behaviour of the
boundary layer. Most active flow control techniquaisn to modify the flow field by utilizing
actuation and sensing components [44]. In contrasactive flow control, passive flow control
methods to augment the aerodynamic performanaétinglbodies are of considerable interest due to
their ease of manufacture, maintenance and econaatidity, as they primarily rely on stationary
components that enable different forms of wing getwynshaping to enhance mixing or control the
pressure gradient. The following pages provide me@daustive review of a number of flow control
devices, currently in use and under ongoing rebedittese methods have been categorized according

to the aero-hydrodynamic forces they enhance. Aréderences have been included in each case.

2.3 Lift Augmentation M ethods

2.3.1 Trailing-edge M odifications (Trailing-edge High Lift Devices)
A rippled (wavy) trailing edge can be incorporateit the design of an airfoil to act as a passioe f

control device [78]. One impact of the wavy tragiadge on the flow structure is the development of
lateral pressure gradients that drive the fluichvidw momentum towards a bifurication line located
between the rippled trailing edge's trough and p€&ansequently, a form of boundary layer relief
occurs whereby the adverse effects of a strongspresgradient are alleviated in the streamwise
direction, and more attached flow is maintainedrnie trailing edge. Morin and Barber [78]
demonstrated that, for a wing with a wavy trailiedge, the maximum lift coefficient and the stall
angle were increased. The convoluted surfaces asithose seen in Figure 2.1, enhance mixing and

have also been used in turbofans.

FIG 2.1 Flow over an airfoil with a rippled traifiredge [78]
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The use of self-activated movable flaps (artifidild feathers) near the trailing edge is another
method for flow separation control. These compomémt lift from the surface on the suction side, a
a response to reversed flow due to flow separagimyide a physical barrier to prevent the flownfro
moving upstream towards the leading edge [6]. Sdreg can be a concern due to the presence of
such arrangements, as well as the early onset wfidawy layer transition, the flaps are mostly

installed very close to the trailing edge.

Plain and split flaps (Figure 2.2) with the fulcrimfront of the trailing edge have been populacsi
1930 [97]. Today, Fowler flaps are incorporated itite design of airliners which offer retractable
slats and slotted flaps. The basic mechanism imebla augmenting the generated amount of lift by
flaps is to impart more momentum to the fluid byleing the flow stream in a certain direction. In
other words, the deflection of these devices watie camber and chord of the wing. A superior
design to split flaps incorporates strongly defelcsmall flaps wherein the fulcrum lies at thelimgi
edge of the wing. These flow control componentst gdan be as small as 1% of the chord, are capable

of achieving a distinct increase in the lift coei#int [43].

. Plai :
“ ain flap b. Split flap c. Single slotted flap
d. Double slotted flap _ N\ \
e. Triple slotted flap f  Fowler flap

FIG 2.2 A number of trailing-edge high-lift devicies]

The Gurney flap, is another device to increase Tifte Gurney flap, which is a small flap often

mounted at right angles to the chordline at thdingaedge, can offer advantages by increasing the
aerodynamic loading on the pressure side of thg,withile reducing the pressure on the suction side
[82]. This arrangement is also useful if the samerall lift is to be generated, in which case, the

loading of the upper side is relieved. The Gurnkew,fin effect, alters the Kutta condition and



introduces counter-rotating vortices that markegiignge the flow field and lead to an increase én th

amount of circulation generated around the aift5].

JrAirf\ Flow Partially Turned
Toward Flap

_—

Upstream
Separation

Bubble /
Gurney Flap

FIG 2.3 Schematic of an airfoil equipped witGarney flap at the trailing edge [56] (from destidp in [65])

Two Contrarotating
Vortices

2.3.2 Leading-edge M odifications (L eading-edge High Lift Devices)

Modifications to the leading edge have been rebedrand implemented as long ago as 1917 [49]. A
lift increase of 25% was achieved by a spanwist sld parallel to the leading edge of the aircraft
H.P.17, as tested by Handley Page [5]. Lift inoesasf up to 50% were achieved when the shape of
the slot was modified on various airfoils. The effef the number of slots on the lift coefficienasv
studied by Smith [106] and van Dam [117] who attedpto explain the mechanism by which a
multiple number of leading-edge slots enhance ithedefficient of an airfoil. They proposed that
each slot produced a fresh boundary layer andwee pressure recovery of a multi-element system
was divided among all the elements. This way theHary layer does not grow continuously and the

thin turbulent boundary layers would withstand strer adverse pressure gradients.

A — —— /CE:}

g. Leading edge flap h. Leading edge slat .. Kruger flap
FIG 2.3 A number of leading-edge high-lift devi¢es|
An 11% increase in the maximum lift coefficient waported when a droop nose was applied to the
leading edge of transonic wing sections at low dpd88]. The droop nose, reduces the curvatures

from the stagnation region (alters the camber) wkeads to high suction peaks at high attack angles

10



However the design of the droop nose proves clygiltgn as the suction peak that forms under the
"chin" of the droop, on the lower side, may becamupercritical at low cruise lift coefficients. Thas
discrepancy of up to 2%, between the design tdifyeoefficient and the measured value can arise

[49].

Streamwise vortices, to be generated within thentary layer, can be created by a serrated leading
edge. These small serrations can be installed theastagnation region, on the pressure side of an
airfoil. Soderman [107] carried out wind tunnel exments on a NACA 661-021 airfoil with a

serrated leading edge (based on an owl wing) ayadétds number equal to 2,320,000 and found that
the maximum lift coefficient, as well as the stafigle were improved. Also, the drag on the foil was
not increased at low angles of attack and was dseteat high attack angles. It was reported that
geometric parameters such as the size of the ismsatheir locations and spacing, influenced the

aerodynamic behaviour of the airfolil.

2.3.3 Turbulators

Another passive flow control device, referred tatlees turbulator (Figure 2.4), is designed based on
the notion that a turbulent boundary can withststndnger adverse pressure gradients, as opposed to
a laminar boundary layer [101]. Accordingly, turdtgrs which resemble thin strips, are placed on the
suction surface of an airfoil to render enhancednemum exchange through mixing as the laminar
boundary layer encounters these devices. Thisasvkrastripping the laminar boundary layer. The
main disadvantage associated with the presenagrtmilators is the rise in the drag force due to the
skin friction from the turbulent boundary layer. elfplacement position, length and height of
turbulators can determine the performance of thimdi body and therefore, are important design

parameters [101].
90°

NSNS

15 mm

FIG 2.4 Zigzag shaped turbulator for microlighteaft[81]
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2.3.4 Blowing

Energy can be added to the boundary layer by mefabkwing air through a slot over the wing's
surface. Consequently, the re-energized boundamgr laould overcome strong adverse pressure
gradients to delay separation [5]. This methodoseoved in nature in the thumb pinion of a pheasant
the split-tail of a falcon and the layered wingtfesis of a number of birds [37]. Blown flaps operat
under this mechanism by directing a jet of air Hiedn the aircraft's engine to the rear sectiothef
wing at different angles. Flow attachment can d@ea®d for blown flap angles of up to 60 degrees
[51]. The amount of air added to the flow streataralthe amount of circulation generated around the
lifting surface. If this amount exceeds the limdcessary to prevent boundary layer separation, the

generated circulation rises above the value predlioy potential theory [69].

Control flexibility can also be improved by applgioscillations in addition to the steady blowing of
air. This way the developed coherent structures lmamregulated by the periodic motion of the
membrane. These two main disadvantages of blowirghads are the complexity of their
deployment, and the costs associated with the aserén weight and the drag force due to the
presence of extra components [86]. Also, trandpimathrough active methods is rarely considered
due to the power requirements and the complexith®fmechanism, especially in event of an engine

failure, wherein power requirements become crydiy.

2.3.5 Suction

If the decelerating particles near the wall in artary layer are removed, the gradient of the vigloc
in the wall-normal direction is increased, and safian is averted [37]. This was shown by Prandtl's
flow visualization work [90] on a cylinder with @anwise slit on one side. The boundary layer in his
experiments, remained attached over a consideraigla over the cylinder's surface. A suction
coefficient, given in equation 2.1, is defined &tatmine the speed of the suction fluid, necessary

prevent flow separation.

q

\
C,=—% (2.1
0. (2.1)
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wherev,, and U, represent the suction fluid and free-stream flpeesl, respectively. For a laminar
boundary layer, Trukendrodt [116] computed thetisnccoefficient for a Zhukovski airfoil to be a

function of the Reynolds number and equal to R&2°. The suction coefficient, in a turbulent
boundary layer is estimated using empirical apgreac Schlicting and Pechau [98] reported that a

suction coefficient between 0.002 to 0.004, is eeldd prevent boundary layer separation.

2.3.6 Zero-Net Mass-Flux Jets

Another form of active flow control method employee zero-net mass-flux jet (ZNMFJ) concept.
ZNMFJs introduce linear momentum to the flow figithout net-mass injection across the system
boundaries [21]. The main advantage of this schientleat it takes the required fluid from the local
field without the introduction of external “fluidootrol” [30]. The use of an oscillating membrang, a
the actuator, allows the fluid to enter and exé fteld through an orifice. In this mechanism, the
existing fluid, forms a shear layer which helpsd&®velop coherent structures that entrain higher
momentum fluid from the irrotational flow field imtthe boundary layer, resulting in a delay in
separation or re-attachment. Recently, Esmaeili iMdradjfar, and Bakhtian [30] showed that by
placing the oscillating membrane at the 12%-choodtion of a NACA 23012 (at a Reynolds number
equal to 2,190,000), stall characteristics weraiaantly improved. An optimal blowing ratio equal
to three was reported in this study. In generas, plerformance of ZNMFJs depends on multiple
structural, geometrical and flow parameters thasepchallenges in the efficient application of
ZNMFJS. Glezer and Amitay [40] provide a comprelnvmseview of synthetic jets (ZNMFJs) that

operate based on the described fundamental concept.

2.3.7 Wall Heating and Cooling

Cooling a surface over which compressible flowha form of a gas is passing, increases the density
and decreases viscosity of the fluid in the walfioa [37]. These effects change the velocity peofil

of the boundary layer, leading to a delay in flogparation. The use of this method is, however,
limited to compressible flows at high speeds. GE&9] provides a comprehensive summary of the

research conducted to study the effect of heasteaon boundary layer separation.
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With liquids, heating the wall decreases the vidgpbut does not change the density appreciably.
Aroestry and Berger [4] reported that the boundayer separation can still be delayed to a small
extent by heating the wall over which water is filoge Nonetheless, experimental data are still
needed to confirm this effect [37]. Other methodsniduce a viscosity gradient in the wall-normal

direction are film boiling, cavitation, chemicabi@ions among others.

2.3.8 Vortex Generators

Vortex generators resemble airfoils with small aspatios that are typically mounted normal to the
wing's surface. These components introduce heditebms of air that carry high-momentum fluid
into the boundary layer, where there is retardedv fhear the surface [12]. The main penalty
associated with vortex generators is their dragoAthe configuration and arrangement of vortex
generators, which include their height (with resgedhe boundary layer thickness), their orieotati

and the planform shape, are critical. This is bseahe poorly-arranged vortex generators may cause
the aerodynamic efficiency to decrease. Vortex genes that are placed too close to one another, fo

instance, may produce co-rotating vortices thaeuga an annihilation process [5].

Bruyes [16] pioneered the use of vortex generatorsncrease mixing in the boundary layer.
Subsequently, Schubauer and Spangenberg [99] cmutegperiments to determine the effects of
forced mixing in the boundary layer. Several vorgenerators and their mixing capabilities were
tested on the boundary layer formed on a flat setf#t was found that the effect of forced mixing
was similar to the effects of a reduction of the/eade pressure gradient, where the shear layer

becomes less susceptible to separation.

Rao and Mehrota [92] looked into the effect of types of vortex generators, namely blunt obstacles
and vanes, on the drag force exerted on a flag pliatvas reported that in all test cases the wgpe

vortex generators increased drag, while obstage-tgenerators placed upstream of the plate
produced a very small change in drag. Furthermreduction in drag was achieved when the vanes

were placed a short distance above the plate.
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The significance of the position and location oftem generators on the drag and lift forces on an
airfoil were examined by Brown [15]. In an experimted study, a number of forward-facing wedges
were placed on the upper surface of an airfoil thas positioned at high angles of attack. It was
found that the position of the wedges played acetitrole in the results obtained. Placement of the
vortex generators at the leading edge yielded thkekt increase in lift (17%) and a slight drag

penalty. The mid-chord placement led to a 100% insdrag and 10% decline in the lift force.

Skin friction measurements on a surface downstrefmrortex generators were undertaken by
Spangler and Wells [109]. The heights of the vodererators selected were 2%, 10% and 20% of
the local boundary layer thickness. The generatathter-rotating vortices maximized the energy
transfer to the boundary layer, but they causethemrease in total drag that mainly came from skin

friction.

Pearcy [88] suggested a set of design rules tanogi the performance of vortex generators to
prevent boundary layer separation. He examinediqus\studies and based his design rules on the
measurements of stream-wise velocity, from whichdatermined the location of vortices and the

effects of vortices on the boundary layer, for @lifint vortex array arrangements. It was concluded
that, for a pair of co-rotating vortices, the spgcbetween the generators is the most important
parameter. While the generators must be close dosthface, they should not be too far apart,
otherwise the effect of one generator in sweepamgrhomentum fluid away from the surface would

be cancelled by the other generator, sweeping dnee sfluid back to the surface. The use of a
spacing-to-generator height ratio from 5 to 6 wesommended, and it was noted that satisfactory
results are obtained when a generator with a hefh®o of the chord length is placed far upstream

on the foil.

For vortex generators that produce counter-rotatortex pairs, Pearcy [88] recommended a spacing-
to-height ratio of 10, which is a compromise betweé&ectiveness and stream-wise persistence. This
is due to the fact that counter-rotating pairs temthove towards each other, convecting out of the

boundary layer under the influence of their fictits image vortices next to the wall. However if
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effectiveness over a short range is the only reguént, then a spacing-to-height ratio of 4 or 5 is
more suitable. This implies that counter-rotatingrtices are more effective when the distance

between adjacent vortices is larger than the spdmeitween vortices and their flow images.

2.3.9Wing Fences

Wing fences are flat plates mounted at right antdethe suction surface of finite-span wings [46].
Since spanwise flow on swept wings can lead to tiprgiall [93], wing fences are placed parallel to
the free-stream flow direction to inhibit the dey@inent of spanwise flow. On the stalled wingtiaof
swept wing, a nose-up pitching moment could be ldgeel as the centre of pressure moves upstream
at high attack angles [14]. As a result, deep stally occur. Deep stall is a situation which is
undesirable with regard to stability and often hardecover from. To prevent this event, wing fence
are adopted as spanwise-flow obstruction devices. main disadvantage of wing fences, is their

contribution to an increase in the drag coefficidespite their small surface area [84].

2.3.10 Acoustic Excitation

Sound fields can affect vortex shedding. It waswshdy Blevins [9] that a sound field affects the
velocity field rather than the pressure field amunlifting body, a phenomenon which influences
vortex shedding. Improvements in the lift coeffitiecan be achieved by sound excitation and are
strongly dependent on the flow incidence angleaamahstrated by Hsiao, Lui and Shyru [52]. They
reported an increase of about 40% in the lift ot at an 18-22-degree attack angle range,
whereby the excitation frequency was maintaineti0@Hz. In contrast, under conditions of pre-stall,
the effect of excitation on lift characteristicssuaegligible. These researchers found that thenapti
location for excitation was near the flow separatmoint. Under these conditions, flow mixing
(momentum transport) is enhanced and a lower sugi@ak on the upper side of the leading edge is
produced in the post-stall zone. Also the wake extiag from an excited flow field was narrower
compared to that of an unperturbed field. The elngis associated with this form of flow control are
associated with the determination of acoustic patara such as the forcing location and excitation

frequency [49].
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2.3.11 Moving Surface Boundary Layer Control

Swanson [113] reviewed the Magnus effect as a patemeans for flow control within a moving
boundary layer. Favre [32] used two rollers to teta belt around an airfoil, a mechanism that
delayed separation up to a 55-degree incidenceearigspite improvements in aerodynamic
efficiency, complexities in design often arise do¢he geometric requirements of the rotating belt
cylinders installed. For instance, since the wihgrds on most aircraft varies along the span, the

cylinders or belts need to have diameters or lengtht vary accordingly.

gt = — i AT E > ey

FIG 2.5 Airfoil without a rotating cylinder (leftpirfoil with the leading edge rotating cylind&5]

Vibration problems were also reported in wind turtests carried out on a Joukowsky airfoil fitted
with a series of fast-rotating cylinders, placeddd#terent locations [75]. Further investigations
showed that a critical speed ratio exists betwhercylinder surface speed and that of the frearstre
Also, the gap size between the cylinder and thésfaurface plays an important role in the
development of the flow. A large unsealed gap maadverse effect on the flow [77]. Incorporating
two rotating cylinders, one at the leading edge #edother at the trailing edge, can bring about a
19.5% increase in the maximum lift coefficient. Metheless, a drag penalty is associated with the

rotating cylinders. In addition, roughness effaxza alter the aerodynamic efficiency profile [76].

2.3.12 Plasma Actuation

In recent years, a number of studies have adoptasmp actuation techniques to introduce
aerodynamic loading advantages. The aim has beemnterstand the underlying physical

mechanisms of the actuator interaction with thevffeeld, and to develop a practical flow control
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device (PFC) [91]. The mechanism of lift enhancemey plasma actuation is still not fully
understood, however Particle Image Velocimetry (RiWd Direct Numerical Simulation) DNS data
have clarified how the drag force is increased .k€oHe and PatdR4] performed experiments on
NACA 0009, using weakly-ionized plasma actuatarsprider to study the aerodynamic forces. While
lift was increased, the drag force also rose, dshing the overall aerodynamic efficiency. However,
when the actuators were placed in series, the idiagase was eliminated. Enloe, Mclaughlin and
VanDyken[29] concluded that the plasma induces an eleettiodtody force on the surrounding fluid
that is proportional to the net charge density ab &s the strength of the electric field. Guillerand
D'Adamol[42] studied electro-hydrodynamic actuators opagaby DC pulsed plasma, and predicted
the addition of momentum in the boundary layer watianges in the fluid properties. Hence, the
presence of the electrostatic body force and mamerstddition to the boundary layer may explain

the observed increase in the lift force [91].

Plasma actuation flow control has also shown primmigesults with regard to flow separation control
on thin airfoils intended for use on micro air V&g at low Reynolds numbers [119]. It is posstble
alter the flow velocity at a particular location thve airfoil's surface by the momentum-additioreetf

of the plasma actuators. In this manner, the madeibf the lift force is altered. In other wordy, b
adding momentum to the flow field, circulation i®dified and consequently the aerodynamic forces
vary. This approach was demonstrated, by Hall, saum@orke and McLaughlin [45], to work
successfully even within an inviscid flow field viias shown that the placement of the actuatordarth
aft on the airfoil surface, enhanced lift genemafiorther, as the actuator had a stronger impat¢hen

Kutta condition [119].

2.3.13 Lift Enhancement by Tubercles

In contrast to many conventional flow control degcpassive leading-edge modifications inspired by
the humpback whale tubercles have been shown I gexo-hydrodynamic benefits with negligible
penalties at high attack angles [74]. These forimaadifications have the potential to be utilizezl a

flow control devices with a host of industrial aipptions. Due to the relevance of the present ptoje
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to leading-edge modifications using tubercles, i8r@.6 is dedicated to a comprehensive review of

these lift-enhancing flow control devices.

2.4 Drag Reduction M ethods

2.4.1 Friction Drag Reduction

Airfoil shaping techniques have been adopted tagatié the effects of friction (viscous) drag thrbug
the control of the laminar portion of the boundéayer. To this end, in the early 1980s, NASA
developed a series of modified airfoils, known ke Natural Laminar Flow (NLF) series, using
computer optimization schemes [70]. The optimisesfiles were capable of extending the laminar
portion of the boundary layer, and maintaining kaani flow up to the mid-chord location by
improving the extent of the favourable pressuredigra. Consequently, the surface pressure

distribution on NLF airfoils remained nearly congtaver a larger area along the chord.

Airfoil shaping is also a suitable option for swepings where the sweep angle is less than 20
degrees. For higher Reynolds number flows and wwnigjs higher sweep angles, the flow suction

method is, however, more appropriate [94]. Fordkdienensional swept wings, the integration of a
natural laminar flow airfoil is a complex task. riquires a comprehensive study of the optimum

pressure distribution as a function of sweep arageyell as Mach and Reynolds number effects [10].

In the hybrid laminar flow concept, suction is kg near the leading-edge region to regulate the
development of cross-flow as well as the Tollmieshlighting instabilities [55]. In more modern
techniques, such as those using Flexible Comp@&sitéace Deturbulators, the availability of new
materials and fabrication techniques is exploitedliter the fundamental drag production mechanism
[55]. Flexible Composite Surface Deturbulators (B¢$nodify the boundary layer by attenuating
turbulent mixing in a thin layer of separated flp¥02]. In the presence of a chord-wise pressure
gradient, a laminar-separation bubble, occupyifagge area over the airfoil, is sustained by FCSD’s
The bubble behaves in a similar manner to a sliprlavhich increases the speed of the fluid pagicle

in the shear-free external flow, thus significamtigucing skin friction drag.
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The principal challenge with regard to Laminar Fl@entrol (see Figure 2.6 as an example) is
associated with the type of instabilities that @osithin a particular application. In other wordbke
difficulties lie in determining whether linear obm-linear transition mechanisms are at play. Early
transition caused by roughness, waviness and sparsgntamination on swept wings, are examples
of bypass transition that are not dominated bynglsilinear instability mechanism [55]. In order fo
Laminar Flow Control techniques to be successfatameters influencing bypass transition must be

identified and controlled [18].

A
o y
i xﬁf ~— Suction compressor
-~ -, Y
o o~ r
\ T {
VT 7
\l' 7 \ __,,EL_
\ ST _7— Suction siots (12)
|' TN \L\*\L r’f f/
» N/
W DTN
\{./ p T K__;;\‘_;Q\.\“"?\) -
e T , 41« y R —
e - .
ST P -
. tﬁ-‘""-\:. H'/ o~

FIG 2.6 Schéimaf a Laminar Flow Control mechanism on an F9@raft wing [13]

In the turbulent boundary layer, drag reduction banachieved by the use of longitudinal grooved
surfaces that resemble shark skin. These devioesyrk as riblets, are the most extensively studied
form of passive flow control elements to reducegdii0]. Figure 2.7 shows a sketch of one type of
riblets with the defining geometric parameters. Kkerand Deustch [72] provide a comprehensive
report on the effects of riblets’ geometric vanas on drag reduction. Drag reduction can also be
achieved by Large Eddy Breakup Devices (LEBDs) Whare streamwise-oriented thin plates
mounted in the turbulent boundary layer paralleh surface [62]. The concept behind the design of
riblets and LEBDs is framed around the originsradtion drag in a turbulent boundary layer. Since
large eddies contribute the most to friction dndigiets and LEBDs aim to preclude the formation of
these vortices in order to minimise skin frictionag in aeronautical applications [55]. Riblets
constrain the large eddies, while LEBDs periodicatiraighten the boundary layer flow so as to

reduce the adverse effects of streamwise vortioeth® wing. It has been shown that the drag force
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can be reduced by up to 5% using either riblets EBDs. Despite their effectiveness in reducing
drag, the main disadvantage of using riblets anBI’E are the manufacturing and maintenance costs

[55].

FIG 2.7 Sketch of a riblet with associated geoingtarameters as illustrated in [95]
Sirovich and Karlsson [103] incorporated a serfesmondomised, V-shaped protuberances into a fully-
developed turbulent boundary layer and achievedhg teduction of 12%. When the same patterns
were incorporated using a regular pattern, as aupts a randomized one, the drag rose up to 20%.
The notion behind the design of the drag-reducgajures in their study was based on a fundamental
understanding of the origins of drag in a turbuleatindary layer. Embedded within the boundary
layer are a series of weak oblique plane wavesithetact with the primary streamwise vortices.
Artificially randomizing the phases of the wavesldhe vortices has been shown through numerical
simulations to lead to less bursting and a lowietiém drag profile as a result [37]. Another, retie-
proposed, method to reduce drag is through walllason. Akhavan, Jung, and Mangiavacghj
reported a 40% decrease in drag based on the gefsaih Direct Numerical Simulations of a
turbulent channel flow, whereby one of the wallglemvent spanwise oscillations. It was stated that
spanwise wall oscillations suppressed the Reyrgildsses, and the viscous sub-layer was thickened
due to wall oscillations. Similar effects were rgpd in wind tunnel tests by Choi and Clayton [23].
The main disadvantage associated with this methodgever, is the energy expenditure incurred to

activate the wall oscillations.

Koeltzsch, Dinkelacker, and Grundmann [61] intrcetlia novel class of riblets whose shape assumed
a converging-diverging pattern. These riblets wesastructed using angled surface grooves that

generated surface roughness. Placed in a fullyldeed turbulent pipe flow, the riblets dramatically
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affected the flow field and the characteristicdhaf boundary layer. The azimuthal mean velocity and

turbulence intensity fields, in particular, sawglesscale spanwise variations, caused by the presenc

of the riblets.

Further investigation into the effects of the nedlsigned riblet on the developed turbulent boundar
layer, in the absence of a pressure gradient, @zntly conducted by Nugroho [83] (Figure 2.8). The
results of detailed flow measurements showed tlsgtri@s of counter-rotating streamwise vortices is
produced that forms an up-flow above the convergegjon and a down-flow above the diverging
region of the grooved surface. In the up-flow zote, local mean velocity is low, while the local
turbulence intensity is high. Thus, the boundaygtds thicker in this zone as the fluid momentsm i
low. The converse is the case over the divergiotj@e as the downwash (down-flow) results in the
presence of higher momentum fluid and lower turbcge intensity in comparison. Hence, the
boundary layer is thinner.
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FIG 2.8 Schematic of the converging and divergibtpt as shown in the PhD thesis by Nugroho [83]

The variation in boundary layer thickness in tharspise direction is remarkable, as the thickness
approximately doubles over the diverging sectiohilevthe riblet height is merely around 1% of the
boundary layer thickness. Large-scale flow featusgmrted in this study bear resemblance to the
superstructures discovered by Hutchins and Masuric [53, 54]. Itcenceivable that these highly-
ordered surface structures can be adopted as acthoivol method to manipulate boundary layer

characteristics, including the drag force.
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2.4.2 Induced Drag Reduction

Another form of drag on finite-span wings is caussdthe formation of wingtip vortices and is
known as lift-induced drag or induced drag. Onedfbf the trailing (tip) vortices is to induceraal
downward velocity component in the neighbourhoodhaf wing that changes the local incidence
angle [2]. This phenomenon leads to the generatfoadditional drag on the aircraft wings. To
minimize induced drag, boundary conditions at wiipg can be altered by either adding mechanical
components to the tip region or eliminating thes tgmpletely. Also, blowing through active or
passive means can dramatically reduce induced @nago 40%). This can be achieved by the
installation of wing tip engines such as the engiaeelle. An alternative is to use ring wings or

joined wings and tails to replace wing tips altbget/55].

FIG 2.9 Lockheed vortex diffuser vane. Free-strélam direction is from left to right. [79]

Winglets, tip sails, vortex diffuser vanes (seeuég2.9) and tip turbines are another class ofcdsvi
that aim to minimize the effects of tip vorticesdarecover momentum from the tip flow. As the
effective aspect ratio of the wing is increasedhmse devices, so is the percentage of the wiry are
affected by the tip vortices. The process of tiptex formation is also impacted by the presence of
these flow control devices. For instance, the vodifuser vane, whereby a spar is positioned lethin
the wing tip, allows the tip vortex to concentrdmefore it is intercepted. A 5%-15% decrease in
induced drag during Conventional take-off and lagdican be achieved using these devices.
Manufacturing, design and maintenance costs arajarraoncern with these flow control devices as

well [55].
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2.4.3 Wave Drag Reduction

One class of wave reduction methods is based ondtien that weakening the generated shock over
a wing reduces drag. Altering wing sweep, apphanga ruling and reduced thickness as well as the
inclusion of wing twist/camber/warp in the desigh lifting bodies are classical approaches to
reducing wave drag [17]. There are also wave régludcechniques based on non-linear approaches
developed using Computational Fluid Dynamics teghes. Nose spikes to increase the effective
body length and base blunting that reduces thagitneof the recompression shock are examples of
such methods [55]. Aero-spike devices cause the $lmvek to interact with the spike's boundary
layer, resulting in a separated shear layer thgtilénthe spike, an effect which transforms thersgr
bow shock into a weaker one. The disadvantage iassdawith the spike is the imposition of local
thermal loading, brought about by the re-attachmoétite disturbed turbulent flow at the dome [100].
The peaks in the thermal field may even damagedtime of the blunt body. In addition, the drag-

reducing effect of the spike is diminished at matketo high attack angles.

Another group of wave drag reduction methods is edimat using the shock wave via
reflection/interaction to make favourable interfeze for the generation of thrust or lift [17]. Ring
wings and parasol wings are examples of favouratéference-based lifting bodies. An efficient
lifting surface, as well as the partial cancellatwmf the body/nacelle wave drag are obtained in the

case of the parasol wing [63].

2.4.4 MoreModern Drag Reduction M ethods

In recent years, microfabrication has developedsictemably. Materials that incorporate arrays of
Micro-Electro-Mechanical Systems (MEMS) are now ofactured to contain sensors, actuators and
electronic circuitry with sizes of a few microns #o few millimetres [115]. Potentially, these

components can be utilized to impact the formatad behaviour of coherent flow structures, for
instance in wall-bounded turbulent flows. By actarghancement of mixing in the near-wall regions
of a turbulent boundary layer, flow separation ¢ modulated through interactive distributed

control [94]. Actuators can act upon the informatreceived by the sensors located in the boundary
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layer to destroy the burgeoning coherent turbusémictures whose bursts account for the generation
of skin friction drag [121]. The performance of thang, therefore, could potentially be optimized by
reducing cruise drag and even maximizing lift. ABREMS 2 [121] is a European project aimed at
flow separation control by pre-conditioning of theundary layer. An important phase of their task is
to identify the occurrence of instabilities, whetlre the form of counter-rotating vortices or skea
Although a promising field of research, substarglearch and development are still required fer th
realization of drag reduction technologies by MEMS® a practical scale such as medium-sized
aircraft. Systems integration, robustness, maimemaand certification are but a number of
'roadblocks' to overcome before successful appicabf MEMS in aeronautical engineering is

realized [121].

2.5 Summary of Flow Control Methods

Introducing a desired change in a flow field is significant interest to aerodynamicists. In the
previous sections, it was shown how active (reggienergy expenditure) and passive (requiring no
auxiliary power) flow techniques impact the bourydkayer to bring about advantageous outcomes,
including lift augmentation and drag reduction. $&eapproaches have proven effective in
manipulating the aerodynamic forces. Achieving ioyad aerodynamic efficiency is, however, often
accompanied by penalties. Therefore, the suitgbdit the flow control methods, in many cases,
depends on the correct identification of the tramsior flow separation zone, a region where
instabilities are likely to grow in magnitude. Byeldying laminar-to-turbulent transition and
preventing or suppressing separation, critical flmgions are controlled and as a consequence

aerodynamic efficiency is enhanced [37].

While the widely-used conventional high-lift, dregducing devices that modify the boundary layer
introduce aerodynamic advantages, there exist akewallenges to overcome or minimize the
drawbacks attributed to their deployment (see Tabl&-2). These issues pertain to cost, maintenance

and reliability. Further progress in this field mayget schemes to combine the existing devices or
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methods, such as combining suction with the ugdbtits to exploit the benefits of both techniques

[38].
Table 2.1 Lift enhancement devices and their diaathges
Lift Augmentation Method Challenges
Leading-edge modifications : -Aircraft to be designed for flight at high attack

angles

Slats, slots, droop nose configuration| -Drag penalty

-Visibility issues

-Slats tend to increase the lift curve slope

Trailing-edge modifications: -Drag penalty
Flaps (plain, split, Fowler etc.) -Issues with the gap between the flap and main wjng
Ripples body

-May increase the pitching moment
-Fowler flaps tend to increase the lift curve slope

Vortex generators -Drag penalty
-Design complexities
Blowing, suction -Power requirements
-Costs associated with weight
ZNMFJs -Influence of configuration parameters asded

with the actuator and the generated oscillationthen
flow field still not fully explored

Acoustic excitations -Sensitivity of the flow fietd excitation frequency
and location
Surface boundary layer control -Design complexity

-Power requirements

Table 2.2 Drag reduction devices and their disathges

Drag Reduction Method Challenges

Hybrid laminar flow control devices -Complexity tiransition prediction

-Increase in Specific Fuel Consumption

Wing tip devices to reduce induced drgg -Manufaegyrdesign and maintenance costs
Skin friction reduction using riblets in | -Manufacturing and maintenance costs
turbulent flows
Angled groove roughness -Influence of configuraparameters on the flow
structure still not fully understood

-Quantified data on drag reduction required

Shock control and trailing edge devices  -Imposittbthermal loading in some cases
-Increase in weight

MEMS components to modify the -Designs for practical aircraft scale requiring altes

boundary layer of research

As pointed out in section 2.3.13, leading-edge fications using tubercles have shown promising

flow control benefits with negligible penalties, particular at high attack angles. What followsis
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comprehensive review of the previous studies theatehexamined the effects of leading-edge

modifications by tubercle or tubercle-like features

2.6 Humpback Whale Tubercles:. A Nature-inspired Approach to Flow

Control

Nature, with its elegance and mystique, has alvegysed as a generous source of inspiration and
creativity [7]. Even in the Zicentury, fluid mechanists tremendously benefitrfitheir observations

in nature and strive to mimic and incorporate tfieient mechanisms employed in the locomotion of

various species. In aeronautics, the conceptusfidedeas behind several flow control devices such
as trailing-edge flaps, riblets and leading-edgessiwere all inspired by nature. Turbomachinery is
another area that could exploit the inspirationgved from nature. Nevertheless, one reservation
about the industrial application of nature-mimickaesigns in turbo machinery, is the spectrum of
flow Reynolds numbers (associated with locomotiomoag different species) that falls below the

range in which most turbomachinery components ap¢gd].

One of the few baleen animals that swims under Riggnolds numbers flow conditions has intrigued
engineers and marine biologists for a long timethélgh the humpback whale (Megaptera
Novaeangliae) has mammoth physical attributes uipttn in length and over 30 tonnes in mass), its
dynamic agility for executing tight turns when datg prey is remarkable [59]. Unlike other
baleonopterids that swim towards the prey, the Haok whale initially swims away from the
schools of fish, then makes a sharp rolling U-tkmown as the "inside loop" to attack the prey [34].
When rolling in this banking turn, hydrodynamict [fbrces are developed on the pectoral flippers
whose horizontal components act as the force tawvtre centre of the turn (the centripetal force)
[124]. The humpback flippers (Figure 2.10) are thmgest among cetaceans and resemble high

aspect-ratio wings with a cross-sectional profifeilsr to NACA-643-021 [35].

Fish and Battle [35], for the first time, postulhtdhat the protuberances on the leading-edge of the
humpback whale’s pectoral flippers, known as tulestanay account for the animal’s extraordinary

manoeuvrability. They proposed that tubercles awillar to strakes on planes that produce vortices
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which ameliorate stall characteristics at highdcittangles. To date, several studies have broadened
our understanding of how tubercles influence tralilog characteristics including the lift and drag
profiles, as well as the flow structure around talesl lifting bodies. The following sections progid
comprehensive review of the experimental, numeraradl analytical investigations on tubercle-

modified bodies, revealing research areas that havbeen fully explored.

Minimum Bank angle (¢}

Net Diameter 5040 30 20

FIG 2.10 (a) Humpback flipper showing tuberclestba leading edge. (b) A hurbpck whale executit
sharp banking turn. A bubble net is produced froentumpback's blowhole that traps the prey [33].

2.6.1 Aero-Hydrodynamic L oading Behavior

2.6.1.1 Bluff Bodies M odified with Tubercle-like Featur es

The idea of modifying a bluff body with a sinusdidanfiguration was adopted by Owen, Szewczyk,
and Bearman [85]. They conducted wind tunnel fomogasurements on circular cylinders with
sinusoidal profiles at a diameter-based Reynoldsbeu of 33,000. The results showed a 47%
reduction in the drag force, compared to an unnmexli€ylinder. In addition, visualisation in laminar
flow, at a Reynolds number equal to 100, revediat the wakes behind the troughs were wider than
those behind the peaks. More importantly, it waseoled that for the modified cylinders the Karméan
vortex shedding was suppressed, which could explendesired drag reduction phenomenon. The
study by Owenret al. [85] showed a potential benefit of spanwise uatiohs with regard to drag
reduction associated with bluff bodies. It mustrimed that the observed reduction in drag was

accounted for by a vortex-suppression mechanism.
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2.6.1.2 Initial Numerical Studies on Wingswith Tubercles

Watts and Fish [122] pioneered the research intoefifiect of tubercles on wing performance in a
numerical study. In their investigation, an invispianel method solver was developed to model high
Reynolds-number flows. Accordingly, the model wasized to compare the performance of a
tubercled finite-span wing based on a NACA 63-02dfilg, against its unmodified equivalent at a
10-degree angle of attack. The results demonstthtedverall superior performance of the tubercled
wing with a 4.8% increase in lift, a 10.9% redustio induced drag and a 17.6% increase in the lift-
to-drag ratio. The observed increase in lift washatted to higher pressure acting on the lowee sid
of the tubercled wing as opposed to a significdr@nge in pressure contours on the suction side.
Although the CFD simulation showed that the sca&tbftubercled) wing yielded higher lift and lower
induced drag values, when shear forces were esfilribtvas reported that tubercles may raise the
form drag by 11% at a 10-degree angle of attackvas predicted that tubercles may alter stall
behaviour in a similar manner to vortex generattirmust be noted that the inviscid-based solver,
used in this study was incapable of probing in® ¢bmplex near- and post-stall flow behaviour of

the tubercled wing due to its inherent limitatiamsesolving viscous forces.

A second numerical study, as reported by Fish andler [36], was carried out by Paterson, Wilson,
and Stern[87] in which an unsteady Reynolds Averaged Naw¢okes (URANS) scheme was
adopted to model the flow over a tubercled and ramadified NACA 63-021 baseline airfoil. The
Reynolds number, based on the chord, was 1,00@088he modelling was performed at a 10-degree
angle of attack. The results demonstrated a dranch@nge in the static pressure contours on the
tubercled airfoil, with less severe adverse presguadients on the suction side. In addition, negjio
containing vorticity of larger magnitude, posterior the troughs, were realized. The presence of
strong vorticity was accompanied by a delay in flegparation in the immediate vicinity of the
trailing-edge, behind the tubercle peaks. This wsfirst study to suggest a possible connection
between a delay in flow separation and the presefeerticity concentration in flows over tubercled

bodies.
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2.6.1.3 Performance of Humpback Flipper Models

Miklosovic, Murray, Howle and Fisfv4] carried out wind tunnel force measurementstest scaled
finite-span models of an idealized humpback whigipdr (scale:1/4) with and without tubercles. The
NACA 0020 profile was selected as the baseline@ifér the humpback flipper models. The shape
of the leading-edge of the tubercled wing was aagieg sinusoidal curve that approximated the
tubercle spacing observed on the humpback flipfiee. Reynolds numbers for the tests were between
505,000 and 520,000, which fall in the operatinggea of the humpback whale's movement in its
environment. The experiments showed a 40% delapéanstall angle for the wing with tubercles,
accompanied by a 6% increase in the maximum léffament and lower drag coefficient in the post-
stall regime. In addition, the lift-to-drag rati6é the modified wing was greater with the exceptidn
angles between 10 and 12 degrees (see Figure Euriher tests (at Re=135,000-550-000) were done
to investigate the effect of Reynolds numbers adsmamic forces and it was found that the lift
coefficient at moderate attack angles was relatiigensitive to Reynolds numbers above 400,000,
while a consistent trend for the drag coefficiemtild not be definitively established. The researshe
proposed that a vortex-generating mechanism, gitalthat employed by vortex generators attached
to an aircraft wing, may explain the higher liftachcteristics. It was hypothesized that through
energizing the scalloped flipper's boundary layerbercles inhibit chord-wise separation that

accounts for earlier stall on an otherwise unpbgdmwing.

