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Abstract

Laminar separation bubbles (LSBs) often form on wings and turbine blades that operate at
aerodynamically low chord Reynolds numbers. Changes in the oncoming velocity magnitude,
direction, and disturbance amplitudes may cause bursting of the LSB and a severe reduction
in wing or blade performance. The objective of this thesis is to understand the transient
dynamics of LSBs in unsteady conditions that are relevant to practical applications of low
chord Reynolds number wings and turbine blades. To this end, a series of wind tunnel
experiments were performed on a set of NACA 0018 airfoil and wing models at chord
Reynolds numbers ranging from 4 x 10* to 1 x 105. The influence of isolated ramp changes
in Reynolds number, isolated ramp changes in angle of attack, and large-scale high-intensity
free-stream turbulence on the LSB development and aerodynamic loading were investigated.
Three-dimensional end effects on LSB development, which are present for all real wings
and turbine blades, were also studied in unsteady operating conditions. Two-component
particle image velocimetry measurements were performed to investigate the suction surface
boundary layer development on the wing and airfoil models. Direct force measurements
were employed to quantify the effects of unsteadiness on the lift coefficient.

Transient changes in free-stream velocity and angle of attack leading to LSB formation
or bursting were found to produce lift coefficient hysteresis. Stronger hysteresis effects
were observed for more rapid changes in operating conditions, and for two-dimensional
airfoils relative to finite wings. Although the dynamics of boundary layer transition affect
the conditions at which LSB bursting or formation initiates, the temporal evolution of
the aerodynamic forces after the onset of LSB bursting or formation were similar across
widely varying flow conditions. When undergoing an increase in angle of attack that leads
to bursting, the LSB initially contracted. In contrast, the LSB continuously expanded
prior to bursting during a decrease in Reynolds number. However, LSB formation was
followed by a contraction of the LSB during both decreases in angle of attack and increases
in Reynolds number. The frequencies of unstable disturbances that lead to transition
in the separated shear layer varied continuously during the LSB formation and bursting
transients. The duration of the LSB bursting and formation transients was on the order
of 10 global convective timescales. On a finite span wing, end effects caused spanwise
expansion of the separated flow region during bursting. Conversely, the separated flow
region contracted in the spanwise direction during LSB formation on a finite wing. The
gradual spanwise progression of bursting on a finite wing in unsteady conditions caused
changes in aerodynamic loads that were more gradual than those experienced by a two-
dimensional airfoil. In large-scale, high-intensity free-stream turbulence, fluctuations in the
instantaneous effective oncoming velocity direction may lead to large variations in transition
location and intermittent boundary layer separation. These findings elucidate the physical
mechanisms responsible for the performance characteristics of wings and turbine blades in
unsteady low chord Reynolds number flows.
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Chapter 1

Introduction

The relevance of unsteady operating conditions to the aerodynamics of airfoils and wings at
aerodynamically low Reynolds numbers is highlighted. Open questions are identified that

guide the formulation of research objectives.



1.1 Motivation

The efficiency of a lifting surface, such as a wing or turbo-machinery blade, is fundamentally
affected by the state of the boundary layers on its surfaces [8, 9]. Boundary layers may
be broadly classified as laminar or turbulent [10]. The tendency of a fluid flow to assume
a turbulent state is related to the Reynolds number, which quantifies the ratio of inertial
forces to viscous forces. For lifting surfaces, the Reynolds number is usually expressed as
Re. = usc/v, where uy, is the free-stream velocity, ¢ is the chord length, and v is the
kinematic viscosity [11]. Usually, the higher the Reynolds number, the less stable the
laminar flow state becomes, and the more likely a flow is to transition from laminar to
turbulent states [10]. The range of chord Reynolds numbers common in everyday life span
several orders of magnitude, from the laminar flow over insect wings at Re. ~ 103, to the
almost entirely turbulent flow over commercial aircraft wings at Re, ~ 10% [8, 11]. In
the range of aerodynamically low chord Reynolds numbers (7 x 10* < Re. < 5 x 10°),
the spatial extent of both laminar and turbulent regions of the boundary layers may be
comparable [8, 11]. This is the range in which small unmanned air vehicles [12], small wind
turbines [13], and low pressure turbines of aircraft engines [14] operate.

Laminar boundary layers are prone to separation under an adverse pressure gradient,
leading to a loss in lift and increase in drag, whereas turbulent boundary layers have
a greater tendency to remain attached [10]. For this reason, the highest performance
lifting surfaces, measured in terms of the lift to drag ratio, typically operate at very high
chord Reynolds numbers (Re, > 1.0 x 107) where the boundary layers are predominantly
turbulent [8]. This regime has been studied extensively, due to its relevance to applications
including commercial aircraft wings and utility scale wind turbines [11]. At lower Reynolds
numbers (5.0 x 10* < Re. < 5.0 x 10%), boundary layer transition is delayed, and laminar
flow often persists into the region of adverse pressure gradient [11]. As a consequence,
laminar boundary layer separation is a common phenomenon at low Reynolds numbers [11].
However, transition to turbulence is accelerated in the separated laminar shear layer [15],
and reattachment of a turbulent boundary layer is possible if the adverse pressure gradient
is not too severe [7]. If the separated shear layer transitions to turbulence and reattaches to
the lifting surface, a thin region of recirculating flow known as a laminar separation bubble
(LSB) is formed [16]. The formation of an LSB substantially improves performance relative
to the case of laminar separation without reattachment, but the drag is still higher than
that of the fully attached flow condition possible at higher Reynolds numbers [8]. This
reduction in lifting surface performance at low Reynolds numbers presents a challenge to
the design of efficient lifting surfaces that operate at aerodynamically low chord Reynolds
numbers.

The increase in lifting surface performance at low chord Reynolds numbers caused by
boundary layer transition and reattachment has motivated numerous investigations of the
transition dynamics in LSBs. However, most studies of boundary layer transition phenomena
in low-Reynolds number flows have been undertaken on two-dimensional geometries in
steady conditions, with uniform free-stream velocity magnitude and direction, [e.g., 15-25].
This leaves a significant gap between the current state of knowledge and applications, since



for virtually all practical applications of low-Reynolds number lifting surfaces, especially
those that operate in the atmospheric boundary layer, unsteadiness prevails over a wide
range of time and length scales [26, 27|, and three-dimensional end effects are present.
The type of high-intensity large-scale turbulence that is common in the atmosphere is a
particularly relevant form of unsteadiness for unmanned air vehicles and small wind turbines
[26, 28]. Although analytical theories of unsteady lift production have seen success at higher
Reynolds numbers where the boundary layers remain attached, small regions of separation
such as LSBs can render these theories inaccurate for use at low Reynolds numbers [26].

The types of unsteadiness that are most detrimental to the performance of lifting surfaces
at low Reynolds numbers are those types of unsteadiness that delay or prevent reattachment
of the separated shear layer. Such an expansion of an LSB, leading to a sudden loss of
lift and increase in drag, is termed bubble bursting, and may be triggered by a change in
free-stream velocity, angle of attack, or the amplitudes of environmental disturbances |7,
29]. Therefore, a detailed understanding of the influence of unsteady operating conditions
on transition and reattachment in LSBs is required to predict the aerodynamic forces on
low-Reynolds number lifting surfaces that operate in unsteady conditions.

Because of the performance penalty of bubble bursting, early studies of LSBs focused on
describing and predicting the conditions necessary to trigger bursting [7, 30]. Subsequent
developments in experimental and numerical capabilities have elucidated the instability
mechanisms and coherent structures that characterise the transition process in LSBs and
lead to flow reattachment [e.g., 6, 18, 24, 31]. In an effort to mitigate the adverse effects
of laminar boundary layer separation at low chord Reynolds numbers, active and passive
flow control methods for increasing the extent of attached boundary layers have also been
investigated [32-38].

However, previous efforts towards understanding, predicting, and controlling the flows
over lifting surfaces at low chord Reynolds numbers have occurred primarily in the context
of quasi-steady, two-dimensional, statistically stationary flows. The dynamics of the
transition process during LL.SB formation and bursting transients remain largely unexplored.
Considering this knowledge gap, the following research questions have been formulated to
guide this thesis:

1. How does aerodynamic loading, LSB structure, and transition dynamics evolve during
a transient change in free-stream velocity magnitude or direction?

2. How does the type of change in free-stream velocity magnitude or direction affect the
transient loading and LSB development?

3. How do three-dimensional end effects affect aerodynamic loads and LSB development
during a transient change in free-stream velocity magnitude or direction?

This thesis aims to address these open questions through an experimental investigation
of the transient flow development of LSBs on two- and three-dimensional lifting surface
geometries in unsteady operating conditions. This work is focused on those changes in
operating conditions that lead to LSB formation and bursting, because such changes are
expected to produce the most severe changes in aerodynamic loads in practice.



1.2 Objectives

Motivated by the identified knowledge gap between steady, two-dimensional flows in the
LSB literature and the unsteady, three-dimensional flows relevant to low-Reynolds number
devices, the following research objectives are established for this thesis:

1. Characterise LSB structure and shear layer transition dynamics during LSB formation
and bursting transients on a lifting surface during a change in free-stream velocity
magnitude or angle of attack.

2. Quantify the influence of three-dimensional end effects on the aerodynamic forces
produced during LSB formation and bursting, and relate these forces to the LSB flow
field development.

3. Quantify the influence of the time and length scale of an imposed change in operating
conditions on boundary layer transition dynamics.

4. Correlate oncoming free-stream disturbances in turbulent free-stream environments
to variations in boundary layer development and the resulting aerodynamic forces.

The foregoing research objectives guide an incremental approach towards the overall
goal of relating the forces produced by low-Reynolds number lifting surfaces to the flow
field development in unsteady conditions. Objective 1 was achieved through experiments
performed on airfoil and wing models subjected to an isolated large-scale change in free-
stream velocity magnitude in Chapters 4 and 5, and subjected to isolated ramp changes in
angle of attack in Chapter 6. Objective 2 was achieved through a comparison of the flow
development over a two-dimensional airfoil and finite wing in Chapters 5 and 6. Objective
3 was achieved through varying the speed of the angle of attack change in Chapter 6, and
through subjecting an airfoil model to large scale turbulence that contained a wide range
of time and length scales in Chapter 7. Objective 4 was achieved through simultaneous
measurements of the boundary layer development and oncoming flow velocity in large-scale
high-intensity free-stream turbulence in Chapter 7.



Chapter 2
Background

A review of the literature pertaining to unsteady aerodynamics and boundary layer transition
is presented, with a focus on flows at aerodynamically low Reynolds numbers.



2.1 Conservation Laws and Kinematics of Fluid Flow

The conservation of momentum and mass in a continuous incompressible Newtonian fluid
is governed by the Navier-Stokes and continuity equations [39]:
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where u is the fluid velocity, p is the pressure, p is the fluid density, v is the kinematic
viscosity, and g is the gravitational acceleration. As an alternative to the velocity field, the
motion of a fluid may also be described by its vorticity field. Vorticity (w) is defined as the
curl of the velocity:

w=Vxu (2.3)

Vorticity quantifies the rate of rotation of an infinitesimal fluid element at a given location
[39]. The vorticity field is often used to describe flows that contain vortices and other
rotational motions, such as those that develop in engineering applications. Vortices are
regions of a fluid with non-zero vorticity and circular rotation. Although vortices are
intuitive to identify, there is no precise mathematical definition of a vortex [40], because
shearing but non-rotating regions of a flow also posses non-zero vorticity [39].

Vortex lines are integral curves that are everywhere parallel to the vorticity field [41].
Inviscid flows containing simple arrangements of fixed vortex lines are relatively simple to
describe mathematically [e.g., 39]. In flows around streamlined bodies, the regions of the
flow where viscous stresses lead to the production and dissipation of vorticity are relatively
localised. This enables the flows around streamlined bodies to be approximated as inviscid
flows containing an analytically tractable arrangement of vortex lines. Consequently, the
foundations of aerodynamic theory were historically formulated in terms of vorticity and
vortices [41].

2.2 Aerodynamics of Lifting Surfaces

A lifting surface is a device designed to generate a component of force in the direction
perpendicular to the velocity of an oncoming fluid flow [42]. This component of force
is called lift (L), whereas the component of force generated parallel to the velocity of
the oncoming flow is called drag (D) [43]. In practical applications, it is usually desired
to maximise the ratio L/D le.g., 44]. The wings and stabilisers of aircraft [42], sails of
watercraft [45], and blades of turbo-machines [46], are all examples of lifting surfaces.

The two-dimensional shape of the cross-section of a lifting surface in a plane parallel
to the velocity of the oncoming fluid is called an airfoil [43]. Because airfoils are two-
dimensional shapes, their performance is quantified in terms of the sectional lift (/) and
sectional drag (d) (i.e. lift and drag forces per unit span). Airfoils are often designed with
a streamlined, tear-drop-like shape to minimize sectional drag [8], as illustrated in Fig. 2.1.
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The optimal shape of an airfoil depends on its operating conditions [8]. An important
geometric parameter of an airfoil is its chord length (c¢), defined as the line connecting
the leading and trailing edges [43]. The angle between the chord line and the free-stream
velocity vector (u.,) is called the angle of attack («) [43]. When positioned at an angle of
attack to the free-stream, the pressure on the leeward surface of the airfoil is reduced, thus
the leeward surface is also known as the suction surface [41]. Conversely, the windward
surface experiences an increase in pressure near the forward stagnation point. Thus, the
windward surface is also known as the pressure surface [41]. The lift and drag forces acting
on a lifting surface are usually presented using the lift (Cf) and drag (Cp) coefficients,
respectively [43]:

L
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where s is the span. When an airfoil moves through a fluid, the lift per unit span produced
by the airfoil depends on the circulation around the airfoil (I') as expressed by the Kutta-

Joukowski theorem [43]:

L
L= Pl (2.6)

where p is the density of the fluid and I is the line integral of the velocity (u) over a closed
contour containing the airfoil:

F:fudg (2.7)

In this thesis, p is assumed to be constant. This assumption is justified when the speed of
the fluid flow is much less than the speed of sound in the fluid [43]. Such is the case for
small aircraft flying at relatively low speeds in Earth’s atmosphere [12].

Real lifting surfaces always have a finite span. This introduces end effects that render
the real flow different from that developing around a two-dimensional airfoil of infinite span.
End effects occur due to the presence of end-walls or free tips [47]. A lifting surface of finite

l

Figure 2.1: Sectional forces acting on an airfoil.
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Figure 2.2: Wing-tip vortex formation in the wake of a finite wing. Adapted from [49]

span is called a wing [48]. The requirement for continuity of the velocity and pressure fields
around a wing leads to a reduction in sectional lift near a wing-tip relative to the sectional
lift of an airfoil at the same geometric angle of attack [42]. This means that the circulation
around a wing is not constant with respect to spanwise position. Continuity of the velocity
field requires that the spanwise change in circulation be accompanied by the shedding of
streamwise vorticity continuously along the span, producing a trailing vortex sheet [42],
as illustrated in Fig. 2.2. Roll-up of the trailing vortex sheet in the wing’s wake leads to
the formation of wing-tip vortices [43]. The trailing vortex sheet and the wing-tip vortices
induce a downwash velocity that reduces the effective angle of attack of the wing relative
to an airfoil at the same geometric angle of attack [42].

Whereas lift production can be described using inviscid flow theory, drag is a consequence
of viscous forces [50]. In continuous viscous flows such as those commonly encountered in
air or water at standard temperatures and pressures, the no-slip condition requires that the
fluid velocity at a solid boundary be equal to the velocity of the solid boundary [39]. The
resulting velocity gradient between the surface of a moving lifting surface and the outer
free-stream flow leads to the development of shear forces that contribute primarily to drag.

When the Reynolds number is large (Re. — o0), viscous shearing forces are confined to
a thin region of fluid near the surface, called a boundary layer [10]. Under the assumption
of large Reynolds number, the Navier-Stokes equation (Eq. 2.1) within a two-dimensional
boundary layer may be simplified to [10]:

ou du  Ju 10p 0*u
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where x is the coordinate tangent to the surface, y is the coordinate normal to the surface,
u is the velocity component tangent to the surface, and v is the velocity component normal
to the surface. A consequence of Eq. 2.9 is that the pressure within the boundary layer is
determined only by the flow outside of the boundary layer. At the solid surface, application
of the no-slip condition to Eq. 2.8 leads to a relationship between the streamwise pressure
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Figure 2.3: Effect of pressure gradient on curvature of streamwise velocity profile.

gradient and the second derivative of the streamwise velocity [10]:
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Thus, the curvature of the streamwise velocity profile at the surface depends on the
streamwise pressure gradient. In a favourable pressure gradient (Op/0x < 0) the curvature
of the streamwise velocity profile is negative everywhere, since v must smoothly match
the velocity of the external flow [10] (Fig. 2.3a). In an adverse pressure gradient, the
requirement for 9%u/dy? > 0 at the surface and 9%u/dy* < 0 at the boundary layer edge
results in an inflection point in the streamwise velocity profile (Fig. 2.3b) [10]. The presence
of the inflection point has important consequences for the stability of the boundary layer
that will be reviewed in Section 2.3.

A boundary layer subject to an adverse pressure gradient may eventually reach a point
where the curvature of the streamwise velocity profile at the surface is sufficiently positive
such that the velocity gradient at the surface vanishes [50]. That is:

ou

aul g 2.11
59, , (2.11)

In a two-dimensional flow, such a point is called a separation point, because this point
lies on a streamline that breaks away from the surface [50] (Fig. 2.4). It follows from
Eq. 2.10 that a separation point can only occur in a region of adverse pressure gradient.
The simplifying assumptions used to obtain the boundary layer equations are no longer
valid downstream of the separation point, because the region of flow where viscous effects
are substantial is no longer thin, and the wall-normal velocity component is comparable in
magnitude to the streamwise velocity component [10].

Boundary layer separation from an immersed body such as a lifting surface causes a
severe drag penalty [11]. This is because the separated flow alters the trajectory of the flow
outside of the boundary layer, reducing the pressure rise on the leeward side of the body
below that necessary to offset the pressure increase on the windward side [10] (Fig. 2.5).
Because large regions of separated flow substantially alter the flow outside of the boundary
layer, massive separation also leads to a loss of lift [50].

The circulation around an airfoil and the adverse pressure gradient on the suction



Figure 2.4: Streamlines and streamwise velocity profiles in the vicinity of boundary layer
separation.
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Figure 2.5: Boundary layer separation from an airfoil and its effect on the pressure
distribution. Attached flow at a low angle of attack (a), separated flow at a high angle of
attack (b). Red arrows: p > puo, blue arrows: p < peo.
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surface become stronger as the angle of attack is increased up to the stall angle [43]. When
the angle of attack is increased beyond the stall angle, the adverse pressure gradient on
the suction surface is sufficient to cause massive separation, leading to a loss of lift and
increase in drag [43, 51]. For this reason, lifting surfaces are usually designed to operate at
angles of attack below the stall angle. However, unsteady environmental conditions may
lead to excursions in angle of attack beyond the stall angle [26].

2.2.1 Unsteady Aerodynamics of Lifting Surfaces

The effects of unsteady operating conditions on lifting surfaces can be grouped into two
categories: time-lag effects resulting from the finite convection speeds of boundary layer
and wake structures, and boundary layer improvement effects resulting from changes in the
fluid velocity at the boundary layer edge and changes in the airfoil surface velocity [52].

One type of time lag effect is circulation lag [52]. Kelvin’s circulation theorem requires
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that any change in the circulation around an airfoil be accompanied by the shedding of a
vortex with equal circulation and opposite sign into the wake. Since the shed vortex is of
opposite sign to the change in circulation around the airfoil, the induced velocity field of
the shed vortex reduces the rate of change of effective angle of attack experienced by the
airfoil [53]. For example, an airfoil undergoing an increase in angle of attack sheds a vortex
from its trailing edge that induces a decrease in effective angle of attack. Von Karman
& Sears [54] derived analytical expressions for the influence of circulation lag on the lift
produced by an airfoil using inviscid thin airfoil theory.

Another type of time-lag effect is boundary layer convection lag, which has the greatest
influence on airfoil performance when turbulent separation occurs near the trailing edge [52].
Boundary layer convection lag is a consequence of the finite convection speed of pressure
fluctuations in a turbulent boundary layer, which leads to a time delay between changes in
angle of attack and changes in local turbulent boundary layer development [52].

Boundary layer improvement effects are those effects that reduce the susceptibility of a
boundary layer to separation during increases in effective angle of attack or free-stream
velocity. In this category of unsteady effects, Ericsson & Reding [52] place accelerated flow
effects and moving wall effects. Conversely, these effects promote boundary layer separation
during decreases in effective angle of attack or free-stream velocity.

The accelerated flow effect is a result of unsteady changes to the boundary layer edge
velocity, which affect the streamwise pressure gradient [52]. Applying the unsteady Bernoulli
equation to the potential flow at the edge of the boundary layer [52], the following equation
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where u, is the velocity at the edge of the boundary layer. Noting that the streamwise

pressure gradient in a steady flow is equal to —pu, ‘95;6, Eq. 2.12 can be rewritten as:
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Therefore, the difference in streamwise surface pressure gradient between steady and
unsteady flows is proportional to the time rate of change of the boundary layer edge
velocity. The boundary layer edge velocity is proportional to the free-stream velocity, and
the boundary layer edge velocity on the suction surface increases with angle of attack. This
means that on an airfoil experiencing an increase in angle of attack or free-stream velocity,
the adverse pressure gradient downstream of the suction peak is reduced relative to the
pressure gradient on the same airfoil at an equivalent angle of attack in steady conditions.
Conversely, a reduction in angle of attack or free-stream velocity causes a stronger adverse
pressure gradient downstream of the suction peak relative to the pressure gradient in steady
conditions.

Another boundary layer improvement effect is the moving-wall effect [52]. The moving
wall effect can be explained by considering an airfoil undergoing a rotation about a point
along its chord. During such a motion, the surface of the airfoil has a component of velocity
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that is tangential to the boundary layer flow, which leads to a reduction in boundary layer
thickness on the suction surface when the angle of attack is increasing, and an increase in
boundary layer thickness on the suction surface when the angle of attack is decreasing.