To assess the effect of wing sweep on the aerodgnperformance of finite-span wings with

tubercles, Murray, Miklosovic, Fish and How&0] undertook a series of force measurements at a
Reynolds number equal to 550,000. The performahctlree swept tubercled models, based on the
NACA 0020 cross-section, at sweep degrees of Oarlkb 30 degrees, were compared with swept
unmodified wings. The results indicated that tHeetaled wings delayed stall by 40%, 48% and 21%
for the sweep angles of 0, 15 and 30 degrees,atapy. Furthermore, the wings with the sinusoidal

protrusions yielded higher maximum lift coefficierity 6%, 9% and 4% compared to the values
reported for the wings with smooth leading-edgesthat aforementioned sweep angles. It was

observed that the augmented lift coefficients wateompanied by limited drag penalties for the
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tubercled wings. The authors came to the conclusiab incorporating tubercles enhanced the
aerodynamic characteristics of a finite span flippedel, however they acknowledged that the flow
dynamics underpinning the mechanism were not phlpperderstood. It was commented that it
remained a question whether tubercles act in a erasimilar to vortex generators [96] or wing
fences [50] or a combination of the two. StanwalQ]lfocused on water tunnel force measurements
on humpback flipper prototypes with NACA 0020 crasections at Reynolds numbers between
44,000 and 120,000. The results showed that irtegli cases the tubercled wing delayed stall
compared to the unmodified wing. However, with ¢ixeeption of the highest Reynolds number case,
the maximum lift coefficient was reduced for thipler model. This observation was important, since
it pointed out the significant effects of the Relgsonumber (flow regime) as well as the type ofi sta
(leading- or trailing-edge) on the performance dfigg with tubercles. Furthermore, planar Particle
Image Velocimetry (PIV) measurements conducted plaae placed parallel to the suction surface of
the models, confirmed the presence of vorticalcttimes (containing surface-normal vorticity) of

opposite sign. The strength of the measured vityrtincreased between angles of attack 10 and 18

degrees.
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FIG 2.11 Idealized flipper models used by Miklomost al. [74] (left). Measured (a) Lift, (b) drag and (c)tkio-
drag ratio versus angle of attack plots for tigp#r models obtained by the same researchersl Bwiand
triangles pertain to the values for the unmodifed tubercled models, respectively (right).

Bolzon, Kelso, and Arjomandi [11] carried out wituwhnel force measurement tests at Re=220,000 on
swept tubercled wings with taper based on the NAIDA1 baseline profile. Results showed that,
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compared to an unmodified swept wing, the tuberglety saw a reduction in lift for all angles of

attack considere@’ -10"). The drag force was also reduced at low attackearfgr the modified

wing. For the angles of attack betwen- 8°, the reduction in lift was within 4-6%, whereas tirag
was decreased 7-9.5%. Also, the lift-to-drag rasew an increase of 2-6% in the aforementioned
attack angle range. Moreover, it was found thataithdition of tubercles weakened the strength of the

wingtip vortex, resulting in a reduction of indueghg.

2.6.1.4 Performance of Full-span Wingswith Tubercles

While previous work focussed on flipper wing modeiein and Murray112] carried out wind
tunnel experiments on full-span airfoils (Figurd2. The designs were based on a NACA 0020
profile, and wind tunnel force measurements wemdettaken on foils with and without tubercles, as
well as an unmodified model with vortex generatitr®e=250,000. The experiments showed that, in
contrast to the previous findings, the tubercledl iftcurred a 31% decrease in the maximum lift
coefficient compared to the unmodified one andditag coefficient was considerably greater for
attack angles beyond 7 degrees. Also, the previquelposed function of tubercles as vortex
generators was questioned based on the evidentehthdift and drag curves for the foils with
tubercles and vortex generators did not exhibiilamirends. The authors concluded that the role of

tubercles cannot simply be to inhibit the chordwisegression of stall.

FIG 2.12 The full-span foils with tubercles (leftiymodified (middle) and the model with vortex gexters
(right) used by Steigt al. [112]
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Johari, Henoch, Custodio, and Levs[#] performed water tunnel experiments to study dffects

of varying the tubercle amplitude and wavelengthtloe performance of full-span NACA 634-021
foils. The amplitudes ranged from 2.5% to 12% ef tean chord, while spanwise wavelengths were
configured at 25% and 50% of the mean chord. Tpasameters were selected such that they would
correspond to those measured for a humpback wha&observations indicated that the role played
by amplitude is more pronounced on the resultingcfoand moment coefficients, while the
wavelength’s influence was minimal. With regarditag, it was found that the protrusions increased
the drag coefficient in the pre-stall stage; howdkiey did not impact this coefficient in the pesal
phase. Hence, the loading characteristics studwesthahat the foils with tubercles in the pre-stall
regime exhibit inferior performance compared to themodified one. In contrast, the tubercle-
modified foils outperformed the foil with the smboteading-edge in the post-stall regime, by

approximately 50%, extending the stall angle bycsi® degrees.

Hansen, Kelso, and Dal#8] investigated the effects of various tuberclvelength and amplitude
combinations on the performance of full-span wibgsed on the NACA 65-021 and NACA 0021
profiles. Wind tunnel force measurements conducida low Reynolds number of 120,000
demonstrated that all scalloped foils (with theeption of one foil) displayed superior post-stitl |
and drag coefficients compared to the equivalenadified foils. Nonetheless, in the pre-stall phase
tubercled foils exhibited degraded loading behavidMith regard to geometric variations, it was
found that reducing the tubercle amplitude yieltggher values of lift coefficient and larger stall
angles for both full-span airfoils. Past the sgdint, however, tubercles with larger amplitudes
performed best. Furthermore, in contrast to thesipus reports by Johaet al. [57] where the
wavelength’s effect was reported to be minimal, idsults revealed the influence of the wavelength
and showed that its reduction provided better agrachic characteristics in all respects. Despite thi
finding, it was noted that decreasing the wavelempgtst a certain point introduced undesirablestrait
Moreover, Hansen [46] postulated that the amplitoderavelength ratio was a key parameter,

influencing the strength of the generated courdtating vortices. Also, the optimum tubercle
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amplitude and wavelength bore strong resemblandbdospacing and height of optimum vortex

generators.

Through the use of boundary layer trips, Hansen B8 demonstrated that surface roughness
appeared to delay separation of the boundary layehe suction side. When the boundary layer was
tripped to turbulence, the effectiveness of tulesrclid not deteriorate. Thus, this study suggesisd

the fundamental flow control mechanism triggeredtsy presence of tubercles was not significantly

influenced by altering the state of the boundaygta

Pressure measurement tests were also undertaketarsen [46] on the unmodified NACA 0021
airfoil as well as a tubercled foil with an ampties equal to 30mm and a wavelength of 8mm at
Re=120,000. For the first time, it was experimdptahown that, for the tubercled airfoil, the peak
pressure value was most negative in the troughosedtloreover, the chordwise pressure gradient
behind the trough was observed to be more advemapared to that of the peak. Whereas the
unmodified foil stalled at an attack angle equal3odegrees, the integration of static pressuneraro
the tubercled foil's cross-sections showed higheoumts of lift being generated beyond 13 degrees

for the airfoil with tubercles.

In order to examine the effect of tubercle wavethron lift curve characteristics of a NACA 0018
profile, Arai, Doi, Nakashima, and Mutsuda [3] urtdek force measurements in a circular water
channel where the Reynolds number was maintained38t000. Additionally, a Large Eddy
Simulation (LES) study was carried out, by incogiiorg the experimental flow parameters. It must
be noted that Araat al. [3] introduced a difference into the arrangemenpratuberances on the foils’
leading-edge compared to the previous studies.k&nihe foregoing designs, only half of the
sinusoidal curve, which included the peaks, was athed and the troughs did not appear on the
leading-edge. The results demonstrated that the lflehind the tubercles remained attached at post-
stall incidence angles, which accounted for hidtiecoefficients. Contrary to the findings by Joha

et al. [57], it was found that, among the wings that hiagl $ame amplitude, the ones with shorter

wavelength performed better. This finding is in@dance with the observations made by Haresen
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al. [46, 48]. Also, the CFD results elucidated thesrplayed by longitudinal vortices in inhibiting
separation at the leading-edge and energizing thendary layer. Furthermore, it was found that
protuberances near the wingtips did not producebameficial effect in delaying stall, while altegin

the position of tubercles along the span produdiéerent effects depending on the shape of the wing

2.6.1.5 Performance of Flipper Modelsvs. Full-span Airfoilswith Tubercles

Miklosovic, Murray, and Howld73] presented a second study in which wind turexgleriments
were carried out on a pair of finite-span wingRet/nolds numbers 534,000-631,000, as well as a
pair of full-span airfoils at Reynolds numbers dqua274,000-277,000. All the models had the
NACA 0020 as their baseline section. The resultfiooed the findings by Johad al. [57] that
suggested tubercles are beneficial for full-spangwi(with no taper or sweep) in the post-stall
regime. By comparison, the pre-stall advantagey amhnifest themselves for finite-span flipper
models. Based on these observations, it was iféha tubercles inhibited the spanwise progression
of stall, due to their inherent three- dimensioeffects. A potential application of airfoils with
tubercles was suggested in turbine blades past stai point where the flat lift curve could offer

desirable traits.

2.6.1.6 Performance of Finite-span Wingswithout Taper or Sweep

Through a series of wind tunnel force measuremestston finite-span airfoils with tubercled and
unmodified NACA 0021, Hanseet al. [47] showed that the effect of tubercles on thenfation of

the tip vortex, in relation to stall characteristics not significant at Re=120,000. This conclosi@s
reached based on the observation that, similaultesfpan airfoils, finite-span modified models, in
comparison with the unmodified foil, produced loveerd higher lift force in the pre-stall and post-
stall phases respectively. Additionally, finite-apairfoils with smaller wavelengths and amplitudes
proved most aerodynamically efficient. This studgain, pointed to the possible Reynolds number

effects on the aerodynamic performance of tubarsiified airfoils.
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A recent experimental study by Custodio, Henocldy dmhari [27] was conducted using the high-
speed water tunnel facility at the US Naval Undergéarfare Center to assess the performance of
finite-span tubercled wings at Reynolds numberstau@50,000. All the tubercled wings had the

NACA 63, — 021 cross-sectional profile with protuberance ampksiadf 2.5% to 12% of the mean

chord length. These researchers found that, weahettteption of one modified wing that resembled
the flipper model, all the other tubercled wingstiwectangular planforms) produced lift-to-drag
ratios which were comparable to or lower than thafdbe baseline wing. It was also reported that th
lift and drag coefficients for the tubercled modet®wed little dependence on the Reynolds numbers
above 360,000, whereas the hydrodynamic forces grely influenced by the Reynolds number at
90,000. With regard to the influence of geometrcameters on hydrodynamic characteristics, the
amplitude-to-wavelength ratio appeared to be aicatdr of the stall type, namely abrupt or soft
(gradual loss of lift). Nonetheless, the maximufndoefficient and stall angle strongly depended on

the leading-edge curve amplitude.

2.6.2 Flow Structure | nvestigations

2.6.2.1 Flow Visualization on Full-span Wings
Custodio [26] performed dye visualization over &ercled hydrofoil at Re=1,500. His results

revealed the presence of counter-rotating streaenwatices behind the troughs. The sense of
rotation was such that the vortices behind evengrotrough rotated in the same direction. Moreover,
the organization of the counter-rotating vorticéspthyed a bi-periodic pattern as shown in Figure

2.13.

It was argued that, since tubercles induce a sweegfe at the leading-edge, they trigger a distinct
spanwise flow which gives rise to the formatiorsbBamwise vortices. Due to the curved surface of
the foils, these counter-rotating vortices migtat¢éhe troughs (chord minima) and form low-pressure
regions. It was conjectured that the role of tulesrés similar to that of delta wings which, owitty
their low pressure cores, create additional liftéoat high angles of attack. The author remarkad t

in the pre-stall regime, this lift generating metisen does not prove advantageous for the scalloped
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model since the lift loss due to flow separatiorhibd the troughs is severe and cannot be

compensated for by the lift produced by means efrtices.

Baseline

FIG 2.13 Dye flow visualisation for the unmodifiadd airfoil with tubercles at a 24-degree attadaby
Custodio [26]
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FIG 2.14 Laminar separation bubble as obervedtobercled airfoil at Re=120, 000 pre-stall (left)d post-
stall (right) [60]

Karthikeyan, Sudhakar and Suriyanaray§a] examined the surface flow over a tubercledodjr
based on the NACA 4415 profile, against its unmediftounterpart at Re=120,000. Using oil, they
identified the presence of laminar separation bebfLSB) in both cases. Whereas on the unmodified
foil there existed one bubble that extended altwegentire span of the foil, on the tubercle-modifie
foil, a series of isolated LSBs appeared alongstien (see Figure 2.14). At a post-stall angle of 18

degrees, flow separation was delayed to regionatddc approximately 50% downstream of the
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modified leading-edge, while flow separation waseed to occur over the entire suction surface of

the unmodified airfoil.

Hansen [46], in a series of water tunnel experisieatiopted PIV to visualize the vorticity field
around a NACA0021-based airfoil with tubercles at=R230. The planes to realize the velocity and
vorticity fields, were oriented normal to the freeeam flow direction and located at five chordwise
positions on the suction side of the airfoil. Camtoof streamwise vorticity illustrated the present
pairs of counter-rotating vortices. For a given sugament plane, the circulation associated with
streamwise vorticity was shown to increase with #mgle of attack. Also the circulation of the

streamwise vortices saw an increase in value inldenstream direction.

Zhang, Wang, and Xu [126] investigated the flowdiaround a tubercled full-span airfoil with the

NACA 63, — 021 cross-sectional profile using Particle Image Vetmtry methods. The study of the

boundary layer and the vorticity fields demonstlateat flow attachment is maintained at high attack
angles over the tubercle bumps. In addition, thediley-edge protuberances modified the flow
patterns of the airfoil boundary layer through therdwise and spanwise evolution of the interacting

streamwise vortices. The Reynolds number assocratedhe flow for this study was 200,000.

2.6.2.2 Numerical Studieson Flipper Models

In order to evaluate the role of tubercles in flegparation and the vorticity field, a numerical
simulation was carried out by Pedro and Kobaya88] pn the tubercled and unmodified flipper
models tested by Miklosovig al. [74]. In their CFD study, a Detached Eddy Simulatscheme was
employed to analyse the flow at Re=500,000. Theulsiton was conducted at angles of attack
between 12 and 18 degrees. The contours of vgritibwed a chaotic outboard region towards the
tip for both wings due to flow separation, howeirethe midsection of the flippers the differences
became evident. The modified wing displayed higredues of the magnitude of vorticity compared
to the unmodified model, suggesting the presencgremwise vortices that were aligned with the

tubercles. The investigation led to the concluditet the streamwise vortices may account for the
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superior performance of the tubercled flipper wamy they draw higher momentum fluid into the

boundary layer, thus inhibiting separation towdhdstrailing edge.

In order to visualize the flow field using two corarmial CFD packages, namely STAR-CCM+ [111]
and SolidWorks Flow Simulation [108], Weber, HowMurray, and Miklosovic [123tonducted a
RANS-based numerical study on the same flipper svagythose used by Miklosowatal. [74] in the
original wind tunnel experiments. Other flow pardaens were accordingly matched. The flow
visualisation analysis demonstrated that the smteattiing-edge flipper stalled mainly towards the
trailing-edge, while the tubercled flipper stalledthe troughs. On the other hand, at high attack
angles, behind the tubercle troughs the flipper ehedth tubercles displayed more attached flow
along the span, which accounted for the higherclifefficient. The authors remarked that a more
accurate model such as Detached Eddy Simulatioed(by Pedro and Kobayashi [89]) may be

needed to capture more of the flow structure detail

2.6.2.3 Numerical Studieson Full-span Airfoils

Malipeddi, Mahmoudnejad, and Huffmaif$8] conducted numerical modelling on full-sparfails
with the NACA 2412 as the cross-section profile itvestigate the effect of leading-edge
protuberances at Re=570,000. Five wings were madigiicluding an unmodified wing and four with
different tubercle wavelengths (25% to 50% of therd) and amplitudes (2.5% to 5% of the chord).
The simulation results, using the DES turbulent ehodere in agreement with previous finding with
regard to loading characteristics. The modified gsirproduced more lift post-stall, while their
performance was degraded in the pre-stall zonepaosd to the airfoil with the smooth leading-edge.
The results also showed that flow momentum transfeéhe boundary layer, due to the presence of

streamwise vortices, could explain higher post-fal

Lin et al. [66] carried out a Large Eddy Simulation studytemo types of full-span modified airfoils,
as well as the NACA 0021, at Re=160,000. Accordimghis study, the baseline foil stalled at 12
degrees while the foil, whose tubercles appeared bo the leading and trailing edges, achieved

lower lift coefficients at angles below 12 degre@snsistent with the previous studies, it was regubr
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that, in the post-stall zone, the maximum lift dméEnt increased by up to 20% for the modified

airfoil in comparison with that of the baselinelfoi

Lohry, Clifton, and Matinell[67] adopted a Reynolds Averaged Navier-Stokes migalescheme to
model the flow over full-span tubercled airfoils fime Reynolds number range 62,500 to 500,000.
They found that the Shear Stress Transport (SSTemaroposed by Menter [71] was capable of
reproducing more closely the experimental datainbtaby Miklosovicet al. [73] than the Spalart-
Almaras turbulence model. The patterns of skirtibitlines in the separated flow regions suggested
that tubercles act similar to vortex generatordidirspan airfoils. The other observation was arph
increase in the values of turbulent kinetic endigyE) for the tubercled foil along the separatiorel

(see Figure 2.15).

FIG 2.15 Iso-surfaces of turbulent kinetic energydn unmodified foil at AOAx4° (left) and a tubeeled foil
(right) [67]

Dropkin, Custodio, Henoch and Johari [28] simulatieel flow over a tubercled and an unmodified

airfoil, based on thHACA 63, — 021profile, at a wide range of Reynolds numbers. Tihesoidal

amplitude and wavelength of the leading edge femtlodified foil were maintained at 12% and 50%
of the mean chord. Similar to previous studiess thiork reported the presence of low-pressure
pockets within the troughs of the modified foil.Wwias shown that, at a Reynolds number equal to
180,000, the tubercled foil produced lower lift dnigher drag before stall, however, in the podi-sta

zone, the lift coefficient of the modified foil wadsgher for a large range of attack angles, whike t
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drag coefficients of the two foils were comparablais study also pointed out the significance of

Reynolds number effects in the loading charactesisif tubercled foils. Notably, the lift coefficie

of the modified foil was reported to be lower tithat of the unmodified at Re= 3,000,000 for a large

range of attack angles. Numerical simulations ssiggethat increasing the Reynolds number had a
more dramatic effect on the lift-generating chagastics of the unmodified foil, compared to thase

the airfoil with leading-edge tubercles.

A numerical investigation implemented by Large E&iyulation was undertaken by Skillen, Revell,
Pinelli, Piomelli and Favier [104, 105]. They stedithe flow structure around three full-span aisfoi
with the NACA 0021 baseline profile set at a 20+@eg(post-stall) incidence angle at a Reynolds
number of 120,000. They proposed the existence séamndary flow mechanism whereby near-
surface low-momentum fluid from behind the tubemak (chord maximum) is carried to the region
behind the trough (chord minimum). Subsequently,ltwv-momentum fluid behind the tubercle peak
is replaced by high-momentum fluid from outside bloeindary layer that eventually leads to a delay
in flow separation downstream of the peak, reduactiothe size of the separated flow region and
augmented lift. This mechanism was contrasted \hin one suggested by Favidtinelli, and
Piomelli [31] who attributed the formation of vartis to the development of Kelvin-Helmholtz
instabilities at a significantly lower Reynolds noen equal to 800 in their Direct Numerical
Simulation study at a 20-degree angle of attackves also shown that tubercle wavelength and
amplitude of the leading-edge curve of a liftinglpa@an influencehe wake topology, the size of the
recirculation zone and the strength of the wakeexosheddingFor amplitude-to-chord ratios (A/C)
of less than 0.07 the intensity of the vortices w@as weak to stabilise the separation region. In
contrast, for amplitude-to-chord ratios greatemtlwa equal to 0.07, the frequency spectrum was
observed to plateau, resulting in the weakeninghef wake vortex shedding phenomenon. The
separation characteristics, on the other hand, infiteenced by the tubercle wavelength. Whereas the
flow was fully separated for A/C = 0.07, and a wawugth-to-chord of 0.5, the flow was attached

behind the tubercle peaks for A/C= 0.07, and a Veaggh-to-chord ratio of unity.
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2.6.2.4 Numerical Studieson Finite-span Wings

Yoon, Hung, Jung, and Kim [125] performed a paraimeinalysis on five finite tubercled wings
(based on the NACA 0020 profile) at a Reynolds neiméqual to 1,000,000, using CFD. For

comparison purposes, a new paramerey, was defined which denoted the ratio of the seagth
covered by the tubercles to the span of the wirg. F, <1, tubercles were placed towards the
wingtip. The results of the simulation showed ttiet unmodified and tubercled wings with By
equal to 0.2 stalled at a 20 degree attack angike wie stall angle for wings with larger ratioR (
=0.4R, =0.6, R, =0.8 andR , =1.0) occurred at lower angles (12 and 16 degréeshe post-stall

region, the finite wings witlR, ratios equal to 0.4, 0.6, 0.8 and 1.0 experieitniglder values of lift

and surpassed the amount of lift produced by thmeadiified wing. The contour plots of the limiting
near-surface streamlines suggested the presensteeam-wise vortices which was consistent with

previous findings [26].

2.6.3 A Theoretical Study on Flipper Models

Disputing the previously-proposed notion that tehes act similar to vortex generators, van Nierop,
Alben, and Brenner [118] argued that the amplitidel wavelength of protuberances were
considerably larger than the boundary layer thiskne¢herefore the analogy of tubercles to vortex
generators was not plausible. They presented dwgtimadaerodynamic model which predicted low-
pressure zones in the tubercle troughs and thdé ohseparation behind them. This observation was
later confirmed by Hansen [46] through a seriesviofd tunnel pressure measurement tests on full-
span tubercled foils. It was argued that sincedinfoil sections for both peaks and troughs have
nearly the same thicknesses but different chordthexy separation must occur behind troughs since
their corresponding chords are of shorter lengtitsthus impose a higher adverse pressure gradient.
Also, the analysis demonstrated that the downwadtind a tubercle peak is larger than behind a
tubercle trough, therefore the local (effectivagidence angle is larger behind a trough, which bway

a reason why the trough stalls prior to the peakigh attack angles. van Nierag al. [118]

acknowledged that their model did not capture abemof the aerodynamic characteristics originally
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observed by Miklosoviet al. [74] including the higher maximum lift coefficieahd the sudden drop

in lift.

2.6.4 Experimental Work on an Alter native to the Tubercle Configuration

Wind tunnel force measurement tests were undertalgeHansen [46] on full-span airfoils with a

novel form of leading-edge modification (see Figueel6) proposed by Kelso (via private

communication). This modification was based on theognition that tubercles cause a cyclic
variation in the bound vortex circulation. It wagpbthesized that a spanwise variation in the
geometric attack angle would induce similar effa¢ctghose of tubercles. Also noteworthy is that
Zverkov, Zanin and Kozlov [127] had previously pdated that the boundary layer generated by the
flow over a wing with a rippled leading edge wouwdstain a more adverse pressure gradient

compared to that of an unmodified wing and extikiter loading characteristics.

The tests by Hansen [46] were conducted at Re=0Q0¢h wavy wings with the NACA 0021

baseline profile. The waviness of the leading-ettyd effectively altered the geometric angle of
attack, impacted the aerodynamic performance ofatteils in an analogous manner to tubercles.
Compared to the unmodified wing, thavy wings exhibited lower lift in the pre-stall and highet li

in the post-stall phase, with lower magnitudes ted tirag force. Furthermore, it was found that
amongst the wings of the same angular amplitudeotie with the smallest wavelength had the most
superior aerodynamic performance. On the other Hanckasing the angular amplitude improved the

aerodynamic performance among the wings with theesaavelength.
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FIG 2.16 Section of a wavy model in the perspectieey as shown in Hansen's doctoral thesis [46}eNhat
in this configuration the geometric attack angldéessinusoidally along the span.
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6.6.5 Experimental Studieson Delta Wingswith Tubercles

To study the near-surface flow topology and stmgciof a delta wing with leading-edge sinusoidal
protuberances, Goruney and Rockwell [41] utilizedtereoscopic technique of high image density
particle velocimetry at a Reynolds number equal%000. Maintaining the angle of attack at 15
degrees and the wing sweep angle at 50 degreesdbarchers tested wings with varying tubercle
wavelengths and amplitudes in a water tunnel fgcifhe findings demonstrated that for the wing
with the straight leading-edge, a large separat@re occurred, while with the wings with tubercles,
the near-surface topology was completely altere@nwbertain combinations of wavelengths and
amplitudes were applied. It was found that for $matios of wavelength to amplitude, with the

increase in amplitude, a separation focus pointsteded towards the leading-edge. However this
focus point was removed and substituted by a fofwdtachment once the amplitude to chord ratio
was reduced to a value of 0.02. The surface-nowardicity contours indicated a varied distribution

of vorticity with high gradients towards the leagliadge, followed by single and dual concentration
of vorticity at larger ratios of amplitude to choSurface-normal velocity patterns on the otherdhan

showed reattachment zones near the symmetry pfahe wing.

Another experimental study focusing on delta winggh sinusoidal leading-edges (see Figure 2.17)
was carried out by Chen, Pan, and WE#®] using wind and water tunnel facilities. Theyngpared

the aerodynamic characteristics of several flatepthnaped delta wings with leading-edge tuberdles o
varying wavelengths and amplitudes against a besalelta wing at a Reynolds number equal to
270,000. Enhanced aerodynamic behaviour in the fofndelayed stall was achieved without a
reduction in the maximum lift coefficient for wingshose amplitudes were smaller or equal to five
percent of the root mean chord. In addition, anatysurface oil-flow on the tubercled delta wing at
high attack angles suggested the contribution efvtirtex breakdown, originating from the peaks, to

the turbulent kinetic energy of the flow, thus ie&@sing the size of the attached flow region.
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FIG 2.17 Tubercles used on an unmodified and a fieddilelta wing by Cheast al. [22]

2.7 Summary of theLiterature and the Knowledge Gaps

Tubercles that resemble sinusoidally-shaped protmoes, as observed on the leading-edges of the
humpback whale's pectoral flippers, render hydredgmamic advantages. Augmented lift achieved
by tubercled wings at high attack angles is onsumh desired traits. This is especially important
since, an abrupt loss of lift on various componer#isd in turbomachinery and aeronautics, can be
ameliorated by means of tubercled leading-edge gdssiHence, the incorporation of these

protuberances can be utilized as cost-effectiveipagiow control devices.

As introduced in the foregoing section, previousrkgohad demonstrated that such benefits are
primarily realized near the stall or at post-staligles, depending on the planform geometric
configuration and the flow regime in which the tudded lifting body operates. The presented
literature review reveals that there is generakeosus regarding the loading behaviour and the flow

structure around a tubercled-modified lifting badyhe following reported observations:

1. Humpback flipper models with tubercles on theading edges exhibit delayed stall and
higher maximum lift coefficients at Reynolds nunar the proximity of 500,000 [74];

2. Tubercles incorporated into full-span wings, ebhiare untapered and nominally two
dimensional, display inferior lift coefficients the pre-stall region at Reynolds numbers in
the proximity of 120,000-300,000, but generally exigr performance in the post-stall zone,
in comparison with lift coefficients achieved bymadified full-span airfoils [48, 57];

3. Stream-wise vorticity is present in the flowldi®ehind tubercles [46, 89, 105];
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4. Flow separation initially occurs behind the tdbetroughs [46, 118, 123];
5. The tubercle amplitude-to-wavelength ratio mayednine the strength of the generated
streamwise vortices. Also, the optimum values dfséh parameters, correspond to the

optimum values of vortex generators spacing anghhé48].

In spite of the key findings highlighted above, thesstion remains regarding what fundamental flow
mechanisms are triggered by the presence of tsengtior to and post stall. Analogies of tubercles
to vortex generators [112], wing fences [80], deltmgs [26] as flow control devices have been
proposed in competing theories. Meanwhile, thermmapelling evidence to suggest that streamwise
vorticity plays a crucial role in the performancé tabercled wings. The understanding of the
fundamentals of the formation mechanism of stres@wvorticity and its impact on wing

performance is of keen importance and has not exmsively explored.

The wind tunnel force measurement tests on thesfidhwavy wings by Hansen [46] proved that
these wings produced similar aerodynamic loadirgabieur to airfoils with tubercles. In light of i
finding, the question remains whether these two ifisatl wings operate under the same flow
mechanism. Also, the effect of geometric parametdrdhe wavy configuration, including the
wavelength and the angular amplitude, on the a@@dic performance of the wavy wings can be

further explored.

As pointed out previously, wind and water tunneicéo measurement tests on full-span tubercled
wings were done primarily near the lower limit dfiet transitional flow regime spectrum
(Re< 300,000 [48, 57, 73, 126]. The recent experimental workdustodioet al. [27] extended the
Reynolds number range to investigate its effectthemperformance of finite-wings. It was found that
the hydrodynamic forces generated by the tuberfiddd did not vary significantly for the cases
where Re= 360,00C0while at Re=90,000 the behavior of the hydrodynafoices was noticeably
different. Even though this study assessed theopmdnce of finite-span wings, it is reasonable to
assume that flow-regime dependence is also relenaratses where the loading characteristics of full

span tubercled wings are in question. Hence, &fiignt research gap exists regarding the behavior
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of full-span wings with tubercles operating at l@giReynolds numbers, in particular whéte> 16

To the best of the author's knowledge, the numiericak by Dropkin et al. [28] (conducted at

Re= 3x 10) and the experimental work by Hansen [46], wheseirface roughness was used to trip
the boundary layer to turbulence, have been thgtard studies that attempted to examine the effects
of turbulence on the loading behavior of tuberokidgs. Therefore, it is worthwhile to determine
Reynolds number effects on the flow structure avabling characteristics of foils with tubercled
leading edges operating within the upper limitted transitional flow regime, where the influence of

turbulence is more prominent.

Finally, the flow structure and loading behavio@iractubercled foil at very low Reynolds numbers,
where the boundary layer is entirely laminar, hatsheen examined extensively. One notable study is
the numerical work by FavigPinelli, and Piomelli [31] who attributed the fortizan of vortices to

the development of Kelvin-Helmholtz instabilitiesaaReynolds number equal to 800. Hansen's [46]
investigation into the evolution of streamwise i@ty over a full-span tubercled foil operating at
Re=2,230 is another attempt at understanding Rdgmaimber effects in the laminar regime. Despite
the invaluable findings of these researchers, titerdying flow mechanism associated with the flow
over tubercled foils in the laminar regime hasl stdt been determined. An investigation into the
surface flow topology and loading characteristias enrich our understanding of the flow mechanism

at low-Reynolds number flows.

2.8 Aims and Objectives of the Project

The present project aims to deepen our understaiie ainderlying flow mechanism triggered by the
presence of an undulating leading-edge on full-spanmgs, across a broad spectrum of Reynolds
numbers pertaining to the fully-laminar, transigband near-turbulent flow regimes. Throughout this
work, the term "undulating leading-edges" referfoits modified with either tubercles (incorporagin
cyclic spanwise variations in chord length) or wasgnfigurations (incorporating cyclic spanwise

variations in the geometric attack angle).
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The associated objectives for the primary aim igxamine the flow structure around a series of
modified wings with undulating leading edges. The&face pressure and flow topology, on one hand,
and the velocity and vorticity fields on the othare of interest and leave clues to the underlflmg
mechanism. Another objective is to analyse the ldpment of the spanwise circulation distribution
which is closely linked to the generation of liftis is a viable approach, as the analysis woudd le
to further insight into the effect of an undulatiegding edge on the flow structure and consequentl

the flow mechanism involved.

The second aim of the project is to determine tm&tion mechanism of vortices and the impact of
the vorticity field on the lift-generating capabi#éis of tubercle-modified wings. As pointed outlie

literature, it has been proposed that streamwisgces exchange momentum with the flow in the
boundary layer and possibly render aerodynamic fien&he associated objective is to understand
the flow structure in the vicinity of the modifiefidil and determine the formation, strength and

evolution of such vortical features.

Finally, the project aims to establish the influenof the wavy airfoil's geometric parameters
(amplitude and wavelength) on the aerodynamic luadberformance of modified wings. The
associated objective is to directly measure thedygramic forces (lift and drag) on a number of wavy
wings in the transitional flow regime. The loadibghaviour of full-span wings with the same
amplitude and the same wavelength, respectivelyl, m@ compared and contrasted against the

unmodified baseline airfoil.

To summarize the aims:

1. To understand the underlying flow mechanismgtigd by the presence of an undulating
leading edge on full-span wings in a broad specwliffow regimes;
2. To determine the formation mechanism and imghcitreamwise vortices in the flow

associated with full-span wings with undulatingdieg-edges;
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3. To determine the role of wing geometric paramnsetecluding the angular amplitude and
wavelength, first defined by Hansen [46], on theodgnamic performance of full-span
wavy wings;

The objectives are summarised as follows:

1. To examine the flow structure around wings veithundulating leading-edge in the fully-
laminar, transitional and near-turbulent flow regan Analyses of the surface flow
topology, pressure and vorticity fields will aidaocomplish this objective;.

2. To compare and contrast the loading charadteyisf an unmodified airfoil against full-
span wings with tubercles in the fully-laminar @ancbulent flow regimes;

3. To compare and contrast the loading charadt=risf several wavy full-span wings with
varying amplitudes and wavelength in the transéldlow regime;

4. To determine surface pressure distributionsagious spanwise locations on a full-span
wavy wing in the transitional flow regime;

5. To utilize an aerodynamic model to obtain thanspse distribution of circulation at

various attack angles for both wavy and tuberclaaysv

It must be noted that while the design criteriatfdyercled foils vary in the literature (for instan a
design criterion based on a constant maximum fadkness-to-chord ratio), in the present work,
emphasis was placed on the choice of the crosesatprofile. Accordingly, for all the modified
foils, NACA 0021 was selected as the baseline j@raf it closely matches the cross-sectional grofil
of the humpback whale flipper [74]. It was expectledt the global effects of tubercles on the flow
field are nearly uniform as far as small variatiégmsdesign criteria are concerned. Nonetheless, a
research gap exists in assessing the effects bfdrgign variations which is beyond the scope ef th

present project.
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Chapter 3
Flow over a Wavy Fail inthe Transitional Regime

As stated in Chapter 2, full-span wavy wings, whgrthe geometric attack angle varies sinusoidally
along the span, were demonstrated by Hansen [djoiuce similar aerodynamic traits to those with
tubercles. This observation provided a degree iofeexce to reinforce the notion that the fundamental
flow mechanisms triggered by the presence of wawy tbercled leading-edges are identical. To
verify this conjecture, analytical, experimentatlalumerical studies were conducted, and the results
are reported in the presented paper titl&the' effect of undulating leading-edge modificatiars

NACA-0021 airfoil characteristi¢spublished inPhysics of Fluids.

On the analytical front, Prandtl's non-linear hig-line theory was employed to assess the behaviour
of spanwise circulation on the presence of an withg) leading edge. If, indeed, the underlying flow
mechanism associated with the flow over a tuberaletla wavy wing are the same, the distribution

of spanwise circulation would exhibit similar trend

To assess the influence of the geometric paramagtmaciated with the wavy leading edge (angular
amplitude and wavelength) on its aerodynamic peréorce, the three wavy airfoils, previously tested
by Hansen [1], along with a newly-designed anditaibed wavy wing, and the baseline NACA-0021

airfoil, underwent wind tunnel force measuremestgén the transitional flow regime at Re=120,000.
Furthermore, surface pressure measurement testscoaducted under the same flow conditions on
the newly-fabricated wavy wing. The analysis of sueface pressure distribution, for the three main
spanwise locations, namely the peak, the troughtaendhiddle section, provided another platform for

comparison of the flow structure with that of adtdied wing.

Finally, further knowledge of the flow structureoand a wavy airfoil was obtained by the
computational fluid dynamics study investigating thansitional flow regime at several attack angles
Validation of the model was based on the surfaesqure distribution data obtained in this work.

Analysing the surface flow topology, by means aftfaihg the limiting shear stress lines, as well as
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examining the boundary layer profile, revealed mber of features that were previously reported
with reference to the flow over tubercled wings.aeidition, investigating the vorticity field in the

wake reinforced the validity of the hypothesis dlibe fundamental flow mechanism.

[1] K. L. Hansen, "Effect of Leading Edge Tubercles on Airfoil Performance," Doctor of
Philosophy Thesis, Mechanical Engineering, University of Adelaide, Adelaide, SA, Australia,
2012.

57



Statement of Authorship

The effect of undulating leading-edge modifications on NACA

Thle of Paper R -
0021 airfoil characteristics

Publication Status i Published I Accepted for Publication
I Submitted for Publication 17 Publication Style

Publication Details Citation: Physics of Fluids (1994-present) 25, 117101 (2013); doi:
10.1063/1.4828703

Naine of Principal Author {Candidate) | Nikan Rostamzadeh

Contribution to the Paper Performed the Titeratre review, Responsible for the preparation of the Computer Aided Design
mudel of one of the wavy foils. Independently conducted theoretical analyses, experimental work
tin the form of pressure and force measurement tesis), and numerical simulations. lnierpreted Lhe
findings ond discussed the results. Planoed and drafied the manuscript. Took primary

responsibility for responding w reviewers,

Signature

| Date [ "l_j:},/ U\ f 1{/\5

Co-Author Contributions

By signing the Statement of Authorship, each author certifies that:

i the candidate’s stuted contribution to the publication is accurate {as detailed above);
ii. permission is granted for the candidate in include the publication in the hesis: and

the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution

Name of Co-Authar Associate Professor Richard M. Kelso

Coniribution to the Paper Supervised the work. Coneeived of the design iden of the wavy wing based on Prandtl's lifting-
line theory. Suggested the adopled theoretical approach. Helped interpret the results, Assisted

with the editing of the manuscript,

Signature ‘ Date | ‘,2 3/{1/24/.‘"

Name of Co-Author Professor Bassam B. Dally

Contribution (o the Paper Supervised the work. Provided assistance with the measurement technigues, Assisted with editing

the manuseript,

Signature I Dute I 2 5 /”/ Zﬁ’j-

Name of Co-Auathor Dr. Krisly Lee Hansen

Contribution to the Paper Designed three of the wavy wings with assistance from Associate Professor Richard M. Kelso,
Provided guidance in the design of the wing with pressure taps. experimental methodology and
cading for data analysis, Assisted with editing the manuscript, Developed the load eell apparaus,

Signature Date 20/ it j 2018




AI P I Physics of

Fluids
The effect of undulating leading-edge modifications on NACA 0021 airfoil
characteristics

N. Rostamzadeh, R. M. Kelso, B. B. Dally, and K. L. Hansen

Citation: Physics of Fluids (1994-present) 25, 117101 (2013); doi: 10.1063/1.4828703
View online: http://dx.doi.org/10.1063/1.4828703

View Table of Contents: http://scitation.aip.org/content/aip/journal/pof2/25/11?ver=pdfcov
Published by the AIP Publishing

AIP - Re-register for Table of Content Alerts

Publishing

Create a profile. Sign up today! /

58


http://scitation.aip.org/content/aip/journal/pof2?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/2127325285/x01/AIP-PT/PoF_CoverPg_101613/aipToCAlerts_Large.png/5532386d4f314a53757a6b4144615953?x
http://scitation.aip.org/search?value1=N.+Rostamzadeh&option1=author
http://scitation.aip.org/search?value1=R.+M.+Kelso&option1=author
http://scitation.aip.org/search?value1=B.+B.+Dally&option1=author
http://scitation.aip.org/search?value1=K.+L.+Hansen&option1=author
http://scitation.aip.org/content/aip/journal/pof2?ver=pdfcov
http://dx.doi.org/10.1063/1.4828703
http://scitation.aip.org/content/aip/journal/pof2/25/11?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov

@ CrossMark
€

PHYSICS OF FLUIDS 25, 117101 (2013)

The effect of undulating leading-edge modifications
on NACA 0021 airfoil characteristics

N. Rostamzadeh, R. M. Kelso, B. B. Dally, and K. L. Hansen
School of Mechanical Engineering, The University of Adelaide, Adelaide, SA 5005, Australia
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In spite of its mammoth physical size, the humpback whale’s manoeuvrability in hunt-
ing has captured the attention of biologists as well as fluid mechanists. It has now
been established that the protrusions on the leading-edges of the humpback’s pectoral
flippers, known as tubercles, account for this species’ agility and manoeuvrability. In
the present work, Prandtl’s nonlinear lifting-line theory was employed to propose a
hypothesis that the favourable traits observed in the performance of tubercled lifting
bodies are not exclusive to this form of leading-edge configuration. Accordingly,
a novel alternative to tubercles was introduced and incorporated into the design of
four airfoils that underwent wind tunnel force and pressure measurement tests in the
transitional flow regime. In addition, a Computation Fluid Dynamics study was per-
formed using the Shear Stress Transport transitional model in the context of unsteady
Reynolds-Averaged Navier-Stokes at several attack angles. The results from the nu-
merical investigation are in reasonable agreement with those of the experiments, and
suggest the presence of features that are also observed in flows over tubercled foils,
most notably a distinct pair of streamwise vortices for each wavelength of the tubercle-
like feature. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4828703]

Il. INTRODUCTION

Nature, with its elegance and mystique, has always served as a generous source of inspiration
and creativity.* One peculiar instance that has intrigued fluid mechanists and zoologists for the
past decade is the humpback whale’s ability to turn around tight angles in its bubble-net feeding
strategy.'> When rolling in a banking turn, hydrodynamic lift forces are developed on the humpback’s
flippers whose horizontal components act as the centripetal force.?” Fish and Battle’ were the first
to postulate that the sinusoidal-shaped protuberances on the leading-edges of the whale’s pectoral
flippers, known as tubercles, may account for the humpback’s extraordinary manoeuvrability through
maintaining lift at high attack angles.