Because time-lag and boundary layer improvement effects influence the possibility of
boundary layer separation, unsteadiness can substantially affect the loading on lifting
surfaces. The loads in unsteady conditions may exceed those possible in quasi-steady
conditions ! [52, 55]. Due to its relevance to rotorcraft, the case of an airfoil undergoing
harmonic oscillations in angle of attack beyond the static stall angle has received much
attention [e.g., 55-58]. With this type of motion, time-lag and boundary layer improvement
effects enable the suction surface boundary layer to remain attached at angles of attack
exceeding the static stall angle, causing an overshoot of the lift force [52]. However, the
increasingly adverse pressure gradient during the upward pitching motion eventually leads
to separation of the suction surface boundary layer, triggering a process called dynamic
stall [55]. The onset of dynamic stall is delayed to higher angles of attack at faster pitch
rates [59]. In the wake mode of dynamic stall, the separated shear layer rolls-up into a
dynamic stall vortex (DSV) that grows locally until being shed downstream [57]. In the
shear layer mode of dynamic stall, multiple vortices form from the convective growth of
disturbances in the separated shear layer [57]. The vortices produced by the separated shear
layer reduce the pressure on the suction surface, contributing to the lift force overshoot
[55]. The time delay between passing of the static stall angle and roll-up of the separated
shear layer is on the order of 10¢/us [57]. When the vortices formed from the leading edge
shear layer are shed downstream, the lift decreases rapidly as the vortices convect past the
trailing edge [55]. The phenomenon of vortex shedding from the leading edge shear layer
observed during harmonic pitching is similar to that observed during other types of airfoil
motions that lead to dynamic stall, such as harmonic plunging [60] and ramp changes in
angle of attack [61-63].

Analogous to the overshoot in lift that occurs during dynamic stall, an undershoot in
lift occurs during dynamic recovery from stall due to the delay of reattachment below the
static stall angle [57, 64, 65]. Dynamic reattachment occurs first near the leading edge
and propagates towards the trailing edge [64]. The speed of the downstream movement of
the separation location is on the order of 0.1u.,, and increases as the pitch rate becomes
more negative [64]. The delay in boundary layer separation and reattachment relative
to quasi-steady conditions during dynamic stall and reattachment, respectively, causes
hysteresis of the aerodynamic loading with respect to angle of attack in unsteady conditions
[55].

n this work, a system is said to undergo a quasi-steady change in a given parameter when the system
would remain in a statistically stationary state if the change in said parameter was stopped at any time
during the change.
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2.3 Boundary Layer Transition at Aerodynamically
Low Reynolds Numbers

The shear forces exerted by a boundary layer, as well as the possibility for boundary layer
separation, are strongly dependent on whether the boundary layer is laminar or turbulent
[10]. The boundary layers forming on lifting surfaces in low-disturbance environments
are laminar near the leading edge [66], but typically transition to turbulence if the chord
Reynolds number is of order 10* or greater [11]. The transition process begins in the laminar
boundary layer with the receptivity process, whereby perturbations in the environment,
such as free-stream turbulence, acoustic waves, or surface roughness, produce wave-like
disturbances within the boundary layer [67]. The resulting boundary layer disturbances
then undergo decay or growth, depending on the stability characteristics of the boundary
layer. The stability of a flow may be categorised as either convective or absolute [10]. In
a convectively unstable flow, a disturbance introduced at a given location will grow as it
convects away from its source, i.e., the amplitude of the disturbance increases in a reference
frame moving with the disturbance, but the amplitude measured at its initial location in a
fixed frame will not increase. In an absolutely unstable flow, a disturbance introduced at a
fixed location will increase in amplitude in a reference frame fixed at that location. The
nature of the instability of attached boundary layers is that of convective instability [10].

The stability of a boundary layer depends on the local Reynolds number, often ex-
pressed as the displacement thickness Reynolds number (Ress = w.0*/v, where §* =
J8 (1 = u/ue))dy is the boundary layer displacement thickness and 4 is the boundary layer
thickness.). There is a certain value of Res- called the indifference Reynolds number, below
which all disturbances decay, and above which disturbances within a certain frequency
range are amplified [10].

The unstable wave-like disturbances that precede boundary layer transition in attached
boundary layers in low disturbance environments are called Tollmien-Schlichting (TS) waves
[10]. A schematic illustration of attached boundary layer transition is presented in Fig. 2.6a.
Initially, small-amplitude TS waves undergo exponential amplitude growth that can be
well-modelled using linear stability theory [66]. Once the amplitudes of the TS waves are
on the order of 1% of the free-stream velocity, non-linear three-dimensional effects begin
to significantly deform the initially two-dimensional T'S waves, reorienting vorticity into
the streamwise direction [68]. This leads to the formation of hairpin-shaped A-vortices,
which break-down into turbulent spots [68]. The transition to turbulence in the boundary
layer is completed by the streamwise and spanwise growth of the turbulent spots as they
convect downstream [10]. This transition scenario is typical of unswept lifting surfaces at
relatively high chord Reynolds numbers, where the indifference Reynolds number is reached
and transition is completed upstream of the adverse pressure gradient on the aft portion of
the lifting surface [69].

At low chord Reynolds numbers, TS waves may not attain sufficient amplitudes to
trigger transition before reaching the region of adverse pressure gradient on a lifting surface.
The laminar boundary layer that persists into the region of adverse pressure gradient is
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Figure 2.6: Qualitative schematic of attached (a), and separated (b) boundary layer
transition in a low-disturbance environment, after [66] and [20].
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prone to separation due to its low rate of wall-normal momentum transfer relative to a
turbulent boundary layer [10]. Transition in the case of a separating laminar boundary
layer is illustrated schematically in Fig. 2.6b.

Even when laminar boundary layer separation occurs prior to transition, exponential
growth of boundary layer disturbances may begin in the attached laminar boundary layer
if the Reynolds number is sufficiently high [15]. In the region of adverse pressure gradient,
an inflection point develops in the velocity profile (cf. Section 2.2). The presence of an
inflection point substantially increases the growth rates of boundary layer disturbances
through the Kelvin-Helmholtz instability mechanism [70], which leads to a rapid increase
in the amplitudes of disturbances in the separated shear layer. When the shear layer
disturbances reach sufficiently high amplitude, non-linear effects cause the shear layer to
roll-up into spanwise vortices [e.g., 71] (Fig. 2.6). When the free-stream turbulence is
relatively low, the roll-up vortices are highly coherent in the spanwise direction [71, 72]. If
the adverse pressure gradient is not too severe, the increased wall-normal momentum transfer
induced by the roll-up vortices may cause the shear layer to reattach in a time-average sense
[16]. However, the flow near the reattachment point is highly unsteady due to the periodic
shedding of the shear layer roll-up vortices [20]. The relatively thin region of recirculating
flow between the separated shear layer and the lifting surface is called a laminar separation
bubble (LSB) [16]. Three-dimensional deformations of the roll-up vortices eventually lead
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to a fully turbulent boundary layer downstream of the LSB [73]. The vortex deformations
may be caused by the superposition of waves with non-zero spanwise wavenumber [18], or
by global [24] or secondary [21] instabilities.

Due to the coupling between boundary layer separation and the outer flow development,
the streamwise pressure gradient along the separated shear layer is substantially reduced
upstream of the location of maximum LSB height, and the flow in the forward part of the
LSB, termed the dead-air region, is nearly stagnant [20]. In the aft part of the LSB, the
roll-up vortices produce substantially stronger reverse flow, and a rapid streamwise pressure
increase occurs [20].

The size, location, and transition dynamics of an LSB on a lifting surface depend on
the angle of attack, chord Reynolds number, and the disturbance environment [72, 74].
Increasing the angle of attack reduces the pressure near the leading edge on the suction
surface, producing a stronger adverse pressure gradient downstream of the location of
minimum pressure. Because a stronger adverse pressure gradient leads to earlier separation,
a suction surface LSB moves upstream if the angle of attack is increased in a quasi-steady
manner [74]. Because of the the higher boundary layer edge velocity near the leading
edge, the vortex shedding frequency of the LSB also increases with angle of attack [74].
Increasing the chord Reynolds number causes higher disturbance growth rates in the
boundary layer and separated shear layer, leading to earlier transition. Thus, the transition
and reattachment locations move upstream and the LSB shortens and thins when subject
to a quasi-steady increase in Reynolds number [74]. The length and thickness of an LSB is
also reduced because of accelerated transition when the initial amplitudes of disturbances in
the boundary layer are increased. The initial disturbance amplitudes may increase due to
elevated free-stream turbulence [72], for example. Thinning of the LSB due to an increase in
Reynolds number or free-stream turbulence also increases the boundary layer edge velocity,
which increases the shear-layer vortex shedding frequency [72, 75].

The effect of an LSB on the global pressure distribution may be used to classify an
LSB as short or long. Short LSBs cause relatively limited local changes in the pressure
distribution on a lifting surface relative to fully attached flow, whereas long LSBs cause a
substantial loss of leading edge suction, leading to a relatively large decrease in lift and
increase in drag [16]. In a process called bursting, a short LSB may become a long one,
or reattachment may cease entirely [7]. Bursting can occur due to a sufficient reduction
in chord Reynolds number, increase in angle of attack, or reduction in the amplitudes of
external disturbances that the boundary layer is receptive to [7, 29]. All three of these
types of changes in operating conditions inhibit the ability of the separated shear layer to
reattach, causing the lifting surface to stall [16]. Due to the sensitivity of the transition
process to these factors, relatively small changes in operating conditions may lead to large
changes in aerodynamic loads [7, 76].

Bursting of an LSB is also accompanied by notable changes in the stability characteristics
of the separated shear layer. The reduction in boundary layer edge velocity associated
with bursting typically leads to a decrease in the velocity gradient across the separated
shear layer, which decreases disturbance growth rates and the most amplified frequency [19,
77]. However, this increase in stability is moderated by the increased distance between the
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Figure 2.7: Sectional lift (a), and drag (b) coefficients versus angle of attack for the
Lissaman 7769 airfoil at Re. = 1.5 x 10° from [79]. Arrows indicate the direction of hysteresis
loops.

separated shear layer and the wall, which has a destabilising effect [17]. The characteristics
of coherent structures formed in the transition process are also affected by bursting. In
numerical simulaions, Marxen & Henningson [29] found that bursting was associated with
a reduction in the spanwise coherence of the shear layer roll-up vortices. Furthermore, they
reported that the relatively smaller vortical structures formed in the transition process in
long LSBs were less spanwise coherent than those in short LSBs. This implies that the
relatively large and two-dimensional spanwise roll-up vortices formed in short LSBs are
more effective for transferring momentum across the shear layer than the smaller three-
dimensional structures present in long LSBs and massively separated flows. Furthermore,
the rate of turbulent kinetic energy production is greater in short LSBs than in long LSBs
[78].

The difference in stability characteristics and transition dynamics between massively
separated and reattaching boundary layers often leads to hysteresis in the stall angle of a
lifting surface at low chord Reynolds numbers [79]. An example of stall hysteresis typical of
airfoils that have suction surface LSBs at low angles of attack is provided in Fig. 2.7 for
the Lissaman 7769 airfoil at Re. = 1.5 x 10° from measurements performed by Mueller [79].
The stall angle for this airfoil during an increase in angle of attack is approximately 19°, at
which there is a relatively sudden loss of lift and increase in drag due to a failure of the
separated shear layer to reattach. However, due to the reduction in disturbance growth
rates that occurs after stall, reattachment of the separated shear layer during a decrease in
angle of attack does not occur until approximately 10°, as evidenced by the lift recovery
and drag reduction that occur at this angle.