To assess the aerodynamic performance of an idealised model of a humpback whale flipper,
Miklosovic et al.'” conducted a series of wind tunnel experiments that unveiled the desirable
characteristics of tubercles at Reynolds numbers between 505000 and 520 000, which fall in the
operating range of the humpback. It was found that, compared to the finite-span wing without
tubercles, the modified model increased the stall angle by nearly 40%, achieved a 6% increase in the
maximum lift coefficient and incurred lower drag at high incidence angles.

Inspired by the initial promising results, Miklosovic et al.,'® Johari et al.,'” and Hansen et al."!
carried out low Reynolds number force measurement tests on nominally two-dimensional foils,
as opposed to finite wings, and at lower Reynolds numbers. Compared to the unmodified model,
tubercled airfoils were found to display a degraded performance in the pre-stall regime; however,
superior performance with regard to lift generation was observed post-stall. It was also demonstrated
that tubercles soften the stall phase, while wings without modifications undergo an abrupt loss
of lift.

In order to determine the fluid dynamics that account for the behavior of wings with tubercles,
van Nierop et al.?' and Pedro and Kobayashi,'® carried out analytical and numerical studies on

1070-6631/2013/25(11)/117101/19/$30.00 25,117101-1 ©2013 AIP Publishing LLC
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flipper models, respectively. An important outcome of these investigations was the identification
of counter-rotating streamwise vortices in the vicinity of lifting surfaces with tubercles. Hence, it
was proposed that the beneficial aspects of lifting surfaces with tubercles may be associated with
streamwise vorticity present in the flow field. Moreover, van Nierop et al.?! showed that flow behind
the peaks of the tubercles remains attached at high angles of attack, which could explain the superior
performance of tubercled models compared to the unmodified wing at high attack angles wherein
flow separation dominates a large area on the suction side of the wing. The tuft flow visualization
work by Johari et al.'?> confirms that the flow behind the tubercle peak is less susceptible to flow
separation than the flow behind the trough.

Even though previous work has illuminated a number of flow features associated with tubercled
lifting bodies, the underlying flow mechanism remains to be fully explored. van Nierop’s>! prediction,
later confirmed by Hansen,' that the pressure distribution behind a tubercle peak is different from
that behind a trough implies that there is a variation in spanwise distribution of pressure over
tubercled wings. On the other hand, according to Prandlt’s lifting-line theory, change in spanwise
loading is indicative of variation in the generated circulation around a wing’s cross-section along the
span. Thus, investigating the development of circulation can reveal the fundamental flow mechanics
activated by the presence of tubercles.

In an attempt to gain further insight into the underlying flow mechanism, the present work em-
ploys Prandtl’s nonlinear lifting-line theory to examine how circulation is developed around wings
with two forms of leading-edge modification, namely the tubercled configuration and a novel alterna-
tive design referred to as the wavy wing. The hypothesis adopted was that the alternative modification
would exhibit similar aerodynamic traits to the tubercle-modified wings, as both configurations are
shown to operate under the same flow mechanism.

To assess the hypothesis, four modified NACA 0021-based airfoils were fabricated to undergo
wind tunnel force and pressure measurement tests in the transitional flow regime. Furthermore, the
flow structure around the wavy wing was examined using Computational Fluid Dynamics that aided
the study of the vorticity field and the separation pattern in the vicinity of a full-span wavy wing.

Il. ANALYTICAL WORK

The nonlinear lifting line theory, developed by Ludwig Prandtl, is an extension of the classical
lifting-line theory with an advantage over a linear approach. By incorporating experimental data
corresponding to a full-span airfoil, this approach aims to capture the near- and post-stall behaviour
of a finite wing. Despite being an approximate method, in the context of wings with modified
leading-edges, this iterative scheme, as described in detail by Anderson,? elucidates how circulation,
which is a key flow parameter, changes in the spanwise direction.

Herein, two forms of wings with undulating leading-edges were considered: the novel
wavy model where the geometric angle of attack changes sinusoidally in the spanwise direction
(Figure 1(a)) and the model with tubercles, where the chord varies in a sinusoidal manner along the
span and (Figure 1(b)). Both airfoils are designed with the NACA 0021 baseline profile.

Each wavelength of the wing undulation was allocated a number of stations to represent various
locations along the span (Figure 2). As an initial estimate, an elliptic lift distribution was assigned
to the stations according to

2yn

I'(yn)initial = Toq/ 1 —( b )% (1)

Iy, an arbitrary initial guess, was set to 0.4. The induced angle of attack was found by

b/2
1 dr/d
i(yn) = / /9 4y, @)
47Uy Yn —Y
—b/2
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(a) PN
- 9 (
w
: At -

FIG. 1. Wavy wing section showing peak-to-peak angular amplitude (6) expressed in degrees and wavelength (w) in
millimetres (a) and tubercled wing section showing the amplitude (A) and wavelength (W) expressed in millimetres (b).

where Uy, = 25(ms™') is the free-stream speed and b = 0.495 (m) is the span. The values for
geometric and flow parameters were selected to match those in the present work’s experimental
setup (refer to Sec. III).

Next, Simpson’s rule was applied to compute the integral in (2):

oyn) _ Xk: @r/dy) ,@dr/dy);  (@dr/dy), )
¢ LaEs YD Onm ) O =Y
__ Ay
¢ = TanUoo’ @

Singularities occur at (y, = ¥j— 1, ¥Yn = ¥j» Yn = ¥j+ 1)- Therefore, these terms had to be estimated
using the average of the neighbouring terms.? For instance, at (y, = Yi-1):

2(dr/d§’)j—1 _(dI'/dy)—> | (dI'/dy);

= ) (%)
n=¥i-1)  On—Y¥j2)  n—Yj)
For a wing with waves, the geometric angle of attack can be modelled by
6 . 2w
oy = — sin(=—yy). (6)
2 w
By contrast, for tubercles, the chord varies according to
= 2ainZy + ™
Cy = > sin W Yn) +¢,

- W A

FIG. 2. The coordinate system with a number of stations marking various locations along the span (top view).
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where ¢ = 0.07(m) is the mean chord. Given the geometric attack angle and the calculated induced
angle in Eq. (2) at each station, the effective angle of attack was obtained by Prandtl’s Fundamental
equation of lifting-line theory:

oF = o — ;. ®)

At each station, the value of the effective attack angle was used to extract the baseline NACA 0021
lift coefficient, obtained from experimental data by Hansen et al.'!

Using the Kutta-Joukowski’s theorem, a new circulation distribution was found from the lift
coefficient distribution:

1
1_‘n = EUooCn(CL)n' (9)

The circulation distribution was then compared to the initial guess and updated in (10), where a
typical value of 0.04 was selected for the damping coefficient, ¢:

Inew = Dinitial + €(Cinitiat — I'n)- (10

Subsequently, a loop was established by replacing Iipija With 'y in Eq. (1). Convergence was
determined once the difference between two consecutive estimates of circulation at each station
diminished to 0.001. Figure 3 illustrates how circulation varies along half of the span for a tubercled
and a wavy wing pre- and post-stall at a Reynolds number of 120 000.

Prandtl’s nonlinear lifting-line theory indicates that, in contrast to the unmodified wing, for the
wavy and the tubercled wings, the distribution of circulation along the span assumes a fluctuating
pattern similar to that of tubercles. The periodic variation of circulation points to a vortex generation
phenomenon in the streamwise direction for both wings. It is noticed that with the increase in
attack angle, the amplitude of fluctuations grows for the tubercled wing. Since the strength of the
streamwise vortices is proportional to the slope of the circulation curve and the spacing between
two neighbouring stations (g—;dy), it is predicted that stronger vortices are generated at higher attack
angles. In contrast, for the wavy wing, the amplitude of fluctuations is noticeably larger even at low
angles, signifying the presence of stronger vortices. Also, noteworthy is the observation that for the
wavy wing, the increase in the attack angle from 11° to 15° is not accompanied by a dramatic drop
in the values of circulation along the span. This is contrary to the wing with the straight leading edge
that experiences a rapid decrease in the values of circulation from 13° to 15°.

To predict the effect of the peak-to-peak angular amplitude and wavelength on the overall
performance of wavy wings, circulation was integrated along the span (S) for three finite wings to
compare against the NACA(0021 wing:

b/2

2
CL=— T(y)dy. 11
L UOOS/ (y)dy (11)
—b/2

As illustrated in Figure 4, up to 8°, all wings yield nearly the same values of lift coefficient. Past
this angle, the slope of the lift curve for the unmodified wing increases and the wing produces the
most amount of lift between 8° and 14°. The increase in the angle of attack by 1° from (14° to 15°)
is characterized by a sudden drop in the lift coefficient, whereas the modified wings experience a
less abrupt loss of lift. Nonetheless, the wavy models’ maximum lift coefficients are lower, and their
onset of stall occurs at lower angles of attack. Among the three wavy wings, the model with 6 = 2°,
undergoes a more rapid loss of lift compared to the ones with 4°. Hence, the stall behaviour of the
wavy model 84w15 is expected to be most desirable as the decrease in the lift force on this wing
between 11° and 15° angles of attack is the smallest. Post-stall, between 15° and 20°, all three wavy
wings yield higher values of lift coefficient compared to the unmodified wing.

Given the observations above, it can be deduced that wavy wings with shorter wavelengths and
larger peak-to-peak amplitudes are likely to display more favourable attributes such as attenuated
stall effects by extending the stall margin. It can also be concluded that wavy wings’ superior
performance is expected to be achieved post-stall. Although the results presented here are derived
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FIG. 3. Spanwise circulation for a tubercled, wavy and unmodified foil NACA 0021 at various incidence angles along half
of the span.
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FIG. 4. Lift coefficient for three finite wavy wings obtained by Prandtl’s nonlinear lifting-line theory (Re = 120 000).
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Scanivalve Controller
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FIG. 5. Experimental setup for pressure and force measurement tests (a) and wavy foil as mounted in the test section (b).

for finite-span wings, it is conceivable that the global behaviour of spanwise circulation for full-span
lifting surfaces is similar.

lll. FORCE AND PRESSURE MEASUREMENT TESTS

To assess the aerodynamic loading characteristics of full-span wavy foils against an unmodified
model, a series of force measurement tests was performed at Re = 120000 in the closed-loop KC
wind tunnel at the University of Adelaide. The test section of the tunnel has a 500(mm) x 500(mm)
cross-section with a maximum blockage ratio of 6% at a 25° attack angle. To ensure 2D flow near
the free-end wing tip, a wall clearance of 3 (mm) was maintained.> The turbulent intensity of the
tunnel is approximately 0.8% ahead of the test subject. The experimental setup for both force and
pressure measurement tests can be seen in Figure 5.

Force measurements were undertaken by a six-component load cell from (JR3, Inc., Woodland,
CA, USA), with an uncertainty estimate of 1, %, to obtain normal and chordwise forces which
were then converted into lift and drag. A Vertex rotary table was attached to the base of the load cell
to allow accurate and repeatable changes in the attack angle.

Of the four NACA 0021-based wavy foils with varying wavelength and peak-to-peak angular
amplitude, three were machined from aluminium and one was cast from epoxy resin (Figure 6). All
the airfoils have mean chord and span lengths equal to 70 (mm) and 495 (mm), respectively.

With the sampling period of the analogue-to-digital converter set to 16 ms, 3000 data points,
corresponding to normal and axial force components, were collected at each angle of attack. The
tests were repeated four times for every foil and average values of the lift and drag coefficients
were calculated accordingly. The average standard errors in estimating the population means for

FIG. 6. Wavy foils :04w15, 64w30, 62w30, 66.5w30 (top to bottom).
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TABLE I. Total error in calculating the lift and drag coefficients for the six wings tested.

Total error in calculating Total error in calculating
CL, due to solid blockage, Cp due to solid blockage,
wake blockage, and wake blockage, and
Wing label streamline curvature streamline curvature
Unmodified NACA 0021 0.026 0.009
62w30 0.029 0.010
04w30 0.026 0.009
06.5w30 0.021 0.008
64w15 0.027 0.010
ABW30 0.022 0.009

lift and drag coefficients were 0.003 and 0.009, respectively. Wind tunnel corrections for solid
blockage, wake blockage and streamline curvature were also applied to the results in accordance
with recommendations by Barlow et al.? and are listed in Table I as averaged values over the entire
range of attack angles.

Pressure measurement tests were performed on the wavy foil 66.5w30 at the same Reynolds
number as that of the force measurement tests, i.e., Re = 120 000. Pressure taps were drilled onto the
top surface of the foil in three rows along the 70-mm-chord lines corresponding to a trough, a peak
and a middle cross-section as shown in Figure 7. Of the 30 bored taps, two were blocked including
one at the stagnation point on a peak and therefore not used in the experiments. A series of PVC
tubes, embedded in the foil, connected the surface pressure taps to the head-ports of a controller-
modulated ScaniValve. To achieve high-precision pressure measurements, a 10-Torr (1333.2 (Pa))
MKS Baratron (model 220BD) with a resolution of 0.01% of the full scale range was utilized. The
free-stream speed and static pressure were measured at 25 (m/s) and 14212.1 (Pa) below the ambient
pressure. For each incidence angle, 2000 data points (per pressure port) were collected at a sampling
rate of 200 Hz. It was observed that 200 Hz was sufficient to establish a typical small standard error
of 3.3 x 1073 (Pa) in estimating the population mean. As the taps were placed on one side (upper
surface) of the wing, the data from the negative attack angles were used to determine the pressure
values for the lower surface. Care was taken to ensure that the peak and trough pressure distributions
were correctly matched.

A. Performance effect of variation in wavy foil wavelength

Figure 8 shows that the unmodified and wavy foils produce nearly the same lift-curve slope
up to 4°. At this point, the curves deviate from their linear trend which hints at extra lift produced

Trough Peak Middle

FIG. 7. Wavy wing section with three pressure tapping rows.
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FIG. 8. Lift and drag coefficient versus attack angle for two wavy foils of varying wavelength, and the unmodified NACA
0021 (Re = 120000).

by the presence of laminar separation bubbles (LSBs). With regard to the maximum lift coefficient,
the unmodified foil achieves the highest value, followed by a dramatic loss of lift past 12°, and a
consequent rise in drag.

The drag coefficient for the unmodified and wavy foil 64w30 assumes nearly the same values
up to 11° of angle of attack, however post-stall (past 13°) the unmodified foil’s drag coefficients are
higher than those of the other two foils’. Due to the fact that flow separation is mainly responsible
for the increase in drag at higher angles (as opposed to shear), it can be deduced that flow separation
must dominate over a larger surface area on the unmodified foil compared to the wavy wings. In
addition, the increase in the drag force on the 64w15 wing is steadier, a phenomenon consistent with
the behaviour of the lift force, as the loss of lift occurs less suddenly with respect to the increase in
attack angle. Hence, between the wavy foils with the same wavelength, 64w15 outperforms 64w30
post-stall as it undergoes a more gradual stall with a higher amount of lift, indicating that smaller
wavelengths may be more beneficial for design purposes.

B. Performance effect of variation in wavy foil peak-to-peak angular amplitude

Comparison of the lift coefficient for the wavy foils of the same wavelength against the un-
modified NACA 0021 foil (Figure 9) reveals that both wavy foils produce lower lift pre-stall. The
unmodified and 62w30 foils exhibit a sudden loss of lift and nearly identical post-stall behaviour,
however 66.5w30 shows superior performance past 12° with lower drag coefficients. Similar to the
tests cases discussed in Sec. III A, it is speculated that flow separation at higher angles of attack
occurs on a smaller surface area on the wavy wings. It is plausible that more flow remains attached on

FIG. 9. Lift and drag coefficient versus the attack angle for two wavy foils of varying peak-to-peak angular amplitude and

05— ——
R e 0021
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o ¥
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the unmodified NACA 0021 (Re = 120 000).

66



117101-9 Rostamzadeh et al. Phys. Fluids 25, 117101 (2013)

0.4 ‘

e NACA 0021 |

1 00®? % :

. 06.5w30 \

08 PaES 0.3 ABW30 %
1,’ 1 ¥ « f |

0.6 g B SR EERy L
' o ot 0.2 K]
0.4 /;“ L o® ® ¥ i
. ‘

0.2 b e« NACA 0021 0.1 /, |
0 // “ 96.5w30 “,’/.iv i
ABW30 e |

02l 0 |

5 0 5 10 15 20 5 0 5 10 15 20

o degrees o degrees

FIG. 10. Lift and drag coefficient curves for a tubercled, a wavy and an unmodified foil.

a particular cross-section (refer to Sec. IV B). The observations indicate that wavy foils with higher
peak-to-peak amplitudes may render more aerodynamic benefits in the post-stall region. (84w30 is
shown in Fig. 8.)

C. Aerodynamic behavior of modified wings compared to the unmodified foil

The wavy wing 66.5w30 was designed using the same leading-edge sinusoidal curve as that
of one tubercled wing tested by Hansen et al.'! In the current study, the same tubercled airfoil was
re-tested against the unmodified and wavy foils (Figure 10).

Pre-stall, the standard NACA 0021 foil’s aerodynamic performance is superior to the modified
foils as more lift is generated with the smooth leading-edge wing, while the drag force on all foils
(up to a 9° angle of attack) is almost identical. Whereas the NACA 0021 and wavy airfoils stall at
12°, the one with tubercles stalls at 9°. The post-stall region for the tubercled foil is characterised
by a steady lift recovery phase, followed by a local maximum at 19°. For the wavy wing, the local
post-stall peak occurs at 17°, and the lift coefficients assume higher values prior to this attack angle.
A comparison between the drag curves reveals that the wavy foil performs better as the drag force
is lower for angles above 10°. Hence, the overall performance of the wavy foil is more favorable to
its geometrically matched counterpart. In contrast to the wings with undulating leading-edges, the
NACA 0021 undergoes abrupt stall yielding lower values of the lift coefficient than the modified
wings, rendering the modified models more advantageous.

D. Aerodynamic efficiency of the tested wings

The lift-to-drag ratio is a true measure of aerodynamic efficiency.” Figure 11 shows how this
ratio varies with respect to angle of attack for the tested unmodified NACAO0021, four wavy wings
and the tubercled wing at Re = 120 000.

Of all the configurations tested, the highest L/D ratio is achieved by 62w30 at a 7° incidence
angle pre-stall, while post-stall the same wing has the most inferior performance as its aerodynamic
efficiency is the lowest and remains nearly constant at around 1.79. The most desirable envelope
of operation for this wing occurs between 4° and 9° wherein the L/D ratio stands higher than for
the other full-span wings. Aerodynamic efficiency for the unmodified foil, similar to that of 62w30,
diminishes rapidly which is explained by the decrease in lift and rise in drag between 12° and 13° for
the unmodified and 10° and 11° of attack angle for the §2w30 wavy foil, respectively. The tubercled
foil, and the three wavy foils (#4w30,06.5w30, and #4w15) undergo a more gradual loss of lift and
rise in drag as evidenced by the less steep slopes of their corresponding L/D values. Post-stall the
best performing wing is 64w15 with the highest values of lift-to-drag ratio between 13° and 20°,
offering a large envelope of operation. The tubercled wing’s efficiency is comparable to the wavy
foils’ past 15°, whereas pre-stall it only outperforms 84w15 (below 8°).
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FIG. 11. Aerodynamic efficiency (L/D) versus the attack angle for four wavy wings, one tubercled wing and the unmodified
NACA 0021 foil at Re = 120 000.

The analysis of the force measurement tests results reveals that even though the unmodified
baseline foil achieves the highest lift coefficient pre-stall operation at transition to higher angles of
attack is accompanied by a dramatic drop in aerodynamic efficiency. This unfavourable phenomenon
can be overcome by means of a wavy leading-edge configuration as well as a tubercled arrangement.
The performance of the 86w15 wavy wing, in particular, suggests its applicability potential in
aero/hydrodynamic machinery where the angle of attack varies from low to high values such as in
wind turbine and blades.

E. Pressure measurement results

Figure 12 illustrates how pressure varies along a peak, trough and middle cross section of the
wavy wing 66.5w30. At a zero angle of attack, interestingly, the suction side of the peak is under
higher pressure compared to the pressure side (lower surface). The plateau on the pressure curve
between x/c = 0.4 and x/c = 0.5, followed by a recovery zone suggests the presence of a LSB.
This flow feature is often observed at low Reynolds numbers where separation due to strong adverse
pressure gradients gives rise to Helmholtz-instabilities whose breakdown results in separation-
induced transition and the formation of LSBs.® At a = 2° the wavy foil’s trough experiences lower
pressure on the suction side when compared to the peak. Two LSBs are found, one on the suction
side of the trough and the other on the pressure side of the peak cross section (refer to Sec. IV B
for further evidence). Increasing the angle of attack, forces the LSB to move towards the trough’s
leading-edge, as a drop in pressure occurs on the suction surface. Meanwhile, the pressure on the
lower surface of the peak rises, and the LSB on this side moves towards the trailing edge, indicating
that the separation point has translated further downstream. This trend continues up to a 12° attack
angle. At o = 12° the overall shape of pressure distribution begins to alter, particularly for the
suction surface of the middle cross-section. The flatness of the pressure curve past x/c = 0.3 on the
middle cross-section signifies that flow separation begins to affect a larger area on the airfoil as stall
is initiated gradually. At higher angles, flow separation seems to have dominated the suction side;
however, the leading-edge of the trough cross-section maintains low values of pressure that account
for lift being generated in the post-stall zone. The low pressure zone in the vicinity of the trough
region may account for the delay and extended stall features. It is of interest to note that previously
research on tubercled wings have also identified the low pressure region in the trough,®?! providing
further evidence that the flow mechanisms in wings with wavy and tubercled leading-edges are
similar.

The amount of lift generated at each cross section was estimated by the trapezoidal rule for
integration. Since there were no data available for the stagnation point on the trough, a shape-
preserving interpolant curve-fit was applied to account for the error incurred. Also, the contribution
of shear forces to lift, which in most cases is negligible, is not included.
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FIG. 13. Calculated sectional lift coefficient as a function of attack angle.

Figure 13 shows that both prior to and post stall, the trough produces more lift than the two
other sections. Pre-stall the middle cross-section contributes to lift generation more than the peak;
however, loss of lift is more prominent in this cross-section post-stall. Also noteworthy is that the
total amount of lift on the wing section cannot be regarded as the average lift of the three sections
as the flow structure is complex, and direct force measurement tests as reported in Secs. III A and
IIT B are most reliable.

IV. COMPUTATIONAL FLUID DYNAMICS STUDY

Numerical simulation with the NACA 0021 profile has not been implemented extensively. Wolfe
and Ochs?® used CFD-ACE that solves the Favre-Averaged-Navier-Stokes equations using the Finite
Volume method on a structured grid. The turbulence model used was k — ¢ and the Reynolds
number reported in their study was 1 500 000. The other CFD study on the NACA 0021 airfoil that
the authors are aware of, was carried out by Dhanasekaran and Govardhan’ who simulated the flow
over the blades of the Wells turbine with reasonable success.

In the present work, a complementary CFD investigation was performed using the commercial
package ANSYS-CFX 12.1 suite! to model the unsteady flow over one wavelength of the wavy
foil #6.5w30 with the NACA 0021 baseline profile at pre-stall incidence angles (0°-12°) at Re =
120000. The wavy foil #6.5w30 was chosen for the study as experimental data, in the form of
surface pressure, were available for validation purposes. To capture the transitional nature of the
flow, the newly formulated Shear Stress Transport y — Rey!* model that has been successful in
external aerodynamics>'#151° was employed. The continuity, momentum, intermittency (used to
activate the onset of transition) and momentum-thickness Reynolds transport equations, along with
the formulation of the Shear Stress Transport model can be found in are as follows:

% D uy=0. Ly =—ouun - 2+ D@2 1 Y o2
ot Tax LY T YT T Y T g e e Tk T e
(12)
Apy) | 9(pUjy) < 0 He Y
+ =P, —E, + —[(u+ =)==1, 13
ot 0X; 14 4 0X; [ ay)axj] (3)
0 Rwe d U-R‘Ne 0 8R~e
(PReg) | 9PURe) _p 1 O pou 4 o 2R, (14)
ot an an 8Xj
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FIG. 14. The computational domain (a) and grid system near the foil (b).

The strain rate Reynolds numbers is defined as follows:

2
S
Re, = 22 (15)
m

Based on the maximum value of this number, the momentum-thickness Reynolds number is specified:

R _Max(Reg)
=003

The above equations are discretized and solved along with the equations for the Shear Stress
Transport model whose formulation can be found in Ref. 14. ANSYS 12.1 implements a finite control
volume-oriented finite element method to discretize the partial differential transport equations. A
second-order backward Euler scheme was selected for temporal discretisation, while an alternating
first and second-order accurate scheme was implemented for spatial discretisation.

A C-Grid topology (Figure 14) with hexahedral structured elements was constructed to designate
the computational domain. The angle of attack was changed at the Inlet via the velocity components
and Periodic boundaries were assigned to the side planes since one wavelength of the wing was
modelled.

A grid resolution study was performed to establish a mesh-independent solution. Of the three
generated grids, the one with a total number of nodes equal to 3.5 x 10, whose y* values near
the foil were maintained below 1, proved to be sufficient for grid independence. The effect of
inlet turbulence levels on the onset of transition and aerodynamic loading behaviour has been
noted in a previous study.’ In the Shear Stress Transport turbulence model, the decay in turbulence
intensity is dependent on the coarseness of the grid near the inlet region and the inverse of eddy
viscosity.?? Accordingly, to validate the appropriateness of the turbulence level, three cases were
tested and compared with experimental findings at a 0° attack angle. The pressure coefficient
was plotted for each case against the normalised chord location along a peak, while the friction
coefficient plots were used to determine the location of the flow separation and re-attachment points
(Figures 15 and 16).

The sensitivity of the solution to turbulence levels revealed that the case with the low turbu-
lence level (1%) yielded results that are in better agreement with experimental findings (Table II).
Therefore, the inlet turbulence level of (1%) was maintained for the rest of this work. It must be
noted that experimental data for the friction coefficient were not available for comparison. Solution
convergence of the eight transport equations was determined by achieving a maximum residual target
of 1073 per time step. In addition, the lift and drag coefficients were used as monitor points during
the solution process. The solution strategy comprised two different stages, a steady-state solution
followed by a transient one. Initially, a steady-state run was performed and the behaviour of the
residuals was monitored. It was observed that the residuals diminished steadily down to 10~* in the
proximity of the seventieth iteration at which point a fluctuating pattern emerged. Subsequently, the
steady-state solution was used as the initial condition for the transient solver. A time-step equal to

(16)
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FIG. 15. Plots of pressure coefficient against normalised chordwise location for three levels of inlet turbulence compared
with experimental data (peak cross-section).
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FIG. 16. Friction coefficient on the peak cross-section against normalised chordwise location for three levels of turbulence

intensity (a) and the decay of turbulence intensity from inlet to the airfoil’s leading-edge plotted for the low-turbulence
intensity case (b).

TABLE II. Report of turbulence intensity sensitivity study.

Turbulence intensity (Tu) near the

leading-edge of the wavy foil x separation/c (peak) x reattachment/c (peak)
Low (1%) 0.33 0.55

Medium (5%) 0.35 0.8

High (10%) 0.37 0.53

5 x 1073(s) with three inner loops was selected for the transient run. The results are presented for
t = 0.01 (s) where the lift and drag forces stabilised.

A. Validation results

Figure 17 shows that correspondence between the numerical solutions, from CFD modelling,
with the data obtained from experiments is satisfactory. Discrepancies seem to appear at higher attack
angles, suggesting that a higher-order turbulence model may prove more appropriate to capture flow
behaviour post-stall. Nonetheless, the model has been successful in capturing transitional flow
features including the laminar separation bubble as discussed in Sec. III E. In addition, the strong
correspondence offers assurance that the flow physics are modelled correctly.
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FIG. 17. Comparison of the experimental and numerical pressure coefficient on a trough cross-section (a)—(f) and comparison
of the experimental and numerical pressure coefficient on a peak cross-section (g)—(1) (#6.5w30, Re = 120 000).

B. Flow structure

Contours of streamwise vorticity have been plotted on planes oriented normal to the free-stream
flow direction at four selected pre-stall attack angles (Figure 18). It is observed that a distinct
pair of counter-rotating vortices is realised in the wake. Each vortex consists of smaller vortices,
one originating from the upper and the other from the lower wing surface, imparting a slanted
appearance to the pair. The magnitude of vorticity at the cores of the vortices decreases with distance
from the trailing edge, suggesting a diffusion process as vorticity spreads outward from the cores.
The pair appears to rotate towards each other, evolving to a near-parallel orientation as it convects
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AOA = 12°

FIG. 18. Contours of streamwise vorticity on planes located at x = 30 (mm), 60 (mm), 90 (mm), and 120 (mm) downstream
of the trailing edge at 0°, 4°, 8°, and 12° incidence angles (06.5w30, Re = 120 000).
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FIG. 19. Normalized magnitude of mean velocity in the normal to wall direction on a peak cross-section at various chordwise
locations (a) and normalized magnitude of mean velocity in the normal to wall direction on a trough cross-section at various
chordwise locations (b).
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FIG. 20. Wall shear along a trough cross-section at « = 0°.

downstream. The presence of streamwise vortices confirms the prediction by Prandtl’s lifting-line
theory.

In order to analyse flow separation characteristics, absolute values of non-dimensionalized mean
velocity have been plotted (Figure 19) in the wall-normal direction, (77), on a peak and a trough of
the wavy wing at a zero angle of attack on the suction side. The boundary layer development on
the trough, unlike the peak, gives indications of separated flow as evidenced by the inflection point
around x/c = 0.3. The wall shear stress coefficient on the trough cross-section (Figure 20), on the
other hand, shows flow re-attachment further downstream as the sign of the shear stress changes.
The separation, re-attachment phenomenon signifies the presence of a laminar separation bubble in
this cross-section.

The occurrence of flow separation on the suction side of the trough can be explained by
considering the contours of adverse pressure gradient as shown in Figure 21(b). It is observed that,
compared to that of the peak, the gradient of static pressure is steeper in the trough, making it
more susceptible to separation. The contours of limiting streamlines point to a pair of foci points
(singularities) that leave footprints of the streamwise vortices. A plausible explanation for the more
adverse pressure gradient on the trough may be the increase in the local attack angle brought about
by the presence of streamwise vortices. Conversely, on the peak, the sense of rotation of the vortices
is such that fluid is pushed towards the surface, reducing the local attack angle, thus inhibiting
chordwise separation. Furthermore, the contour plot of static pressure (Figure 21(a)) on the wavy
foil illustrates the low pressure regions (dark blue) in the trough section in the vicinity of the
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FIG. 21. Contours of static pressure on the upper side of the wavy foil at @« = 0° (a) and contours of adverse pressure gradient
and limiting streamlines at « = 0° on the upper surface of the wavy foil in the perspective view (b).

75



117101-18 Rostamzadeh et al. Phys. Fluids 25, 117101 (2013)

leading-edge which is consistent with the experimental findings in the current work. The primary
flow features reported here were also observed for higher incidence angles in the pre-stall zone and
have not been included for brevity.

V. CONCLUSIONS

In spite of its simplified assumptions, Prandtl’s nonlinear lifting-line theory succeeded in demon-
strating that both the newly proposed design, referred to as the wavy configuration, and tubercles
induce a fluctuating distribution of circulation along the span. This prediction implies that the wavy
foils exhibit similar aerodynamic characteristics to those with tubercles. In addition, the pattern of
circulation points to the presence of streamwise vortices in flows over wavy lifting surfaces. The
results of wind tunnel tests on four wavy foils revealed that three of the wavy foils showed gradual
stall, a prominent trait also observed in flows over tubercled wings. Amongst the examined models,
the one with the highest peak-to-peak angular amplitude and smallest wavelength yielded the most
favourable post-stall behaviour.

The present experimental work on a full-span wavy foil demonstrates that a low pressure region
near the leading-edge prevents a sudden loss of lift. This flow feature is analogous to the low
pressure zone in the trough of a tubercled foil. In addition, the CFD investigation pre-stall showed
the presence of strong counter-rotating streamwise vortices in the wake of the wavy foil, pointing to
another notable feature in the flow produced by wings with tubercles. In addition, the more adverse
pressure gradient in the trough, compared to the peak, renders the trough prone to flow separation.
Nevertheless, with regard to lift generation, the negative effect of separation is offset by the low
pressure zone near the leading edge in the trough. In view of these findings, there is sufficient
evidence to merit more attention to the proposed novel leading-edge modification, in particular
post-stall.
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Chapter 4
Flow over Tubercled Foils in the Trangtional
Regime

As highlighted in Chapter 2, airfoils with tuberdleeading edges were shown to achieve higher post-
stall lift coefficients and lower maximum lift ctiieients compared to the unmodified baseline foils
in the transitional flow regime. Previous studieggested that streamwise vortices may account for
the enhanced aerodynamic characteristics of adldaefoil at high attack angles. Yet, the formation
mechanism of the vortices and the role they plathanlift-generating behaviour of tubercled foss i

not completely understood.

In an attempt to seek answers to the aforememtignestions computational methods in the form of
numerical simulations were adopted. The currenptarapresents the findings in the article, “The
formation mechanism and impact of streamwise vestion NACA 0021 airfoil's performance with

undulating leading edge modification”, publishedPhysics of Fluids.

The formation mechanism and the role of vorticegha flow over three tubercled foils in the
transitional regime, were explored using the comomal fluid dynamics model known as the
"transitional Shear Stress Transport model". Vdiiga of the model was performed against the
experimental pressure distribution data reportedHapsen [1]. The in-depth examination of the
limiting shear stress and the vorticity field, pidad sufficient evidence to establish a conclusian
the formation mechanism of the counter-rotatingtiees. Two alternate perspectives were thus put
forth to elucidate how a tubercled leading-edgeegivise to the development of two types of

streamwise vortices.

Probing into the flow field provided an insighténbhow vortices induce a momentum transfer effect
whereby the fluid is transported from the separdi®d regions into neighbouring areas where the

boundary layer is attached. A number of findingsoreed here are in agreement with those presented
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by Skillenet al. [2, 3] as well as the predictions proposed by M&ropet al. [4] in their theoretical

analysis.
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Wings with tubercles have been shown to display advantageous loading behavior at
high attack angles compared to their unmodified counterparts. In an earlier study by
the authors, it was shown that an undulating leading-edge configuration, including
but not limited to a tubercled model, induces a cyclic variation in circulation along
the span that gives rise to the formation of counter-rotating streamwise vortices.
While the aerodynamic benefits of full-span tubercled wings have been associated
with the presence of such vortices, their formation mechanism and influence on wing
performance are still in question. In the present work, experimental and numerical
tests were conducted to further investigate the effect of tubercles on the flow structure
over full-span modified wings based on the NACA 0021 profile, in the transitional
flow regime. It is found that a skew-induced mechanism accounts for the formation
of streamwise vortices whose development is accompanied by flow separation in
delta-shaped regions near the trailing edge. The presence of vortices is detrimental
to the performance of full-span wings pre-stall, however renders benefits post-stall
as demonstrated by wind tunnel pressure measurement tests. Finally, primary and
secondary vortices are identified post-stall that produce an enhanced momentum
transfer effect that reduces flow separation, thus increasing the generated amount of
lift. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4896748]

. INTRODUCTION

In contrast to active flow control, passive flow control methods to augment the
aero/hydrodynamic performance of lifting bodies are of considerable interest due to their ease
of manufacture, maintenance, and economic viability, as they primarily rely on stationary compo-
nents. One intriguing example of a passive flow control model with potential advantages in industrial
applications, has been inspired by the undulating protuberances (tubercles) observed on the leading
edges of the humpback whale’s pectoral flippers.

Fish and Battle! were the first to postulate that tubercles contribute to the agility of the humpback
in executing rolls and loops? by their lift-generating characteristics, in particular at high attack angles.
To assess their conjecture, Watts and Fish® used an inviscid panel-based numerical flow solver to
compare the performance of a tubercled wing at a 10° incidence angle against an unmodified one. The
results demonstrated that the tubercled wing yielded a 4.8% increase in lift and a 10.9% reduction
in induced drag, pointing to the potential benefits of the modification of wings with tubercles.
Subsequently, Miklosovic et al.,* in a series of wind tunnel tests, showed that a flipper model with
tubercles delayed the stall angle by 40% compared to a model flipper with a smooth leading-edge.
The increase in the lift coefficient was accompanied by a decrease in drag at mean chord-based
Reynolds numbers between 505 000 and 520 000.

In contrast to the previous findings associated with flipper models, Hansen et al.” found that the
pre-stall behavior of modified full-span airfoils was inferior in comparison with that of the baseline
NACA 0021 foil. Under conditions of post-stall, however, the modified wings generated more lift

1070-6631/2014/26(10)/107101/22/$30.00 26, 107101-1 ©2014 AIP Publishing LLC
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than the unmodified foil. Similar trends were also reported by Johari et al.® and Miklosovic et al.” at
Reynolds numbers equal to 183 000 and 274 000-277 000, respectively. Furthermore, Hansen et al.’
suggested that reducing the wavelength and amplitude of the tubercles (up to a point), enhances
aerodynamic performance by extending the stall angle, in addition to achieving higher values of the
lift coefficient post-stall compared to the airfoil with the smooth leading-edge.

To explore the flow mechanism activated by the presence of tubercles, a number of studies
have provided valuable insight. Pedro and Kobayashi® employed Computational Fluid Dynamics
(CFD) to investigate the flow structure around the flipper model adopted in the experimental work
by Miklosovic et al.* They discovered that the flow over the tubercled wing exhibited regions of high
streamwise vorticity that energized the boundary layer, and consequently, inhibited flow separation.
Thus, it was speculated that the advantageous aero/hydro-dynamic traits of tubercled flippers may
be attributed to streamwise vorticity.

In a theoretically based approach, van Nierop et al.” analyzed the flow around a flipper model
using the lifting-line theory developed by Prandtl and Tietjense.!” The analysis predicted the oc-
currence of low pressure regions in the troughs (chord minima) of the tubercled wing, and the
susceptibility of the trough region to flow separation due to locally large adverse pressure gradients.
The numerical scheme, nonetheless, did not capture the higher maximum lift coefficient reported
previously for the modified flipper model compared to the unmodified wing by Miklosovic et al.*

Rostamzadeh et al.'' adopted Prandtl’s nonlinear lifting line theory'? to examine the effect
of leading-edge undulations on spanwise circulation. It was concluded that tubercles vary the
circulation of the wing’s bound vortex, along the span, in an undulating manner, a phenomenon
that accounts for the formation of streamwise vortices. Therefore, it was argued that other forms
of leading-edge modifications can be devised to exhibit similar loading behaviour to tubercles. The
wavy wing, wherein the geometric attack angle varies sinusoidally along the span, was introduced as
an alternative to tubercles. Wind tunnel tests at a Reynolds number of 120 000, on several full-span
wavy wings proved that wavy wings, in a similar manner to tubercled wings, extend the stall angle
and yield higher post-stall lift.

While competing theories have attempted to elucidate the flow dynamics associated with
tubercle-modified lifting bodies, the formation mechanism of streamwise vortices and their role
in the wings’ lift generating capabilities remain to be fully explored. In the present work, experi-
mental and numerical tests were conducted to cast light on the formation mechanism of streamwise
vortices and their impact on the surface pressure distribution. To this end, wind tunnel pressure
measurements were performed on a full-span unmodified and a tubercled airfoil at a Reynolds
number equal to 120 000. Furthermore, a Reynolds Averaged Navier Stokes-based CFD model was
employed to assist with a detailed investigation into the surface flow topology and vorticity fields
that leave clues to the underlying flow dynamics at play. Numerical modelling was performed by the
newly proposed transitional model known as the Shear Stress Transport y — Re, '3 on three full-span
modified wings with varying wavelength and amplitude as well as the NACA 0021 baseline airfoil
at several attack angles.