Due to the severe effect of bursting on the performance of lifting surfaces, several authors
have proposed criteria for determining whether a short or long LSB will form under a given
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set of operating conditions. Gaster [7] developed a two-parameter bursting criterion involving
the momentum thickness Reynolds number at the separation point (Reg, = Osues/v), and a
non-dimensional pressure gradient parameter (Pg = (0%/v) (Au./Ax), where Au./Ax is
the mean edge velocity gradient over the length of the LSB in a hypothetical fully attached
flow). The momentum thickness is defined as [{ (u/ue (1 — 1/ue)) dy. The two parameters
used in the bursting criterion developed by Gaster [7] have a straightforward physical
interpretation. Since the Reynolds number is related to the tendency of a flow to become
turbulent [80], higher Rey, is indicative of greater instability and more rapid transition
to turbulence. The pressure gradient parameter Py is analogous to the non-dimensional
pressure gradient parameter (6*/v) (Qu./dz) used by Thwaites [81] to predict the separation
of laminar boundary layers. Thwaites” pressure gradient parameter and the momentum
thickness Reynolds number are related through the momentum-integral equation. The
momentum-integral equation may be obtained by integrating Eq. 2.8 across the boundary
layer [10], and can be written in terms of Rey and (6*/v) (Qu./0x):

92 8u Cf_ 100
2% — Re,— 20z 214
v or U 4ioH (2.14)

where Cf is the skin friction coefficient and H = 6/§* is the shape factor. Thus, the strength
of the adverse pressure gradient that an attached laminar boundary layer is capable of
overcoming is proportional to the momentum thickness Reynolds number. The definitions of
Rep, and Pg used by Gaster [7] facilitate an analogous description of the flow development
in LSBs. The two parameters in the bursting criterion of Gaster [7] involve the momentum
thickness at the separation point because this quantity does not change substantially
downstream of separation in the laminar flow up to the location of transition [30].

During a quasi-steady reduction in free-stream velocity for a short LSB approaching
bursting, both Rey, and P vary with the free-stream velocity [7]. Gaster [7] used experi-
mental measurements of an LSB forming on a flat plate to determine the strength of the
adverse pressure gradient required for bursting as a function of Rey,. However, the criterion
of Gaster [7] is not universal because it predicts that long LSBs should form in some cases
where short LSBs have been reported [6, 82].

Other researchers have attempted to develop LSB bursting criteria that overcome
deficiencies in the method of Gaster [7]. Horton [30] developed a semi-empirical bursting
criterion using the momentum and energy conservation equations to estimate the pressure
rise that a transitioning shear layer would be capable of overcoming for a given Rey,. Later,
Diwan et al. [6] developed a single parameter bursting criterion using a reformulation of
the non-dimensional pressure gradient as Pp = (h?/v) (Au./Ax), where h is the maximum
height of the separation streamline and the velocity gradient is the actual mean edge
velocity gradient over the length of the LSB. The threshold for bursting is Pp < —28 [6].
Although formulated from data taken in steady conditions, this single parameter criterion
was demonstrated to give a reasonable prediction of bursting for an airfoil undergoing a
dynamic change in angle of attack [83].
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2.3.1 Transition in Unsteady Operating Conditions

Unsteady variations in operating conditions can cause changes in LSB structure directly
through modulation of the streamwise pressure gradient, or indirectly through the instability
mechanisms that lead to transition. The former are typically caused by variations in the
oncoming flow with characteristic length scales much larger than the chord, such as spatially
coherent gusts [e.g., 84, 85]. The latter are typically caused by variations in the oncoming
flow with characteristic length scales on the order of the boundary layer thickness, such as
those occurring in free-stream turbulence [86].

Spatially coherent changes in the oncoming flow impose unsteady changes in angle
of attack or free-stream velocity. Unsteady increases in angle of attack or free-stream
velocity cause delayed separation and transition relative to quasi-steady increases due to
the reduction in adverse pressure gradient required for temporal acceleration of the flow
(84, 85, 87, 88]. This is the accelerated flow effect described by Eq. 2.13. Conversely,
expedited separation and transition relative to quasi-steady decreases in angle of attack or
free-stream velocity occur during unsteady decreases due to the increase in adverse pressure
gradient required for temporal deceleration of the flow [84, 85, 87, 88]. Since reattachment
is a consequence of transition in the separated shear layer, the relationship between the
reattachment location and unsteady changes in angle of attack and free-stream velocity is
similar to that of the transition location [85, 88].

Variations in free-stream velocity magnitude of sufficient amplitude can lead to complete
elimination of separation or bursting of an LSB. In the direct numerical simulation of
Wissink & Rodi [89] of an LSB on a flat plate with periodic variations in free-stream
velocity of 20% of the mean free-stream velocity, the entire LSB was eliminated when
the free-stream velocity was increasing due to the delay in separation caused by the more
favourable pressure gradient. In the experiments of Greenblatt et al. [85], the flow over a
NACAOQ018 airfoil at an angle of attack of @ = 0° was studied during periodic variations in
free-stream velocity of 50% of the mean free-stream velocity. The more favourable pressure
gradient during the increase in free-stream velocity lead to LSB bursting because of a delay
in transition and reattachment. The different responses of the LSBs to high-amplitude
free-stream accelerations in the studies of [89] and [85] are likely due to the different flow
geometries employed.

A change of angle of attack can also precipitate LSB formation or bursting. The LSB
bursting process on a NACA0012 airfoil undergoing a pitch-up manoeuvre from an initial
angle of attack of & = 10.55° to a final angle of attack of & = 10.8° was studied in large
eddy simulations by Alferez et al. [83] at a Reynolds number of Re, = 1 x 10°. They
reported that bursting initiated with a slow linear increase in LSB length as the height of
the LSB remained relatively constant. In this stage of the bursting process, the LSB was
short according to the bursting criterion of Diwan et al. [6]. The initial stage of relatively
slow LSB lengthening was followed by a rapid downstream movement of the reattachment
point and thickening of the LSB, becoming a long LSB according to the criterion of Diwan
et al. [6]. After the cessation of reattachment on the suction surface of the airfoil, Alferez
et al. [83] reported an overshoot in drag and shear layer separation angle. The increase
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in shear layer separation angle coincided with an upstream shift in transition [83]. The
precise time-histories of the lift and drag coefficients during bursting were highly sensitive
to the initial conditions of the boundary layer, indicating that the bursting process is
non-deterministic. The overall duration of the bursting transient in the simulations of
Alferez et al. [83] was approximately 20¢/uq [83].

Although several researchers have investigated LSB bursting due to changes in oncoming
velocity magnitude or direction [e.g., 6, 7, 78, 82, 83], the process of LSB formation
on a stalled lifting surface has received little attention. However, a limited number of
studies have considered from a global perspective the process of dynamic reattachment at
relatively high Reynolds numbers [e.g., 64, 65, 90]. In the dynamic reattachment process
during a pitch-down motion, low-momentum fluid within the wake must first be convected
downstream before boundary layer reattachment can occur [64]. The time required for the
low-momentum fluid within the wake to be convected away from the lifting surface scales
with the free-stream velocity [64, 90]. Thus, reattachment during a pitch-down motion
is delayed to lower angles of attack for faster pitch rates [64]. Once the wake becomes
sufficiently thin, the boundary layer separation point moves downstream along the suction
surface [64, 90]. The lift coefficient begins to increase as the wake fluid is convected away
from the lifting surface, and continues to increase as the boundary layer continues to evolve
after attached flow is re-established [90]. Rezapour & Mulleners [90] reported that the
dynamic reattachment process occurs over a time period on the order of 10c¢/uy, after the
passing of the static reattachment angle.

In contrast to large-scale changes in free-stream velocity magnitude or direction which
affect the global operating conditions of a lifting surface, disturbances with spatial scales
on the order of the boundary layer thickness primarily affect the transition process, leading
indirectly to changes in aerodynamic loads [91]. For example, the relatively small-scale
disturbances present in the free-stream at elevated levels of free-stream turbulence intensity
(FSTI) lead to higher initial amplitudes of disturbances in the boundary layer, causing
accelerated shear layer roll-up and transition [72]. Two important parameters used to
describe free-stream turbulence are the turbulence intensity (7T'u), and streamwise integral
length scale (Ay;). The turbulence intensity is defined as [28]:

u/2

Tu = (2.15)

Uco

and measures the strength of the turbulent velocity fluctuations relative to the mean
free-stream velocity. The streamwise integral length scale is a measure of the size of the
largest energy containing vortices in a turbulent flow, and is defined as [92]:

(o]
M;/RMx (2.16)
0
where R, is the correlation coefficient of the streamwise velocity. The turbulence occurring

at low altitudes in Earth’s atmosphere can often be on the order of 10%, and is of particular
significance to the operation of small aircraft with relatively low flight speeds [28]. The size
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Figure 2.8: Schematic of bypass transition, with low-speed (blue), and high-speed (red)
streaks.

of the energy containing vortices in the atmosphere ranges from centimetres to kilometres,
but the most detrimental length scales of free-stream turbulence for the safe and controlled
operation of aircraft are expected to be those on the order of the airfoil chord or wingspan
[28]. The low pressure turbines of aircraft engines also operate at low Reynolds numbers
in cruise conditions and are subject to relatively high free-stream turbulence intensities
(Tu ~ 5%) due to the periodic passage of wakes from upstream blades [14, 93].

When Tu Z 1%, transition may proceed more rapidly than would otherwise occur
through the TS or Kelvin-Helmholtz instability mechanisms [73, 94]. This type of transition
is called bypass transition [95], and is illustrated schematically in Fig. 2.8.

As a consequence of the no-slip condition, the leading edge causes vortices present in
the turbulent free-stream to be tilted into the streamwise direction [96]. This streamwise
vorticity leads to the formation of elongated high- and low-speed streaks in the boundary
layer through the lift-up effect [97, 98]. Low-speed streaks form when the relatively low-
velocity fluid near the wall is lifted up away from the wall, and high-speed streaks are
formed when relatively high-velocity fluid is brought from the edge of the boundary layer
towards the wall [99]. There is a consensus that the streak-formation process depends on
the receptivity of the leading-edge region [e.g., 96, 100, 101]. The leading-edge receptivity
acts as a low-pass filter, enabling low-frequency disturbances to penetrate into the boundary
layer while attenuating high-frequency content from the outer flow [86, 102]. The shear
layers between high- and low-speed streaks are inflectionally unstable, and roll-up into
vortices [94]. The vortices formed in these shear layers then lead to three-dimensional
deformations of the streaks and breakdown into turbulent spots [94]. For a given level
of turbulence intensity, there is a specific ratio of the integral length scale (A,,) to the
boundary layer thickness (§) at the location of transition that optimally promotes transition
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[99]. Mamidala et al. [97] reported that this ratio is between 10 and 15. At very high
turbulence intensities (~ 20%) and large length scales (A, > 1000v/us,), turbulent spots
may form without streaks as precursors [96, 100].

At low levels of FSTI (0.5% 5 Tu < 1%), streaks may interact with the primary
inflectional instability of an LSB, reducing the spanwise coherence of the vortices formed
from the roll-up of the separated shear layer. At Tu = 1.5%, Burgmann et al. [103] and
Burgmann & Schréder [104] observed the formation of disconnected c-shaped vortices
rather than the largely spanwise uniform vortices observed at lower FSTIs. If the FSTI is
sufficiently high, transition may occur rapidly enough that the boundary layer becomes
turbulent before the region of adverse pressure gradient, eliminating laminar separation
entirely [105].