Il. AIRFOIL MODELS

The leading edge of the tubercled airfoil used in the pressure measurement tests was designed
based on a sinusoidal curve with an amplitude of 8(mm) and a wavelength of 30(mm) (labelled
A8W30). Both the unmodified and tubercled airfoils, as illustrated in Figure 1, had the NACA 0021

(@ (b)

s
C

FIG. 1. (a) Tubercled airfoil based on the NACA 0021 profile, denoting wavelength W(mm) and amplitude A(mm). (b)
Unmodified NACA 0021 airfoil. C(mm) denotes chord.
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FIG. 2. (a) The locations of the 12 pressure tappings on the unmodified airfoil. (b) Pressure tapping representation for
A8W30 on three spanwise rows, namely, the peak, the middle, and the trough cross-sections.

as the cross-sectional profile since it closely matches that of the humpback whale.* The span and
mean chord of the airfoils were equal to 495 (mm) and 70(mm), respectively.

lll. EXPERIMENTAL SETUP

The low-speed KC Wind Tunnel, at the University of Adelaide, was utilized to carry out the
pressure measurement tests on full-span wings. The test section of the wind tunnel has a square
cross-section of 0.5(m) x 0.5(m). A gap size of 0.003(m) was chosen between the free ends of
the airfoils and the ceiling of the test section to allow convenient mounting and rotation of the
models. This gap size is within the suggested maximum range (0.005 x span) to minimize three-
dimensional effects, according to Barlow et al.'* The test subjects were mounted on a Vertex
rotary table to allow for precise and repeatable measurements of the attack angle. A free-stream
flow speed of 25(m/s) was maintained in the tunnel’s test section where a maximum blockage
ratio of 6% occurs with the airfoils oriented at an angle of attack (AOA) equal to 25°. The free-
stream flow speed was measured via a Pitot-static tube connected to a 10-Torr MKS Baratron
pressure transducer (full scale resolution 0.01%) equipped with a signal conditioner. Ahead of the
test subjects, turbulence intensity was evaluated at 0.8% by a hot-wire probe. The flow Reynolds
number based on the mean chord was 120 000. It must be noted that direct force measurement
tests were previously performed on the same airfoils by Hansen et al.’ at the same Reynolds
number.

Pressure tappings were incorporated into the suction surfaces of the unmodified and tubercled
foil (Figure 2). To evaluate the pressure distribution on the tubercled airfoil, a total number of 36
pressure tappings were distributed at three spanwise locations, namely, the peak, the trough, and the
middle cross-sections. A stepper-motor-driven Scanivalve multiplexer was used to scan the airfoils’
surface pressure. The differential pressure between the free stream static pressure and the airfoils’
surface pressure was then measured by the transducer. Voltage output data from the transducer was
collected via a National Instruments USB 6009 data logger. Data collection sampling time for each
pressure port was 30(s) and the sampling rate was maintained at 1(KHz). A time delay of 5(s)
between two consecutive sampling periods was incorporated to allow for the surface pressure to
stabilize at each location. To evaluate, the pressure distribution on the lower sides, the airfoils were
positioned at negative angles of attack.

IV. SURFACE PRESSURE DISTRIBUTION

Figure 3 displays the time-averaged pressure coefficients plotted versus normalized chordwise
positions along three spanwise locations. The tubercled wing is compared to the unmodified NACA
0021 for selected angles of attack prior to and post stall at a Reynolds number equal to 120 000. A
comprehensive error analysis on the reported results can be found in Ref. 15.

Observing the pressure coefficient plots in Figure 3, it becomes clear that tubercles remark-
ably alter the surface pressure distribution in comparison with the baseline foil. Under pre-stall
conditions, the trough cross-section assumes the largest suction peak values, compared to the
peak and middle cross-sections as the pressure coefficient is most negative, especially near the
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FIG. 3. Measured pressure coefficients versus the normalized chordwise position for the tubercled foil at three spanwise
locations, i.e., the middle (mid), trough, and peak and the unmodified foil NACA 0021 (unmod) (Re = 120 000).

leading-edge. The observation that the trough is the lowest pressure region was predicted earlier
by van Nierop et al.” and Weber et al.'® A notable flow feature, as evidenced by the relatively
low chordwise pressure gradients (as an example, see Figure 3(a) where 0.5 < X/C < 0.6), is the
apparent presence of a laminar separation bubble (LSB) on the suction side of the trough. Even
though the evidence of the LSB is not substantial, the satisfactory correspondence between the ex-
perimental and CFD results, reported in this work, suggest that the presence of the LSB is plausible.
Hence, the LSB could have been captured with higher resolution using an increased number of
pressure tappings. Similarly, the pressure distribution plots suggest that the flow on the baseline
foil undergoes separation and re-attachement, manifesting as the appearance of a laminar separa-
tion bubble. Beyond AOA = 8°, the effect of flow unsteadiness becomes more pronounced. At
AOA = 10°, the unmodified foil produces lower values of pressure on the suction side than any
other cross-section of the tubercled foil, suggesting that the lift generated by the baseline foil is
higher than the modified wing prior to stall. This observation is in agreement with the study by
Hansen et al.’

At AOA = 15°, the baseline foil has clearly undergone a significant loss of lift as its pressure
coefficient curve is nearly flat along the chord. Even though most thick airfoils experience gradual
stall with the increase in the angle of attack,'? a bursting of the observed separation bubble can also
occur and lead to an abrupt loss of lift.!” As the attack angle increases, the bubble is forced to move
towards the leading edge. With the rise in the adverse pressure gradient the re-attachment point
disappears and stall is initiated near the leading-edge.'® This phenomenon appears to take place for
the baseline NACA 0021 foil at Re = 120 000. The foil with tubercles, on the contrary, does not
experience a dramatic loss of lift since the three main cross-sections contribute to lift generation at
higher angles of attack, low values of the pressure coefficient in the trough, in particular, bear witness
to this conclusion. In spite of the observation that, on the pressure side, the peak’s contribution to
lift seems more favourable than the trough, the effect of tubercles appears to be more pronounced
on the trough cross-section as the pressure distribution in this region considerably differs from that
of the unmodified foil.
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FIG. 4. (a) The computational domain and the coordinate system positioned at the leading-edge. The origin of the Z axis is
placed on the middle cross-section. (b) Grid system in the vicinity of the airfoils.

V. COMPUTATIONAL FLUID DYNAMICS MODEL

The flow over three tubercled wings (A8W30, A4W30, AW 15) and the baseline airfoil (NACA
0021) was modelled in ANSYS CFX 12.1'° by solving the discretized Reynolds Averaged Navier-
Stokes equations. The Shear Stress Transport (SST) transitional model, known as the y — Rep,"?
was selected for this purpose as transitional flow features such as laminar separation bubbles were
expected to develop at Re = 120000, and fully turbulent RANS models are often incapable of
resolving them.?’ The computationally efficient SST transitional model is especially suitable for flow
scenarios where separation-induced transition is likely to occur. The model operates independently
of non-local parameters, and is therefore desirable for transitional flows that are complex.?!

The computational domain, shown in Figure 4, was constructed based on a C-grid topology with
far-field boundaries located at 12 chord lengths from the airfoil’s trailing-edge in the streamwise (X)
and transverse (Y) directions. Lateral planes, in the Z direction, with Periodic boundary conditions,
were positioned at a distance equal to four wavelengths of the tubercled foils. The choice of modelling
four wavelengths was based on a sensitivity analysis study that proved smaller spanwise domain
sizes were insufficient for post-stall modelling as more complex flow pattern emerge at higher attack
angles.

To discretize the transport equations for the SST transitional model,”> ANSYS CFX adopts
a fully conservative Finite Volume-based Finite Element approach. A high resolution scheme was
applied for spatial discretization, and an implicit second-order backward Euler scheme was selected
for temporal discretization. Additional transport equations for the SST model along with the detailed
definitions of all the equation terms can be found in Ref. 22.

VI. SOLUTION SENSITIVITY ANALYSES

In order to arrive at mesh-independent solutions, three successively refined grid sizes were
tested for each wing under the same boundary conditions with the refinement ratio, r ~ +/2. This
refinement ratio was shown by Counsil and Boulama?! to be reasonable for mesh sensitivity analysis
in the transitional flow regime, using the y — Rey turbulence model. The adequacy of each grid
was assessed by their impact on the computed aerodynamic forces, as well as the flow structure.
In addition, the Convergence Grid Indices ratio of the tested grids were computed according to the
recommendations of Roache.>* A moderately conservative safety factor of 1.25 was applied to all
calculations. Herein, the results of the mesh sensitivity analysis are presented for the cases at AOA
= 8°, where flow separation was expected to occur.

Table I shows the values of the aerodynamic lift and drag coefficient as obtained in the solutions
computed using a relatively coarse grid (G1), a fine grid (G2), and a further-refined grid (G3). A
comparison of the lift and drag coefficients achieved by grids label G3 and G2 demonstrated that,
for the tubercled foils, the further-refined grid (G3) did not yield significant changes in the generated
values of lift and drag. Furthermore, no discrepancies in the flow fields computed using these two
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TABLE I. Grid sensitivity analysis. All grids yielded y* values below one (Re = 120000, AOA = 8°).

Airfoil label Span (mm) Chord (mm) Total elements Lift coefficient Drag coefficient (%)CL (%ﬁip)cD
A8W30 120 70 G1:1979316 0.685 0.045 0.97 1.15
G2:2859012 0.707 0.039
G3:4031940 0.704 0.039
A4W30 120 70 G1:1924335 0.787 0.033 0.99 1.03
G2:2769165 0.791 0.032
G3:3895605 0.792 0.032
A8WIS5 60 70 G1:1883294 0.659 0.043 0.97 1.05
G2:2710106 0.674 0.041
G3:3812522 0.674 0.040
Unmodified 15 70 G1:648150 0.849 0.034 0.99 1.05
NACA 0021
G2:907410 0.850 0.032
G3:1296300 0.850 0.032

grids were noticeable. In light of these observations, G2 was adopted for the rest of this study. Note,
however, that the effect of the coarse grid (G1) on flow separation, compared to that of the finer
grids (G2 and G3) was not negligible, and is illustrated, as an example, for ASW30 in Figure 5(a).
The separation zone as computed by G1 is comparatively larger than that by G2 and G3. This is
also reflected in the friction coefficient plot along the trough cross-section of the foil, whereby the
friction coefficient values computed by the coarse grid, G1, are larger in magnitude over a longer
section of the foil than those predicted by the finer grids, G2 and G3 (Figure 5(b)).

As for the baseline NACA 0021 airfoil, due to the absence of three-dimensional effects, the
differences in the respective computed values of the lift and drag coefficients achieved by the three
grids were small. While G2 and G3 yielded the same amount of lift and drag, G3 required more
computational time and resources. Hence, G2 was selected for the remainder of this work.

A timestep size analysis was carried out based on three timestep sizes: T1 = 107 (s), T2 =5 x
1073 (s), T3 =107 (s) at AOA = 8°. The lift and drag coefficients were monitored over the same time
periods for each case. Whereas T1 and T2 would require a considerably longer machine processing
time, T3 proved most efficient as the differences between the lift force coefficient achieved by T1,
T2, and T3 were on the order of 1073, Hence, T3 was adopted for the rest of the study.

In Figure 6 the convergence history of the lift coefficient at a 15° angle of attack for all tubercled
foils is shown. Periodic values with small amplitudes (standard deviation ~20.0033) emerge around t
= 0.03(s). Further computation with arbitrary simulation time periods beyond t = 0.03(s) did not alter
the behavior of the force monitor points significantly. A numerical study with longer modelling time
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FIG. 5. (a) Separated flow regions (in green) obtained by G1 (left), G2 (middle), and G3 (right). (b) Friction coefficient
obtained by G1, G2, and G3 plotted for the trough’s suction side (A8W30, Re = 120000, AOA = 8°).
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FIG. 6. Convergence history of the lift (a) and drag (b) coefficients for the tubercled wings (Re = 120 000, AOA = 15°).

periods would assist with the study of transient parameters such as the vortex shedding frequency and
the evolution of the separation bubbles. Nonetheless, it is worth emphasizing that the fundamental
flow mechanism explored in the present work, occurred consistently for the tubercled models and
was not a time-dependent phenomenon.

The most influential parameter impacting the surface pressure distribution, with the exception
of y*, was turbulence levels near the leading-edge region. Inappropriate turbulence levels near
the airfoil may lead to the dissipation or bursting of the laminar separation bubble** that would
consequently affect the surface pressure distribution.

Figure 7 compares the pressure distribution on the peak of the tubercled wing ASW30 with three
different approximate levels of turbulence intensity around the leading edge (High Tu = 10%, Mid
Tu = 5%, Low Tu = 1%). It is evident that the only turbulence level condition that was successful
in capturing the pressure gradient around X/C = 0.8 corresponds with the low turbulence intensity
case, and hence this turbulence intensity was adopted for the rest of the study. It must be noted that
this turbulence level nearly matches the one measured in the wind tunnel’s test section.

VII. VALIDATION RESULTS

Pressure coefficient values obtained in our experimental work for the airfoil AGW30 have
been used to validate the results from the transitional SST y — Rey model at various attack angles.
Overall correspondence between experimental and computational data is satisfactory. The pressure
distribution is, however, captured with higher accuracy on the peak chord-wise locations compared
to the trough. Flow unsteadiness, as pointed out in Sec. IV, influences the distribution of pressure
which is most noticeable post-stall. The largest discrepancies were observed to occur at an incidence
angle of 10°, and have not been included here. Despite its limitations, the y — Rey transitional
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FIG. 7. The effect of turbulence intensity levels on the pressure distribution for a tubercle peak on ASW30 (Re = 120000,
AOA = 0°).
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FIG. 8. Pressure coefficient from SST y — Reg compared to experimental values for ASW30 on the peak cross-section (Re
= 120000).

model achieved reasonable success in reproducing the wing surface pressure field on the AGW30
airfoil (Figures 8 and 9) and was, therefore, deemed adequate for investigating the underlying flow
mechanism.

Vill. FLOW STRUCTURE: FORMATION OF STREAMWISE VORTICITY

In this section, the tubercled wing with the largest amplitude and wavelength, AGW30, is
adopted to elucidate the underlying flow mechanism in the formation of streamwise vortices from
two different viewpoints. As established previously,'! the effect of an undulating leading-edge on
spanwise circulation is to generate a cyclic pattern. On the other hand, Stokes’ law states that
circulation (I'") around the wing’s cross-section equals the surface integral of vorticity (w) bound by

the curve for which circulation is evaluated. If a closed curve that bounds a surface whose normal
vector, d S, in the spanwise direction is considered, we have

r=go.ds. 0
= Curl(g) =(w,n,¢), ()
d§ =(0,0,ds). (3)
As tubercles induce a cyclic distribution of circulation in the spanwise direction, by virtue of Stokes’

law, spanwise vorticity should also vary along the span of the airfoil. Contours of spanwise vorticity
on the suction side, plotted on a plane normal to the free stream flow direction attest to the stated
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FIG. 9. Pressure coefficient from SST y — Rey compared to experimental values for ASW30 on the trough cross-section
(Re = 120000).
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FIG. 10. (a) Contours of spanwise vorticity and (b) streamwise vorticity on a plane located at X/C = 0.57 over the suction
side of the foil ASW30. Red indicates a clockwise sense of rotation, while blue corresponds to a counter-clockwise sense of

rotation in the perspective view presented. Contours display expanded by a factor of 4 in the vertical (y) direction for clarity
(Re = 120000, AOA = 2°).

phenomenon (see Figure 10(a)). This implies that one effect of tubercles is to ripple the spanwise
vortex sheets along the entire span. By the same token, each tubercle wavelength can be regarded
analogous to a small finite wing sections. As a finite wing produces counter-rotating tip vortices in
the streamwise direction, the cyclic variation of spanwise circulation dictates the development of
pairs of counter-rotating streamwise vortices as shown in Figure 10(b).

Viewed from an alternate perspective, there are two principal mechanisms for generating stream-
wise vorticity which are referred to as “skew-induced” and “stress-induced.”® Skew-induced vor-
ticity generation occurs when existing vorticity in the flow, for instance in the boundary layer, turns
in the streamwise or transverse direction. This quasi-inviscid phenomenon operates in both laminar
and turbulent flows and is also known as Prandtl’s secondary flow of the first kind. The second
mechanism is referred to as stress-induced generation or Prandtl’s secondary flow of the second kind
and arises from the anisotropy of turbulence.

In the case of flow over a tubercled airfoil, flow skewness is distinguished by the change in the
streamlines’ curvature as they approach the leading-edge (Figure 11). The streamlines in Figure 11
are chosen to identify the structure of the significant vortical features present in the flow adjacent
to the airfoil surface. While spanwise vorticity is present in the boundary layer, the abrupt change
in the direction of the streamlines points to vorticity being re-organized near the leading-edge in
the transverse and streamwise directions. The product of the spanwise component of the vorticity
vector and the spanwise component of the streamwise velocity gradient, (¢ dU/9z), accounts for the
turning of the vorticity vector’® in the streamwise vorticity transport equation expressed in (4).

) U 9U  9U 9 ouv oduw = 9* — — 37 9
uVa) UVa)+a)8—+n— ;— a—x(g——) ( _W)_|_(___ W,

3 2
“)

Streamwise Vorticity [s*-1]

FIG. 11. Normalized streamwise vorticity vectors plotted for one-half of the 3D-streamlines. ASW30 coloured by streamwise
vorticity (Re = 120000, AOA = 2°).
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FIG. 12. Contours of the vorticity turning term present in the vorticity transport equation embedded in the boundary layer
on the suction side of ASW30 (Re = 120000, AOA = 2°).

where w, 1, and ¢ represent the components of vorticity in the streamwise, transverse, and spanwise
directions. As seen in Figure 12, the magnitude of (¢ dU/dz), assumes the largest magnitude near the
leading-edge of the airfoil, where flow skewness is initially observed. Flow skewness also appears
dominant near the trailing-edge as shown in Figure 12.

The flow structure over the tubercled wing can be further investigated by examining the shear
stress and vortex lines on the surface of the wing (Figures 13 and 14). The first identified critical
point, coincident with the apex of the peak, at the wing’s leading edge, is a node of attachment (N1)
from which all the streamlines emanate. A bifurcation line (BiL) runs along the leading-edge of
the tubercled wing connecting the nodes of attachment at the peaks (Figure 13(a)). Downstream of
this region, in absence of any further lateral strain (velocity gradient) the vortex lines re-connect
to form spanwise vortex lines downstream of the LSB re-attachment. Where X/C = 0.27, a node
of detachment (N2) is identified in the trough as the second critical point on the suction side. The

@ ©

FIG. 13. (a) Front, (b) top orthogonal views of the shear stress lines, and (c) normalized limiting velocity vectors on the
suction side of the tubercled foil section ASW30 (Re = 120 000, AOA = 2°).
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FIG. 14. (a) Front and top orthogonal views of the vortex lines on the suction side of the tubercled foil section ASW30. (b)
Static pressure field and the pressure gradient lines on the same foil (Re = 120 000, AOA = 2°).

detachment point N2 (Figure 13(b)) marks the location where limiting streamlines converge. The
sense of curvature of the shear stress lines near N2 implies that ( — Vp) is directed towards the
trough region. The pressure gradient lines bear witness to this conclusion (Figure 14(b)). As a result,
the lowest pressure region occurs in the trough. This phenomenon was observed on all the modelled
tubercled foils.

In the vicinity of N2, spanwise flow leads to the velocity gradient, d U/dz, which turns the vortex
lines from a spanwise orientation towards the streamwise direction (Figure 13(b)). While a number
of streamlines converge at (N2), others move further back and spiral into two foci (F1, 2) near the
trailing edge (Figure 13(b)). The two critical points in the forms of a node of detachment (N2) and
a saddle point (S1), also mark the respective locations where the flow initially separates and then
re-attaches in the trough, designating the boundaries of an open laminar separation bubble. The
term open LSB, refers to the fact that the bubble is three-dimensional and leads to the formation of
streamwise vortices as shown in Figure 11. It is evident that vorticity in the streamwise direction
affects the shape of the LSB. The shape of the LSB is consistent with the experimental findings
by Karthikeyan et al.>’ who examined the flow over a tubercled foil with the NACA 4415 baseline
profile at the same Reynolds number. It is noteworthy that the boundary-layer-embedded flow feature
near N2 in Figure 13(b) exists within a layer of fluid of 0.4(mm) height/thickness in the wall-normal
direction.

Towards the trailing-edge, surface flow spirals into two foci (F1, F2) that, along with the saddle
point (S2), hint at the development of tornado-like vortices.”® As illustrated in Figure 13(b), the
formation of stream-wise vortices is accompanied by flow separation in a delta-shaped region near
the trailing edge. The attributes of the vorticity field and flow separation pattern, in the pre- and
post-stall phases are discussed in more detail in Secs. IX and XII.

IX. PRE-STALL AERODYNAMIC BEHAVIOR

Iso-surfaces of zero streamwise velocity can be used to interpret how stall is initiated for the
modelled wings (Figure 15). At a zero incidence angle, separation occurs in the trough regions of
all modified airfoils initially, however, the boundary layer re-attaches further downstream, forming
a LSB. Also, further flow separation is observed near the trailing-edge in delta-shaped regions.
Conversely, the flow remains more attached over a peak at this incidence angle. As the attack angle
increases to 5°, the bubble moves further upstream on all wings while its size is reduced. Similarly,
the separated flow region near the trailing edge grows in size, as the initial separation point appears
at a location further upstream. At AOA = 8°, differences in flow separation can be identified more
easily. Separated flow from the trailing edge on AS8W30 and A8W15 has moved upstream and
reached the re-attachment point on the bubble forming larger separated flow regions. In contrast,
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FIG. 15. Separated flow regions (shown in green) over the suction sides of the modified and unmodified wings
(Re = 120000).

the boundary layer remains attached between the re-attachment point of the LSB and the separation
point near the trailing edge for A4W30. As is the case for the modified foils, separation is also
observed to occur on the unmodified airfoil in the form of a laminar separation bubble that moves
towards the leading edge with the increase in the attack angle. Nonetheless, owing to the fact that
streamwise vorticity is absent over the unmodified NACA 0021, the shape of the LSB remains
essentially two-dimensional. Similar to modified foils, the baseline wing develops trailing edge flow
separation that grows in size pre-stall.

In Figure 16, the pressure coefficient plots are presented on the trough, middle, and peak
cross-sections of the modified and the unmodified foils at AOA = 8°. Since experimental data
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FIG. 16. Comparison of the pressure distribution on three spanwise locations for the modified foils and the unmodified
NACA 0021 (Re = 120000, AOA = §°).
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TABLE II. Lift coefficient obtained from the CFD study compared to the values reported in the literature (Re = 120 000,
AOA = 8°).

Wing label Cr. (Hansen ef al.®) CL (SST y — Rep)
A8W30 0.70 0.707
A4W30 0.84 0.791
A8WI15 N/A 0.674
NACA 0021 0.94 0.850

are not available for the modified foils ASW15 and A4W30, the computed pressure coefficient
values obtained from numerical modelling have been used instead. A common feature of all the
pressure plots for the tubercled airfoils, is the occurrence of the highest suction peaks on the
trough cross-section. For all the tubercled foils, the distribution of pressure on the trough appear
comparable, nevertheless, the wing AW 15, which has the largest amplitude, achieves the most
negative suction peak and the gradient of pressure on this tubercled wing is more adverse than the
others. Differences are more noticeable on the tubercle peak and middle cross-sections, as A4W30
has the highest suction peak, followed by ASW30 and AW 15, respectively. The unmodified foil
clearly assumes more negative values on the suction side than any modified foil which accounts
for its higher lift coefficient than the modified foils in the pre-stall region (Table II). In short,
airfoils with larger amplitudes and wavelengths appear to generate lower maximum lift coefficients
as the magnitude of the suction peak value on the middle and chord maxima spanwise locations is
reduced.

Figure 17 shows the sectional lift coefficient values along one wavelength of the tubercled foils
compared to those of the baseline. All modified wings produce the largest values of lift on the peak
cross-section, followed by the middle and the trough. Since more flow separation occurs over the
trough region (see Figure 15), the lower values of the lift coefficient for the trough are justified.
Note the cyclic appearance of the lift coefficient along the span which is indicative of circulation
behaving in a similar manner.

The contours of streamwise vorticity have been plotted on three planes normal to the free-stream
flow direction in Figure 18 for the tubercled foils at AOA = 8°. It is seen that the maximum value
of vorticity is the highest for ASW15, followed by that of ASW30 and A4W30, respectively. The
same trend in the order of peak vorticity was observed for all pre-stall angles. Given the finding that
circulation assumes a cyclic spanwise distribution with amplitudes and wavelengths proportional
to the amplitude and wavelength of the tubercles,'' and the fact that the strength of vortices is
proportion to the spanwise gradient of circulation (dI'/dz), it is plausible that the ratio of amplitude
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FIG. 17. Sectional lift coefficients along the span obtained by the transitional SST model. M, P, and T represent, the middle,
peak, and trough cross-sections (Re = 120 000, AOA = 8°).
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FIG. 18. Contours of streamwise vorticity on three planes oriented normal to the free-stream flow direction, located in the
wake (Re = 120000, AOA = 8°).

to wavelength (A/W) determines the strength of streamwise vortices, dw, expressed mathematically
in Egs. (5) and (6):

21
I'=kA sin(Wz), (5)
do = Lz = kon A cos( 2y 6)
= — = JT — COS(— .
w 9z Z W W z)az

X. DETAILED FLOW STRUCTURE ANALYSIS: PRE-STALL

A detailed description of the ABW30 case at an 8° angle of attack is provided collectively by
Figures 15-21. Figure 15 shows there to be a long separation bubble in the trough in this case,
suggesting that the airfoil is at the onset of stall. Figure 19(a) describes the shear stress pattern
on the suction surface of this airfoil. The pattern is topologically similar to that of Figure 13(b),
albeit with the separation now initiated closer to the leading edge and extending chordwise to the
trailing edge, and the presence of a narrow “alleyway” of reverse flow from the trailing edge to the

chordwise separation lines

(b)

FIG. 19. (a) Top orthogonal views of (a) the shear stress and (b) vortex lines on the suction side of the tubercled foil section
A8W30 (Re = 120000, AOA = 8°).
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secondary vortices

FIG. 20. Three-dimensional and surface streamlines in the vicinity of ASW30 showing a pair of counter-rotating vortices in
the oblique view (Re = 120000, AOA = 8°).

initial separation. Foci F1,2 now occupy the rear 40% of the foil’s chord. Some signs of asymmetry
have now developed in the surface shear stress pattern, particularly mid-chord behind the central
peak.

The associated pattern of vortex lines shown in Figure 19(b) also reveals differences from
the lower angles of attack cases, consistent with the presence of a long separation bubble in the
trough. The pattern shows that as the boundary layer vortex lines convect downstream, they are
turned into the streamwise direction due to the lateral velocity gradients, as described in Sec. VIII
above. Here the locus of streamwise-turned vortex lines, identified as “chordwise separation lines” in
Figure 19(b), define the lines of separation of the boundary layer from the airfoil surface, forming
the shear layer over the long separation bubble and leading to the concentrated streamwise vorticity
distributions of Figure 21. In addition, vortex lines associated with the reversed flow region beneath
the long separation bubble are also present and these are seen to merge into the same flow structure,
further contributing to the streamwise vorticity.

T
\‘\
—

FIG. 21. Evolution of streamwise vorticity over the suction side of ASW30. Blue and red contours show a counter-clockwise
and clockwise sense of rotation, respectively. (Maximum vorticity levels limited to 6 x 10*(s~!) on all four cross-sectional
planes, Re = 120 000, AOA = 8°).



107101-16 Rostamzadeh et al. Phys. Fluids 26, 107101 (2014)

Wi/2 <
Y 04
-Wi2+
T T T
Wwid4 IW/4 SWi4
(Peak) (Trough) (Peak)
Z

FIG. 22. Pseudo-streamlines plotted on a plane normal to the free-stream flow direction situated 40(mm) downstream of
the trailing edge of A8W30. Normalized vectors on the same plane illustrate the direction of fluid motion. Rulers show
dimensions with respect to tubercle wavelength (W) (Re = 120000, AOA = 8°).

The two large foci, F1 and F2 near the trailing edge in Figure 19(a), and the perspective
streamline pattern of Figure 20, are connected to saddle points S1 and S2 on either side of the
separation bubble. Note that saddle point S1 identified in Figure 13(b) does not appear here, as the
separated flow from the bubble does not re-attach at this incidence angle. It is notable that the sign
of rotation of the vortices emanating from F1 and F2 is the same as the primary streamwise vortices
that originate upstream, suggesting that these like-sign secondary vortices merge to form larger,
stronger streamwise at the trailing edge of the airfoil.

Figure 21 shows the evolution of the streamwise vorticity over the suction side of the foil, in
agreement with the vortex line patterns. The pattern is consistent with Figure 8(b) and all investigated
pre-stall angles, however in the present (AOA = 8°) case of the long separation bubble, the circulation
of the primary streamwise vortices appears to grow continuously along the chord of the airfoil before
merging with the secondary vortices. Downstream of the trailing edge, the cores of the vortices grow
in size while the maximum value of vorticity decreases (Figure 18). Kelvin’s circulation theorem
may explain this phenomenon. In an inviscid flow situation, as the streamtubes of fluid containing
the vortices grow larger in cross-sectional area, due to flow deceleration, vorticity, spreads over
a larger area and its peak value is reduced to conserve circulation. With viscous effects present,
circulation is not necessarily conserved, however the streamtubes grow larger in size and vorticity is
dispersed. Due to their induced velocity fields, the counter-rotating vortices create a downwash on
the peak cross-sections, and upwash in the vicinity of the trough region. This conclusion is reached
by observing the sign of the streamwise component of the vorticity vector over the suction side of
the airfoil (Figure 21). Consequently, it is concluded that this mechanism enhances the momentum
transfer in the boundary layer downstream of the peak, and explains why the peak cross-section is
less susceptible to flow separation. At pre-stall attack angles, the described phenomenon is more
clearly illustrated in the wake by pseudo-streamlines on a plane located at 80(mm) downstream of
the trailing edge of the wing A8W30 (Figure 22). It is expected that at lower Reynolds numbers the
scales of the vortices over the airfoil’s surface would increase due to the increased boundary layer
thickness.

XIl. POST-STALL AERODYNAMIC BEHAVIOR

At AOA = 15°, flow separation occurs over most of the surface area on the suction sides of all
airfoils (Figure 23). The patterns of flow separation suggest that the trough regions contribute the
most to flow separation, similar to the situation pre-stall. Whereas the unmodified foil is in deep
stall, the three modified foils exhibit regions of attached flow, in particular behind the tubercle peaks,
which suggests that the modified airfoils produce more lift under post-stall conditions (Table III).
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FIG. 23. Separated flow regions (in green) over the suction sides of the modified and unmodified wings (Re = 120000,
AOA = 15°).

TABLE III. Lift coefficients obtained from the CFD study compared to the values reported in the literature. (Re = 120 000,
AOA = 15°).

Wing label Lift coefficient (Hansen et al.”) Lift coefficient (SST y — Rey)
A8W30 0.60 0.53
A4W30 0.59 0.61
A8WI15 N/A 0.49
NACA 0021 0.37 0.36
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FIG. 24. Sectional lift coefficients along the span obtained by the transitional SST model. M, P, and T represent, the middle,
peak, and trough cross-sections (Re = 120000, AOA = 15°).

The pattern of flow separation appears to be bi-periodic only for ASW30 while more complex flow
is realized for the other foils. Johari et al.® also identified a bi-periodic pattern in their water tunnel
flow visualization experiments. It is noted that the reversed shape (compared with the un-stalled
cases shown in Figure 23) of the open Laminar Separation Bubble in the A4W30 and ASW30 cases
was also observed experimentally by Karthikeyan et al.”’

The distribution of the lift coefficient in the spanwise direction is more complex in the post-
stall region, compared to that of pre-stall, as shown in Figure 24. In contrast to the tubercled foils,
sectional lift for the unmodified foil is evidently lower over a large portion of the span, pointing to
the advantageous behavior of the wings with tubercles in the post-stall zone. Notably, the highest
values of the lift coefficient occur for the middle cross-sections. This is followed by the peak and
the trough. This trend is consistent with the patterns associated with flow separation.
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FIG. 25. Contours of streamwise vorticity on three planes oriented normal to the free-stream flow direction, located 30(mm)
downstream of the trailing edge (Re = 120000, AOA = 15°).

Xil. DETAILED FLOW STRUCTURE ANALYSIS: POST-STALL

Computed streamwise vorticity contours downstream of the airfoil shown in Figure 25 indicate
the presence of a series of vortices with large cores and smaller counter-rotating vortices beneath.
To investigate the origins and evolution of these features, the ASW30 (with the largest amplitude
and wavelength) case is selected. Collectively, this case is described in Figures 26-28. A distinctive
feature of this case is the formation of bi-periodic separation zones (Figure 23), with regions of
attached flow behind every second trough, in contrast to the un-stalled cases where the attached flow
occurs behind the peaks.

A notable feature of the ASW30 flow pattern is the presence of a small open separation bubble in
the central trough (Figure 23), behind which there exists a large attached-flow region. This contrasts
with the adjoining troughs which have formed long separation bubbles. Figure 26(a) presents the
shear stress pattern on the suction surface of the stalled airfoil, revealing the presence of a number
of salient features, including the features noted in the un-stalled flow cases, the reversed flow from
the trailing edge of the foil to the open separation bubble, and the reversed directions of foci F1 and
F2. The vortex line pattern of Figure 26(b) shows no significant change in the structure of either
the open separation bubble or the long separation bubbles compared with those observed at various
attack angles in the un-stalled cases. Also note that the separation line (SL) near the leading edge
assumes a wavy pattern.

Figure 27 describes the evolution of the streamwise vorticity over the surface of the airfoil at
four chordwise locations. At X/C = 0.143, the vorticity distribution is similar to the patterns present
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FIG. 26. Top orthogonal view of (a) shear stress and (b) vortex lines. (A8W30, Re = 120000, AOA = 15°).

in the un-stalled flow cases, indicating that the structures of the small and long separation bubbles
are consistent with previously described patterns. Further downstream at X/C = 0.428, the larger
primary vortices, which are associated with the long separation bubbles, grow and lift away from the
surface while the smaller primary vortices, associated with the small separation bubble in the centre
trough, remain closer to the surface. At X/C = (0.714, the vortex pairs are seen to interact, leading to
merging and possibly annihilation of vorticity. Two small unexplained “lumps” of vorticity (red) are
also present, which is possibly a sign of inherent asymmetry in this flow. These may be associated
with the angled vortex lines mentioned in the previous paragraph.

At the trailing edge, the streamwise vorticity field is seen to have developed substantially, with
significant changes in both the size and shape of the dominant primary vortex pairs. This can be
attributed to the merging of the secondary vorticity from the vortices emanating from F1 and F2.
It is noted that these foci are of opposite sign to those observed in the un-stalled flows, but so is
the sign of the dominant primary vortices in this case. The streamwise vorticity field also reveals
the presence of vorticity (of opposite sign) developing beneath the merged primary and secondary
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X/C=0.143 X/C=0.428

X/C=0.714 X/C=1

FIG. 27. Evolution of streamwise vorticity over the tubercle foil’s suction surface at various chordwise locations. Red
and blue contours show a clockwise and a counter-clockwise sense of rotation, respectively (A8W30, Re = 120000,
AOA = 15°).

vortices at the trailing edge. This is probably due to the interaction of the longitudinal vortices and
the wall boundary layer, generating lateral shear.>

The presence of the vortices over the surface of the modified foils at large attack angles
dramatically impacts the induced velocity field. The pseudo-streamlines colored by velocity, in
Figure 28, demonstrate that the induced velocity of the dominant primary vortices of the long
separation bubbles transports high momentum flow towards the central trough region, leading to
attached flow. As a result, the two slanted strips behind the peaks that merge in the trough section are
marked by attached flow. The described enhanced momentum transfer mechanism, brought about
by the presence of streamwise vorticity, was observed to occur all for the modelled flow cases over
modified foils, and is believed to account for higher lift coefficients achieved by the tubercled wings

FIG. 28. Enhanced momentum transfer from the separated flow regions to regions where flow is attached shown on the
suction side of AW30 in the oblique view (A8W30, Re = 120 000, AOA = 15°).
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post-stall, compared to the unmodified NACA 0021 whose significant loss of lift at an angle of attack
equal to 12° was reported by Hansen et al.’

XIll. CONCLUSIONS

In the present work, the formation mechanism of streamwise vortices in the flow over full-span
modified airfoils with tubercles was explored. Computational Fluid Dynamics helped to identify
a skew-induced mechanism to account for generating streamwise vorticity, known as Prandtl’s
secondary flow of the first type. From an alternative standpoint, it was demonstrated that a tubercled
leading-edge causes spanwise vortex lines to become rippled with the spanwise variation accounting
for the formation of streamwise vortices. It was shown that the magnitude of peak vorticity near the
leading edge of a tubercled foil is in direct proportion to the amplitude-to-wavelength ratio of the
tubercle geometry.

The development of pairs of counter-rotating streamwise vortices is, however, accompanied by
flow separation in delta-shaped regions near the trailing edge that move upstream with the increase
in attack angle. While wings with larger amplitude-to-wavelength ratios produce stronger vortices,
increasing the amplitude or wavelength can lead to more extensive flow separation and inferior
performance with regard to the generated lift pre-stall. The suction peak on the middle and chord
maxima cross-sections were mostly affected by the increase of these geometric parameters. Post-
stall, wind tunnel pressure measurement test results suggest that the “burst” of a laminar separation
bubble for the unmodified airfoil NACA 0021 appears to give rise to its abrupt stall, while the
tubercle-modified airfoils’ loss of lift is more gradual. In addition, the highest suction peak is
observed to occur on the trough cross-section which leads to a more adverse streamwise pressure
gradient compared to that of the peak and the middle cross-sections. This phenomenon results in
more flow separation in the trough region.

The CFD investigation shows that counter-rotating primary and secondary vortices appear over
the surface of the modified foils at all angles of attack. The interactions between these vortices are
readily described in all three of the presented flow cases. In every case, it is found that the primary
and secondary vortices are together responsible for the formation of regions of attached flow. In the
unstalled cases, the attached flow regions reside behind the tubercle peaks. However, in the stalled
flow, the attached flow may reside behind the peaks or behind alternate troughs in the bi-periodic
cases.
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Chapter 5
Flow over a Tubercled Foils in the Laminar
Regime

Previous studies, in particular those by Favieneli and Piomelli [1], as well as Stanway [3]
pointed out the importance of the Reynolds numifeces on the performance of tubercled wings. It
is likely that the flow features present in the ilaan flow regime, for instance, are different from
those observed for the transitional flow caseghtn present chapter, computational fluid dynamics
was employed to ascertain the underlying mechamslonced by the presence of a tubercled leading
edge in the laminar flow regime. The current chapteports the findings presented in the article
titled, “Streamwise vortices between tubercles’cegded for publication in the Journal of Fluid

Mechanics.

Numerical simulations were performed on a modifeedl an unmodified hydrofoil based on the
NACA 0021 profile at a Reynolds number equal td30,2/alidation of the numerical work was done
using the vorticity field data obtained by watemrial Particle Image Velocimetry tests conducted by
Hansen [2]. Satisfactory agreement between expatahand numerical data provided assurance of
the validity of the flow structure. The mechanisvas then determined by examining the surface
shear stress and vorticity fields obtained from aroal simulations. This culminated in arrivingaat

detailed description of the flow behaviour arouine tubercled hydrofoil in question.

Finally, the loading characteristics of the tubedchydrofoil were compared and contrasted to those
of the baseline NACA-0021. Pressure distributiobsaimed for the three main spanwise locations,
namely the peak, the trough and middle sectiohsstilited their contributions to the total lift ¢er
produced by the hydrofoil. Three-dimensional str@zen patterns were then utilised to clearly
demonstrate the development of the pairs of countating streamwise vortices between the
tubercles. Also, iso-surfaces of vorticity reveathed global effect of the sinusoidal leading edge o

the vorticity field.
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Evolution of the streamwise vortices

generated between leading edge tubercles

Kristy L. Hansen?, Nikan Rostamzadeh?, Richard M. Kelso? and Bassam B. Dally?
1School of Computer Science, Engineering and Mathematics, Flinders University.
2School of Mechanical Engineering, the University of Adelaide.

Sinusoidal modifications to the leading edge of a foil, or tubercles, have been shown to improve
aerodynamic performance under certain flow conditions. One of the mechanisms of
performance enhancement is believed to be the generation of streamwise vortices, which
improve the momentum exchange in the boundary layer. This experimental and numerical
study investigates the formation and evolution of these streamwise vortices at a low Reynolds
number of Re = 2230, providing insight into both the averaged and time-dependent flow
patterns. Furthermore, the strength of the vortices is quantified through calculation of the
vorticity and circulation and it is found that circulation increases in the downstream direction.
There is strong agreement between the experimental and numerical observations and this
allows close examination of the flow structure. The results demonstrate that the presence of
strong pressure gradients near the leading edge, gives rise to a significant surface flux of
vorticity in this region. As soon as this vorticity is created, it is stretched, tilted and diffused in
a highly three-dimensional manner. These processes lead to the generation of a pair of
streamwise vortices between the tubercle peaks. A horseshoe-shaped separation zone is shown
to initiate behind a tubercle trough and this region of separation is bounded by a canopy of
boundary layer vorticity. Along the sides of this shear layer canopy, a continued influx of
boundary layer vorticity occurs, resulting in an increase in circulation of the primary
streamwise vortices in the downstream direction. Flow visualisation and PIV studies support
these observations and demonstrate that the flow characteristics vary with time, particularly
near the trailing edge and at a higher angle of attack. Numerical evaluation of the lift and drag
coefficients reveals that, for this particular flow regime, the performance of a foil with tubercles

is slightly better than that of an unmodified foil.

l.  INTRODUCTION

Tubercles are rounded, leading edge protuberances that alter the flow field around a foil. It has

been suggested that tubercles on the humpback whale flipper function as lift enhancement
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devices, allowing flow to remain attached for a larger range of attack angles, thus delaying stall
and increasing the maximum lift coefficient with minimal drag penaltiesl. This improved

performance has been demonstrated both experimentally and numerically*=,

A number of explanations for the observed performance enhancement have been proposed
which include: increased boundary layer momentum exchange® 2 4%; compartmentalisation of
the flow and subsequent minimisation of tip stall>>7-8; non-uniform separation characteristics?
6.9, 10 alteration of the pressure distribution over the foil surface!® and vortex lift* 7. The
different explanations for performance enhancement may arise from variations in the Reynolds
number, aspect ratio, wing tip condition, sweep, taper and tubercle geometry. A more detailed
literature review on the effect of these parameters can be found in Hansen et al.** but here, the

discussion will be limited to the effect of the tubercle geometry.

According to a parametric study carried out by Favier et al.*2, variation of the amplitude and
wavelength of tubercles affects the wake topology, the size of the recirculation zone and the
strength of the wake vortex shedding. These researchers investigated a deep stall condition with
an angle of attack, « = 20° and a low Reynolds number of Re = 800. It was shown that for
amplitude to chord ratios, A/c < 0.07, the intensity of the vortices is too weak to stabilise the
separation region. For A/c > 0.07, the frequency spectrum was observed to flatten, indicating a
weakening of the wake vortex shedding. The wavelength between tubercles was found to
influence the separation characteristics, where the flow was fully separated for A/c = 0.07, A/c
= 0.5 but attached behind the peaks for A/c = 0.07, A/c = 1. A parametric study was also
performed by Johari et al.® and it was highlighted that the maximum lift coefficient, highest
stall angle and minimum drag was achieved by the tubercle configuration with the smallest
amplitude and smallest wavelength of tubercles (A/c = 0.025, A/c = 0.25). On the other hand,
the tubercle configuration with the largest amplitude tubercles (A/c = 0.12) exhibited the most
gradual stall. These findings were supported by Hansen et al.* and it was shown that for a
given amplitude to wavelength ratio, A/, the maximum lift coefficient, highest stall angle and
minimum drag were attained for the smallest amplitude and wavelength configuration (A/c =
0.029, A/c = 0.11). Flow visualisation results indicated that streamwise vortices were present
for all tubercle configurations investigated but the size of these structures increased with

tubercle amplitude. !
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Previous studies have shown that streamwise vortices exist as counter-rotating pairs which are
located in the troughs between tubercles® ** 4. The existence of streamwise vortices is of
importance since many of the proposed performance enhancement mechanisms can be
explained with reference to this flow phenomenon. Various mechanisms have been proposed
to be responsible for the generation of streamwise vorticity. Weber et al.® suggested that each
tubercle can be modelled as a small delta wing with a rounded leading edge. For a delta wing,
the flow separates from the leading edge as it passes from the pressure surface to the suction
surface, leading to formation of a pair of streamwise vortices!®. On the other hand, Favier et
al.’? proposed that the generation of streamwise vortices is attributed to a Kelvin-Helmholtz
instability which arises due to differences in flow velocities behind the tubercle peaks and
troughs. It was suggested that this instability produces tubes of vorticity, aligned normal to the
surface in the leading edge region, which are abruptly rotated into the streamwise direction as
the vorticity is advected by the mean flow. The existence of surface normal vorticity was shown
experimentally by Stanway** using particle image velocimetry. Pairs of vortical structures of
opposite sign were identified in the regions downstream from each tubercle*. These structures

were found to strengthen with increasing angle of attack*.

Considering the flow field to contain a series of counter-rotating streamwise vortices as
observed by Weber et al.’®, it can be deduced that there is a net downwash at the tubercle peaks
and a net upwash at the troughs. This is consistent with the results presented by van Nierop et
al'® which show mathematically that the variation in chord and thickness for a foil with
tubercles creates changes in the circulation with spanwise location. Consequently a sheet of
streamwise vortices is generated behind the wing, causing a higher relative downwash at the
peaks relative to the troughs and a variation in the effective angle of attack with spanwise
location®®. There is also a more severe pressure gradient behind the troughs which leads to
earlier separation compared to the peak regions® 1%, Moreover, the magnitude of the suction
peak within the troughs is higher than that on the peaks for a given angle of attack, which leads

to a spanwise variation in pressure®’.

The strong spanwise pressure gradient near the leading edge is another important aspect of the
flow physics specific to tubercles which has been observed in several numerical simulations®®
17,18 and also experimentally using pressure taps*® 8. According to Skillen et al.'’, this
spanwise pressure gradient induces a secondary flow slightly aft of the leading edge whereby

low-momentum boundary-layer fluid is transported in the spanwise direction from peak to
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trough. The low-inertia fluid which has been transported away from the peak location by this
secondary flow is replaced by high-momentum fluid drawn from above. There is a
corresponding delay in flow separation behind the tubercle peaks!’. This mechanism is
complemented by a lower effective angle of attack at the peak position which also leads to
greater flow attachment®, Rostamzadeh et al.'° identified that since spanwise circulation varies
along the span of the foil*® 18, spanwise vorticity should also vary by virtue of Stokes’ law. The
cyclic variation in spanwise vorticity was shown to lead to the development of pairs of counter-
rotating streamwise vortices. Turning of the vortex lines from a spanwise-dominant orientation
towards the streamwise and surface normal directions was attributed to the development of
Prandtl's secondary flow of the first type. This mechanism is activated by the presence of
skewness in the flow, arising from spanwise pressure gradients, and vorticity within the
boundary layer'®. The existence of surface normal vorticity observed in the experiments by
Stanway'* is attributed to this mechanism rather than a Kelvin-Helmholtz instability as
suggested by Favier et al.'?,

Therefore, one of the aims of the present work is to investigate the nature, formation and
development of streamwise vortices over the suction surface of a foil with tubercles in the
laminar flow regime. This is facilitated by the analysis of particle image velocimetry (P1V)
results to determine the velocity fields on a series of image planes positioned perpendicular to
the mean flow. These image planes are located at different chordwise positions, allowing
observation of the downstream development of the velocity field. This information enables
vorticity and circulation to be determined thus facilitating identification of the streamwise
vortices and quantification of their strength. The PIV investigation is complemented with a
computational fluid dynamics (CFD) simulation, where the experimental conditions are
matched as closely as possible. The CFD results provide a means of investigating the flow
structure in greater depth to reveal the complex nature of the flow pattern and mechanisms of
vorticity generation. The evolution of the flow pattern over time is also illustrated using
hydrogen bubble visualisation and the results support the observations made in the PIV and

CFD investigations.
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. EXPERIMENTAL WORK

A. EQUIPMENT

Experiments were undertaken in a free-surface closed-return water channel at the University
of Adelaide. The working section of this flow facility is 350mm x 500mm and is made entirely
of clear acrylic. The freestream velocity of U, = 32 mm/s was selected for the PIV
measurements as the lowest number of outliers (spurious velocity vectors) in the velocity vector
field were recorded at this velocity compared to higher freestream velocities. This remained
the case even when the timing between laser pulses was varied, since the flow structures moved
relatively slowly at this velocity. At a freestream velocity of U, = 32 mm/s, the Reynolds
number based on foil chord is Re = 2230 and the measured turbulence intensity was

approximately 1.7% based on an ensemble average of 3845 image pairs.

The foil profile chosen for the experiments was the NACA 0021 since it resembles the cross-
section of the humpback whale flipper®. The mean foil chord length was ¢ = 70 mm and the
planform shape rectangular. The foil was machined from aluminium on a numerically-
controlled milling machine and in order to reduce laser reflections, it was anodised in matte
black. It was mounted such that it extended from the water surface to within 1mm of the channel
floor to minimise three-dimensional effects. This is within the range of the suggested maximum

gap of 0.005 x span®.

Based on results from a study by Fish and Battle®, the average amplitude, A and wavelength,
A, for tubercles on a humpback whale flipper is approximately A = 4mm and A = 30mm.
However, to ensure that the vortex structures would be resolvable with sufficient accuracy, a
larger amplitude was chosen compared to the average tubercle amplitude on the humpback
whale flipper. Figure 1 (a-b) show the foil with tubercles, where the amplitude was selected to

be A = 8 mm and the wavelength, 4 = 30mm.

This configuration was chosen based on the results of previous studies, which indicated that a
larger amount of post-stall lift is achieved for larger amplitude tubercles® ® 1 13, If the
streamwise vortices are either directly or indirectly responsible for this increased post-stall lift,
it is implied that the strength and perhaps size of vortices for larger amplitude tubercles is
greater. An increase in the vortex intensity with tubercle amplitude has, in fact, been
demonstrated by Favier et al.’> and flow visualisation results indicate that the size of the
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vortices increases with tubercle amplitude!!. Larger vortex structures with relatively high
vorticity are desirable for PIV measurements as there is a corresponding improvement in the
spatial resolution and signal-to-noise ratio of the results. Potential applications for larger
amplitude tubercles include wind turbines, where increased post-stall lift and more gradual stall

characteristics would be beneficial, especially in light and variable conditions.

B. HYDROGEN BUBBLE VISUALISATION

For the hydrogen bubble visualisation investigation, the foil was mounted vertically at an angle
of attack of o = 10°. Streaklines of hydrogen bubbles were generated by passing a low current
through a sinusoidally-kinked platinum wire with diameter of 40 um. The wire was mounted
vertically and connected to electrodes which were wired to a power supply that supplied the
current necessary for electrolysis. The mounts were constructed and positioned in such a way
as to minimise interference with the flow. The flow was illuminated with a thin light sheet
(~10mm thick) generated using an overhead projector that was partially covered, leaving a
narrow slit. Images were digitally recorded via a SONY DCR-TRV900E Mini-DV video

camera which was connected to a laptop computer.

The water channel velocity was selected to give optimum flow conditions for visualisation with
the hydrogen bubble method. Thus, a velocity of U= 70mm/s was utilised, corresponding to
Reynolds number based on the foil chord length of Re = 4370. This Reynolds number is still
in the laminar range and therefore the corresponding flow patterns would be consistent with

the slightly lower Reynolds number of Re = 2230 that was used in the PIV experiments.

C. PARTICLE IMAGE VELOCIMETRY

A series of image planes at x'/c = 0.2, 0.4, 0.6, 0.8 and 1 were used to observe the development
of the streamwise vortices as shown in Figure 1 (c). The x-y-z coordinate system is also shown
in the figure and this remains stationary for the remainder of this paper. The z-axis is
perpendicular to both the « = 0° chordline and the trailing edge. The x-axis is aligned with the
chordline at & = 0° and the x'-axis follows the foil chord at all angles of attack and is related to
the x-axis by x" = x/cos a, since the foil is rotated about the trailing edge. While the foil is
stationary and does not undergo any pitching motion, the angle between the z-axis and x'-axis
is dependent on the angle of attack. The y-axis is perpendicular to the chordline and parallel
with the trailing edge. The origin is located at the trough location with respect to the span, at
the mean chord location with respect to the chord and at the chord line with respect to the

thickness. The experimental investigation considered angles of attack of « = 5° and 10°. The

6
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image plane at x'/c = 0.2 yielded successful results for « = 10° only, hence this plane is not

considered for o = 5°.

Chord, ¢

(@) |[+——*

\

/
e

Wavelength, 4

Amplitude, A

Figure 1. (a) Tubercle dimensions, (b) 3D view of foil section with tubercles, (c) Foil section with tubercles
showing particle image velocimetry image planes.

Since the pattern of the sinusoidal tubercles is periodic, it was not necessary to measure the
velocity field for the entire foil span. Therefore a compromise was made between resolving the
flow patterns and ensuring that the area under investigation was sufficiently large to give an
accurate representation of the overall flow behavior. Based on these considerations, the field
of view shown in Figure 2 was chosen, giving an area of interest of 40mm x 40mm and
including two peaks and one trough. It was expected that the streamwise vortices would exist
as counter-rotating pairs in each trough as shown in Figure 2. The measurement plane was

located at the mid-span of the foil to minimise end effects.
Velocity components in the plane shown in Figure 2 were measured using two-component PIV.

The flow was seeded with polyamid seeding particles (PSP) which had mean diameter of dp =

50um and a density of pp = 1030kg/m?®. lllumination was provided by a dual-cavity Quantel
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Brilliant B Nd:YAG laser. The wavelength of the laser light was 532nm and the duration of
each laser pulse was approximately 5ns. From the laser beam, an optics train generated a 2mm-

thick light sheet. The optics set-up and camera positioning are shown in Figure 3.

40 mm

40 mm

Figure 2. Typical field of view for PIV experiments (as seen by camera), where trailing edge and x'-axis point
out of the page.

Field of view

Airfoil

Kodak Mega Plus ES 1.0
CCD Camera

Laser light

45° mirror

Quantel Brilliant-B Nd:YAG laser

Power supply
Figure 3. Optics set-up for particle image velocimetry experiments (not to scale).
PIV images were recorded using a Kodak Megaplus ES 1.0 CCD camera with an array of 1008
pixels x 1018 pixels and a Nikon 70-300 mm zoom lens. The image region of 40mm x 40mm
gave a spatial resolution of approximately 25pixels/mm. PIV image pairs were collected at a
rate of 10Hz, with a time delay between the laser pulses which illuminated the first and second
image in each pair ranging from 20 to 32 ms. A Stanford DG535 pulse-delay generator
regulated the triggering of the laser pulses from each laser cavity and enabled synchronisation
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with the recording system. XCAP-Plus software collected and transferred images to the
computer hard disk as uncompressed 16-bit TIFF files. PIV velocity vectors were obtained by
cross correlation of the image pairs using the software package PivView v1.75. An
interrogation-window size of 32 x 32 pixels was used with 50% overlap. Correlation peaks
were detected using a multi-pass double correlation, least squares Gaussian fit. Spurious
velocity vectors or outliers were detected using a custom-written Matlab code which

implemented the universal median technique described by Westerweel and Scarano?.

To minimise uncertanties in the velocity-vector field a total of 2085 image pairs were averaged
temporally. Due to the large number of image pairs available, outliers detected using the
normalised mean test?! were not replaced and instead were omitted from the averaging process.
For all averaged results presented in this paper, the number of outliers in a given velocity-
vector field was less than 1% of the total number of vectors. This confirms the validity of the
measurements and verifies that out-of-plane particle motion had negligible effect on the results.

For the instantaneous results which were used to show time-dependent characteristics, detected
outliers were replaced with a weighted average of valid surrounding vectors. Subsequently, an
adaptive Gaussian window interpolator was implemented to reduce the amount of random

noise associated with the velocity-vector field as suggested by Agui and Jiminez?.

The average out-of-plane vorticity field, wx, was calculated from the in-plane velocity
components using Equation (1).
o, =2 )
oy oz
The chosen numerical scheme was the central difference scheme, which is adequate for most
applications?®. Other schemes were considered but since the areas of interest were in close
proximity to the boundaries of the velocity field, their large computational stencil caused

inaccuracies.

The circulation, T', of each vortex core was estimated by numerical integration based on the

closed curve line integral given in Equation (2).

L, = §C (vdy + wdz) 2
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The region enclosed by the path of integration encompassed the streamwise vortices and

remained constant in area for each spanwise plane.

The random and bias uncertainties in particle displacement were calculated with reference to
Raffel et al?*, Willert and Gharib®, Fouras and Soria, Lau?’ and Hassan et al.?® The overall
uncertainty in vorticity for the averaged data was 1.4% and the uncertainty in circulation is less

than 1%. The uncertainty analysis is discussed in further detail in Appendix A.

. VORTICITY

A series of vorticity plots are shown in this section for angles of attack of «=5° and « = 10°.
In the vorticity plots, a counter-clockwise sense of rotation is defined as positive (red) and a
clockwise sense of rotation is defined as negative (blue). Images associated with each spanwise
plane have been located adjacent to one another for comparison. Both the y- and z-axes have
been made non-dimensional through dividing by the tubercle wavelength. The lower limit of
the z-axis values is governed by the foil curvature as well as the angle of attack and hence is
nonzero in most cases. For example, at x'/c = 0.4 and « = 5°, the distance in the z-direction
between the origin and the foil surface can be calculated as zsurface= 10.7 mm, using the
following equation:

z

wriace = A= X'/C) x CSin r + t(X') x COS (3)

Here, t(x) is the local thickness of the foil, which is evaluated at the point of interest. A
schematic diagram is shown in Figure 4 to illustrate the methodology used to derive Equation
(3). The corresponding non-dimensional value is z/A = 0.36 which is close to the minimum
value of the z-axis in Figure 5 (a). Differences are due to the discretization error associated

with the size of the PIV interrogation windows.

72

Figure 4. Schematic diagram showing geometric quantities used to derive Equation 4.

Figure 5 (a-d) show that between tubercle peaks, there exist adjacent regions of positive (upper

section) and negative (lower section) vorticity for all image planes. These regions of vorticity,

10
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marked “P” in Figure 5 (a-b) will henceforth be described as the primary vorticity. With
streamwise distance, vortex spreading leads to a decrease in the peak primary vorticity and an
increase in the area over which vorticity is distributed. As shown in Figure 5 (a-b), vortex
spreading is greater in the y-direction than the z-direction, where it is inhibited due to adjacent

vorticity of opposite sign.
Vorticity, 1/s

e
§0.4:w‘> o IT= %»/E e
A IRCHIRS NS

% ' ‘ﬁ\\\/\):kw.ka ﬁtﬁ =
P = 3
302, //ﬂ/;ﬂsx A %Q i
Y8 6
.Tgo.evxk = %Z\}

Normalised position from foil trailing edge, z/4

Figure 5.View of vorticity field from behind the foil where counter-clockwise vortex core (red/upper) is positive
and clockwise vortex core (blue/lower) is negative. Angle of attack, « = 5°, Re = 2230, image planes are shown
for x'/c = 0.4, 0.6, 0.8, 1 (a-d).

This vorticity of opposite sign (or secondary vorticity) has been marked with an asterix and is
evident in the image planes of x'/c = 0.4 and x'/c = 0.6 in Figure 5 (a-b). This vorticity appears
to be annihilated by the primary vorticity of opposite sign adjacent to it, as evidenced by its
absence for image planes further aft. The process of annihilation is further evidenced by the
closely-spaced contours of vorticity between the primary and secondary structures in Figure 5
(a-b).

The asymmetrical appearance of Figure 5 (d) is consistent with the occurrence of unsteady
effectsat x'/c = 1, which will be discussed in Section VI11. The asymmetry can also be attributed
to possible differences in the flow patterns for adjacent wavelengths of the tubercle pattern.
Flow visualisation images have shown that differences in the flow patterns exist for adjacent
wavelengths of the tubercle pattern but that alternate wavelengths demonstrate similar

characteristics®.

Another important feature which is visible in Figure 5 (d) is the existence of wall vorticity

which is adjacent to the primary vortices and has an opposite sense of rotation. This wall
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vorticity is evident in the streamwise vorticity plots published by Skillen et al.’, both at similar
chordwise locations and at chordwise locations closer to the leading edge. The absence of wall
vorticity near the leading edge for the PIV measurements reported here is due to resolution

limitations.

Figure 6 shows that increasing the foil angle of attack to « = 10° gives rise to an increase in
the magnitude of the peak vorticity associated with the counter-rotating primary vortices.
Consistent with the results at & = 5°, vortex spreading occurs in the streamwise direction at « =
10° and the spreading of vorticity is restricted in the z-direction at x'/c = 0.2 and 0.4 due to the
proximity of secondary vorticity of opposite sign. Flow asymmetry is evident in the results at
a = 10° for the image planes close to the trailing edge as was observed for « = 5° and is

attributed to the same mechanism.

Vorticity, 1/s
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Normalised position from foil trailing edge, z/4

Figure 6. View of vorticity field from behind the foil where counter-clockwise vortex core (red/upper) is positive
and clockwise vortex core (blue/lower) is negative. Angle of attack, o = 10°, Re = 2230, image planes are shown
for x'/c =0.2,0.4, 0.6, 0.8, 1 (a-d).

Figure 7 shows the magnitude of the positive and negative primary vortex peaks corresponding
to the contour plots shown in Figure 5 and Figure 6. The magnitude of both vorticity peaks
decreases with downstream distance for the image planes nearer to the leading edge (x'/c =0.2
- 0.6) at = 5° and « = 10°. In accordance with Morton?®, the presence of strong pressure
gradients near a foil leading-edge results in the production of vorticity, giving rise to large
values of the vorticity field in this region. This vorticity is, then, transported through viscous
diffusion as well as the vortex stretching and tilting phenomena into the flow field. With the

presence of large velocity gradients, in particular near the leading edge, the mechanism for the
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decay of peak vorticity is activated as reflected in Figure 7. Axial compression of streamwise
vortices caused by the presence of an adverse pressure gradient on the suction surface of the
foil, leads to an increase in the cross-sectional area of the vortices as shown in Figure 5 and
Figure 6 and a corresponding reduction in the peak vorticity. The reduction in peak vorticity is
also influenced by annihilation of the secondary vorticity, observed in Figure 5 (a-b) and Figure
6 (a-b) as well as diffusion and annihilation between the streamwise vortices themselves.
Towards the trailing edge, the magnitude of the peak vorticity increases as a result of the vortex

tilting phenomenon as will be discussed in Section VII.
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Figure 7. Magnitudes of maximum positive and negative vorticity peaks for « =5° and « = 10° Re = 2230.
IV. CIRCULATION OF STREAMWISE VORTICES

The integration paths for calculating the counter-clockwise and clockwise circulation are
shown superimposed on the vorticity contour plots for & = 5° in Figure 8 (a-d). The vorticity
plots are shown with the same resolution as in Figure 5 where the increment between contour
lines is 0.1 (1/s). The corresponding regions enclosed by the integration paths are of equal size
and the left-hand border of each plot aligns with the foil surface. This ensures that all significant
vorticity contributions are captured within the integral as x'/c changes. Extending the right-
hand border of these regions has negligible impact on the results. The regions of integration for

an angle of attack of & = 10° are not shown for the sake of brevity.

Results from the integration for « = 5° and « = 10° are depicted in Figure 9, where the
magnitude of circulation is shown for both the positive and negative primary vortex cores. The

circulation of the clockwise and anticlockwise primary vortices increases both with increasing
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angle of attack and with streamwise distance from the leading edge. These results were also
observed when the region of integration encompassed the primary vorticity only, indicating
that the secondary vorticity and wall vorticity have negligible impact on the magnitude of the
circulation. To understand the reason behind the increase in circulation, it is first necessary to
analyse the flow pattern in detail and this will be done in Section VII. Subsequently, the
streamwise increase in circulation will be explained with reference to the identified flow

mechanism.

Figure 9 shows that the circulation of the negative vortex is slightly higher than that of the
positive vortex for the image planes at x'/c = 0.8 and x'/c = 1 at & = 10°. This is related to the

asymmetry of the primary vortices which is apparent in Figure 6 (d) and Figure 6 (e).
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Figure 8. Path of integration and enclosed region for « = 5°, Re = 2230, image planes x'/c = 0.4, 0.6, 0.8, 1 (L to
R). Red/upper — integration path for calculating circulation of counter-clockwise vortex, blue/lower - integration
path for calculating circulation of clockwise vortex. The vorticity contours are plotted with the same resolution as
Figure 5, where the separation between contour lines is 0.1 (1/s).
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Figure 9. Circulation variation with angle of attack and chordwise position.

A streamwise increase in circulation of the primary vortices has also been observed for delta
wings prior to the point at which vortex breakdown occurs®! 32, The chord Reynolds numbers
investigated were Re = 1.9 x 10° and Re = 2.5 x 10° and the circulation increase was

approximately linear. An approximately linear increase in circulation is also evident in Figure
9.

V. COMPUTATIONAL FLUID DYNAMICS MODEL

ANSYS CFX 14.5% was employed to model the flow over the full-span tubercled and the
baseline NACA 0021 foils at Re= 2,230 for the two attack angles described in the experiments
(a = 5°and o = 10°). To this end, the transitional SST model ¥ — Reg,>* was used for solving
the steady Reynolds Averaged Navier-Stokes equations. The y — Reg model was successful in
capturing the pressure distribution and flow characteristics including the vorticity field around

a wavy foil in our previous study .

The boundary layer profile for the CFD results at o = 10° is shown in Figure 10 for a series of

spanwise planes at the peak cross-section. The parabolic flat plate approximation to the laminar

boundary layer profile and the turbulent flat plate approximation, u/U,, = (y/(S)%, are also
shown for comparison. It can be seen that the boundary layer in the CFD results most closely
resembles a laminar profile. This was also found to be the case at the trough and mid cross-
sections. This supports the choice of the transitional SST model, since a laminar boundary layer

would be expected at the low Reynolds number investigated in this study and a transitional
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model allows specification of the freestream turbulence intensity. Initially, a laminar model
was implemented but it was found that this model did not resolve the streamwise vortices

correctly, leading to discrepancies between the computational and experimental results.

| ——CFD laminar turbulent‘

x'/c = 0.0924 ] x7c =0.216 ] x7c =0.3329 ] x/c = 0.4604
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Figure 10. Boundary layer plots for CFD results at an angle of attack of « = 10° for the foil cross-section
corresponding to the tubercle peak.

To discretise the transport equations, ANSYS CFX 14.5 uses an element-based finite volume
method®3. High resolution algorithms were implemented for the advection and turbulence
numerical schemes. A C-grid topology with hexahedral elements was adopted as the
computational domain with far-field boundaries located at twelve chord lengths from the
trailing edges of the foils, as shown in Figure 11. The angle of attack was changed by rotating
the model and maintaining constant values for the free-stream velocity components. The foils'
surfaces were assigned the no-slip boundary condition, and periodic conditions were applied

to the spanwise planes.

Outlet

+12C

Figure 11. (a) The computational domain and the coordinate system positioned at the leading-edge, (b) grid system
in the vicinity of the tubercled foil and (c) unmodified NACA 0021 foil.

As flow separation was expected to occur, the boundary layer had to be resolved with sufficient
detail, hence the grid was refined near the wall boundaries such that y* < 1. To assess
convergence, the behavior of the force monitor points was considered (see Figure 12) along

with a residual target equal to 107 for the momentum and SST transport equations, and
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1.15x10°° for the intermittency transport equation. The force monitor points are the lift
coefficient, C. and the drag coefficient, Cp.
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Figure 12. Force monitor plots for (a) lift coefficient and (b) drag coefficient for « = 10°.

The geometric and the grid characteristics associated with the foils are provided in Table 1.
Although the mesh sensitivity analysis showed no difference in the behavior of the forces with
a lower density grid test case (total number of hexahedral elements equal to 2,859,012) for the
tubercled foil, the adopted grid for simulation was capable of showing finer details of the
vorticity field near the foil's surface which was of particular interest in this study. The flow
mechanism described in this work was consistently detected across all the test cases, including
one with a much higher number of elements (10,748,400).

Table 1. Grid and geometric details of the modelled foils.

Total Number
Foil Label of Hexahedral Span (mm) Chord (mm)

Elements
A8130 7.568.400 120 (four 70
wavelengths)
Unmodified
NAGA 0091 907,410 15 70

A. VALIDATION

The computational model provides information that is not available from the described PIV
experiment. However, to ensure that the CFD model accurately captures the flow physics, a
series of comparisons were made with the PIV results. The image plane located at x'/c = 0.4
was used for this purpose as it was expected to have a lower associated unsteadiness, in which
case, averaging would yield more comparable results. The results for vorticity are shown in
Figure 13, where it can be seen that the magnitude and position of the peak vorticity is

consistent for the experimental and numerical results for angles of attack of  =5° and o =
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10°. Differences are apparent in the degree of vorticity spreading, where this is slightly greater
for the numerical results shown in Figure 13 (a) and (c). In addition, the CFD technique does
not predict the secondary vorticity which was observed in the PIV experiments for image
planes close to the leading edge.
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Figure 13. Vorticity at Re = 2230, image plane x'/c = 0.4, (2) angle of attack, « = 5° (CFD), (b) angle of attack, «
= 5° (experiment), (c) angle of attack, & = 10° (CFD), (d) angle of attack, « = 10° (experiment).

The CFD results shown in Figure 14 (a) reveal the presence of opposite sign wall vorticity,
which was also observed in the PIV experiments as indicated in Figure 14 (b). Figure 14 also
indicates that for the image plane at x'/c = 0.8, CFD predicts a higher peak vorticity and the
vortex cores are more symmetrical in comparison to the experimental results.
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Figure 14. Vorticity at Re = 2230, image plane x'/c = 0.8, angle of attack, « = 10° (a) CFD, (b) experiment.
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Comparison between the magnitudes of the peak vorticity determined experimentally and
numerically for the other chordwise positions is shown in Figure 15. At an angle of attack of o
= 5°, the magnitude of the peak vorticity is in good agreement for all spanwise planes. There
is reasonable agreement between the results at « = 10°, however the numerical results indicate
a higher level of peak vorticity for all image planes. This is attributed to unsteady effects in the
PIV experiments that give rise to attenuation of the time-averaged vorticity across the
measurement plane as will be discussed in Section VIII. Another notable difference between
the experimental and numerical results is the magnitude of the peak vorticity for the image
plane at x'/c = 0.2. Since the vorticity for this particular plane is close to the wall, it may not
have been captured in the experiments due to grid resolution limitations and hence, the
experimentally determined peak vorticity could be lower than the actual value. This is
supported by the fact that the spanwise pressure gradient in the region upstream of x'/c = 0.2 is
relatively high, as will be shown in Section VI, and would thus contribute to the generation of

streamwise vorticity at the surface in this region®.

—e—q = 5° (+) EXP
—e—q =5°(-) EXP
a = 10° (+) EXP
—6—a = 10° (-) EXP
—A—q = 5° (+) CFD
—A— 4 =5°(-) CFD
—&— o = 10° (+) CFD
—A— 4 =10° (-) CFD

Vorticity, w (1/s)

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Measurement location, x/c

Figure 15. Experimental and numerical magnitude of peak positive and negative vorticity for & =5° and « = 10°,
Re = 2230.

The circulation was calculated using the method described in Section II1.C for both the
experimental and numerical cases and is shown in Figure 16. The CFD results confirm that
circulation generally increases in the downstream direction for both o = 5° and o = 10°.
Reasonable agreement was achieved between the circulation results for the various spanwise
planes at an angle of attack of « = 5°. At the higher angle of attack of « = 10°, the circulation
determined from CFD is greater than the value determined experimentally. Also, the CFD

results indicate that the circulation decreases between the spanwise planes at x'/c = 0.8 and x'/c
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= 1, rather than increasing as determined from the PIV experiments. One explanation for these
differences may be that unsteadiness in the experimental flow leads to a variation in the
positions and strengths of the vortical features, which manifests as an attenuation of the time-
averaged vorticity across the measurement plane as suggested in Section VIII. The result of
this phenomenon is a more gradual change in circulation with streamwise location. On the other
hand, the differences in the experimental and numerical results may also be an effect of the

CFD closure model which influences the location of the separation lines.
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Figure 16. Experimental and numerical results showing variation in circulation with angle of attack and chordwise
position.

VI. PRESSURE FORCES

This section presents the chordwise pressure distributions corresponding to a tubercle peak,
trough and midway between. The data were obtained from the CFD simulation described in
Section V. Analysis of the surface pressure distributions allows identification of the point at
which the adverse pressure gradient initiates for each cross-section, which is relevant to the
vortex stretching mechanism. The chordwise pressure distributions show the existence of a
spanwise variation in pressure and this is explored further through plotting surface contours of
the spanwise pressure gradient. The spanwise pressure gradient is shown to result in generation
of streamwise vorticity at the surface. Analysis of the surface pressure data also enables

investigation into the spanwise variation in lift.

The chordwise variation in pressure for both the unmodified and tubercled foils at a = 10° is

shown in Figure 17. The most negative values of the peak pressure developed over the suction
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surface of the tubercled foil are associated with the trough cross-section. The lowest minimum
suction peak occurs at the peak cross-section and the pressure values for the middle cross-
section lie somewhere between. This is consistent with results obtained at a higher Reynolds
number on a foil with the same profile shape®”. It must be noted that the slight over-prediction
in the pressure coefficient at the stagnation points, is due to numerical error and was not
resolved by refining the CFD grids or extending the domain boundaries up to 40 chord lengths.

The impact of this error is negligible on the underlying flow mechanism reported in this work.

The location of the suction peak at the trough section is further aft than for the other cross-
sections and the unmodified foil. Conversely, the suction peak at the peak cross-section is
slightly closer to the leading edge. This variation is attributed to differing positions of
maximum thickness as well as changes in chord length with spanwise location. These
parameters define the position at which the adverse pressure gradient initiates. At this point,
compression of streamwise vortices in initiated, resulting in a larger area over which vorticity

is distributed and a reduction in peak vorticity as discussed in Section Il1.

Pressure Coefficient, C
o

0.5

0 0.2 0.4 0.6 0.8 1
Chordwise position, X'/c

Figure 17. Pressure distribution for the unmodified (unmod) and tubercled foil at &= 10°, where “Peak”, “Trough”
and “Mid” correspond to the cross-sections at the tubercle peak, trough and midway between.

The difference in magnitude and location of the suction peaks for the mid, peak and trough
cross-sections gives rise to a spanwise pressure gradient which initiates at the leading edge and
persists up to around x'/c = 0.2. The contour plot shown in Figure 18 indicates the magnitude
of the spanwise pressure gradient in the region of the leading edge. It is also evident that a
spanwise pressure gradient exists near the trailing edge, however its magnitude is significantly

lower.
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Figure 18. Spanwise pressure gradient on surface of foil at & = 10°, Re = 2230, where highest values occur at
foil leading edge.

The presence of a spanwise pressure gradient results in direct production of streamwise
vorticity as can be seen by the spanwise momentum equation at the wall expressed in Equation
(4)%, where coordinate axes are consistent with the diagram in Section 1.
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The first and third terms on the left-hand side of the equation are equal to zero due to the
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absence of flow injected from the wall, v,,, and constant viscosity, (. Therefore, the spanwise

pressure gradient, Z_Z' can be seen to affect the curvature of the velocity profile shown on the

right-hand side of the equation, which is the same as the flux of streamwise vorticity from the
wall®®,

Results from the CFD simulation shown in Table 2 indicate that the lift coefficient achieved
by the foil with tubercles is higher than that achieved by the unmodified foil. In addition, the
efficiency of the tubercled foil, L/D is marginally better than the unmodified foil, despite the
slight increase in the associated drag. The increased lift for the tubercled foil is attributed to
the greater flow attachment which is maintained behind the tubercle peaks. Integration of the
pressure at the peak, trough and midway between (mid) cross-sections confirms that the highest
proportion of lift is generated at the peak cross-section, as shown in Figure 19. The spanwise

variation in the circulation and hence lift coefficient, is also highlighted in Figure 19. The
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increased drag for the foil with tubercles is related to the presence of streamwise vortices and

the associated increase in surface shear stress.

Table 2. Lift and drag forces at « = 10° calculated in the CFD simulation.

CL Co L/D

Unmodified foil 0.154 0.155 0.994
Tubercled foil 0.172 0.168 1.02
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Figure 19. Variation in lift coefficient, C, with spanwise location.

VII. ANALYSIS OF FLOW CHARACTERISTICS

Regions of separation and attachment of the flow on the foil can be identified from the surface
shear stress lines and contours shown in Figure 20 (a-b) and Figure 21 (a-b). These images
were obtained from the CFD simulation described in Section V. Behind the tubercle trough,
separation occurs much earlier than behind the peak, which is consistent with previous results®
10, The surface shear stress lines show that a large separation zone forms ahead of a pair of foci
(F), into which the flow spirals, to be lifted from the surface. The upstream extent of the

separation zone is defined by a saddle point (S).

The foci mark the locations at which concentrated vortices separate from the surface of the foil,
which occurs at x'/c ~ 0.8 and x'/c ~ 0.6 for o = 5° and a = 10°, respectively. Downstream of
the foci, aligned with the tubercle peaks, lie a pair of bifurcation lines (BL) which define the
spanwise extent of the separation zone. In the following discussion we will describe the

downstream evolution of both surface vorticity and vorticity in the separated shear layer. This
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analysis provides insight into the mechanisms responsible for the presence of streamwise
vorticity in the numerical and experimental results and how these may explain the experimental

observations of streamwise vorticity at various spanwise planes above the foil.

Figure 21.(a) Shear-stress lines, (b) shear-stress contours and (c) vortex lines, & = 10°, Re = 2230.

The evolution of the vorticity vectors over the foil surface is shown by the vortex lines in Figure
20 (c) and Figure 21 (c). In these figures, vortex lines are coloured according to the sign of the
streamwise vorticity, where red (darker) and green (lighter) are positive and negative,
respectively, in the x'-direction. For a conventional unswept foil without tubercles, vortex lines
are initially aligned in the y-direction, parallel to the leading edge, with positive vorticity,

consistent with the mean shear. However, in the highly three-dimensional flow around the
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tubercles, the vortex lines are initially wavy, leading to streamwise vorticity components on
the sides (A) of the tubercles themselves. A short distance downstream, the curvature becomes
reversed (B) ahead of the separation zone, leading to small streamwise vorticity components

of opposite sign to the streamwise vorticity on the tubercles.

Downstream of the saddle the vortex lines can be seen to bend sharply downstream (C),
merging into a single line (M), representing the edge of the canopy-like separated vortex sheet
that defines the separation zone. The edge of the canopy is also indicated in the associated
surface shear stress contours. The downstream orientation of the vortex lines near the foil
surface (C) leads to additional streamwise vorticity of the same sign as the primary vortices
formed on the sides of the tubercles. In both Figure 20 and Figure 21 the vortex lines are seen
to be turned over the entire length of the separation zone, supporting the observations that the
circulation of the streamwise vortices formed adjacent to the separation zone increases with

downstream distance as shown in Section IV.

In Figure 20 (c) and Figure 21 (c) the vortex lines in the reversed flow region, which are of
opposite sign to those of the upstream boundary layer, are also seen to contribute to generation
of streamwise vorticity components (D) upstream of the foci. However, downstream of the
foci, the vortex line curvature is reversed (E), leading to vorticity of a sign opposite to the
primary vortices. The presence of strong streamwise vorticity of opposite sign beneath the
primary vortices is confirmed by the experimental and numerical results for the o = 10° case
in Figure 14. Finally, the vortex lines near the trailing edge (F) at o = 10° in Figure 21 are

orientated such that the streamwise vorticity is the same sign as observed at (C).

The turning of the surface vortex lines from a spanwise-dominant orientation towards the

streamwise direction is caused by the deflection or skewing of the mean flow, which is

described by the term, wyg—;‘ + w, g—z, in the vorticity transport equation.®® The magnitude of

the vortex turning terms is shown to be largest in the region of the leading edge in Figure 22
(a). Near the trailing edge, after x"/c = 0.6, the sign of the vortex turning terms changes as shown
in Figure 22 (b), which is consistent with the reversal of the vortex line curvature which occurs
in this region. Direct generation of streamwise vorticity also occurs in both of these regions as

was discussed in Section VI.
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Figure 22. Magnitude of the vortex turning terms for « = 10°, Re = 2230, in the vicinity of the (a) leading edge
and (b) trailing edge.