The reduction in the extent of separated flow caused by elevated FSTI generally improves
lifting surface performance at low Reynolds numbers by increasing the stall angle and
maximum lift coefficient [72, 106, 107]. The increase in initial amplitudes of boundary layer
disturbances at elevated FSTI also decreases stall hysteresis, and makes the decrease in
lift associated with stall more gradual [79, 106]. However, increasing FSTI at low chord
Reynolds numbers increases drag, due to the greater extent of turbulent boundary layers
[106]. This drag increase is because turbulent boundary layers have higher wall shear stress
than laminar boundary layers [50]. Despite this increase in drag, the lift-to-drag ratio of
lifting surfaces at low chord Reynolds numbers often improves when the FSTT is increased
above Tu ~ 1% [e.g., 108, 109].

Although lifting surface performance can be broadly expected to improve with increasing
FSTI, the relationship between the integral length scale of the free-stream turbulence and
aerodynamic loads is more nuanced [105]. This is because there is a specific ratio between
Ay, and the boundary layer thickness (0) at the transition location that is most optimal
for promoting transition [97]. An increase in lift slope, maximum lift coefficient, and a
decrease in stall angle occur when A,/ deviates from the optimal ratio [106, 110]. At
very large integral length scales (A,, > ¢) and high turbulence intensities (T'u > 10%),
fluctuations in effective angle of attack caused by oncoming vortices may be large enough
to cause intermittent LSB bursting [111, 112].

2.3.2 Effect of Finite Span on Laminar Separation Bubbles

All real lifting surfaces have a finite span. Therefore, end effects are present in all applications
of low Reynolds number lifting surfaces, usually resulting in a decrease in lift to drag ratio
and increase in stall angle [112, 113]. Due to the reduction in effective angle of attack caused
by the tip vortices (Fig. 2.2), the locations of separation, transition, and reattachment
on the suction surface of a finite wing with an LSB are shifted downstream relative to a
two dimensional airfoil at the same geometric angle of attack [e.g., 112, 114, 115]. Within
approximately 0.5¢ of the tip of a rectangular wing, downwash from the tip vortex has been
observed to cause a substantial delay in transition [114, 116]. In close proximity to the
tip, the downwash may be sufficient to prevent laminar boundary layer separation entirely
[116]. The spanwise pressure gradient near the wing tip leads to spanwise flow within the
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Figure 2.9: Horseshoe vortex and corner separation at a wing-root body junction, after
[120].

recirculation region of the LSB, directed from the wing tip toward the midspan [47, 116,
117]. Outside of the portion of the span where tip effects are dominant, the LSB on a finite
wing is largely spanwise uniform, analogous to an LSB formed on a two-dimensional airfoil
at an equivalent effective angle of attack [e.g., 115, 118, 119]. Despite the spanwise flow and
reduction in LSB height that occur near a wing tip [116], the dynamics of the transition
process in LSBs on finite wings at low free-stream turbulence intensities is similar to that
in LSBs on two-dimensional airfoils, being dominated by the shedding of spanwise uniform
shear layer vortices near the location of maximum bubble height [115].

In a similar manner to the formation of a wing tip vortex, trailing streamwise vorticity
is also produced at the junction between a wing root and a side-wall or aircraft fuselage.
This is a result of interaction between the wing and the oncoming side-wall or fuselage
boundary layer, which causes a decrease in circulation and sectional lift for the portion of
the wing within the oncoming boundary layer [e.g., 121, 122]. However, the spanwise extent
of the sectional lift reduction near a wing root can extend well beyond the thickness of
the oncoming boundary layer, with Delafin et al. [122] observing a sectional lift reduction
persisting 0.26c away from a wing root in their numerical simulations.

Reorientation of the vorticity of the oncoming boundary layer into the streamwise
direction leads to the formation of a horseshoe vortex [120], illustrated in Fig. 2.9. The
horseshoe vortex legs on the suction and pressure sides of the wing rotate in opposite
senses when viewed from the streamwise direction. Similar to the effect of the tip vortex,
downwash produced by the horseshoe vortex system suppresses laminar boundary layer
separation in the vicinity of the wing root [47]. This downwash also leads to increased
drag [123], and a spanwise pressure gradient that causes spanwise flow from the root region
towards the midspan [47]. Within the LSB, the spanwise flow from the wing root may
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persist up to 0.5¢ along the span [124]. At moderate Reynolds numbers, the horseshoe
vortex system is unsteady [120], leading to increased levels of velocity fluctuations near the
wing root [125]. Corner separations may also form at a wing root because of interaction
between the wing and oncoming boundary layers [126, 127] (Fig. 2.9). If the oncoming
boundary layer is turbulent, transition in the boundary layer on the wing surface in the
vicinity of the wing root can be accelerated by earlier shear layer roll-up vortex breakdown
[124]. Consequently, the location of reattachment also shifts upstream near the wing root
when the oncoming boundary layer is turbulent [124]. In the vicinity of the wing root and
tip, localised LSB thickening may occur due to the spanwise flow of fluid into the LSB [124].
However, the spanwise extent of wing root effects on LSBs is less than that of wing tip
effects because the effective angle of attack is substantially reduced over a larger portion of
the span near at wing tip than near a wing root. [42, 124].

In addition to altering the mean flow development in steady conditions, finite span
effects also influence the dynamics of stall and reattachment transients. The reduction
in effective angle of attack due to root and tip effects leads to an increase in the static
and dynamic stall angles, and this increase is greater for smaller aspect ratios [128]. On
wings undergoing dynamic stall due to an increase in angle of attack, the LSB widens in
the spanwise direction as the angle of attack increases [129]. Usually, stall is expected
to progress from the wing root towards the wing tip when the effective angle of attack
of the wing tip is lower than that of the wing root, such as for an untwisted rectangular
wing [42, 128]. The DSV formed during dynamic stall of a finite wing becomes highly
three-dimensional because it remains anchored to the leading edge corners of the wing tip
and root before it is shed [130]. At low aspect ratios (< 4), a single arch vortex may form
from the DSV, but at higher aspect ratios (2 4), multiple arch vortices may form along
the span [131]. The three-dimensional flow development and aerodynamic loading on finite
wings during dynamic reattachment are also sensitive to aspect ratio and end conditions.
This is because stronger three-dimensional deformations of the trailing edge vortex occur
for lower aspect ratio wings and in the presence of a gap between the wing and end-wall

[130].
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Chapter 3
Methodology

The facilities and measurement techniques employed in experiments are described. Mathe-
matical details of specialised data processing methods are also presented.
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Figure 3.1: University of Waterloo recirculating wind tunnel. Adapted from [49, 133]
3.1 Experimental Setup

3.1.1 Facility and Lifting Surface Models

All experiments were performed in the recirculating wind tunnel at the University of
Waterloo, illustrated in Fig. 3.1. This wind tunnel is powered by a variable frequency
alternating current motor driving a six-bladed fan, and capable of producing test section
velocities of up to 30ms~!. The test section is square, with a width and height of 0.61 m
and a length of 2.44m. Upstream of the test section are a 9 : 1 contraction and a set
of flow conditioning elements composed of a honeycomb and 5 wire screens, designed to
reduce the turbulence intensity in the test section. The turbulence intensity in the test
section can optionally be increased with a removable active turbulence grid situated at the
upstream end of the test section. The FSTI without the active turbulence grid, measured
using a single normal hot-wire anemometer with the signal low-pass filtered at 10 kHz, was
less than 0.24% across all free-stream velocities tested. The minimum FSTI for this wind
tunnel, which is less than 0.1%, occurs at us &~ 10ms™! [49]. The spatial variation of the
streamwise velocity in the test section at a fixed downstream location is within 0.5% of the
mean free-stream velocity [132]. During experiments, the mean free-stream velocity in the
test section was set according to an empirical relationship between the measured pressure
drop across the contraction and the free-stream velocity in the test section.

Active Turbulence Grid

To create a turbulent free-stream representative of the conditions experienced by devices
operating in the atmosphere, a method to precisely increase the free-stream turbulence
intensity while controlling the integral length scale was required. Historically, fixed grids
or meshes have been placed in the flow upstream of the test section for this purpose [134].
Passive grids can be used to generate large-scale high-intensity turbulence when large bar
widths and spacings are employed [e.g., 111, 135]. However, as the width and spacing of
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the bars increases, the turbulence statistics may become unacceptably inhomogeneous in
relatively small wind tunnels where there is limited streamwise distance available downstream
of the grid for the turbulence to develop [136]. The active turbulence grid conceived by
Makita [137] enables the production of large-scale high-intensity turbulence with a high
degree of homogeneity in relatively small wind tunnels [138].

An active grid inspired by the original design of Makita [137] was employed in the
recirculating wind tunnel at the University of Waterloo to generate turbulence intensities
of up to Tu = 16% and integral length scales up to A,, = 0.2m. The active grid, as
illustrated in Fig. 3.2, consisted of 10 vertical and 10 horizontal shafts with a mesh spacing
of 61 mm. The horizontal and vertical shafts were offset in the streamwise direction by
12mm. Attached to each shaft were 9 square aluminium wings with a diagonal of 60 mm
and thickness of 2mm. Adjacent to the walls of the test section, triangular half wings were
attached to the shafts. Each shaft was independently controlled by an Applied Motion
STM23IP-3EN stepper motor, connected to a personal computer via an ethernet network.

Two different modes of active grid operation were used to produce free-stream turbulence
with specific characteristics. In the first mode of operation, the grid was operated such that
the shafts oscillated about a mean angle of attack of zero, relative to the incoming flow
velocity. The amplitude and frequency of the shafts’ oscillation were varied depending on
the desired turbulence intensity and integral length scale, respectively. The frequency of
oscillation of each shaft was varied according to a uniform probability distribution to create
broadband turbulent velocity fluctuations. To mitigate the creation of peaks in the energy
spectrum of the free-stream velocity fluctuations at the oscillation frequencies of the active
grid, the oscillation frequency of each shaft was continually re-sampled from the uniform
distribution. The flapping mode was used to generate free-stream turbulence intensities of
Tu < 7%. In the second mode of operation, higher free-stream turbulence intensities of
13% < Tu < 16% were achieved by commanding the stepper motors to perform complete
rotations at random rotational velocities for random intervals of time [e.g., 138]. The
rotational velocities and time intervals were both varied according to uniform distributions.

A minimum streamwise distance of approximately 20 — 40 grid mesh spacings is usually
recommended for grid generated turbulence to become homogeneous and approximately
isotropic [139-142]. For the experiments with the active turbulence grid in present work,
the airfoil model was positioned 30 grid mesh spacings (18c) downstream of the active
grid. The dimensions of the test section also limit the size of the largest turbulent vortices
generated by the active grid, and thus isotropy of the grid generated turbulence is only
theoretically possible when A, is less than the width of the test section.

3.2 Lifting Surface Models

Low-FSTI experiments in the recirculating wind tunnel (Chapters 4-6) were performed
using two different airfoil models, both having a NACA 0018 profile and a chord of ¢ = 0.2 m.
The first airfoil model, illistrated in Fig. 3.3a and used for experiments in Chapter 4, was
constructed from a machined aluminium frame covered by a aluminium sheet skin and
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Figure 3.2: Active turbulence grid viewed in the streamwise direction with wings in fully
closed position.

anodised black [143]. This airfoil model was used in several previous studies of laminar
separation bubbles [e.g., 31, 74, 144-146], and is equipped with 95 surface pressure taps, 65
of which are situated in a staggered chordwise array at the midspan, while the remaining
surface pressure taps are arranged in three spanwise rows on the suction surface.

A second airfoil model machined from acrylic glass was used for experiments that
involved measurements of aerodynamic forces in Chapters 5-6 (Fig. 3.3b). The acrylic
airfoil model did not contain pressure taps or associated tubing so that all reaction forces
supporting the model would be entirely transmitted through the load cell used for direct
force measurements as described in Section 3.3.2. The surface of the acrylic airfoil model
was sanded by hand to 1500 grit, and finished with a finer polishing paste. A NACA
0018 profile with a chord of ¢ = 0.2m was also used for this model, but the span was
approximately 10 mm shorter than the width of the test section to structurally isolate the
model from the test section walls. The acrylic airfoil model was segmented into two sections,
one of 500 mm span and one of 100 mm span. The 100 mm section could be removed so that
the remaining 500 mm section functioned as a finite wing with an aspect ratio of s/c = 2.5.

Experiments performed on the aluminium and acrylic airfoil models with chord lengths
of 0.2m were performed at Reynolds numbers in the range 4 x 10* < Re, < 1 x 10°,

corresponding to free-stream velocities in the range 3.0ms™! < 1y < 7.7ms™ 1.

To attain A,, on the same order as the airfoil chord length without excessive inhomo-
geneity of freestream turbulence, an airfoil model with a smaller chord length was used
for the experiments with the active turbulence grid in Chapter 7. This airfoil model was
similar in design to the larger acrylic airfoil model with a NACA 0018 profile and removable
segment, except that it was made of solid aluminium with a chord of ¢ = 0.1 m. The two
sections of this model were also of span 500 mm and 100 mm. The surface of this model was
hand polished up to 1000 grit and anodised black to minimise light reflections. Experiments
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Figure 3.3: NACA 0018 airfoil models for low-FSTI experiments. Dimensions in mm.
Adapted from [133].

with this airfoil model were performed at a Reynolds number of 7.0 x 10*, corresponding to

a free-stream velocity of 10.7ms™!.

3.3 Measurement Techniques

Several quantitative measurement techniques were employed throughout the experiments
documented in this thesis. The majority of quantitative flow-field and aerodynamic loading
data come from particle image velocimetry (PIV) and direct force measurements, respectively.
Therefore, an introduction to PIV and direct force measurements is provided in this section.
Details of the implementation of these and other measurement techniques for specific
experimental set-ups are provided in Chapters 4-7

3.3.1 Particle Image Velocimetry

Particle image velocimetry (PIV) is a quantitative flow visualisation technique that facilitates
measurement of the velocity field in a region of space by measuring the displacements
of tracer particles in the flow [147]. The use of optical methods for measuring these
displacements renders this technique relatively non-intrusive, since physical probes do not
need to be placed in the flow.

To faithfully follow pathlines in the flow, the tracer particles employed for PIV should
be sufficiently small and have a density that is similar to the fluid flow of interest [147].

28



(b)

Sheet Forming Lens
|
OX
||

Focusing Lenses

(c) (d)

Figure 3.4: (a) Illumination of tracer particles with laser light. (b) The laser light is
focused into a sheet using lenses. (c) Typical particle image from the flow over the suction
surface of an airfoil. (d) Corresponding image of calibration target.

However, practical considerations often dictate the use of particles with significantly different
density to that of the flowing fluid, especially in air [147]. When particles with a different
density are used, it is important that the particle diameter is as small as practical, since
the characteristic response time of a tracer particle is proportional to the square of particle
diameter [147]. In this work, fog particles made from a mixture of water and glycol with a
diameter on the order of 1um were used due to their low cost, small size, and non-toxicity.

To render the tracer particles visible for imaging, a light source is required. Typically,
the illumination is provided using a pulsed laser [147]. In planar PIV (used exclusively
in this work) the laser light is formed into a thin sheet using lenses, as illustrated in
Fig. 3.4. This enables the tracer particles in the plane of the laser sheet to be imaged for
the determination of the velocity field in that plane.

Imaging of the illuminated particles is performed by one or more cameras. An example
of a particle image from the flow over the suction surface of an airfoil is shown in Fig. 3.4c.
In the most basic form of PIV, one or more cameras are positioned to image independent
regions of illuminated particles. This form of PIV is called 2-component PIV (2C-PIV)
because the two velocity components in the plane of the light sheet can be measured [147].
Calibration of the PIV cameras must be performed to obtain a mapping between image
coordinates and physical space [147]. This is done by imaging a planar target onto which is
printed a grid with known pitch (Fig. 3.4d). Using the calibration images, a least-squares
fit is performed on the known grid point locations to obtain the parameters of a mapping
function.

Precise synchronisation of the cameras and laser is required for accurate velocity
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measurements. In this work, a field-programmable-gate-array controlled the camera shutters
and laser pulses in what is known as frame straddling mode [147]. Frame straddling mode
was used in this work because it enables independent control of particle displacements
and sampling period. In frame straddling mode, two camera exposures are acquired, the
second exposure immediately after the first. During the fist exposure, a short (=~ 500 ns)
laser pulse is triggered near the end of the exposure, and during the second exposure,
a short laser pulse is triggered near the beginning of the exposure. Adjusting the time
between the two laser pluses changes the displacements of the particles appearing in the two
exposures. Typically, particle displacements of approximately 10 pixels are recommended
as a balance between the relative uncertainty in particle displacements, which decreases as
the displacement increases, and the number of outliers, which increases as the displacement
increases [147]. In the present work, the time interval between laser pulses was on the
order of 10 ps for all measurements. After the second exposure is complete, the process is
repeated with another set of two exposures with two corresponding laser pulses. The time
period for one repetition of this process is the sampling period.

After particle images are acquired, pre-processing of the images is typically performed
to remove spurious light reflections and background artefacts [147]. In the present work,
pre-processing involved subtracting the minimum intensity value of each pixel computed
over a sliding temporal window. Velocity vector fields were then computed from each set of
paired exposures using an iterative cross-correlation method [148]. The spatial resolution
of the resulting velocity vector fields depends on the size of the spatial window used for
cross-correlation. The window size must be chosen according to the seeding density and
magnification factor such that a sufficient number of distinct particles are present in each
window to minimise uncertainty in the location of the peak of the cross-correlation function
[147]. In the present work, the final correlation window sizes ranged from 16px x 16px
to 24px X 24px, depending on the PIV configuration. Random errors in velocity vector
calculation were estimated using the correlation statistics method, which evaluates the
asymmetric contributions of the correlations between individual pixels to the overall cross-
correlation peak [149]. After velocity vector calculation, post processing of the velocity
vector fields was performed using the universal outlier detection method [150].

3.3.2 Aerodynamic Forces

Aerodynamic forces acting on the lifting surface models were measured using a JR3 30E12A4
6-axis load cell. The full scale range of the chordwise and chord-normal forces that can be
measured by this load cell is 40 N. The load cell contains strain gauges whose electrical
resistance is proportional to strain. The resistance of the strain gauges was converted
into an electrical voltage signal ranging from —10V to 10V using a bridge circuit and
amplifier. The voltage output of the amplifier was digitized using a National Instruments
PCI-4472 data acquisition device. The digitised voltage signals were converted into forces
using a calibration provided by the load cell manufacturer. The models used for force
measurements were simply supported by the load cell and were structurally isolated from all
other components of the wind tunnel. Because the fundamental structural resonant periods
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of the lifting surfaces were close to the periods of the flow transients, filtering was performed
on the raw force signals. Details of the filtering procedures are given in Chapters 5 and 6.
The lift coefficients presented in this thesis were not corrected for wind-tunnel blockage.
The model solid blockage in all experiments was less than 10%, with the majority of detailed
investigations conducted with model solid blockages less than 7%.

3.4 Analysis Methods

Several specialised data analysis methods are used throughout this thesis, details of which
are provided in this section.

3.4.1 Frequency-Domain Analysis

Although not specialised to the field of fluid mechanics, frequency-domain analysis was
employed extensively in this thesis to analyse the frequency content of measured signals.
Furthermore, the underlying Fourier transform is foundational to the continuous wavelet
transform discussed later.

The Fourier transform a(f,T) of a finite length signal u(¢) measured on the interval
[—T/2,T/2] is [151]:

T
2

a(f.1) = [

It should be noted that the Fourier transform can be performed over a spatial dimension
instead of time, in which case @ becomes a function of wavenumber instead of frequency.
If u is stationary ergodic process, the power spectral density (PSD) of u can be obtained
from [151]:

u(t)e It dt (3.1)

Nl

Pualf) = Jim - [a(f, T (32)

In practice, the discrete analogue of Eq. 3.2 is used to compute an approximation of Py,
from a set of N discrete measurements of u obtained at a sampling frequency fs over a
finite sampling period T.> P,, represents the squared magnitudes of the coefficients of the
Fourier series of u, which describe the sinusoidal components that are contained in w. If
u has dimensions of velocity, then P,,(f) has dimensions of energy per unit mass times
time. When u is discretely sampled for a finite measurement period 7', P,,(f) can only be
determined uniquely for 0 < f < f;(1/2 — 1/N), and the frequency resolution is limited to
fs/N. The upper frequency limit is a consequence of the Nyquist-Shannon theorem [152].
Therefore, only frequencies less than one-half of the sampling frequency can be resolved in
experimental data.

When computing Py, from experimental data containing noise, Welch’s method [153]
was used to reduce the uncertainty in P,,. However, this reduction in uncertainty comes at
the cost of decreased frequency resolution. A thorough explanation of Welch’s method is

!The MATLAB (v24.2) function £ft was used to compute the discrete Fourier transform.
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Figure 3.5: Example of an Airy wavelet scaled with a peak frequency of 1 Hz.

provided in [154]. Briefly, in Welch’s method the PSD is computed for multiple overlapping
segments of the data that are each shorter than the total sampling period.? Then, P,
is taken as the average PSD over all of the segments. Usually, a weighting function is
applied to the segments when computing the Fourier transform in Welch’s method to reduce
spectral leakage [154]. The averaging operation reduces random errors in the final PSD
estimate.

3.4.2 Continuous Wavelet Transform

Although frequency-domain analysis using the Fourier transform provides information about
the frequency content of a signal, it does not provide information about how the frequency
components of a signal change in time. When dealing with non-stationary signals, such as
those obtained from transient fluid flows, the continuous wavelet transform can provide
valuable information about both the frequencies of oscillatory components contained in
a signal and their localisation in time [155]. The continuous wavelet transform is similar
to the Fourier transform in that it is also an integral transform that expresses a signal in
terms of a set of predefined basis functions. In the Fourier transform, the basis functions
are complex exponentials, whereas in the continuous wavelet transform the basis functions
(wavelets) are complex oscillatory functions that vanish in the limit as ¢ — +o0. In the
present work, the Airy wavelet [156] was exclusively used. An example of an Airy wavelet
is shown in Fig. 3.5. The continuous wavelet transform (V) of a signal u(t) with respect to
the wavelet 1 is [157]:3

1 fo T—1
\If(t,g):f/ w( )u(T)dT (3.3)
S J—oo S
where ¢ is the wavelet scale and * denotes complex conjugation. This is a convolution
between the signal u and shifted and dilated copies of the wavelet . The scale is related
to the inverse of the frequency of oscillation of the wavelet. Because wavelets are not pure

2The MATLAB (v24.2) function pwelch was used to compute Welch’s power spectral density estimate.
3The MATLAB (v24.2) function wt was used to compute the continuous wavelet transform.
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sinusoids, the frequency of a wavelet is often characterised by the peak frequency of its
Fourier transform [158]. The relationship between scale and peak frequency for the Airy
wavelet is given by Lilly [157]. Since the continuous wavelet transform is a function of
time and scale, it provides information about the amplitude and frequency of oscillatory
components of the signal u as a function of time. Like the Fourier transform, the continuous
wavelet transform can also be applied over a spatial dimension instead of time.