A three-dimensional vortex line interpretation is shown in Figure 23 (a) to provide a more
detailed visualisation of the proposed flow mechanism. Along the asymptotic vortex line
contour, the vortex lines lift from the foil surface, forming a canopy of vorticity above the
separation zone. At the edge of the canopy-shaped vortex sheet, the forward flow and reverse
flow vortex lines contribute to streamwise vorticity of the same sign, referred to as “primary
vorticity” in this study. This process occurs continuously along the sides of the canopy,
consistent with the growth of the circulation of the primary vortices with streamwise distance

(see Figure 16).

A pair of foci is revealed by the surface streamlines in Figure 23 (a), and the primary vortices
separate from the surface at these points. The vortex lines corresponding to the CFD results are
shown in Figure 23 (b) and these results support the vortex line interpretation and show the
canopy of vorticity which forms in the separation region aft of the tubercle troughs. The sign
of vorticity on the vortex line ring is indicated in Figure 23 (c) and it is emphasised that this is

different from the boundary layer vorticity shown in Figure 23 (a).
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Forward flow vortex lines
Reverse flow vortex lines
Asymptotic vortex line contour
Sectional & surface streamlines 4

Canopy of vorticity

Figure 23. (a) Three-dimensional vortex line interpretation, (b) vortex lines from CFD simulation and (c) vortex
lines with normalised green (lighter) and red (darker) arrows indicating spanwise and streamwise orientation of
vorticity, respectively.

The orientation of the vortex line ring is shown to vary with streamwise distance in Figure 24,
which depicts vortex lines coloured by streamwise vorticity magnitude for a = 10°. The black
line shows a streamline section, corresponding to the same material point moving with the flow
from around x'/c = 0.6 to x'/c = 0.8. The end points of the streamline section are connected to
vortex lines that form closed loops. Figure 24 (a-c) indicate that the streamwise vorticity
associated with the same material point increases with chordwise distance, which is consistent
with the results presented in Figure 15. The side view and top view shown in Figure 24 (b) and
(c) respectively indicate that the vortex line rings turn in such a way that they assume stronger
streamwise components near the tops in the downstream direction. The turning of the vortex
lines can be explained with reference to the streamwise vorticity transport equation expressed

in Perkins®. Here, the tilting of vorticity into the streamwise direction is accounted for by
product of the spanwise vorticity with the spanwise variation in the streamwise velocity, w,, Z—;
and the product of the normal vorticity with the normal variation in the streamwise velocity,
W, Z—Z- This is the same mechanism that is responsible for turning of the surface vortex lines

from a spanwise-dominant orientation towards the streamwise direction in the surface flow.
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Figure 24. Three-dimensional vortex lines coloured by streamwise vorticity in the vicinity of x'/c = 0.6 and x'/c =
0.8, o =10°. (a) Three-dimensional view, (b) Side view and (c) Top view.

The deflection or skewing of the mean flow is also evident in Figure 25 (a-b), which depict a
streamline section, indicated by a black line, corresponding to the same material point as it
travels between vortex lines shown at approximately x'/c = 0.07 to 0.17. It is evident that for
this material point, the magnitude of vorticity reduces with chordwise distance, while the
orientation of the tangent also changes, as shown in Figure 25 (b). This drop in streamwise
vorticity is due to vortex compression as well as tilting. Note that in the side view the

transparency of the foil has been adjusted to view the streamline more clearly.

Figure 25. Three-dimensional vortex lines coloured by streamwise vorticity in the vicinity of x'/c = 0.07 and x'/c
=0.17, a=10°. (a) Top view and (b) Side view.
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The deformation and separation of the forward and reversed flow boundary layer vortex sheets
are shown in Figure 26 (a-c) for the numerical data. Figure 26 (a) illustrates the canopy-shaped
vortex sheet that forms over the separation zone. Figure 26 (b-c) depict the formation of
streamwise vorticity on the surface of the tubercled foil at « = 5°, with the two signs of vorticity
shown from different viewing angles. The deformation of the individual vortex lines near the

surface agrees with the iso-surface contours shown in this figure.

Figure 26. (a) 1so-surfaces of spanwise vorticity in the reverse flow region and below the foil at « = 5°, (b-c) Iso-
surfaces of streamwise vorticity in green (lighter) and red (darker) depicting opposite signs of vorticity values.

A plot of the three-dimensional streamlines is shown in Figure 27 (a). The origins of the
streamwise vortices from the separation zone can be seen in this image. The reverse flow in
the separation region is clearly evident. Figure 27 (b) shows the end-view of the streamwise

vortex formation, emphasising the lift-off of the vortices from the surface of the foil.

Figure 27. Three-dimensional streamlines at « = 5°, (a) formation of streamwise vortices and their trajectory
downstream, (b) end-view of streamwise vortex formation.

The topology shown in Figure 28 resembles an “owl-face of the first kind”, first defined by
Perry and Hornung®. The central vertical plane of the owl-face pattern corresponds to the
tubercle trough in the present study. It can be seen that the primary vortices create upwash
along the vertical plane, which confirms that the sense of rotation of the streamwise vortices is

consistent with the current results. The structure is similar to that of stall cells on wings®® %,
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which are classified as an owl face of the second kind®, although the present structure is

somewhat less complex.

\

__— 9

Figure 28. Owl-face of the first kind, after Perry and Hornung®.

Figure 29 presents hydrogen bubble visualisation of the flow above the tubercled foil, showing
clearly the rollup of vortices in a trough of the A8430 tubercle case. The appearance of the
streaklines and the variations between the images demonstrates that the flow pattern varies with
time. Asymmetry in the flow can be seen to increase with time in this image sequence, however
in later image frames (not shown here), the vortices appear symmetrical again. Therefore, the
mean pattern consists of two counter-rotating vortices between the tubercle peaks, in agreement
with the observations and interpretations made elsewhere in this paper. On the other hand, there
is a certain degree of time dependency in the flow pattern as has been alluded to previously and
this will be discussed further in Section VIII.

T e = e — e - W

Figure 29. Flow visualisation for A8130 tubercle configuration at an angle of attack « = 10° and Re = 4370. The
patterns are frames from a video sequence which are spaced by 3 seconds. The images show the development of
streamwise vortices behind the tubercle peaks and it is shown that asymmetry develops over time. Flow is from
left to right.
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VIIl. TIME DEPENDENCY OF FLOW PATTERNS

The vorticity and circulation results presented in Section Il and Section IV were derived from
velocity vector fields which represented the average of 2085 image pairs. For a laser pulse rate
of 10 Hz, the total acquisition time considered was approximately 209 seconds. The reason for
averaging such a large number of samples was to reduce the uncertainty associated with
imaging in a cross-flow plane. Based on a comparison between the time-dependent and
averaged results, it was found that the averaged flow field data reflects the general flow
behavior. Quantification of the degree of unsteadiness was achieved through use of a peak
detection algorithm that located the position of peak vorticity for each primary vortex in each
instantaneous image. It was found that the mean position of these peaks corresponds well to
the position of peak vorticity when the velocity fields are temporally averaged. The standard
deviation is within reasonable limits and the movement of the vortices is best described as a
fluctuation about the mean as will be shown in Section VIII.A. Results are presented in Table
3 and the units are consistent with other figures in this paper, whereby the y- and z- coordinates
have been normalised by the tubercle wavelength.

Table 3. Mean position and standard deviation of peak vorticity. In brackets: position of peak vorticity for
temporally averaged experimental data. All values are normalised by tubercle wavelength of 30 mm.

x'/c
a Location 0.4 0.6 0.8 1
z2/2 0.51+0.03(0.51) 0.51+0.04(0.50) 0.42+0.06(0.43) 0.30+0.08 (0.39)
50 y/A 0.26 £0.07 (0.30) 0.27 £0.07(0.28) 0.31+£0.08 (0.30) 0.34 +0.10 (0.30)
O z2/2 0.51+0.03(0.51) 0.51+0.04(0.50) 0.44+0.05(0.47) 0.26+0.08(0.22)
y/A -0.27 £0.08 (-0.24) -0.29 £ 0.08 (-0.33) -0.33+0.08 (-0.34) -0.37 +0.10 (-0.37)
C} z2/2 0.65+0.04 (0.64) 0.63+0.07(0.60) 0.55+0.10(0.54) 0.5%0.11(0.58)
100 y/A 0.28 +£0.07 (0.28) 0.31+£0.08 (0.35) 0.28+0.10(0.37) 0.29 +0.09 (0.28)
z/2 0.66+0.04 (0.64) 0.63+0.07(0.66) 0.48+0.11(0.38) 0.47+0.12 (0.34)

O y/A -0.31+0.07 (-0.32) -0.34 +0.08 (-0.35) -0.32+0.13 (-0.41) -0.27 +0.09 (-0.24)
Despite the general agreement between the mean and instantaneous results, some aspects of

the flow patterns are influenced by unsteady effects and these will be explored in this section.

A. ASYMMETRY

The temporal evolution of vorticity was investigated for the a = 10°, x'/c = 1 case to shed light
on the unsteady effects that were discussed in Section I11. The vorticity results of five sequential
ensemble averages carried out over a period of 0.5 seconds each (5 image pairs) are shown in
Figure 30 (a) to (e). The sequence shown is representative of a common but intermittent cycle
in the x'/c = 0.8 and x'/c = 1 cross-sectional planes at « = 10°. By comparison, the « = 5° case

is less unsteady and thus shows less variation in the vorticity patterns.
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Figure 30. A series of images showing the temporal evolution of vorticity for angle of attack, « =10°, Re = 2230,
image plane x'/c = 1. Each pattern is averaged over 5 image pairs (0.5 seconds). Note that vorticity with values in
the range -1 < @ < 1 has not been plotted.

Figure 30 shows that, in this representative cycle, the primary vortices grow and move away
from the foil surface, forming a canopy of vorticity behind the tubercle trough where the
vortices interact before they collapse back towards the surface. During the interaction phase
(images (c-d)) there is an apparent “splitting” of each vortex by layers of vorticity of opposite
sign. The splitting is most apparent in Figure 30 (d). The prevalence of this process explains
the existence of double lobes in Figure 6 (€) and the increased diffusion and rapid annihilation
of vorticity shown in Figure 5 and Figure 6. The opposite-sign vorticity that is present in the
primary vortex regions at certain times also manifests as an attenuation of the vorticity across
the measurement plane in the 209-second ensemble-average. This attenuation in vorticity gives
rise to a corresponding reduction in the magnitude of the experimentally-derived circulation
with respect to the numerically-derived circulation at « = 10° as shown in Figure 16. The
attenuation effects could mask the decrease in circulation seen at x'/c = 1, a = 10° in the
numerical results. This image sequence highlights the difficulty in interpreting ensemble-

average flow patterns of highly unsteady and complex cases such as this.

The unsteady nature of the flow for image planes close to the trailing edge of the foil is further
explored through consideration of the mean and fluctuating velocity components in the y and z
directions (v and w, respectively) and these are shown in Figure 31 and Figure 32 for the « =
50 x'/c = 0.8 and « = 10°, x'/c = 1 cases, respectively. Comparison between Figure 31 and
Figure 32, shows that the magnitudes of both the mean and fluctuating components of velocity
in the o= 10° case are all approximately three times those in the « = 5° case. In both cases it is

also clear that the fluctuating velocity components are of similar magnitude to the
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corresponding mean components, confirming that the flow is highly unsteady for these cases.
The following discussion assumes that fluctuation velocities are induced by temporal changes

in the position of the vortex cores or the strengths of the vortices themselves.
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Figure 31. Mean and fluctuating components of velocity for angle of attack, « = 5°, Re = 2230, image plane x'/c
= 0.8.Velocity units are mm/s, v velocity is in y-direction and w velocity is in z-direction.
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Figure 32. Mean and fluctuating components of velocity for angle of attack, « = 10°, Re = 2230, image plane x'/c
= 1.Velocity units are mm/s, v velocity is in y-direction and w velocity is in z-direction.

The mean wall-normal component of velocity (w-direction) is seen in both cases to be largest
in the regions between the counter-rotating primary vortices, as expected. The shape and
location of the peak w-fluctuation on the right side of the trough is consistent with both a wall-

normal and/or spanwise oscillation in the position of the primary vortex cores.

The mean spanwise component of velocity (v-direction) is seen in the « = 5° case to be largest
in regions to the right of the counter-rotating primary vortices, with a second peak left and
outboard of each core adjacent to the foil surface. The v-fluctuation peaks are located close to
the v-mean peaks, suggesting that the fluctuations are brought about by a relatively small wall-

normal and/or spanwise oscillation in the position of the primary vortex cores. However, in the
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a = 10° case, the mean pattern in the v-direction is highly asymmetric and less clearly defined,
with the largest magnitude near the foil surface, to the left of one of the primary vortices. The
peak fluctuations in this case are also asymmetric and they occur in regions of generally lower

v-mean values, suggesting that the flow is relatively more unsteady than the « = 5° case.

Finally, consideration of Figure 32 (b) and (d) together with quasi-instantaneous vorticity fields
of Figure 30, shows that the velocity fluctuations support the observations made regarding the
growth and collapse of a canopy of vorticity behind the tubercle trough. Specifically, for the «
=100, x'/c =1 case, the w-fluctuation is large and the v-fluctuation is small at (y/A4, z/A) = (0,
0.6), where the motion of the canopy is seen to be primarily in the wall-normal (z) direction.
Furthermore, Figure 33 (b) indicates that both the v- and w-fluctuations are large at or near
(y/4, z/4) = (x0.25, 0.5) and (x0.2, 0.8), consistent with the canopy of vorticity expanding in
height and width and then collapsing again. A similar pattern can be observed in Figure 33 (a)
at a=5°, x'/c = 0.8, however the concurrent peaks in the v- and w-fluctuations occur closer to

the foil surface for this case.
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Figure 33. The fluctuating components are multiplied together at each grid position and ensemble averaged for
(a) angle of attack, « = 5°, image plane x'/c = 0.8 and (b) angle of attack, « = 10°, image plane x'/c = 1. For both
cases, Re = 2230, velocity units are mm/s, v velocity is in y-direction and w velocity is in z-direction. Arrows
indicate overall fluctuation direction.

B. UNSTEADY CONTRIBUTION TO THE STREAMWISE INCREASE IN
CIRCULATION

The dominant mechanism responsible for the streamwise increase in circulation observed in

both the experimental and numerical results presented in Section V.A is steady in nature and

was discussed in Section VII. On the other hand, an unsteady mechanism was also observed in
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the experimental results. To further examine this mechanism, vorticity was plotted for a series
images for the « = 10°, x'/c = 0.8 case. Each image is an average of 15 image pairs and
represents 1.5 seconds in time. The three images shown in Figure 34 illustrate that vorticity is
transported from the region adjacent to the wall to the streamwise vortices. In Figure 34 (a) the
negative wall vorticity is entrained by the clockwise rotating vortex. Figure 34 (b) represents
an intermediate state and in Figure 34 (c) the positive wall vorticity is entrained by the

anticlockwise rotating vortex.

Therefore, a proposed unsteady mechanism for the increase in circulation with streamwise
location is shown in Figure 35, where the primary and wall vortices are indicated in Figure 35
(@). It can be seen in Figure 35 (b) that the negative wall vorticity near the surface is entrained
by the negative primary vortex, which describes one extreme pattern of the flow. The opposite
extreme pattern is shown in Figure 35 (d) and the pattern shown in Figure 35 (c) represents the
intermediate state. This mechanism may also involve vorticity transported to vortices formed
behind adjacent tubercles as indicated by the black arrow at the bottom of Figure 34 (b) and in
Figure 35 by the dashed arrows which show flow movement from adjacent vortex pairs. The
unsteady mechanism is likely to be of secondary importance to the steady mechanism discussed
in Section VI since both the experimental and numerical results indicate a streamwise increase

in circulation.

Vorticity, 1/s
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0.4 0.6 0.8 04 0.6 0.8 0.4 0.6 0.8
Normalised position from foil trailing edge, z/4

Figure 34. Sequence of vorticity plots on image plane x'/c = 0.8 for « = 10°, Re = 2230, where transport of wall
vorticity is shown with the black arrows. (a) Negative wall vorticity entrained by clockwise rotating primary
vortex, (b) intermediate state and (c) positive wall vorticity entrained by anticlockwise rotating primary vortex.
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Figure 35. Schematic showing wall vorticity close to the surface being entrained by the primary vortices at
adjacent locations. Dashed arrows indicate transport of vorticity to adjacent troughs between tubercles.

IX. DISCUSSION AND CONCLUSIONS

The combined experimental and numerical studies have identified the salient features of the
flow structure produced by a NACA 0021 foil with tubercles at a Reynolds number of 2230.
The presence of the tubercles leads to an increased flow velocity along the trough, and a larger
adverse pressure gradient. This in turn causes boundary layer separation to occur in the trough
at a low angle of attack. These findings are consistent with previous research where the larger
adverse pressure gradient in the trough region was attributed to the relatively short chord length
at this spanwise location'®. Hence, the same pressure difference needs to be overcome over a
shorter distance behind a tubercle trough relative to a tubercle peak'®. Previous studies have
also identified the presence of a spanwise pressure gradient’ and the results presented here
indicate that this is most significant in the region of the leading edge, where the minimum
suction peak occurs. It has been shown that the spanwise pressure gradients, set up by the
tubercles, interact with the vorticity distribution, leading to a complex flow pattern. A
numerical simulation of the flow is in strong agreement with the experimental observations and
allows close examination of the flow structure. The resulting three-dimensional pattern bears a
strong similarity to the owl-face of the first kind, first described by Perry & Hornung®.

Analysis of the flow field data obtained from both PIV experiments and CFD modeling reveals
regions of vorticity of alternate sign in the troughs between tubercles for all spanwise planes

investigated. The presence of these streamwise vortices has been shown in previous work?
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1217 ‘however the spanwise location of vorticity was not clear in these results and the vorticity
was not quantified as it has been in this study. The current work also shows for the first time
that the counter-rotating streamwise vortices lift away from the surface at a certain chordwise
location, corresponding to the large foci in the surface streamline (shear-stress) pattern, the
locations of which are governed by the angle of attack of the foil. At this point, the flow field
becomes highly unsteady and the distribution of vorticity in the region of the primary vortices

varies with time, a feature that has not been previously identified.

Considering the averaged experimental results, the magnitude of the peak primary vorticity has
been shown to decrease in the streamwise direction, while the region of vorticity expands in
area. This effect can be attributed to axial compression of the streamwise vortices caused by
the adverse pressure gradient on the suction surface of the foil, vortex tilting and viscous
diffusion of vorticity. The results also indicate that the circulation of the primary pair of
streamwise vortices increases with streamwise distance, achieving a maximum value at the
trailing edge. The increase in circulation occurs due to continued influx of boundary layer
vorticity which occurs along the sides of the shear layer canopy. An increasing vortex
circulation in the streamwise direction has also been observed for delta wings®! *2, but this has
not been shown for a tubercled wing prior to this study. This supports the theory that tubercles

can be modelled as delta wings with a rounded leading edge®.

The numerical study provides novel insights into the flow structure and evolution of vorticity
in the flow cases under investigation. The computed sectional velocity and vorticity fields show
a strong correspondence to the experimental results. An analysis of the surface vortex lines
reveals a number of regions where local turning of the vorticity leads to the formation of
streamwise vorticity in the boundary layer, beginning on the sides of the tubercles and
occurring at various locations all the way to the trailing edge. The results also demonstrate a
source of reverse-sign secondary vorticity beneath the primary vortices downstream of the foci
which was shown to occur near the wall in both the experimental and numerical results. These
observations are corroborated by the iso-surfaces of streamwise and spanwise vorticity
presented in Figure 26. The turning of the boundary layer vorticity from a spanwise-dominant
orientation towards the streamwise direction, suggests the development of Prandtl's secondary
flow of the first type. This is a quasi-inviscid mechanism which is activated by the presence of
skewness in the flow, arising from spanwise pressure gradients. This mechanism has been

observed to operate for a foil with tubercles in the transitional flow regime®® and is also
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observed to be at play in the laminar flow regime investigated in this study. The local turning
of vorticity was also observed by Favier et al.'?, however these researchers referred to vorticity
that was initially normal to the surface, rather than being aligned in the spanwise direction. The
generation of the vorticity is not attributed to a Kelvin Helmholtz instability which was referred

to by Favier et al.*2.

In general, there is strong correspondence between the experimental and numerically-derived
magnitudes and trends of the peak vorticity and circulation of the primary vortices. The main
differences lie towards the trailing edge of the foil in the « = 10° case. In the numerical results,
the slight decrease in the circulation between x'/c = 0.8 and 1 is attributed to a source of negative
vorticity in the reverse flow, as shown in Figure 26 (b-c). In the experimental results, no sudden
drop is observed, but the overall magnitude of primary vortex circulation is generally lower
than the corresponding CFD results. Whilst some of these differences may be due to
inadequacies in the transitional SST closure model used in the numerical study, the effects of
unsteadiness are also likely to be a significant cause. In particular, the time-variant nature of
the flow pattern demonstrated in Section VIII indicates the high degree of unsteadiness near
the trailing edge for both o = 5° and & = 10°. Unsteadiness of this magnitude, greater in the «
=10° case, will result in axial and lateral oscillation of the flow pattern, leading to a higher rate
of generation, diffusion and annihilation of the vortices in the flow, consistent with the structure
shown in Figure 30. From a measurement perspective, the unsteadiness will lead to attenuation
and spreading of the time-averaged vorticity across the measurement plane as well as in the
streamwise direction, obscuring the instantaneous flow structure. In fact, due to the strong
influence of unsteadiness in this flow, it is likely that small errors in the computed flow
structure due to the choice of closure model, such as the axial location of the flow separation,

will not affect the validity of the CFD results as an interpretive tool.

The aerodynamic performance of a NACA 0021 foil with A8130 tubercles has been shown to
be slightly better in comparison to an unmodified foil under the conditions of this study.
Improved performance has also been observed in previous studies under different flow
conditions® 3. Integration of the pressure distributions at various chordwise locations has
revealed that the largest amount of lift is generated at a cross-section corresponding to a

tubercle peak. This is consistent with the observation that flow separation occurs further aft at
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this location. A delayed separation at the peak cross-section has also been observed in previous

studies® 1013,

In spite of the strong correspondence between the experimentally and numerically-determined

flow features and trends, there are still a number of unresolved features, such as the regions of

vorticity marked with an asterisk in Figures 5 and 6. Further investigation into the time-

dependent characteristics of the flow field surrounding a foil with leading edge tubercles is

suggested for future work. In particular, it would be useful to study the three-dimensional

evolution of the streamwise vortices in the unsteady flow to gain more insight into the

formation and annihilation processes which were touched upon briefly in this paper.
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Appendix A — Uncertainty analysis

The most significant bias uncertainty with respect to particle displacement is attributed to the
perspective error. This was estimated to be in the range of 0 - 12%, depending on the size and
position of the vortices. A greater distance between the particle of interest and the centreline of

the image plane would lead to a larger uncertainty in particle displacement.

The sources of random uncertainty which were deemed to have the most significant impact on
the results are related to the following parameters: laser jitter, &; particle image diameter, &;
uncertainty in particle displacement, oip; seeding density, on; magnification, om and the
displacement gradient, &. Where relevant, a seeding density of approximately 20 particles per
interrogation window was assumed in the following analysis based on visual inspection of the
raw data. A particle displacement of 0.9 px is assumed as this was a typical amount by which

a particle within the vortex core was displaced between laser pulses.

The camera jitter was determined from manufacturer’s specifications, where & = 250ns. The
uncertainty related to the particle image diameter was found from Figure 5.32a in Raffel et
al.?*, where & = 0.03. The uncertainty in particle displacement was determined from Figure 6b
in Willert and Gharib®, where §sp = 0.04. The uncertainty related to seeding density is given
in Figure 5.40 of Raffel et al.?*, where & = 0.05. The uncertainty arising from the
magnification scale used was estimated by visual inspection of the target image, giving dm =
0.002. The displacement gradient was determined in the region of the vortex by plotting the
particle displacement along axes which intersect the vortex core. The slope of these plots

corresponds to the displacement gradient, where the maximum is around 0.015 for the « = 10,
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x'/c = 1 case. The value of the uncertainty related to the displacement gradient was then

determined from Figure 5.42 in Raffel et al.?*, where & = 0.04.

The relative uncertainties related to laser jitter and magnification were normalised by the time
delay between image pairs, A7 and the grid width, wg, respectively. All other relative
uncertainties were normalised by the value of a typical displacement in the region of the vortex
core of 0.9 px. The overall uncertainty, ¢, for a given image pair was determined by combining

the relative uncertainties as given in Equation (2)
2 2 2 2 2 2
0,
g, = 2 N 0, N Oro N Oy 4 On + 2| 008 ?)
AT AD AD AD W, AD

The error propagation analysis of Fouras and Soria?® with reference to Lau?’ was applied to

determine the maximum random and bias uncertainty in vorticity, which are 6% and 1.4%
respectively for an instantaneous velocity vector field. Thus the maximum total uncertainty in
vorticity is approximately 6.4%. The random uncertainty in vorticity for the averaged data is

determined by finding the overall uncertainty in particle displacement for an average of 2085

0.06

V2085
data is thus dominated by the bias uncertainty of 1.4%.

image pairs: &yqvg) = = 0.0013. The overall uncertainty in vorticity for the averaged

Details of the method and the associated uncertainty analysis for circulation are given in Figure
2 and 3 in Hassan et al.?®. The maximum random and bias uncertainties are 3% and 15%,
respectively. Hence, the total uncertainty in circulation for an instantaneous velocity vector
field is 15.3%. Once again, the uncertainty for the average data is substantially lower and
should be less than 1%.
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Chapter 6
Flow over a Tubercled Foil in the Transtional

and Near-Turbulent Flow Regimes

In the preceding chapters, the flow mechanism activated by the presence of leading-edge tubercles
was analyzed in the transitional and laminar flow regimes. With the availability of high-performance
resources at the University of Adelaide (the clusters of supercomputers at eResearch SA) in the years
2014-2015, it became possible to carry out numerical simulations in the near-turbulent regime.
Accordingly, to investigate the influence of Reynolds number effects on the flow developed over a
tubercled foil, CFD was employed to simulate the flow a two Reynolds numbers: 120,000 and
1,500,000, corresponding to the transitional and near-turbulent regimes. Chapter 6 reports the findings
of this investigation presented in the manuscript titled "Exploring Reynolds Number Effects on the
Flow Mechanism over a Tubercled Airfoil Based on the NACA 0021 Profile", submitted to the

Journal of Theoretical and Computational Fluid Dynamics.

The tubercled airfoil adopted in this study (based on the NACA 0021 profile) was the best-
performing full-span wing in the experimenta study by Hansen et al. [2] in the transitional zone. This
airfoil had a tubercle amplitude equa to 2mm, a tubercle wavelength of 7.5mm and a mean chord of
70mm. To modd the flow in the near-turbulent regime, however, this airfoil had to be re-scaled in
three dimensions to avoid compressibility effects. Hence the chord was increased and the free-stream

velocity was adjusted to yield a Reynolds number equal to 1,500,000.

To carry out smulations in the near-turbulent regime, highly-refined grids were constructed. This
allowed the resolution of small-scale topologica features to be achieved. Validation work in this
study was performed using the wind tunnel experimental datafrom Gregorek, Hoffmann, and Berchak

[1], in the form of surface pressure distributions over the unmodified foil at Re=1,500,000.
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Exploring Reynolds Number Effects on the Flow Mechanism over a
Tubercled Airfoil based on the NACA-0021 baseline profile

Nikan Rostamzadeh, Associate Professor Richard &lsd( Professor Bassam Dally

Mechanical Engineering Department, The Universithdelaide, Australia

Abstract

Leading-edge modifications based on designs inddisethe protrusions on the pectoral flippers of
the humpback whale (tubercles), have been the cdulifjeesearch for the past decade primarily due to
their flow control potential in ameliorating stalharacteristics. Previous studies have demonstrated
that, in the transitional flow regime, full-span ngs with tubercled leading-edges outperform
unmodified wings at high attack angles. The flonch@nism associated with such enhanced loading
traits is, however, still being investigated. Alsloe performance of full-span tubercled wings ia th
turbulent regime is largely unexplored. The presstudy aims to provide a comprehensive
examination of the flow structure around a fulltspabercled wing with the NACA-0021 cross-
sectional profile, in the transitional and neabtuent regimes using Computational Fluid Dynamics.
The analysis of the flow field suggests that, wiik exception of a few different flow features, the
same underlying flow mechanism, involving the pneseof transverse and streamwise vorticity, is at
play in both cases. With regard to lift generatwraracteristics, the numerical simulation results
indicate that, in contrast to the transitional flowgime where the unmodified NACA-0021 undergoes
a sudden loss of lift, in the turbulent regimes baseline foil experiences gradual stall and preslu
more lift than the tubercled foil. This observatitighlights the importance of considerations
regarding the Reynolds number effects and the stalracteristics of the baseline foil, in the

industrial applications of tubercled lifting-bodies
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I ntroduction

When attempting to catch prey, protuberances orntimepback whales' pectoral flippers (tubercles)
enable this baleen species to execute sharp tuthsut loss of lift [7]. Similarly, leading-edge
tubercles, incorporated into the design of liftihgdies, have been shown to yield aerodynamic
benefits by ameliorating stall characteristics []klosovic et al.[17] demonstrated that, compared
to a flipper model without tubercles, a tubercligopler model improved the maximum lift coefficient
by 6% at Re= 502,006 520,00 In contrast, the wind tunnel tests by Hanstral. [10-12] at
Re=120, 000, showed that, when tubercles were glanethe leading edges of untapered, full-span
and finite-span airfoils, the pre-stall performameaes degraded, while aerodynamic efficiency at-post
stall angles was enhanced. Similar findings wepented by Miklosovicet al [16] and Joharet al
[13]. Thus, the performance enhancement of tuberelppears to be dependent on geometric

parameters, as well as the flow regime in whicly thigerate.

Several attempts have been made to explain higbstrspall lift, generated by lifting bodies with
tubercles. Analogies of tubercles to delta wingg|,[ vortex generators and wing fences [18], that
improve the lift characteristics have been suggesi@rough a series of flow visualization tests,
Custodio [3], illustrated that full-span wings witbbercles, generate counter-rotating streamwise
vortices, that may account for the enhanced pedaona of tubercled wings at high attack angles.
Stanway [24], who performed force measurementseat4®,000-120,000 and Faviet al [6] who
carried out a numerical investigation at Re=80@orted the presence of wall-normal (transverse)
vorticity in the flow field. A Large Eddy Simulatebased numerical study by Skillen al. [22]
showed that tubercles on a full-span wing give ts@ secondary flow mechanism that enhances
momentum transfer and reduces flow separation entridnsitional flow regime. In agreement with
this study, Rostamzadedt al. [20], suggested that tubercles re-organize spanwasgcity into
streamwise and transverse vorticity through a nashaknown afPrandtl's secondary flow of the
first kind. Furthermore, numerical modelling pointed to tlealopment of primary and secondary
vortices that induce a downwash effect over tueepgaks and upwash on tubercle troughs, as
suggested by van Nierat al.[26] and Webeet al [27]. Hence, the flow is more susceptible to flow

separation in the trough regions.

While previous research has illuminated a numberkey flow features associated with the
mechanism brought about by the presence of tulseatleclatively low Reynolds numbers, the effect
of tubercles on the flow structure in the turbulfiotv regime is largely unexplored. The present
work, aims to investigate Reynolds number effeatshe flow mechanism developed over a tubercled
foil at Re=120,000 and Re=1,500,000, respectivEtythis end, computational fluid dynamics was

employed to probe into the flow structure and agnadhic behaviour.
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Airfoil Models

Two tubercled airfoils and one with a straight iegeedge, whose geometric parameters are defined
in Figure 1, were adopted. The baseline foil wasNACA-0021, that has a maximum thickness of
21% at 30% of the chord (C) and closely matchesthss-sectional profile of the humpback whale
[17]. The other two were tubercled airfoils labdlleA2W7.5 and A14W52.5 with the same cross-
sectional profiles as the NACA-0021. A2W7.5 was kst performing airfoil in the wind tunnel tests
by Hansenet al. [12] at Re=120,000. Hence, this foil was chosen ffow modelling. Due to
dimensional similitude, the scaled-up equivalentA@W7.5, labelled A14W52.5, was adopted for
simulations at Re=1,500,000. Note that scaling hg geometric parameters for A14W52.5 was
implemented to avoid compressibility effects thatd arise had A2W7.5 with the same chord line
(70mm) been selected at Re=1,500,000. All the gairgsof high quality with ratios of the smallest

determinant of the Jacobian matrix to the largesgtmininant of the Jacobian matrix above 0.7.

Table.1 Geometric properties of the modelled dsfoi

Label Amplitude Wavelength Mean Span (mm) Associated
(mm) (mm) Chord Flow
(mm) Reynolds
number
NACA-0021 N/A N/A 490 105 1,500,000
A2W7.5 2 7.5 70 30 (for pre-stall simulation) 120,000
120 (for post-stall simulation)
Al4W52.5 14 52.5 490 210 (for pre-stall simulation) 1,500,000

840(for post-stall simulation)

—
S

FIG.1 The geomeprazameters defined for the tubercled and the diifiad foil.

Computational Setup
The Y—Re;model [14], based on the Unsteady RANS scheme utilased for flow modelling in this

work. The rationale for using a transitional models predicated on the fact that, as opposed tp- full

turbulent models that often assume the developmieatturbulent boundary layer from the leading
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edge, the SSTransitional model is capable of capturing trapsitirom a laminar boundary la) as

was expected to occur the present cases chord Reynolds numbers d20,000 and Re=1,500,0(

As shown in Figure 2, a Grid topologywith structured hexahedral elementasconstructed for the
computational domain. The ffield boundaries were placed at 12 chtedgths from the trailin

edge of the airfoils. The lateral planes were asgigperioic and symmetri boundaries for the
modified and unmodified foilsrespectively, while the airfoils' surfacegere set to the r-slip

boundary conditionThe boundary layer was resolved with sufficientdgpbints near the airfoil

surface to yield y+ values below unity over thdadlis. Simulation test cases performed wthe grids
spanning four wavelengths in the f-stall zone iimited the spanwise development of the cel

bubble (see Figure 42). Hence, to capture the dellelopment of the flow, grids with sixte

wavelengths of th tubercled airfoils weradopted in the post-stall zoriewas verified that the fot

and sixteen wavelengttased models produced the same flow characteristicier pr-stall

conditions.The angle of attack was adjusted by the velocitymanents aihe Inlet boundar

a)

+13C

b).

A14W52.5 CAIWTS h NACA-0021 |

FIG.2 (a) The computational domain and (b) the gyistems around the modelled airfc
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To solve the governing equations, ANSYS CFX 14]5Was employed. The solver adopts a Finite-
Volume, Finite Element scheme to discretize thexgpart equations. For temporal and spacial
discretization, a second-order backward Euler ntetlnad a high-resolution scheme were selected

respectively.

Solution Sensitivity Study (Re=120,000)
Three successively-refined grids were tested foNAS in the transitional regime. All the grids were

highly refined and yielded identical force coeféints up to the second decimal place for the fase,

detailed in Table 2. In addition to the aerodynarucce, the flow structure was examined to
determine the suitability of the grids. The patteai reversed flow obtained from the solutions by
these grids (Figure 2) show that slightly more rsgd flow is observed in the results derived from
G1, compared to that of G2 and G3 that producegtiichd patterns. In light of the findings, G2 was
adopted for the remainder of the study. The gridsdg of G2 on the foil, was, thus, incorporated

into the construction of the grid for the airfoiltiv16 wavelengths.

Lift and drag monitor points were defined anddueled throughout the different runs. This is shown
for the aerodynamic coefficients associated with fllow over A2W?7.5 tubercled foil at an attack
angle equal to 2 degrees in Figure 4, whereby tinee$ plateau once a converged solution is

obtained. A conservative time-step size equal.8x 10° (swas selected for the transient run. This

time-step was sufficiently small to ensure the @gence behaviour of the governing equations, and

follows the suggestions for time-step size for tlebt flow modelling by Egoroet al.[5].

Table.2 Detaifshe grid sensitivity study. (A2W7.5, Re=120,08@A= 2°

Airfoil Total elements Lift coefficient  Drag coefficient

label

A2W7.5 G1: 5236486 0.166 0.020
G2:7899106(for pre-stall simulation)  0.165 0.020
(G2:12588694(for post-stall simulation)
G3: 11183004 0.165 0.020

FIG.3 Reversed flow in green achieved by the sahstioom different grids: G1 (left) G2 (middle) a@® (right). (A2W?7.5,
Re=120, 000A0A =2° )
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FIG.4 Behaviour of the lift and drag coeffiets using grid G2. (A2W7.5, Re=120, 00DA =2° )

Solution Sensitivity Study (Re=1,500,000)
Three successively-refined grids were generatedneble the determination of mesh-independent

solutions of the governing equations. The lift @indg coefficients, as well as the flow structureave
used to assess the adequacy of the grids. As simoWatble 2, the lift and drag coefficients achieved
by the grids were the same for this modified flwiladdition to the forces, the reversed flow patser
arising from the solutions by these grids were @rath In spite of the fact that all three gridsges
similar values of the force coefficients, the effe€ refinement was more pronounced on the flow
structure. This is illustrated in Figure 5, whel@nf visualisation demonstrates that grid refinement
led to more detailed flow features. In particutaie reversed flow regions near the mid-chord sectio
were captured with the highest resolution by G3er&fore, G3 was maintained for the rest of the

study. The integrated lift and drag monitor poits shown for the 6-degree attack angle in Figure 6

As for the unmodified foil, three grids (G1, G2 aB8) were tested. G2 and G3 produced identical lift
and drag coefficients up to the second decimal tpgirable 3). G2 which required fewer
computational resources compared to that of G3ywgstmore refined than G1 was maintained for the
rest of the study. Lift and drag monitor points &defined and followed throughout the differentsrun

(see Figure 7 as an example).The time-step sizethersimulation run was maintained at a

conservative value of =3x10" (s), that comply with the recommendations by Egetal.[5].
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FIG.5 Reversed flow regions, in green, obtained fsototions by G1 (left), G2 (middle) and G3 (righ®)2W?7.5, Re
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FIG.7 History of the lift and drag coefficient. (NOX:
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TaBBetails of the grid sensitivity study. (Re:1,5@IDOAOA:6° )

Airfoil label  Total elements Lift Drag
coefficie coefficie
nt nt

A14W52.5 G1: 5800054 0.588 0.010

G2:8749234 0.588 0.010

(3:12386556 (for pre-stall simulation) 0.588 0.010
(G3:13441064 (for post-stall simulation)

NACA 0021 G1:782250 0.584 0.010
G2: 811454 0.588 0.010
G3: 982506 0.588 0.010

Validation for Selected Attack Angles (Re=1,500,000)
Gregoreket al [9] conducted wind tunnel pressure measuremenrd tasthe NACA 0021 airfoil at

Re=1,500,000. The data, in the form of pressurgildigion, were later used for validation by Wolfe
et al. [29], who used thek —¢ model to predict the aerodynamic behaviour of $hene airfoil.
Herein, the data reported by Gregoetlal.[9] are presented for the validation of the SSTditonal
model, adopted in this study (Figure 8).Overale 8ST transitional model, predicts the observed
trends in the pressure distribution satisfactofillye largest discrepancies are seen for attacleaadg!
16 and 20 degrees where lower suction pressureeyvae obtained by the transitional model.
Nonetheless, very good agreement between expedimant numerical data is evident for attack

angles up to 12 degrees and reasonable agreenudrsteissed for larger angles of attack.

AOA 12°

-2.5

-2

-1.5
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AOA 16° AOA 20°

FIG.8 Pressure coefficient achieved by SST trasrsdi model, compared to experimental data of Gedgairal[9]

Flow Over the Tubercled Foil A2W7.5 (Re=120,000)

Pre-stall Flow Analysis
Figure 9 displays the regions over the suction eide airfoil where reversed flow occurs for #re

attack angle cases. Note that the streamwise caenparf the surface shear force in these regions is
oriented against the free-stream flow directionug;ithe values of the shear stress in the stre@nwis

direction are negative (see Figure 10 as an example

a) b)
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scparated flow

FIG.9 (&) Reversed flow displayed in green (a)AOA =0° (b)AOA= 2 (c)AOA= & (A2W7.5, Re=120,00C

FIG.10 Contours of shear stress in the streamwigetibin in the regions where shear stress is negatithe streamwis
direction. White shows regions of attached floA2W7.5, Re=120,000A0A =6°)

At AOA =0°, two primary regions of separated flow are identifiA wavy and a zizag pattern are

observed near theailing edge and thmid-chord section, respectivelis the attack angle increas
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to 2 degrees, the boundaries of all the separatmes move further upstream. Notably, while the
wavy separation region at the trailing edge of thie moves forward, the number of peaks and
troughs on this pattern is doubled. In contrasth® lower attack angle cases, ADA =6°, three

primary flow separation zones where flow separatioours are identified. What follows is a closer

examination of the flow structure at this repreatimé¢ pre-stall attack angle.

As illustrated in Figure 11, the flow is driven bye presence of strong spanwise pressure gradient,
established by the undulating leading edge. Spanpisssure gradient assumes a cyclic variation
along the span, with blue-coloured areas highlightiegions where the static pressure decreases in
the positive Z direction, and red marking areas rerltbe static pressure rises. The static pressure
contours in Figure 12 illustrates that the trougthie location where the lowest suction peak ogcurs

an observation that is consistent with previoudisgi[10, 23, 26, 27].

One implication of the presence of a low-pressegion in the trough is the tendency of the flow
over the peak sections to move towards the trodigiien by the pressure gradient. This fluid motion
leads to the development of the first notable fli@ature on the suction side: a three-dimensional
laminar separation bubble (LSB). The bubble is ldooim the trough spanwise location by a saddle of
separation, S1, and a saddle of attachment S2. Widon the bubble, two stable foci are found
(Figure 13).

FIG.11 Spanwise pressure gradients near thengadige FIG.12 Contours of static pressure on the suctide.
(A2W7.5, Re=120,000, AOAG)) (A2W7.5, Re=120,000, AOAG))
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To probe further intéhe formation of the laminar separation bul, the vortex line: near the leading
edge are drawn in Figure 18is apparenthat the vortex lines assume a span-dominant sense of
direction, accounted for by the presence of vdsytiwiithin the boundry layer. Further downstreal
however, the vortex lines' direction change, sut small streamwise components are develc
This is particularly noticeable around the chor@neslges markein Figure 13These are the loc of
points where vorticity idifted away fron the surface of the foito form the edges of canopy-like

vortex structure.
edge of the vortex canopy

S2

separation
border
around the
LSB

FIG.13 Shear stress lines (left) and vortex limggh€) in the vicinity of the LSB. (A2W7.5, Re=120{, AOA= 6))

The approaching thregimensional streamlines, under the influence of spanwise pressure
gradient, turn towards araround the focal points (see Figlul4). The turning of the streamlin
gives rise to the rarrangement of the vortex lines into theeamwise and trans\se directions. The
secondary flow mechanismasalso reported by Skilleat al. [23]. As demonstrated by the authc
previous work [20]this mechanism is identified Prandtl's £condary flow of the first ty: a quasi-
inviscid mechanism which is responsible for genegastreamwise and transverse vorti, due to

the presence of skewness and spanwise vorticitywihe boundary layel
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FIG.14 Behaviour of the thredimensional streamlines arot the LSB. Surface shear stress lines are drawn osutttéon

S3,84

NI1,N2

I3,F4

T P T

FIG.15 Shear stress lines (left) and vortex limgh€) near the mi-chord line. T and P denote, trough and peak, réispéc
(A2W7.5, Re=120,000, AOAE’)
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The topological characteristiessociated with thseparatediéw feature near the nm-chord section
is more complicateds shown in Figure .Two saddles, one of detachment,(%3C = 0.45)and one
of attachment, S@K/C =0.62)are readily seemn the peak spanwise locat (Figure 15). The
presence ofransverse vorticil is suggested by thevo pairs of chordwise critical vortex lir,
pointing to the location where transverse vortigiyifted away from the surfa. To cast more light
on the flow structure in oke proximity to this sarated flow region, thredimensional streamline
have been plotted (Figure 1i@)close proximity to the salient topological arél points near the n-

chord section.

b)
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It is observed that the oncoming flow takes threstircct pathways. One path marthe forward-

moving flow from theitough takini a sharp turn towards the peak and spirailing the stable focus,
F3. Past the focal critical point, the flow continuesconvect dowstream as depict in Figure 16(a).
In contrast, the flow approaiciy from either side of thpeak, spirals into the foci (F3 and F4) bel
moving further downstrearfrigure 16(b). Finally onegroup of streamlines coming from the trot
spanwise location, are strongly twisted near thfasa, to the left and right of the focal po, F3 and

F4, before continuingn their wa' downstream (Figure 16(c)).
vorlex critical lines

reversed flow

wavy separalio

T P T T P T

FIG.17 Shear stress lines (left) and vortex limgghf) in the vicinity of the trailing edgi(A2W7.5, Re=120,000, AOA 6°)
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As pointed out previously, the flow separation rar trailing edge assumes a wavy pattern (Figure
17). The shape of the separation line suggeststhieaseparation point on the peak occurs further
downstream, compared to the trough. The forwardtreeparation point, however, occurs on the
middle spanwise location. Therefore, the middlenspse location for A2W7.5 sees the largest
amount of flow separation in comparison with thakpand the trough. The vortex lines, on the other
hand, illustrate that chordwise critical lines alithemselves with the wavy separation lines. These
points suggest that surface-normal vorticity isspré and lifts from the surface of the foil in this

region.

To examine the effect of the undulating leadingeaedg the vorticity field, the three components of
vorticity are studied individually. In accordancédtiwthe Cartesian coordinates system in Figure 2,
these components are defined as streamwise (pamltbe free-stream flow direction), transverse
(normal to streamwise) and spanwise vorticity (gltime Z axis), whose mathematical formulations

are given below:

w=Curl(u) =(w,7.{);

Streamwise Vorticity wcos@ )+ singr )
Transverse Vorticity —wsin(a )+ cosfr )
Spanwise Vorticity { 1-4

Iso-surfaces of vorticity in the spanwise directame displayed in Figure 18(a).lt is noticed thn t
sheets of spanwise vorticity appear to be rippéedeffect which was also observed for the other
tubercled foils detailed in the previous chapt@&i®e rippling effect is a direct corollary of thectig
variation in spanwise circulation. Iso-surfacestwéamwise vorticity (see Figure 18(b)), on thesoth

hand, illustrate regions of vorticity of oppositgrs interpreted as pairs of counter-rotating \oasiin

FIG.18 Iso-surfaces of (a) spanwise and (b) straaewvorticity. Blue shows a counter-clockwise sewsfs@tation,
while red indicates a clockwise sense of rotat{®2W?7.5, Re=120,000, AOAF’ )

the streamwise direction.
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Towards Away

Combined

FIG.19 Isosurfaces of vorticity in the transverse directiorttie oblique \ew. Yellow indicates vorticity pointing towards t
wing's surface, while orange shows vorticity oreehaway from the surfac(A2W7.5, Re=120,000, AOAE’)

Figure 19 presents issrfaces of transverse vorticity over the tuberdtedin three oblique views
To examine the origins of the vortical featurareas ovethe foil where reverd flow is present are
coloured in bluelt is clearly observe that two vortical surfacesf opposite sig arise from the
laminar separation bubble, near the f critical points.This observation reinforces the nin that
strong skewness reorgaessvorticity in the streamwise and transverse directions neatethding
edge. Further downstream, transverse vortical strastaonvect towards the separated flow regic
the vicinity of the spirallingflow near the mi-chord section of the foil. dte that theorientation
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associated with the vortical structures is such thay departing from the LSB and arriving at an

angle to the separated flow region downstream.

Streamwise vorticity is also present in the walgae, although, as seen in Figure 20, its magnitude
is attenuated, as the flow moves downstream, inrdance with Kelvin's circulation theory. Note
how the decrease in the magnitude of streamwiscitgris accompanied by an enlargement in the
vortex cores. This observation is consistent wite low behaviour over the other tubercled foils

investigated in the authors' previous study [20].

208.9
149.9
91.0
32.0
-26.9
-85.9
-144.9
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-321.8

-380.7
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FIG.20 Contours of streanamisrticity in the wake region. (A2W7.5, Re=120,08QA= 6 )
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Post-stall Flow Analysis

In this section, the flow over the tubercled foRW7.5 is analysed at an attack angle equ:20°.
Figure 21 shows iso-surfaced zerc-velocity over the suction side of the {. It is noted that
separated flown the form of a stalled ce[19] envelops a large regiamn the suction side of tt
airfoil at this attack angldn contrast to the troughs, the boundary | behindall tubercle peaks in
the vicinity of the leading edge attached to the foiFlow attachment extends further downsm
behind tubercles locatemh either side of a large recirculation zone oatjimg from the central trouc
region. In addition, narrowseparation bubbs exist along the chordn several trougt. It is
noteworthy that the extent of the attached flowthe chordwise direction was observed to be -
dependent, however the mechandescribed here did not vary with time and was testly founc
over the simulation time. Theatterr of flow separation near the extremities of thead, in the
spanwise directionsuggests that periodicity in the flow field is pdéale. Periodicity was als
reported by Custodio [3ho conducted ow visualization tests at Re=1,500.

reversed flow

\

; .

\

A

laminar separation bubble \' }

attached flow

FIG.21 Separated flow, displayed in green, overstietion side. (A2W7.5, Re=120,000, t=0.05
AOA =20°)
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FIG.22 Limiting streamlines (a) over the entiretireside (b) in the clo-up view. (A2W?7.5, Re=120,00 AOA =20°)

Several critical points ariglentifiec in the limiting streamlines (Figure 2Zhe most prominent «
which are the two foci, F3 and F4 that k large regions of swirling flonemanating from the
reversed flow regionk-ocal points are also identified near the lea-edge (F1, F2)These are the
same focal pointsssociated with narrow laminar separation bubbfesnd foi the pre-stall case at
AOA =6°.The other pairs of focal points (F1', F2' and (FA2") are attribied to longer separatic
bubbles. Figure 21 suggestsitthe boundary layer downstream of these begotho not re-attach and
instead merge with the reversed flow. Tappearance dbcal critical points, suggest the presenc

coherent vortical features above the

To visualise regions containi high streamwise vorticity, iso-surface$ streamwise vorcity are
presented in Figure 23(a)he colou red represents positivedreamwise vorticity in the fr-stream
flow direction (clockwise sense of rotation), while blindicates the opposite. is noted that an
alternating pattern oforticity is realised along the sg near the leading edgsimilar to the pr-stall
case The sense of rotation associated with the vdrigaure, in this zonejs such the, above all
tubercle peaks, a downwasgfffect is created, in accordance with the origipaddictions by val

Nieropet al.[26]. Two pairs oflarger zones containing interwovestreamwise vorticit, on either side
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of the central bubble, are al#dentifiec near the mid-chord sectioihe position of these cohere
structuressuggests that above the surface of the, vorticesof opposite sign stand on top one
another.

coherent streamwise vortex structures

central recirculation zone

b)

FIG. 23 (a) Iscsurfaces of streamwise vorticity over the suctidke & the oblique view. Blue represents cot-clockwise
while red stands for a clockwise sense of rotatBireamwise vorticity level:8( st (b) Transverse vorticity lel: 5000
s (A2W7.5, Re=120,000, t=0.055(s AOA =20°)
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Iso-surfaces of tresverse vorticityin Figure 23(b)also demonstrate the presence of a spa
alternating pattern in the formation of transvevorticity near the leading ed. Two diagonally-
shaped surfaces stand out on either of the central recirculation zonehile smallerregions filled
with transverse vorticity appear in the other tioa Pairs of isosurface of transverse vorticity
opposite sign, occupying smaller volumes, are doumnthe trough regions that likely arise from

focal points near the leadiregige.

The effect of the presence of strong vorticity otver foil on momentum transfer can elicited from
Figure 24 that shows a thrdenensional streamlinover a small wing section where bcattached
and separated flow are identif. Observing the diagram, it is found thas, the oncoming flov
climbs over the tubercle in zo(1), it moves sideways (2) and is driveroi the recirculation zone.
this region the flow swirls around and upon existnsfers momentum from zone 3 to 4.ally, the
flow re-enters the wrculation zone(5) and continues downstream via.(8f a resu of the motion
of the bulk of the flow out ofhe re-circulating zone and ovéhe neighbouring regions, the bound
layer over the peak is energizes, ar separation is inhibitedhis mechanism is consistent with -
observations reported for the other tubercled failhe findings bySkillen et al[22].

FIG.24 Momentum transfer illustrated athreedimensional streamline. Wing section shown for Z39én for clarity Green
sheet shows the separated flow zom&2W?7.5, Re=120,00( AOA =20°)
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Turbulent Flow Cases (Re=1,500,000)

Pre-Stall Flow Structure Analysis
Reversed flonover the suction of the foil A14W.5 is displayed for four pretall attack angles in

Figure 25.With the exception oa few common flow features, the patternre¥ersed flo\ appears,
for the most part, different than what was obsefor the same airfoil at Re=1:000.

c) (

separated flow

WA
| t]i |l

172



FIG.25(ae) Regions of reversed flow AOA =0°, AOA =2°, AOA =6°, AOA =10°and AOA= 14 .(A14W52.5, Re=1,500,000)

At AOA =0°, two primary regions of separated flow are idésdif one near the n-chord section

and the other in the trough méghar location. As the attack angle increasefto, the boundaries of
all the separatio zones move further upstreaWhile flow separation near thtrailing edge is
minimal, as the attack angle increases to grees, a distinct wavy pattedevelops towards tt
trailing-edge of the foilThe delay in trailing edge flow separation at R500,000, ompared to that
of Re=120,000 is expected, & tturbulent boundary layer in this insta is more resistant to flo
separationpwing to the presence fully-turbulent flow. The separatiopattern is morinoticeable as

the separation zones grow in size and move upsta¢ AOA =10° and AOA= 14 .

| ! /W‘

i 1

FIG.26 Closedp views of the regions of reversed flow at-degree attack angle (A14W52.5, Re=1,500,(
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In a similar manner to the flow at Re=120,000, thkercled leading edge establishes a strong
spanwise pressure gradient, that displays a cyatiation, along the span (Figure 27). As a resio,

pressure falls to a minimum (suction peak) in teeghs (Figure 28). The gradient between the peak
and the trough drives the flow towards the minimprrassure region, where the three-dimensional

laminar separation bubble lies.

FIG.27 Spanwise pueegradient near the leading edge. (A14W52.5, Fs®€1000, AOA=6’)

FI1G.28 Contours of the static pueen the suction side. (A14W52.5, Re=1,500,000/,-\A6’ )
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FIG.29 Limiting streamlinefleft)and vortex lines (righinear the Laminar Separation Bubftlight). (A15W52.5
Re=1,500,000, AOA6")

FIG.30 Threedimensional streamlines in the vicinity of the LSA14W52.5, Re=1,500,000, AO/6°)
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In what follows, the flow is atysed in detail at an attack angle equaleto The first notable flow
featureis identified as an open laminar separation bt (Figure 29) which was also identified f
the transitional flow casd@.he only difference here is the smaller scale of tpen LSB,compared to
the case where Re=120,00Dwvo small focal pints and a saddle of attachn are the primary
critical points associated witthe LSB on the trou¢. In Figure 30, threeimensional streamline
approaching the airfoil, display the tendency @& tlow to converge towards the trough section,
to the presence of a strong spanwise pressureegtadipon reaching the zone where suction pre:
is minimum, under th influence of vorticity, the streamlinturn abruptly indicating the formation ¢
vortical featuresExamining the skin friction coefficient along thection side of the trough (Figt
31), confirms the occurrence of a flow separation affildw cdtachment process. This is evidencec
the change in thaign of the skin frictio coefficient from positive to negative, initially arour
X/ C=0.077, and subsequently from negative to positwhere X/C =0.104. The re-attachment
confirmed that S1 is a saddi¢ attachmer. The vortex lines around the LSB, show a distinande
in the direction of the tangent vec associated with each vortex linas the spanwi-dominant
vortex lines turn in the streamwise direction, ggirise to the rorganisation of vorticity into th
streamwise and transverse directioThus, the seconda flow mechanism is activateby the

presence of the tubercled leagliedge, for the transitional and r-turbulent regime

%1 0'3 ADA G°

+  A14WE25

' '
E._.J._- P [P [ T
' I I i

0 02 04 06 08 1
K
FIG.31Skin friction along the trough spanwise locat(A14W52.5,Re=1,500,000, AOA 6°)

The flow near the mighord region shows more complex behur. The key critical points ithe
mid-chord regionwhere the shear stress vanishes, are two sadditsfone of detachment and -
other of attachment) and two stable (Figure 32(a)) The shear stress coeffici plot along the
peak spanwise locatig illustrates that the flow separates at X/C=02a48] then r-attaches further
downstream at X/C=0.58.hese locations coincide with the saddle of detasiimS3 and saddle
attachment, S4.
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The surfice vortex lines, near the r-chord region, reveal remarkabtdaracteristics. While tt
strong spanwise component of vorticity is ent at most locations (Figure @), in the vicinity of
X/C=0.6, a stalike feature is realed whereby the vortex lines assusteeamwiseorientation. Also

note that theeanopy of vorticity analogy introduc earlier, is also relevam this cas, as transverse
54

vorticity lifts along two chordwise critical vortex line

a)
3,74

b) T P T

vortex lines
with

streamwise
components

chordwisc
crilical
vortex lines

FIG.32 (a) Shear stress and (b) vortex lines rreamtic-chord section. Diagram shows one tubercle wavetentA14W52.5,
Re=1,500,000, AOAE’)
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FIG.34 Threaedimensional streamlines as they approach the degditaw region near the r-chord section.A14W52.5,
Re=1,500,000, AOA®’)

The flow approaching the michord section, takes two distinct pe, as shown in Figure .. One
group of streamlines flowing over the peak spanddmation undergo a twisting moti near the
focal points F3 and F4s illustrated by the bltin Figure 35. Anothegroup of streamlines mosto
the side of the sepated flow region without becomi engulfed into the spiralling flow zone over 1
peak. The locus of pointshere the spalling flow and the forwardnoving flow met, mark the

boundaries of the reversddw region.

178



Further downstream, in the vicinity of - trailing edge, the flow is convect@ato two focal points
F5 and F6 (Figure 35leading ti the formation of three-dimensional countetating vortices, ne:
the trailing edge(see Figure 36) regions where the surface flow moves upstream,wy w@paraon
line forms that encompasste focd points. The critical vortex lines attest to vorticilifting from

the wing's surface in this region.

critical vortex lines

F3,F6 wavy scparation line ‘

T P T T P T

FIG.35 Limiting streamlines(left) arvortex lines (right) near the trailign edg&14wW52.5, Re=1500,000, AO/6’)

FIG.36 Streamlines near the trailina e A14W52.5. Re=1500.000. AO/6")
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In summary, the approaching streamlines either @gev into the trouglwhere the open lamin.
separation bubble is established move past it and develop twisting trajectoniear the mi-chord
section and the trailg edge of the foil (Figure ). In all flow patterns, spanwise vorticity is-

organised into streamwise and transv-oriented voiicity in a complicated fashion whi is

explored in more detail iwhat follows.

FIG.37 Three dimensional streamlines shown at vatioeetion.(A14W52.5. Re=1.500.000. AO/6°)

FIG.38 (a) Spanwise and (b) streamwist-surfaces. Blue indicates a countdwekwise sense of rotation, while red shov
clock-wise sense of rotatiorA{4W52.5, Re=1,500,000, AO/6’)
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Towards Away

Combined

FIG.39 Transverse vorticity in the vicinity of tfal. Yellow and orange show vorticity towards aamday from the wing'
surface, respectivelyAL4W52.5, Re=1,500,000, AO/E )
The effect of the undulating leading edge on thetigity field is now examined in this part. Similar
the flow scenario where Re=120,000, at Re=1,500,the spanwise vortex sheets appear rif
(Figure 38 (a)) Also, streamwise vorticity of oppos sign is presenfFigure 39(b). Note that the
streamtibes of streamwise vorticity app closer to the surface of the foil compared to
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transitional flow case, as less flow separatiore@ised for the near-turbulent case and the counte

rotating vortices are embedded further down withsnboundary layer.

Transverse vorticity of opposite sign also existsrahe suction side of the airfoil, in regions who

in Figures 39. Similar to the transitional flow eadwo vortex tubes emerge from the laminar
separation bubble, near the leading edge. The wdutees, however, undergo abrupt twists in the
vicinity of the separated flow region near the moitbrd section. The twisting pattern of the vortex

tubes is remarkably similar to the shape of theusspd flow region in this region.

In Figure 40, contours of the streamwise compoméntorticity have been plotted on two planes
which are oriented normal to the free-stream flaveation in the wake region. It is evident that
streamwise vorticity of opposite sign is preserihanomenon that points to the generation of dirs
counter-rotating vortices. The strength of the ices is weakened as the flow convects downstream,
due to a vorticity diffusion process. Note that tldues are markedly larger than those at the same
attack angle for Re=120,000.

FIG.40 Streamwise vortices on planes orthogontiédree stream flow direction, in the wake regi@l4wW52.5, Re=1,500,000,
AOA=6")
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FIG.41 Contours of turbulent kinetic energy overfibie (A14W52.5, Re=1,500,000, AOA@)

Contours of turbulence kinetic energy (TKE) arespreed in Figure 41 for two chordwise locations
over the suction side of the foil. The diagram stdkat, on the mid-chord plane, the values of TKE
are larger near the troughs in small concentrateasa compared to the neighbouring regions. As the
flow develops over the foil, turbulence kineticsimtes over larger areas, as indicated by therpatt
of TKE on the plane placed at the trailing edgeisTdbservation is consistent with the finding by
Lohry et al. [15] whereby a sharp increase in the turbulenttiéGnenergy near the trough spanwise

location was reported over a tubercled foil witR&ACA-0020 baseline profile.
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Post-stall Flow Analysis

Separated flow regions overet airfoil at AOA =20° areillustrated in Figure 4. It is readily seen
that at this attack angle a largeea on the suction side is occupieda stalled ce. Contributing to
the separated flow region, éslong separation bubbthat originategrom a trough, situat¢ in close
proximity to the leading edge and extending di to the trailing edgeThis is an identical flov

feature which was observed for the case where RE80Q A number of Aminar separation bubbl

appear in the troughs onle#tr side of the large separation bubble. Also aomastrip of separate

flow is observed near the trailing ed

long bubble (recirculation zone)

trailing-edge separation

attached flow

laminar separation bubble

FIG.42 Reversed flow regions on the suction sidestitated by the ze-streamwise velocity issurfaces AOA =20°,
Al4W52.5, Re=1,500,000)
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forward flov

wavy separation line
FIG.43 Shear stress lines over the suction §&BIW52.5, Re=1, 500,000 AOA =20")

Figure 43 showghe limiting streamlines on the surface of A14WE The presence of stroi
skewness within the boundangar the leading edge is evident. The critical {so@tssociated with tt
LSBs in the troughs are the same as those idahfifiethe pr-stall case and are not shown here. ~
noticeable focal points, Fand Ft, mark the locations of spiralling flgwesiding within the lon
bubble. These focal points are the signature of cohererticab features Observing the pattern
limiting streamlines near the extremities of thdl fm the spanwise direction,uggests the

development of spanwigeeriodicity in this flow regime

Iso-aurfaces of streamwise vortic in Figure 44 (at the same levels as thslsewn previously fc
Re=120000) highlight an alternating pattern of vorticit§ opposite sign along thspan. This is
identical to the situation at Re=120,000, with &xeeption that the i-surfaces of the same level
vorticity are closer to the walln the zone where the long bubble lies, two distlacge sheets ¢
streamwise vorticity of oppositegn are foundThe sense of vorticity associated with these st
can be explained by the presence of reversed fiaivi$ region. To clarify, spanwise vortic in the
boundary layerif the opposite direction as that of forward flag/furned in thestreamwise direction
in this region where flow skewness, in the vicinitf the foci F5 and F6, is pres. Note that the
sense of rotation of the swirinflow associated with each focis opposite to the other. Hence,
arising streamwise vortex sheeatontain values of vorticity of opposite sigAnother notable featul
is the formation of coherent streamwise vortexcétmes near the trailing ec, on either side of th
large bubble. These structures play a key rolaerttansfer of momentum, will be described late
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b)

FIG.44 Isosurfaces of (a) streamwise 800 and (b) transwendiity 1238 over the suction side of the foil {AWV52.5,
Re=1,500,000A0A =20°)

Iso-surfaces ofransverse vorticity (Figure 44, illustrate similar patterns to those detecte:
Re=120, 000. The sign of transverse vorticity alées along the span at each trough and
location. Two distinct sets of coherent patterresd®tected. The firgroup of transverse vorticity i-
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surfaces (G1) emanate from the wavy separation #ssociated with the long separation bubbl
the front, and the other (G2) appears outsidezihie from the regions where the laminar separ:
bubbles are locatedVhile both sets of is-surfacesdepart from the wall, G1 lifts higher from t
surface than G2. The orientation of the formerugranfluenced by lar¢-scale spanwise flow,

highly diagonal, standing in opposite directionseither side of the lol separation bubble. This is
contrast to the situation for G2, wherein transwersrticity isc-surfaces lifting from the LSBs, a
channelled along the chord in the forward flow zehewn in Figure 44

FI1G.45 Velocity vectors plotted over the foil, oplane oriented normal to the f-stream flow direction. Wing section sho
for region near the separation bubble Z>0.16m. 4{A52.5, Re=1,500,000, t=0.04( AOA =20°)

In Figure 45, a thredimensional streamline shows how the fluid movesrdlie suction side of tt
foil in the vicinity of the large bubble. As theofll approache the foil from zone 1, it climbs arour
and over the tubercle reachiagne 2, located adjacent to the ble. Subsequent, the flow spirals
within the bubble near the trailing edunder the influence of the streamwise vortex stmes and
moves forward in zone 4. The transfer of momentwoucs from zone 4 to 5, whereby -
momentum from the reirculaticn zone within the bubble isjected into the boundary layer of t
attacheddow region. Finally the flow r-entering the bubble thugh zone 6, is lifte and by the
action of spanwise vorticity within the bubble igried backwards as it leaves the separation k

towards the wake.

187



Pressure Coefficient Plots
The pressure coefficient plots, displaced for thalgp trough and middle spanwise locations show that

the highest suction peak occurs over the troughllattack angles, while the pressure distribution
over the pressure side of the airfoil for the thmesn spanwise locations is almost identical (Fégur
46).The pressure gradient, also, is more adversegathe trough, in line with observations at
Re=120,000. The occurrence of the LSB on the trpugheflected subtly in the change of the

pressure gradient (for exampleA®@A =6°, where X/C=0.1).

As the attack angle increases, the difference énpifessure peak value on the suction side at the
trough, compared to that of the peak and the middanwise locations, become more pronounced.
Consequently, the pressure gradient in the choeddiigction becomes more adverse. Thus, the early

onset of separation on the trough spanwise locatiocomparison with that of the peak, is explained
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FIG.46 Pressure coefficient plots for the pealydgtoand middle spanwise locations at several atagles (A14W52.5,
Re=1,500,000)

Flow Structure Analysis Over the Baseline NACA-0021(Re=1,500,000)

The flow structureover the baseline NAC-0021, is analysed in this sectiahsever: attack angles.
At AOA =0°,a Laminar Separation Bubbappears on the sucticside of the airfoil (Figure «a)).
Since the change of the sign of the skin frictitong the chor (Figure 48)from positive to negativ
indicates the occurrence of flow separation whiechangerom negative to positive shova flow
attachment process, the length of bubble at AOA=0(deg) could lestimated a18(mm),

separated flow

a) b)
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c)

FIG.47(a-f) Separated flow regions, displayedrieen, over the suction side of NACA-0021. (Re=Q,600, AOA=
0,6,10,14 18 %
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FIG.48(a-d) Friction coefficient on the suctionesiof NACA-0021 (Re=1,500,00000A =0°,6°,1¢F ,14 )

At AOA =6°, two distinct regions of separated flow are idéedi The first region corresponds to the
Laminar Separation Bubble that has moved furthetrapm, whereas the second one is a small zone
of trailing edge flow separation. The length of thébble at this attack angle was estimated usieg th
data in Figure 48 at 19(mm). ADA =10°, the LSB, whose length is estimated at 27(mm), énge
have moved further upstream, towards the leadiRpw separation from the trailing edge is also
initiated at a location further upstream. The léngftthe bubble is, however, slightly decreased2o
(mm) at AOA=14° .With the increase in the attack angle ugdy stall is evident as flow separation
envelops over half of the suction side. In addititre flatness of the pressure coefficient curve in

Figure 8, confirms the occurrence of stall.

Aerodynamic L oading Behaviour
The lift and drag coefficients, obtained from themerical simulations of the present work and those

reported in previous experiments, are plotted (lgt) for the tubercled and unmodified foils at
Re=1,500,000 and Re=120,000 at several attacksangle
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Observing the experimental data corresponding ecuttimodified foil (Re=120,000) reveals that the
NACA-0021 airfoil undergoes an abrupt loss of liftthe transitional regime. The flow simulation
work by Choudhryet al. [2] concluded that abrupt stall, on this thick aikf is initiated by the
bursting of a laminar separation bubble. The tukbdréoil produces more lift and less drag at post-

stall angle. It is evident that the loss of lift this foil is gradual.

In stark contrast, in the turbulent regime, the adified airfoil's loss of lift is gradual, possibiiue to
the presence of higher momentum fluid in the boundayer and the resistance of the LSB to
bursting near the stall angle. This is reflected bimth the numerical and experimental data.

Considering the CFD results of the present studyfibund that, for the turbulent case, up to tiad s
angle al4’,the tubercled foil and the NACA-0021generate almibgt same amount of drag.

However, post-stall, the tubercled foil's drag amsiderably larger than that of the unmodified. The

lift curve, on the other hand, illustrates that #mount of lift produced by both foils is almoseth
same for angles of attack beld®’. The tubercled foil, however, produces slightlyrentift than the

unmodified aAOA =14°. At AOA =20°, the lift force generated by A14W52.5 is markettwer
than the foil with the straight leading edge. Towdr post-stall lift associated with the tuberdei
is in contrast to the findings by previous studsesformed at low Reynolds numbers. Nonetheless,
the loss of lift for the tubercled foil for attaeingles between 18 to 25 degrees is still less &brup

compared to that of the unmadified foil.

Herein, the findings are in agreement with the micaésimulation results by Dropkiet al. [4] who
previously showed that at Re=3,000,000, the unremtiiioil NACA-63:.-021 produced more lift for a
large range of post-stall attack angles than therttled foil. Also, Webeet al.[28] who studied the

effects of cavitation by conducting water tunnepersments at Re=200,000-800,000 reported the

inferior performance of rudders modified with leaghedge tubercles at AOAS’ — 20 . This points
out the significance of Reynolds number effectstlom stall mechanism of the lifting bodies with
leading edge tubercles. Furthermore, it demonstithit the aerodynamic behaviour of the tubercled
foil is dependent on the cross-sectional profileth@# baseline foil, operating in a particular flow

regime.

It must be noted that while discrepancies are appdoetween the coefficients reported from the
experimental work by Gregorek al.[9] and those obtained through numerical simulajdhe SST
transitional model is in better agreement with siraulation results conducted by Wok¢ al. [29].
One possible explanation for the differences in lithecoefficients can be attributed to turbulence
levels in the wind tunnel tests that could not beedmined from the report by Wolés al. [29]. The

effect of turbulence intensity on the maximum Idbefficient achieved by NACA-0021 was
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previously investigated by Swalw et al. [25]. In the present study the turbulence levels v

maintained around 0.4% in thpstreanvicinity of the two airfoils.
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FIG.49The lift and drag coefficient curves for the tudledcand unmodified foil at several attack ang
Conclusions

Numerical modellingof the flow over the full-spantubercled foil, A2W7. and its scaled-up
equivalent A14W52.5was conducteat Re=12@00 and Re=1,500,000. These Reynolds nur
correspondo the transitional and ne-turbulent flow regimes, respectivelwhile wind tunnel forc
measurement tests were carried out on ,7.5 at Re=120,000 by Hansehal [12], no experimental

aerodynamic loading data aretavailable for the tubercled airfoiis the turbulent flow regir.

To capture details of the flostructure using the SST transitional model, -resolution grids wer

generated and grichdependent studies were performed accordingly.tidd grids had structure
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hexahedral elements with sufficient number of noditsin the boundary layer to resolve regions of
separated flow with reasonable accuracy. This & fitrst computational study, to the authors'
knowledge, where the flow over tubercled airfoilghw spans larger than four wavelengths was
simulated. Validation of the model was done using éxperimental data in the form of surface
pressure distribution along the chord for the NAQ@21 baseline foil. The SST transitional model
was capable of capturing the trends associatedthétipressure distribution with reasonable accuracy

and was thus, deemed suitable for the analysisedfidw structure.

The results of flow topology analyses revealed eber of common, as well as different flow
features in the studied flow regimes. One primaatidre observed in both cases, was the presence of
spanwise pressure gradients in the vicinity of lgeding edge. The cyclic variation in pressure
gradient is induced by the leading edge tuberaidsrasults in the highest suction peak to occtinén
trough spanwise location. The pressure differerte/den the trough and the peak drives the flow to
move towards the trough. On the other hand, thepalwhange in the flow direction in this region,
leads to strong velocity gradients that accounttierturning of the already-present spanwise vytic
within the boundary layer towards the streamwis teansverse directions. This mechanism operates

in both flow regimes and is identified as Prandsésondary flow of the first type.

Chordwise pressure gradient in the trough regios alao observed to be the most adverse. Hence,
the flow is more susceptible to separation alorgttbugh. However, due to transition effects, the
boundary layer re-attaches further downstream. THads to the formation of a laminar separation
bubble, whose shape is highly influenced by thesgmee of vorticity. It was shown that a pair of
vortex tubes of opposite sign leave the focal aitipoints from the laminar separation bubble.
Spanwise vortex sheets, in contrast, appear rippledsult which is consistent with the predictions
from Prandtl’s lifting line theory and Stokes' |aag proposed in our previous studies [20, 21]. In
addition, the cyclic variation in spanwise vortycéxplains the generation of pairs of counter-iogat
streamwise vortices. In case of the near-turbdlent, these vortices are much stronger and areeclos
to the surface, as flow separation, in particulearmthe trailing edge occurs at larger attack angle

compared to the case where Re=120, 000.

Another notable flow feature, in the form of a sepad zone, was detected near the mid-chord
section. For the flow in both regimes, this flovatigre was the location where transverse vortexstube
emanating from the laminar separation bubbles éurtipstream end on the surface. The shape of the
separated flow region, as well as the criticahpoassociated with the mid-chord flow feature were

different for the studied flow regimes at pre-staiples.

Differences were also noticed in the pattern ovfleeparation, near the trailing edge. Whereas the
separated flow occupied distinctly isolated areasthe shape of round re-circulation zones at

Re=1,500,000, the separated flow region for ReslMMmaintained a continuous wavy pattern along
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the span, with the exception of the flow at zedance. Also, flow separation near the trailinged
appeared to occupy smaller volumes for the turtidlew case, due to the resistance of the turbulent

boundary layer to flow separation.

In the post-stall zone, remarkably similar flow tigas were detected in both flow regimes. In the
central trough, a long separation bubble was obsethat originated from the leading edge and
extended down to the trailing edge. Within the Bapthe velocity field showed the strong tendency
of the flow to move towards the two neighbouringear, located on either side of the bubble. This
flow motion, introduced higher momentum fluid intike boundary layer in those areas and, as a
result, separation was inhibited. In addition, othoflow cases, reversed flow, appearing from the
trailing edge was engulfed into two large zones kedrwith strong swirl, forming streamwise

vorticity of opposite sign above the foil. The segtad flow region associated with the tubercled foi

at the examined attack angl&@A =20°) caused the airfoil to lose a considerable amodititt, in
comparison with the unmodified foil. Hence, sigiify the effects of the Reynolds number on the

performance of full-span tubercled foils.

As for the unmodified foil at Re=1,500,000, tworpairy zones of flow separation were identified.

The first one was formed by the separation andtesfament of the boundary layer in the shape of a
laminar separation bubble. And the second sepafliedregion, corresponded to flow separation

near the trailing edge. With the increase in thacht angle, the laminar separation bubble moves
forwards and the separation zone from the back gdavger in size. This trend continues into post-
stall where the airfoil's lift coefficient drops.eMertheless, the loss of lift for the unmodifiedl fo

appears to be less severe than that of the tubeuile

The numerical simulation results suggest thathim turbulent flow regime, unlike the transitional
flow cases (for instance at Re=120,000 in the stugyHanseret al.[12]), the laminar separation
bubble over the unmodified foil does not burst ansudden loss of lift is not observed. Hence, in
comparison with a tubercled model, the unmodifieil Jields higher lift co-efficient at post-stall
angles. Accordingly, future studies will focus the experimental investigation of the influence of
the cross-sectional profile, as well as the flogime on the performance of lifting bodies modified

with leading-edge tubercles.
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Chapter 7

Summary, Conclusons and Recommendations for
Future Work

The present study set out to explore the underlffowyg mechanism, induced by the presence of full-
span wings with undulating leading edges in theinam transitional and near-turbulent regimes. All
the modified airfoils designed and fabricated fis tstudy were based on the NACA-0021 profile
which closely matches the cross-sectional profifettee humpback whale. To carry out the
investigation, theoretical, experimental and nunarapproaches were adopted. The current chapter
provides a summary of the work conducted as weth@agonclusions and recommendations for future

research.

7.1 Summary

7.1.1 Similaritiesin the Characteristics Associated with the Flow over

Wavy and Tubercled Wings

In chapter 3, a theoretical analysis, based ond8iamon-linear lifting-line theory, revealed thabth

a wavy and a tubercled leading edge induce a cyali@ation in spanwise circulation. This variation
gives rise to the formation of counter-rotatingeamwise vortices for the tubercled, as well theywav
wing (see Figures 3.18 and 4.18). A full-span wivith an undulating leading edge can be conceived
of as a series of finite-wing sections, each wagtle of which producing counter-rotating vortices,
due to the spanwise variation in circulation. Itsvaagued that the amplitude-to-wavelength radio of
the sinusoidal leading-edge configuration was diyguroportional to the strength of the streamwise

vortices (see Equation 4.6).

Similarity of the loading behaviour of tubercleddawavy wings had been previously reported by
Hansen [5] in the transitional flow regime (Re=1EM). In the present work, wind tunnel force
measurement tests were repeated on the threepanl-wavy wings previously adopted by Hansen

[5]. In addition, force measurement tests were ootetl on a newly-designed and fabricated wavy
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airfoil to further assess the effect of geometréazgmeters on the loading characteristics of wavy
wings, defined as one of the aims of the projetie Tesults demonstrated that all the wings with
wavy leading edges produced more lift in the ptalt-segime than that of the unmodified wing. Of

the wings with the same angular amplitude, theitie the smallest wavelength exhibited the most
superior aerodynamic behaviour. Among the wingshef same wavelength, however, the one with

the largest angular amplitude produced the mosiuiable performance (see Figures 3.8-3.10).

Surface pressure measurement tests on the newibpddswavy wing at Re=120,000 showed that,
similar to the case with a tubercled wing, the Istnguction pressure occurred in the trough (chord
minimum location). In addition, the chordwise praesgradient along the trough of a wavy wing was
observed to be more adverse than that of the pEakd maximum location), pointing to another

common trait with the flow over tubercled foils ¢s€igure 3.12). This observation suggested the

early onset of flow separation along the trougimpared to the peak spanwise location.

To probe into the flow structure around a full-speavy wing, numerical simulation was carried out
on the wavy wing in the transitional flow regime, Re=120,000. The Shear Stress Transport

transitional modelSSTy— Rg was successful in reproducing the pressure distoibuat several

attack angles with reasonable accuracy. The flouctire analysis, confirmed that the wavy foil
produced counter-rotating streamwise vortices. Utide influence of vortex stretching and viscous
dissipation, the maximum value of streamwise viytién the wake, was observed to decrease with
distance from the trailing edge, as the rotatidlmal- cores associated with the counter-rotating
vortices grew in size. This observation was in agrent with Kelvin's circulation theorem. Also, the
boundary layer profile along the trough, comparethe peak, showed the onset of flow separation at
a chordwise location situated further upstream, gamed to that of the peak (see Figure 3.19), a

characteristic that was reported for the flow awudrercled foils [5, 9, 10].