3.4.3 Proper Orthogonal Decomposition

In the basic form of the Fourier and continuous wavelet transforms presented above, the
signal being analysed is a scalar function of time. However, there are numerous situations
in which it is desired to identify patterns in higher-dimensional functions, such as in a two-
dimensional image, or in the velocity field of a fluid flow. Proper orthogonal decomposition
(POD) is a modal decomposition technique for this purpose that is commonly applied to the
analysis of fluid flows [159]. Unlike in the Fourier and continuous wavelet transforms, where
the basis functions were pre-defined, in POD the basis functions (modes) are extracted from
the signal itself. POD aims to decompose a signal u (x,t) into a set of temporal coefficients
(©4(t)), modal energies (\?), and spatial modes (®;(x)):

N

=1

The modes obtained from POD are optimal in the sense that no other representation of the
signal with a given number of modes can account for a greater portion of the variance of the
signal [160]. A useful property of the POD temporal coefficients is that they are orthogonal,
and thus uncorrelated [160]. In this work, the snapshot method [161] is used to compute
the POD. To obtain the POD of the discrete velocity data u (x,t) obtained at M spatial
locations at N instants in time, the data is first arranged into a snapshot matrix S [162]:

u(xy, t1)  u(xy,ta) ... u(xg,ty)
5 _ u(x?, t1) u(x?, to) ) u<X2:7 tn) (3.5)
u(xM,tl) u(xM,tg) u(xM,tN)

Note that in Eq. 3.5 u is a column vector with € velocity components, and thus S has M€
rows and N columns. Next, the temporal coefficients, modal energies, and mode shapes can
be obtained by performing a singular value decomposition on the snapshot matrix [159]:4

S = dAOT (3.6)

Where @ is a rectangular matrix with M€ rows and N columns, X is a square N x N
diagonal matrix, and @ is a square N x N matrix. ®;(x) can be obtained from the columns

4The MATLAB (v24.2) function svd was used to compute the singular value decomposition.
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of the matrix ®, the diagonal elements of A are \;, and O;(t) can be obtained from the
columns of the matrix ©:

D (x;) Bo(x1) ... Py(xy)
. (Pl(:XQ) ‘I’Q(:X2) @N:(XQ) (3.7)
<I>1(.XM) ‘I>2(;<M) ¢N<XM)
A0 0
N (:) A:2 ? (3.8)
0 0 ... A
O1(t) Oufty) ... On(t)
o_ |O1) Enln) 5 On(t2) (3.9)
@1<tN) @2<tN) @N'(tN)

The POD modes are ranked in terms of their modal energies (A?), with the first mode
containing the greatest energy. The most energetic spatially coherent structures are found
in the highest-ranking spatial modes. The temporal coefficients describe the temporal
evolution of the spatial modes. In flows with periodic vortex shedding, spatial modes are
obtained that contain information about the size, strength, trajectory, and wavenumber of
the vortices [163]. When the vortex shedding is strongly coherent in space, a pair of POD
modes will be obtained with similar modal energy and a similar spatial structure that is
phase shifted by 7/2 in space [163].

3.5 Uncertainty Estimation

Meaningful interpretation of experimental data requires quantification of the uncertainties
in measured and derived quantities. The uncertainty of a quantity is the range of values
within which the error in the quantity will fall with a certain probability [164]. Errors
may be classified as bias errors or random errors [151]. Bias errors are those that remain
constant over repeated measurements, whereas random errors lead to unpredictable changes
in repeated measurements [151]. The uncertainty due to random errors can be quantified
using repeated measurements. The uncertainty due to random errors in the mean of quantity
F obtained from N independent measurements can be estimated from [165]:

SF
VN
Where S is the sample standard deviation of F', and 7y_; is the critical value of Student’s
t-distribution with N — 1 degrees of freedom at the prescribed confidence level. For 95%

U = 7w (3.10)
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confidence, which is used throughout this thesis, limy_ o, Tn_1 &~ 1.96.

Bias errors are relatively more difficult to quantify, since they can only be estimated
when comparing measurements from two different measurement systems. Numerous sources
of bias and random errors may be combined in a measurement. The overall uncertainty in
a quantity F' subject to N sources of error is given by [151]:

N
Ur = > Ut (3.11)
=1

where Up; is the uncertainty in F' due to error source ! assuming no other sources of error,
and each source of error is assumed independent. Usually it is impossible to account for all
sources of error in a measurement. However, since the overall uncertainty is the Euclidean
norm of the contributions from each error source, only the dominant sources of uncertainty
require inclusion for the order of magnitude of the overall uncertainty to be estimated.

Often, quantities are measured using instruments with discrete measurement scales,
such as the graduations on a liquid thermometer or the numerical display on a digital
protractor. When measurements are made with such instruments, a resolution uncertainty is
introduced. The resolution uncertainty in the measured quantity is assumed to be one-half
of the smallest increment on the scale [166].

The uncertainty in a derived quantity can be estimated from the uncertainties in the
quantities it is derived from. Assuming that the errors are small, or that the derived quantity
is a linear function of measured quantities, one may apply the linearised error propagation
formula to estimate the overall uncertainty (Ur) in a derived quantity F' = f(a,as,...,an)
that is itself a function of uncertain measurements a; [167]:

N N QF OF
Up = JZ > — Ray.a, U Ua,, (3.12)

I=1 m= 18a10am

where U,, and U,,, are the uncertainties in @; and a,, and R,, ,,, is the correlation coefficient
between the errors in a; and a,,. If the errors in each a; are independent, as is often assumed,
Ry, .q,, =0 for | # m and Eq. 3.12 can be simplified [167].

oF )

Application of the linear error propagation formula requires that the sensitivities (5~ o
be known. Commonly, quantities are computed using algorithms for which it is impractical
to obtain the sensitivities. In such a case, the method of sequential perturbation [168] is
used. The method of sequential perturbation for estimating the uncertainty in quantity
F = f(ay,aq,...,ay) is as follows:

1. Obtain F from F = f(ay,as,...,ay)

2. Forl=1,...,N
Increase the value of a; by U,, and recompute F, recording this value as F}"

Decrease the value of a; by U,, and recompute F', recording this value as F;~
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The uncertainty in /' due to q; is Up; = ’Fﬁ - Ff‘ /2

3. Compute the overall uncertainty in F' using Eq. 3.11

Derived quantities presented in this thesis are presented with uncertainty estimates
obtained using the linear error propagation formula (Eq. 3.12) or the method of sequential
perturbation where appropriate. Details of the uncertainty estimation process for specific
quantities are provided in Appendix A
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Chapter 4

Transient LSB Development During a
Change in Reynolds Number

The unsteady dynamics of laminar separation bubble formation and bursting are studied
using quasi-steady ramp changes in free-stream velocity. The experiments are performed on
a model set-up that approximates a two-dimensional airfoil. The limiting flow conditions
before and after the ramp changes in free-stream velocity correspond to conditions where
a short LSB forms on the suction surface of the airfoil and where the airfoil is stalled.
The results show that LSB formation involves a relatively rapid upstream movement of the
location of reattachment after initial formation of the LSB during the increase in free-stream
velocity. Conversely, LSB bursting involves a relatively more gradual downstream movement
of the location of reattachment prior to complete cessation of reattachment. The time
required for the flow field to reach a statistically steady state is found to be longer after LSB
bursting than after LSB formation. Because the imposed change in free-stream wvelocity is
quasi-steady, the unsteady response of the flow is primarily a consequence of bifurcation
between the two limiting flow configurations.

This chapter has been adapted from

ToppPiNGS, C. E. & YARUSEVYCH, S. March 2023 Transient dynamics of laminar separation bubble
formation and bursting. Ezperiments in Fluids 64 (3), 57. DOL
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4.1 Introduction

At low chord Reynolds numbers (Re. < 5.0 x 10° [11]), a stall often occurs due to a sudden
increase in length (or bursting) of a short laminar separation bubble (LSB) on the suction
side of a lifting surface [16]. Several authors have attempted to develop criteria for predicting
whether a short LSB will burst, using information about the adverse pressure gradient and
the state of the upstream boundary layer obtained from experiments in steady operating
conditions [e.g., 6, 7, 30]. Although these bursting criteria attempt to predict the complex
process of LSB bursting using a few parameters, bursting is a complex transient change
between two different quasi-steady flow states that depends on the time-history of the flow
[83]. This is evidenced by the hysteresis observed in LSB formation and bursting, such that
the angle of attack or chord Reynolds number required for LL.SB re-formation are lower than
or higher than the bursting angle and bursting chord Reynolds number, respectively [79].
The disturbance environment also plays a role in LSB bursting. An increase in incoming
disturbance amplitudes can decrease the size of an LSB, whereas cessation or reduction in
amplitude of disturbances can lead to LSB bursting [25, 29]. Therefore, knowledge of the
temporal flow development and the process of disturbance amplification in an LSB during
bursting is essential for a complete understanding of stall at low chord Reynolds numbers.

The evolution of the flow field during bursting is sensitive to the initial conditions of the
LSB, making the bursting process non-deterministic [83]. However, similar characteristic
events in the bursting process have been reported in controlled experiments [25] and
numerical simulations [29, 83]. Bursting begins with a relatively slow increase in LSB
length, followed by a rapid lengthening [83] and overshoot of the size of the recirculating flow
region [25, 83], before the recirculation region contracts slightly to its final quasi-steady state.
Yarusevych & Kotsonis [25] observed that the transient period associated with LSB bursting
after the cessation of forced disturbances lasts for approximately five global convective time
units, and is longer than the transient period associated with LSB contraction when forced
disturbances are introduced.

In short bubbles, velocity fluctuations in the separated shear layer are largely periodic
and the transition process is dominated by the shedding of spanwise vortices from the
separated shear layer [7, 29]. However, in long bubbles, large amplitude velocity fluctuations
in the separated shear layer are intermittent [7] and the spanwise coherence of shed vortices
is substantially reduced due to rapid three-dimensional deformations [29]. This implies
that the characteristics of the vortical structures produced during the transition process
influence the rate of momentum transfer through the shear layer and thus its ability to
reattach [29]. LSB bursting also weakens the feedback loop between pressure fluctuations
generated by vortex shedding and the receptivity of the upstream boundary layer, leading
to changes in the initial amplitudes of disturbances [17, 25].

Because LSB bursting and formation both result in significant and sudden changes
in lift and drag, understanding the transient process of LSB bursting and formation is a
prerequisite for the design of efficient lifting surfaces and controls for low chord Reynolds
number applications. Thus, the objective of this experiment is to elucidate the spatio-
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temporal evolution of a laminar separation bubble between short bubble and fully separated
states due to changes in free-stream conditions. To this end, wind tunnel tests were
conducted on a NACA 0018 airfoil model subjected to a controlled decrease or increase
in free-stream velocity that caused an LSB on the suction surface to burst or re-form
on the suction surface, respectively. Surface pressure and particle image velocimetry
(PIV) measurements were performed to provide a quantitative description of the transient
development of the flow field during LLSB bursting and formation.