7.1.2 Flow Mechanism for Tubercled Wingsin the Transitional Regime

As detailed in Chapter 4, the formation mechani$ratieamwise vortices was investigated from an

alternate perspective by means of numerical sinaulanb the transitional regime (Re=120,000). The
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flow over three tubercled airfoils of varying waeefith and amplitude, was simulated using the SST
transitional model and compared to that of the wfifred NACA-0021. Contours plots of surface
pressure indicated that tubercles establish a @wganwise variation in static pressure, near the
leading edge, with the lowest "suction pressureiezoccurring in the trough. Accordingly, the
spanwise pressure gradient drives the oncoming flmmards the trough (see Figure 4.14). By
analyzing the topological features of the surfdoe fand the vorticity field, it was found that aesk
induced mechanism identified Bsandtl's secondary flow of the first tygeves rise to the formation

of two types of counter-rotating vortices in thanitional flow regime. The primary pair of vortice
originate near the trough region, where the mininguation peak lies, while the secondary pair of
vortices appear in the vicinity of the trailing edgsee Figures 4.11 and 4.20). The formation
mechanism of both vortex pairs is associated viighttirning of the boundary layer vortex lines from
the spanwise into the streamwise and transversetdins. The primary pair of vortices create a

secondary flow feature in the trough region whiaswalso reported by Skillezt al.[8].

In addition, it was noted that Laminar Separatiates form on both the unmodified and tubercled
foils at Re=120,000. Whereas the shape of the butd#yhains essentially two-dimensional for the
baseline foil, the presence of streamwise vortiaiffigcts the shape of the bubble for the tubercled
foil, rendering it a three-dimensionabpler) appearance (see Figure 4.13). The flow visudtinat
work by Karthikeyaret al. [7] confirmed the presence of th@en laminar separation bubbla the

trough region.

CFD simulations showed that, in the pre-stall zahe,development of the vortices is accompanied
by flow separation. The primary vortices induceaapon in the form obpen laminar separation
bubbles The development of the secondary vortices, in vi@nity of the trailing edge, is
accompanied by flow separation, a phenomenon whimhld explain the lower maximum lift
coefficient achieved by modified foils comparedih@ baseline NACA 0021. Airfoils with larger
tubercle amplitudes generated vorticity fields igfter vorticity magnitudes, however, achieved lower
lift coefficients as larger separation zones preduby the formation of the pairs of vortices. The

numerical study also suggested that the amplitadeavelength ratio is directly proportional to the
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strength of the streamwise vortices. Furthermooataur plots of spanwise vorticity showed that the
tubercled leading edge imparts a rippled appeardanceéhe vortex sheets along the span, a
phenomenon that was explained by the cyclic variain circulation and Stokes' law (see equation

4.1 and Figure 4.10).

The numerical simulations indicated that, in thetgtall regime, the flow from the separated flow
regions, under the influence of the strong vosti¢ield, moves towards the neighbouring sections.
This motion renders a momentum enhancement effelsigh momentum fluid is transported into the
boundary layer, increasing its momentum, thus itihdp flow separation. As a result, higher lift

coefficients are achieved at high attack angle® momentum enhancement effect of the vortices

was also reported by Skillet al. [8].

The limiting streamlines on one tubercled airfol8(30), showed a bi-periodic pattern. Bi-
periodicity in the flow structure was previoushpoeted in the flow visualisation study by Custodio
[1]. As illustrated by pseudo-streamlines and confaots of vorticity, the sense of rotation of the
streamwise vortices accounted for the upwash eiffieitte trough and the downwash effect, originally
predicted by van Nieropt al. [9] and Weberet al [10] (see Figure 4.22). As explained by these
researchers, the local attack angle remains higher the trough than the peak, creating a steeper
chordwise pressure gradient that leads to the eadgt of flow separation near the trough region.

The vorticity field on spanwise planes, orientethogonal to the free-stream flow direction, revdale
the presence of vorticity (of opposite sign) depelg beneath the merged primary and secondary
vortices at the trailing edge. This was attributedhe interaction of the longitudinal vortices ahd

wall boundary layer, generating lateral shear, lsinto the findings by Cutler and Bradshaw [2] in

their study of swept wings.

7.1.3 Flow Mechanism for a Tubercled Wing in the Laminar Regime

In Chapter 5, numerical methods were employed tdahthe flow past a full-span tubercled and a
baseline foil in the laminar flow regime (Re=2,23BYeviously Hansen [5] had performed water

tunnel experiments in the form of Particle Imagelogenetry (PIV) measurements to study the
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formation of streamwise vortices between tuberc&song correspondence between the vorticity
fields computed from the velocity fields resolvey tne simulations and those obtained by PIV
measurements provided assurance that numericallagions could be trusted with the examination of

the flow structure.

In conjunction with the analyses from the experitabmvestigation, flow modelling demonstrated
that a skew-induced mechanism led to the developroércounter-rotating streamwise vortices
(Figure 5.24). A vortex sheet indicated by a vastieso-surface was shown to lift from the airfsil’
surface (Figure 5.23), tilt and stretch in the atmevise direction, in agreement with the observation
by Favieret al. [3]. Moreover, the vorticity field suggested thpparent development of a vortex-
canopy structure whereby, spanwise vortex lines toitially towards the streamwise direction and
eventually lift from the surface as they convecthe streamwise direction (see Figure 5.22). Also,

spanwise vortex sheets assumed a rippled appeabage the tubercled folil.

Furthermore, the presence of counter-rotatingicestwas accompanied by large regions of flow
separation. In the reversed flow region, due taéversal in the direction of the spanwise vortesd
within the boundary layer (immediately above th#'dasurface), regions of vorticity with opposite
sign to those away from the wall were identified épposed to the situation outside the separation
bubble, where the vortex lines assumed a ripple@a@nce, within the separation region the vortex
lines resembled a series of closed-looped rings. sifleamwise vorticity field obtained from the PIV
measurements near the trailing edge have showeehit@wrease in the magnitude of peak streamwise
vorticity. To explain this phenomenon, CFD was usedurther investigate the evolution of the
vorticity field. Accordingly, it was found that theirning and tilting of the vortex rings near the
trailing edge occurred in such a manner that treasiwise component of the vorticity field grew in
magnitude with chordwise distance near the traiidge (see Figure 5.23). Therefore, the local

increase in the magnitude of peak streamwise viyrtias accounted for.

At high attack angles, the transfer of momenturoinfithe separated flow regions to neighbouring

zones, where attached flow occurred, generated hfioower the tubercled foil than the unmodified

202



NACA 0021. Integration of the pressure distribuiat various chordwise locations implied that the
largest amount of lift is generated at a crossi@@atorresponding to a tubercle peak, which is

consistent with the observation that flow separatiocurs further aft at this location.

7.1.4 Flow Mechanism for a Tubercled Wing in the Near-Turbulent

Regime

As detailed in Chapter 6, numerical simulationseveonducted using th8STy—- Rg to examine
the flow structure around a tubercled foil anduhenodified NACA 0021 foil at Re=1,500,000, in the
near-turbulent flow regime. Validation of the moaes carried out using the wind tunnel tests data
for the baseline foil by Gregoret al.[4]. Flow modelling was also carried out on thensaubercled

foil (re-scaled) at Re=120,000 to explore Reynaldsiber effects on the mechanism triggered by the

presence of leading-edge tubercles.

The presence of the open laminar separation bubltee trough region of the tubercled foil was one
flow feature that was found in the near-turbulemd &ransitional regimes (see Figures 6.9(c)-6.25(a)
Even though the scale of the LSB was markedly sndhan that observed in transitional flow
(Re=120,000), the fundamental formation mechanignthe LSB was identical in both cases.
Investigating the limiting vortex lines on the fsilsurface revealed that the turning of spanwise
vorticity into the streamwise and transverse dioectunderpinned the formation of streamwise
vortices. Also, the generated streamwise vorticesl the same sense of rotation as those
corresponding to the transitional flow regime, stizdt they induced an upwash effect in the trough

and downwash over the peak (see Figures 18(b)J38(b)

Further analysis of the vorticity field indicatduat a pair of vortex tubes, of opposite sign letnge
focal critical points from the laminar separatiambble. Spanwise vortex sheets, in contrast, appear
rippled. In the near-turbulent flow case, thesdiges are much stronger and closer to the surkce,
flow separation, in particular near the trailinggedoccurs at larger attack angles compared to the

case where Re=120, 000 (see Figures 6.18-6.19.38¢5639).
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Another notable flow feature, in the form of a sepad zone, was detected near the mid-chord
section. For the flow in both regimes, this flovatigre was the location where transverse vortexstube
emanating from the laminar separation bubbles éurtipstream, end on the surface. The shape of the
separated flow region, as well as the critical moassociated with the mid-chord flow feature, were

different for the studied flow regimes (see Figuelb and Figure 6.32).

Differences were also noticed in the pattern ovfleeparation near the trailing edge. Whereas the
separated flow occupied distinctly isolated areasthie shape of round re-circulation zones at
Re=1,500,000, the separation line for Re=120,000htxiaed a continuous wavy pattern along the
span, with the exception of the flow at zero inadicke (see Figure 6.17 and 6.35). Also, flow
separation near the trailing edge appeared to gcamaller volumes for the near-turbulent flow case,

due to the resistance of the turbulent boundamgrity flow separation.

In the post-stall zone, remarkably similar flow tigas were detected in both flow regimes. In the
central trough, a long separation bubble was obsethat originated from the leading edge and
extended down to the trailing edge. In the vicindfy the bubble, three-dimensional streamlines
showed the strong tendency of the flow to move freithin the re-circulation zone towards the
neighbouring areas located outside the bubble Egares 6.24 and 6.45). This flow motion
introduced higher momentum fluid into the boundarmer in those areas and, as a result, separation
was inhibited. In addition, in both flow cases, emed flow appearing from the trailing edge was
engulfed into two large zones marked with strongriswWorming coherent vortical structures

containing vorticity of opposite sign above thel.foi the near-turbulent regime, the separated flow

region associated with the tubercled foil at thareed attack angleNOA =20°), caused the airfoil

to lose a considerable amount of lift in compariaath the unmodified foil.

As for the unmodified foil at Re=1,500,000, tworpairy zones of flow separation were identified.
The first one was formed by the separation andteefament of the boundary layer in the shape of a
laminar separation bubble. The second separatadréigion, corresponded to flow separation near

the trailing edge. With the increase in the attacgle, the laminar separation bubble moved forwards
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and the separation zone from the back grows langeize. This trend continues into post-stall where
the airfoil's lift coefficient drops. This phenonmnoccurs typically for thick airfoils at moderate
Reynolds numbers where gradual loss of lift is olex intrailing-edge stall The separation bubble

influences the stalling characteristics through iitgpact on the turbulent boundary layer [6].
Nevertheless, lift coefficients achieved by the odified foil at the investigated high attack angles

(18 and 20 degrees) were greater than those tfiieecled foil.

7.2 Conclusions
As detailed in Chapter 2, three primary aims westnéd for the present project. Firstly, the impact

of full-span wing modification with undulating leag edges on the induced underlying flow
mechanism was investigated across a broad randgeyfiolds numbers. Secondly, the formation
mechanism and effect of streamwise vortices orfldve over wings with undulating leading edges
were determined. Finally, the influence of the getiro parameters associated with full-span wavy
wings on their aerodynamic performance was invatgiy The findings related to the first two aims
are categorized according to the similar and défiecharacteristics that were observed over thgeran
of the studied Reynolds numbers in sections 7.8d A2.2. Section 7.2.3 provides the findings

addressing the third aim of the project.

7.2.1 Similarities

1. An undulating leading edge, in both a tubercédl wavy configuration, produces a cyclic
variation of spanwise circulation of the bound eartEach wavelength of the undulating leading edge
can be thought of as a finite-wing section. Thelicyeariation of spanwise circulation accounts for

the formation of pairs of counter-rotating streasgwortices.

2. The strength of the streamwise vortices, astatiaith each tubercle or wave, appears to be
proportional to the amplitude-to-wavelength ratfdte sinusoidal leading-edge curve. As the pair of
vortices convect downstream, over the airfoil amd the wake, the values of peak vorticity decrease

and the rotational flow regions grow larger in siZbe attenuation of the peak value of vorticity is
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primarily due to vortex compression due to the aslepressure gradient and is consistent with

Kelvin's circulation theorem.

3. The undulating leading edge imparts a ripplgueapance to the spanwise vortex sheets.

4. The formation mechanism of the streamwise vestican be explained Wrandtl's Secondary
Flow of the First TypeAccording to this quasi-inviscid mechanism, in fliesence of flow skewness
the spanwise vorticity in the boundary layer imad into the streamwise and transverse directions.
Flow skewness occurs due to the strong spanwissyme gradient established by the presence of the

undulating leading edge.

5. The spanwise pressure gradient near the leadigg drives the flow towards the trough region on
the suction side, where the static pressure reaghmmimum. In other words, the suction peak is
most negative at the trough, compared to the pedkize middle spanwise locations. This creates a
steep chordwise adverse pressure gradient alongrdabgh that leads to the early onset of flow

separation along the trough.

6. Flow separation lines on the tubercled foil mapstream with the increase in the attack angle in

all flow regimes.

7. The momentum transfer mechanism at high attaciea operates under the influence of the
vorticity field. Accordingly, the fluid from the parated flow regions (re-circulation zones) is

transferred to neighbouring zones where the boyrdger remains attached and also downstream.

8. The sense of rotation of the streamwise vortigesich that they induce an upwash effect over the

trough and a downwash effect over the peak sparadst¢ions.

7.2.2 Differences

1. In the transitional and near-turbulent flow regs, the turning of the vortex lines towards the
streamwise and transverse directions leads todimation of a pair of primary vortices near the
trough region. The boundary layer undergoes a Hetant and a re-attachment process along the
trough whereby a laminar separation bubble is dpesl. It is observed that the shape of the laminar
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separation bubble is influenced by the presencéefprimary vortex pair. The size of the LSB is
considerably smaller in the near-turbulent regitrentthat of the transitional. In contrast, in laanin

flow the separated flow does not re-attach, and 8t is not formed.

2. The pattern of flow separation, as well as thidcal points, in the vicinity of the mid-chord
section, is different for the transitional and thear-turbulent flow cases studied, although in both
cases this is the region where the transverse xauiees that emanate from laminar separation

bubbles end on the surface (see Figures 6.16 844l 6.

3. In the transitional and near-turbulent flow rags, patterns of surface limiting-streamlines sagge
the presence of spanwise periodicity equal to eatgr than two tubercle wavelengths. In the laminar
flow regime, the observed pattern assumed pertydidione tubercle wavelength. It is possible that

periodicity is influenced by leading-edge configioa as well as the flow regime in question.

4. In the transitional and laminar flows, postistéil generated by the full-span modified foil was
greater than that of the baseline foil. This, hogvewas not the case for the turbulent regime. One
plausible explanation of this is the behavior @& Baminar separation bubble on the unmodifiedifoil
the transitional and near-turbulent flow regimesthe transitional flow regime, the bursting of the
LSB leads to the sudden loss of lift. Hence, in parison the tubercled foil produces more lift.he t
turbulent flow regime, on the contrary, the LSBthe unmodified foil is maintained on the foil at
larger attack angles. Consequently more lift isdpo®d at higher incidence angles for the unmodified

foil in the turbulent regime compared to the tréiosal flow scenario.

7.2.3 Influence of Geometric Parameter s on the Perfor mance of Wavy Foils

wind tunnel tests were conducted at Re=120,000 aur full-span wavy wings with varying

amplitudes and wavelengths of the leading edgeecuriie results from direct force measurements
demonstrated that all the wings with wavy foils giexted more lift in the post-stall regime than did
the baseline NACA 0021 foil. Of the wings with tlsame angular amplitude, the one with the

smallest wavelength exhibited the superior aeroshyodehaviour, whereas among the wings of the
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same wavelength, the one with the largest angufaplijuide produced the most favourable
performance (see Figures 3.8-3.10). Based on fireings, it may be concluded that full-span wings
with wavy leading edges can benefit from large augé-to-wavelength ratios to produce more post-

stall lift. This conclusion is in agreement witletfindings reported by Hansen [5].

7.3 Recommendations for Future Work

In light of the findings of the present projectiute studies may focus on the following aspects:

1. Experimental work in the fully-turbulent reginshould be conducted to further elucidate the
loading behaviour of wavy and tubercled wings. Tdas be achieved by increasing the flow speed,
the chord length or turbulence intensity. Both éoand pressure measurement tests can broaden our

understanding regarding the modified foils' stakm@cteristics.

2. Pressure measurements experiments could bectaut by incorporating pressure taps on several
troughs, peaks and middle spanwise locations terhte the characteristics associated with the

spatially periodic patterns of the surface flow.

3. Flow simulations using more advanced i.e. highder CFD models, can provide useful
information regarding the evolution of the vortiGesd their time-dependent behaviour. The study of
the interaction of the streamwise vortices, devedbpver the modified foils, is an area that has not

been explored in depth.

4. Optimization analyses can be performed to deternvhat combination of leading-edge amplitude
and wavelength would yield higher aero-hydrodynapedormance in different flow regimes. Also
the influence of the parameters such as the tudderale amplitude-to-boundary layer thickness

(A d) could be further investigated.

5. Experimental work in the form of PIV measurenserdn be conducted to examine the flow over a
wavy foil. Further investigation of the flow struceé can shed light on the underlying flow

mechanism triggered by a wavy leading edge.
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6. Due to the development of streamwise vortiche, fotential application of tubercles in heat
transfer is plausible. This unexplored area cad teahe design of fluid machinery components that

outperform conventional models.

7. Future work could also focus on the behaviouhefmodified foils in compressible flow scenarios.
The interaction of streamwise vortices and shockesacan be of high interest. Attenuation of
shockwaves from a wavy surface may be more rapid tom an unmodified surface. This may lead

to the design of quieter supersonic aircraft.
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Abstract

In spite of its mammoth physical size, the Humpback whale’s
manoeuvrability in hunting has captured the attention of
biologists as well as fluid mechanists. It has now been
established that the protrusions on the leading edges of the
Humpback’s pectoral flippers, known as tubercles, account for
this baleen species’ agility. In the present work, Prandtl’s non-
linear lifting-line theory was employed to propose a hypothesis
that the favourable traits observed in the performance of
tubercled lifting bodies are not exclusive to this form of leading
edge configuration. Accordingly, a novel alternative to tubercles
was introduced and incorporated into the design of four airfoils
that underwent wind tunnel force measurement tests in the
transitional flow regime. The experimental results demonstrate
similar loading characteristics of the newly designed foils in
comparison with those with tubercles, suggesting the presence
of an analogous flow mechanism.

Introduction

The Humpback whale’s dynamic agility in executing tight turns
when catching prey is remarkable [10]. When rolling in a
banking tumn, hydrodynamic lift forces are developed on the
Humpback’s flippers whose horizontal components act as the
centripetal force [17]. Fish and Battle [6] postulated that the
protuberances on the leading edges of the whale’s pectoral
flippers, known as tubercles, may account for the Humpback’s
extraordinary maneuvrability through maintaining lift at high
attack angles.

To assess the hypothesis, Miklosovic et al. [12] conducted a
series of wind tunnel experiments that unveiled the desirable
characteristics of idealised flipper models. It was learned that,
compared to the finite-span wing without tubercles, the modified
model delayed the stall angle by nearly 40%, achieved a 6%
increase in the maximum lift coefficient and incurred lower
drag at high incidence angles.

Inspired by the initial promising results, Stein et al. [15],
Miklosovic et al. [11], Johari et al. [9] and Hansen et al. [7]
carried out low Reynolds number force measurement tests on
nominally two-dimensional foils, as opposed to finite wings. It
was found that, compared to the unmodified models, most foils
with tubercles displayed gradual stall characteristics with higher
post-stall lift, yet their pre-stall performance was degraded.

Amongst other studies, Custodio [4], van Nierop et al. [16],
Stanway [14], Pedro and Kobayashi [13], and Hiroshi et al. [8]
utilised experimental and numerical methods to examine the
flow field around foils and wings with tubercles. An important
outcome of these investigations indicated the presence of pairs
of counter-rotating streamwise vortices in the vicinity of the
lifting surfaces. Hence, it was proposed that the beneficial
aspects of lifting surfaces with tubercles are associated with
streamwise vorticity present in the flow field.

Although the desirable features of tubercles have been identified
for full-span and semi-span wings, the underlying mechanisms
and the role played by streamwise vortices through which these
traits become manifest are not fully understood. In addition,
leading edge modifications as alternatives to tubercles that
trigger similar flow mechanisms have not been introduced.
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In an attempt to gain further insight into the underlying flow
dynamics induced by tubercles, Prandtl’s non-linear lifting-line
theory (PNLLT) was used in the present work. The analysis of
span-wise circulation led to the design of a novel leading-edge
configuration referred to as the wavy model. The hypothesis
adopted was that the alternative modification would exhibit
similar aerodynamic traits as predicted by PNLLT. Accordingly,
four modified NACA 0021-based airfoils were fabricated to
undergo wind tunnel force measurement tests in the transitional
flow regime.

Overview of Prandtl’s Non-linear Lifting-line Theory

Ludwig Prandtl (1875-1953) in his classical lifting-line theory
presented an innovative approach that enabled the study of
significant aerodynamic parameters such as circulation and its
distribution along the span of a finite wing [2, 5]. The non-linear
lifting-line method as detailed by Anderson [1] is an extension
of Prandtl’s lifting-line theory with an advantage over a linear
approach, as it incorporates experimental data associated with a
baseline foil to capture the near and post-stall behaviour of a
finite wing. Despite being an approximate method, in the
context of wings with passive undulating leading edges, the
iterative PNLLT scheme can shed light on the development of
circulation.

Details of Analysis

Herein, two forms of wings with undulating leading edges were
considered: tubercles, where the chord varies in a sinusoidal
manner along the span, and the novel wavy model where the

geometric angle of attack changes sinusoidally in the spanwise
direction (Figure 1).
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Figure 1. Top row: Wavy wing section showing peak-to-peak
angular amplitude and wavelength. Bottom row: Tubercled wing
section showing the amplitude an)ei wavelength
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Figure 2. The coordinates system with a number of stations
marking various locations along the span (top view)



Each wavelength of the wing was allocated a number of stations
to represent various locations along the span (Figure 2). As an
initial estimate, an elliptic lift distribution was assigned to the
stations according to:

Results of Theoretical Analysis

Figure 3 (a-d) illustrates how circulation varies along half of the
span for a tubercled and a wavy wing pre- and post-stall. The

values for wavelength and amplitude are expressed in
millimetres, and the peak-to-peak amplitude in degrees.
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Figure 3 (a-d). Spanwise circulation for a tubercled and wavy
foil at various incidence angles along half of the span
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To predict the effect of the peak-to-peak angular amplitude and
wavelength on the overall performance of wavy wings,
circulation was integrated along the span for three finite wings:
5 b2
C,=—| I'(yd 11
L=y | Ty an

0 ~b/2

08— r-tde----
P11 -1 IS e AU S \ S
0.4 pommmmme o mmmmmdem e fF- --
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i ' : :
0 5 10 15 20
o degrees

Figure 4. Lift coefficient for three finite wavy wings obtained
by Prandtl’s non-linear lifting-line theory

Prandtl’s non-linear lifting-line theory demonstrates that, for the
wavy wing, the distribution of circulation along the span
assumes an oscillatory pattern similar to that of tubercles,
pointing to the presence of streamwise vortices in both cases. It
is also noticed that with the increase in attack angle, the
amplitude of oscillations grows for the tubercled wing. Since the
strength of the streamwise vortices is proportional to the slope
of the circulation curve, it is predicted that stronger vortices are
generated at higher attack angles. On the other hand, for the
wavy wing, the amplitude of oscillations is noticeably larger
even at low angles, signifying the presence of stronger vortices.

As illustrated in Figure 4, the wavy wing with 6 =2(deg)
undergoes sudden stall while the ones with 6 =4(deg)
experience a more gradual loss of lift. It is also predicted that
(04w15) would stall less abruptly compared to wings with
wavelengths equal to 30 (mm). From these observations, it can
be deduced that wavy wings with shorter wavelengths and larger

peak-to-peak amplitudes are likely to display more desirable
attributes such as extended and gradual stall.

Although the results presented here are derived for finite-wings,
it is conceivable that the global behaviour of spanwise
circulation for full-span lifting surfaces is oscillatory.

Details of Experimental Work

To assess the aerodynamic loading characteristics of full-span
wavy foils against an unmodified model, a series of force
measurement tests were performed at Re=120,000 in the closed-
loop KC wind tunnel at the University of Adelaide. The test
section of the tunnel has a 500(mm)x 500(mm) cross-section
with a maximum blockage ratio of 6% at a 25-degree attack
angle. The turbulent intensity of the tunnel is approximately
0.8% ahead of the test subject.

Of the four NACAO0021-based wavy foils with varying
wavelength and peak-to-peak angular amplitude, three were
machined from aluminium and one was cast from epoxy resin
(Figure 5). All the airfoils have mean chord and span lengths
equal to 70 (mm) and 495 (mm) respectively.

A six-component load cell from JR3, with an uncertainty
estimate of 1% , was used to measure normal and chord-wise
forces (with respect to the airfoil) which were then converted
into lift and drag. A Vertex rotary table was attached to the base
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of the load cell to allow accurate and repeatable changes in the
attack angle.

Figure 5. Wavy foils : 64W15 ,’64W30 , 02w30,06.5w30 (top
to bottom)

With the sampling period of the analogue-to-digital converter set
to 16 (ms), 3,000 data points, corresponding to normal and
tangential force components, were collected at each angle of
attack. The tests were repeated five times for every foil and
average values of the lift and drag coefficients were calculated
accordingly. The average standard errors in estimating the
population means for lift and drag coefficients were 0.003 and
0.009. Wind tunnel corrections for solid, wake blockage and
streamline curvature were also applied to the results in
accordance with recommendations by Barlow[3].

Experimental Results

Performance Effect of Variation in Wavy Foil Wavelength

It is noticed from Figure 6, that the unmodified and wavy foils
produce nearly the same lift-curve slope up to 4 degrees. At this
point, the curves deviate from the linear trend which hints at
extra lift produced by the presence of laminar separation bubbles
(LSB). With regard to the maximum lift coefficient, the
unmodified foil achieves the highest value, followed by a
dramatic loss of lift past 12 degrees, and a consequent rise in
drag.

|

|
"5 0 5 10
o degrees

Figure 6. Lift coefficient versus attack angle for two wavy foils
of varying wavelength, and the unmodified NACA 0021
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Figure 7. Drag coefficient versus angle of attack for two wavy
foils of varying wavelength, and the unmodified NACA0021



Between the wavy foils of the same wavelength, 04wl5
outperforms 04w30 post-stall as it undergoes a more gradual

stall with a higher amount of lift, indicating that smaller
wavelengths may be more beneficial for wavy foils.

Performance Effect of Variation in Wavy Foil Peak-to-Peak
Angular Amplitude

Comparison of the lift coefficient for the wavy foils of the same
wavelength against the unmodified NACA 0021 foil (Figures 8
and 9) reveals that both wavy foils produce lower lift pre-stall.
The unmodified and 02w30 foils exhibit a sudden loss of lift
and identical post-stall behaviour, however 06.5w30 shows
superior performance past 12 degrees with lower drag
coefficients. The observations indicate that wavy foils with
higher peak-to-peak amplitudes may render more aerodynamic
benefits in the post-stall region.

“5 0 5 10 15
o degrees

Figure 8. Lift coefficient versus the attack angle for two wavy
foils of varying peak-to-peak angular amplitude, and the
unmodified NACA 0021
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Figure 9. Drag coefficient versus the attack angle for two wavy
foils of varying peak-to-peak angular amplitude, and the
unmodified NACA 0021

Conclusions

The present investigation attempted to broaden our
understanding of the flow mechanism triggered by incorporating
passive wavy leading edges. In spite of its simplified
assumptions, Prandtl’s non-linear lifting-line theory succeeded
in demonstrating that both the newly-proposed design, referred
to as the wavy configuration, and tubercles, induce an
oscillatory distribution of circulation along the span. This
prediction implies that the wavy foils exhibit similar
aerodynamic characteristics to those with tubercles. In addition,
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the pattern of circulation points to the presence of streamwise
vortices in flows over wavy lifting surfaces.

The results of wind tunnel tests on four wavy foils revealed that
three of the wavy foils showed delayed stall, a prominent trait
also observed in flows over tubercled wings. Amongst the
examined models, the one with the highest peak-to-peak angular
amplitude and smallest wavelength yielded the most favourable
post-stall behaviour. In view of the findings, there is sufficient
evidence to merit more attention to the proposed novel leading
edge modification.
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Abstract

Flow control by means of tubercles, which are spanwise-
periodic protrusions observed on the Humpback whale’s
flippers, has been previously shown to exhibit beneficial
aerodynamic traits. Understanding the mechanism that yields the
desirable results among nominally two-dimensional airfoils has
led to the design of an alternative leading edge configuration. In
the present work, this novel variation on tubercles was employed
to modify a NACA 0021 airfoil for wind tunnel pressure
measurement tests in the transitional flow regime. In addition, a
Computation Fluid Dynamics study was performed using the
SST transitional model in the context of unsteady RANS at
several attack angles. The results from the numerical
investigation are in reasonable agreement with those of the
experiments, and suggest the presence of features that are also
observed in flows over tubercled foils, most notably a distinct
pair of streamwise vortices for each wavelength of the tubercle-
like feature.

Introduction

Nature with its elegance and mystique has always served as a
generous source of inspiration and creativity. One peculiar
instance that has intrigued fluid mechanists and zoologists for
the past decade is the Humpback whale’s ability to turn around
tight angles in its bubble-net feeding strategy [7].

To determine whether the scalloped leading edge of the
Humpback’s flippers plays a role in the Humpback’s swift
mobility, Fish and Watts [14] carried out a computational fluid
dynamics study. For this purpose, an inviscid flow solver was
developed to compare the performance of a scalloped finite-span
wing based on the NACA 634-021 profile against its unmodified
equivalent at a 10 degree angle of attack. The results showed
the overall superior performance of the scalloped wing with a
4.8 % increase in lift, and a 10.9 % reduction in induced drag.

A second numerical study as reported by Fish et al. [6] was
carried out by Paterson ef al. [10] in which an unsteady RANS
simulation was performed on a tubercled and an unmodified
NACA 63-021 baseline foil. The Reynolds number, based on the
chord length, was 1,000,000. At an incidence angle equal to 10
degrees, the results demonstrated a dramatic change in the
pressure contours on the tubercled model along with large
vortices posterior to the troughs. Flow separation was observed
to have been delayed behind the peaks to almost the trailing
edge, preventing the onset of stall.

Miklosovic et al. [9] carried out wind tunnel force measurement
tests on half-span scale models of an idealized Humpback whale
flipper (1/4 scale) with and without tubercles on a NACA 0020
baseline foil. The Reynolds numbers for the tests were between
505,000 and 520,000, which fall in the operating range of
Humpback whales. The experiments yielded a 40% delay in the
stall angle for the wing with tubercles accompanied by a 6%
increase in the maximum lift coefficient and lower drag
coefficients in the post-stall regime. The authors concluded that
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a vortex-generating mechanism similar to that employed by
vortex generators on an aircraft wing may explain the higher lift
characteristics. It was hypothesized that through energizing the
scalloped flipper’s boundary layer, tubercles inhibit chord-wise
separation that accounts for earlier stall on an otherwise smooth
wing.

In order to evaluate the influence of tubercles in flow separation
and the vorticity field, a numerical simulation was carried out by
Pedro and Kobayashi [11] on the scalloped and unmodified
flipper models set up for the experiments by Miklosovic et al.
[9]. In this CFD study, a Detached Eddy Simulation scheme was
employed to analyse the flow at a Reynolds number of 500,000.
The simulation was run at angles of attack between 12 and 18
degrees since the main differences had been reported to occur in
this range. The contours of vorticity showed a chaotic outboard
region towards the tip for both wings due to flow separation,
however in the midsection of the flippers the differences became
evident. The scalloped wing displayed higher values of the
magnitude of vorticity compared to the unmodified model in
that region, suggesting the presence of streamwise vortices that
aligned themselves with the tubercles. Similar findings were
reported by Weber et al. [15].

Rostamzadeh et al. [12] used Prandtl’s non-linear lifting-line
method to demonstrate that the aero/hydrodynamic benefits of
tubercles can be obtained via a novel wavy leading edge
modification employing an analogous flow mechanism. Wind
tunnel force measurement results confirmed that full-span wavy
wings exhibit gradual stall compared to a wing with a smooth
leading edge.

The present work is aimed at investigating how pressure and
vorticity fields are affected by the incorporation of the wavy
leading edge on a NACA 0021 baseline foil. To this end, wind
tunnel pressure measurement experiments were conducted in the
transitional flow regime, and used to validate the results from a
CFD study.

Experimental Work

Pressure measurement tests were performed at a chord-based
Reynolds number equal to 120,000 in the 500(mm)x 500(mm)
test section of the KC wind tunnel at the University of Adelaide.
The test subject was a full-span wavy foil with a 6.5 (deg) peak-
to-peak angular amplitude and a wavelength equal to 30(mm)
shown in Figures 1 and 2. To ensure 2D flow near the free-end
wing tip, a wall clearance of 3 (mm) was maintained [2]. The
turbulence intensity of the flow stream ahead of the wing was
measured at 0.8%.

Pressure taps were drilled onto the top surface of the foil in three
rows along the 70-milimiter-chord lines corresponding to a
trough, a peak and a middle cross-section. Of the thirty bored
taps, two were blocked including one at the stagnation point on a
peak and therefore not used in the experiments.



A series of PVC tubes, embedded in the foil, connected the
surface pressure taps to the head-ports of a controller-modulated
ScaniValve. To achieve high-precision pressure measurements,
a 10-Torr MKS Baratron (model 220BD) with a resolution of
0.01% of the full scale range was utilised.

Middle

Trough Peak

Figure 1. Wavy wing section with three pressure tapping rows,
showing the wavelength, W(mm)

Figure 2. Side view of the wavy wing section, showing the peak-
to-peak angular amplitude, 0 (deg)

The free-stream speed and static pressure were measured at 25
(m/s) and 0.8 (Torr) below the ambient pressure. For a given
incidence angle, 2,000 data points (per pressure port) were
collected at a sampling rate of 200HZ. It was observed that
200HZ was sufficient to establish a typical small standard error
of 2.5x107° (Torr) in estimating the population mean.

Experimental Results

As the taps were placed on one side (upper surface) of the wing,
the data from the negative attack angles were used to determine
the pressure values for the lower surface. Care was taken to
ensure that the peak and trough pressure distributions were
correctly matched.

At AOA =2° (Figure 3a), the wavy foil’s trough experiences
lower pressure on the suction side than the peak. The abrupt
change in pressure gradient at x/c=0.4 on the suction side of the
trough, and x/c=0.6 on the lower side of the peak, indicates the
presence of Laminar Separation Bubbles (LSB). This flow
feature is often observed at low Reynolds numbers where
separation due to strong adverse pressure gradients gives rise to
Helmbholtz-instabilities whose breakdown result in separation-
induced transition, and the formation of LSBs [5].

Increasing the angle of attack, forces the LSB to move towards
the trough’s leading edge, as a drop in pressure occurs on the
suction surface. Meanwhile, the pressure on the lower surface of
the peak rises, and the LBS on this side moves towards the
trailing edge, indicating that the separation point has translated
further downstream (Figure 3b).

At o =12° (Figure 3c), the overall shape of pressure distribution
begins to alter, especially for the suction surface of the middle
cross-section. The flatness of the pressure curve past x/c=0.3 on
the middle cross-section signifies that flow separation begins to
affect a larger area on the airfoil as stall is initiated gradually.
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At higher angles, flow separation seems to have dominated the
suction side, however the leading edge of the trough cross-
section, maintains low values of pressure that account for lift
being generated in the post-stall zone.

a)

-1.5

b)

)

d) AOA 18°

—<— Peak

Figure 3(a-d). Chord-wise pressure distribution on a peak,
trough and mid cross-section at different attack angles



Using the trapezoidal rule for integration, the amount of lift
generated at each cross section was estimated. Since there were
no data available for the stagnation point on the trough, a shape-
preserving interpolant curve-fit was applied to account for the
error incurred. Also, the contribution of shear forces to lift,
which in most cases is negligible, is not included.

0.8

0.6

0.4

a. (degrees)

Figure 4. Calculated sectional lift coefficient as a function of
attack angle

Figure 4 shows that both prior to and post stall, the trough
produces more lift than the two other sections. Pre-stall the mid
cross-section contributes to lift generation more than the peak
however loss of lift is more prominent in this cross-section post-
stall. It must be noted that the total amount of lift on the wing
section can not be regarded as the average lift of the three
sections as the flow structure is complex, and direct force
measurement tests as reported by Rostamzadeh et al. [12] is the
most reliable method.

Computational Fluid Dynamics Study

This section presents a complementary CFD investigation
performed using the commercial package ANSYS-CFX 12.1
suite [1] to model the unsteady flow over one wavelength of the
wavy foil 66.5w30 at several incidence angles. To capture the
transitional nature of the flow, the newly-formulated
SST y —Re, [8] model that has been successful [3] in external
aerodynamics was employed. The eight transport equations for
this model can be found in [8], and have not been included here
for brevity.

a)
z/c
A Outlet
+12¢ /
/]
- >Period1c
1 x/c

Inlet +12¢

-12c¢

-12¢

b)

Figure 5(a-b).The computational domain and grid system near
the foil
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A C-Grid topology (Figure 5) with hexahedral elements was
constructed to designate the computational domain. The angle of
attack was changed at the /nlet via the velocity components and
Periodic boundaries were assigned to the side planes since one
wavelength of the wing was modelled.

A grid resolution study was performed to establish a mesh-
independent solution. Of the three generated grids, the one with
a total number of nodes equal to 3.5x10° proved to be sufficient
for grid independence whose y* values near the foil were
maintained below 1.

Solution Strategy

ANSYS 12.1 implements a finite control volume-oriented finite
element method to discretise the partial differential transport
equations. A second-order backward Euler scheme was selected
for temporal discretisation, while an alternating first and second-
order accurate scheme was implemented for spatial
discretisation. Solution convergence of the eight transport
equations was determined by achieving a maximum residual
target of 107 per time step. In addition, the lift and drag
coefficients were used as monitor points during the solution
process.

The solution strategy comprised two different stages. Initially, a
steady-state run was performed and the behaviour of the
residuals was monitored. It was observed that the residuals
diminished steadily down to 107 in the proximity of the
seventieth iteration at which point an oscillating pattern
emerged. Subsequently, the steady-state solution was used as the
initial guess for the transient solver. A time-step equal to
5x107(s) with three inner loops was selected for the transient
run. The results are presented at t=0.01 (s) where the lift and
drag forces have stabilised.

Validation Results

Figures 6-7 show that correspondence between the numerical
solutions with the data obtained from experiments is very
satisfactory.

a) b)

AOA 2° AOA 40

0.5 é;mr\ 0.5 { - E\g\m

0 0.2 0.4 0.6 0.8 1
xlc

AOA 6° AOA 8°

02 04 06 08 1
x/c

Figures 6(a-d). Comparison of the experimental and numerical
pressure coefficient on a trough.
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Figures 7(a-d). Comparison of the experimental and numerical
pressure coefficient on a peak cross-section

Contours of surface streamlines colored by streamwise vorticity
have been plotted on planes oriented normal to the free-stream
flow direction at a zero attack angle (Figure 8). It is observed
that a distinct pair of counter-rotating vortices is realised in the
wake. Each vortex consists of smaller vortices, one originating
from the upper and the other from the lower wing surface,
imparting a slanted appearance to the pair. The magnitude of
vorticity at the cores of the vortices decreases with distance from
the trailing edge, suggesting a diffusion process as vorticity
spreads outward from the cores. The pair appears to rotate
towards each other, coming to a near-parallel orientation as it
convects downstream. The presence of streamwise vortices,
confirms the prediction by Prandtl’s lifting-line theory as
reported by the authors [12].

e

18254003

9119e+002
-8.466e-001

-4.135e+002

-1.826e+003
(1]

Figure 8. Surface streamlines colored by vorticity on planes
located at x=30 (mm),60(mm), 90 (mm) and 120(mm)
downstream of the trailing edge at zero incidence angle

Conclusions
The present experimental work on a full-span wavy foil

demonstrates that the low pressure region near the leading edge
on the trough cross-section produces the most lift post-stall,
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preventing a sudden loss of lift. This flow feature is analogous
to the low pressure zone in the trough of a tubercled foil [4, 13].
In addition, the CFD investigation showed the presence of
strong counter-rotating streamwise vortices in the wake of the
wavy foil, pointing to another notable feature in the flow
produced by wings with tubercles. Further work is required to
examine the flow field in more detail to assess the role played by
vortices in the gradual stall phenomenon.
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