4.2 Description of Experiments

Experiments were performed on an aluminium NACA 0018 airfoil model with a chord
length of 0.2m in the recirculating wind tunnel at the University of Waterloo. The airfoil
model spanned the entire 0.61 m width of the square test section, and was set to an angle of
attack of 6°. The turbulence intensity at the centre of the empty test section over the range
of free-stream velocities considered in this study was 0.13 = 0.01%, with velocity signals
low-pass filtered at 10 kHz.

At the selected angle of attack, LSB bursting and formation occurs on the suction side
between Re, = 4.0 x 10* and 6.0 x 10, with these Reynolds numbers corresponding to
quasi-steady stalled and short LSB states, respectively. To investigate the flow dynamics
associated with the changes between these flow regimes, the free-stream velocity in the test
section was varied in a controlled manner using a variable frequency alternating-current
motor drive to control the wind tunnel fan speed. The ramp changes in free-stream velocity
were performed in a continuous periodic cycle between Re. = 4.0 x 10* and Re, = 6.0 x 10%,
with an approximately 1 min (1000c/u,) delay between each ramp change. This mitigated
any possible hysteresis effects and allowed the flow to reach quasi-steady conditions between
ramp changes. Figure 4.1 plots the ensemble of hotwire free-stream velocity measurements
for 13 runs each for increasing and decreasing velocity between 3.0ms™! and 4.5ms™!,
corresponding to chord Reynolds numbers between 4.0 x 10* and 6.0 x 10*. Because the
free-stream velocity changed during the experiment, the non-dimensional time that the
data is plotted against is defined as D = (1/c) [ unodt, equivalent to the number of chord
lengths that the free-stream has travelled at time ¢. The time corresponding to D = 0 is
defined as the time when the variable frequency motor drive was commanded to start the
ramp change. The maximum acceleration in terms of the free-stream velocity and airfoil
chord was approximately +0.015u% /c. The high degree of overlap between the plots of the
individual runs indicates low run-to-run variability in the prescribed free-stream velocity
change.

4.2.1 Measurement Techniques

The free-stream velocity was measured using a single normal hotwire probe located at the
inlet of the test section, calibrated against a Pitot tube. The hotwire probe was connected
to a Dantec Dynamics constant temperature anemometry bridge, and the Pitot tube was
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Figure 4.1: Controlled free-stream velocity ramp change. Red lines: decreasing Re., blue
lines: increasing Re,.

connected to a Setra Model 239 pressure transducer. The hotwire bridge and the pressure
transducer were sampled using a National Instruments USB-6259 data acquisition system.
Free-stream velocity measurements were taken from the hotwire at a sampling frequency
of 20kHz. Controlled changes in free-stream velocity were highly repeatable as shown in
Fig. 4.1, and ensemble averaging was performed for random error reduction. Run-to-run
variability of the free-stream velocity during repeated ramps was within 2% of the ensemble
mean.

Mean surface pressure measurements in steady free-stream conditions were performed
using an array of 67 pressure taps near the midspan of the airfoil model, arranged in a
staggered pattern with an offset of 0.05¢ in the spanwise direction. The pressure taps were
connected through two mechanical Scanivalve multiplexers to two Setra model 239 pressure
transducers with input ranges of £250 Pa which were sampled using the USB-6259 data
acquisition system. The uncertainty in the mean surface pressure coefficients is estimated
to be less than 0.4 (with 95% confidence limits), largely attributed to the relatively low
free-stream dynamic pressures at the chord Reynolds numbers considered in this work.

For quantitative measurements of the separated flow on the suction surface of the airfoil
model, two-component PIV was performed in a plane at the midspan of the model, as
illustrated in Fig. 4.2. The flow was seeded with water-glycol fog particles with a diameter
on the order of 1 um, which were illuminated by a Photonics DM20-527 Nd:YLF pulsed
laser. Particle images were recorded in double frame mode using two different camera
configurations for low- and high-speed recordings, with essential PIV parameters presented
in Table 4.1. In the low-speed configuration, particle images were acquired using two
LaVision Imager sCMOS 5.5 megapixel cameras at a sampling frequency of 52.35 Hz and
a laser pulse separation of 50 ps. Images from both low-speed cameras were cropped to
2560 x 1024 pixels, yielding a combined field of view of 0.70c¢ x 0.12¢. In the high-speed
configuration, a single Photron FastCam SA4 1 megapixel camera imaged the area near
location of transition in the separated shear layer at a sampling frequency of 750 Hz and a
laser pulse separation of 70ps. The uncropped sensor size of the highspeed camera was
1024 x 1024 pixels, and the resulting field of view was 0.25¢ x 0.10c. All cameras were
equipped with Nikon 200 mm focal length lenses at an aperture setting of f/4. Particle
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Table 4.1: PIV measurement parameters

Parameter Low-speed High-speed
Cameras 2x LaVision Imager sCMOS Photron FastCam SA4
Cropped Sensor Size 2560px x 1024 px 1024px x 1024 px
Field of View 0.70c x 0.12¢ 0.25¢ x 0.10¢
Lens Focal Length 200 mm

Sampling Frequency 52.35Hz 750 Hz
Sampling Time 20s 3.645s

Laser Pulse Separation 50 s 70 us
Maximum Particle Image Displacement 12 px 13 px
Initial Interrogation Window 24 px x 24 px

Final Interrogation Window 16 px x 16 px

Final Interrogation Window Overlap 5%

Vector Pitch 0.0006¢ 0.0009¢
Aperture f/4

Magnification Factor 0.23 0.47

Light Source Photonics DM20-527 Nd:YLF Pulsed Laser
Particles Water-Glycol Fog

images were pre-processed using sliding minimum subtraction, and velocity estimation
was performed using the iterative multi-pass cross-correlation algorithm in the DaVis 10
software. The initial and final interrogation window sizes were 24 x 24 pixels and 16 x 16
pixels, respectively. A uniform initial window displacement of 10 pixels in the streamwise
direction was employed to enable a small initial window size relative to the maximum
particle displacement. Using the correlation statistics method [149], the random errors in
the instantaneous PIV measurements in the vicinity of the separated shear layer for both
PIV configurations are estimated to be less than 10% of the free-stream velocity with 95%
confidence.

The PIV system was synchronised with the trigger signal for the periodic ramp change
in free-stream velocity, and an ensemble of 13 runs was obtained with the low-speed PIV
configuration for each of the increasing and decreasing free-stream velocity cases. For each
run, 1047 images were acquired starting 10.00s before the free-stream velocity change
was initiated and ending 10.00s after the initiation of the free-stream velocity change.
In addition, two runs were recorded with the high-speed PIV configuration for each of
increasing and decreasing free-stream velocity cases. For each run, the high-speed PIV
acquisition of 2728 images began simultaneously with the initiation of the free-stream
velocity change and ended 3.64 s later.

For data presentation, the PIV measurements were transformed into the = — y surface
attached coordinate system defined in Fig. 4.2. In this system, whose origin is at the
leading edge, the x coordinate is the arc length along the surface of the airfoil and the y
coordinate is the distance normal to the surface. The streamwise (u) and wall-normal (v)
velocity components are parallel to the x and y axes, respectively. Mean surface pressure
measurements are presented using a chord based coordinate axis X that is parallel to
the airfoil chord and whose origin is also at the airfoil leading edge. Quantities that are
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Figure 4.2: Fields of view for low-speed and high-speed PIV configurations and coordinate
system definitions.

time-averaged over the entire data acquisition period are denoted by an overbar, and
ensemble averaged quantities are denoted with a tilde. Fluctuations of quantities about
an average are denoted by an apostrophe. Statistical quantities were computed using
a sliding temporal window of length 4c¢/7, and then averaged over the ensemble of 13
runs. The selection of the temporal window length used for calculating statistics is a
compromise between temporal resolution and statistical convergence. The overall trends in
time-dependent statistics were found to be largely unaffected by window length for window
lengths between 2¢/T and 8¢ /U.

4.3 Results

4.3.1 Limiting flow states

At an angle of attack of 6°, flow development over the suction side of the airfoil changes
between stalled conditions at Re, = 4.0 x 10* and a short LSB present at Re. = 6.0 x 10*.
This is reflected in the mean suction surface pressure coefficient (C, = (P — poo)/(1/2pu2,))
distributions plotted in Fig. 4.3. In both the stalled and short LSB states, a pressure
plateau begins near z/c = 0.20, indicating boundary layer separation near this location. In
the stalled state (Re. = 4.0 x 10?), the suction peak is significantly reduced and the pressure
plateau extends to the trailing edge. However, at Re. = 6.0 x 10%, the suction peak is
stronger and a rapid pressure recovery occurs over 0.45 < x/c < 0.55, indicating transition
and reattachment of the separated shear layer [e.g., 20|, which lead to the formation of the
LSB.

Time-averaged streamwise velocity, streamwise RMS velocity fluctuations, and wall-
normal RMS velocity fluctuations from PIV measurements on the suction surface of the
airfoil model for the stalled state at Re. = 4.0x 10* and the short LSB state at Re. = 6.0x 10*
are presented in Fig. 4.4. In the stalled state (Fig. 4.4a), the separated shear layer departs
from the airfoil surface and a large reverse flow region forms. In the short LSB state
(Fig. 4.4b), the separated shear layer curves back towards the surface, enclosing a thin
region of relatively slower reverse flow. The plots of RMS velocity fluctuations reveal that
maximum amplitudes of velocity fluctuations are reached farther upstream in the short
LSB state compared to the stalled state, indicating earlier transition in the short LSB. Also,
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Figure 4.3: Surface pressure distributions of limiting flow states at steady chord Reynolds
number.

higher maximum wall-normal velocity fluctuations occur as a result of shear layer vortex
shedding in the short LSB, which are responsible for the increase in the rate of wall-normal
momentum transfer that leads to reattachment [e.g., 21, 88]. Previous studies on LSBs
have defined the transition point as the location of maximum displacement thickness (0*)
le.g., 88], maximum shape factor [e.g., 132], or the end of the pressure plateau [e.g., 169].
However, these locations are ill-defined for the stalled state. Therefore, a transition location
criterion based on the one used by Hain et al. [170] and Ol et al. [171], defined as the x
location where the Reynolds shear stress (—u/v’) along the displacement thickness (y = 0*)
exceeds a threshold of 0.001u2, where u, is the local edge velocity, is used here, indicated by
the dashed lines in Fig. 4.4. It can be seen that, relative to the short LSB state, transition
is delayed in the stalled state.

The unstable frequencies and wavenumbers of wall-normal velocity fluctuations in the
separated shear layer are explored in Fig. 4.5 for the two limiting states. Figure 4.5a presents
frequency power spectra obtained from high-speed PIV measurements at the transition
location averaged over the wall-normal extent of the field of view. The power spectral
density was calculated using Welch’s method [153] with a window length of 4¢/7, and 50%
overlap between windows. The resulting frequency resolution is 0.126u/c. Figure 4.5b
presents wavenumber power spectra obtained by averaging the spatial Fourier transform of
wall-normal velocity fluctuations along the line y = §* from all low-speed PIV snapshots.
The resulting wavenumber resolution is 5.5¢1.

The most amplified frequencies of disturbances that lead to vortex shedding in each
limiting state can be inferred from the spectral peaks [19] denoted by dashed lines in
Fig. 4.5a, which occur at fc/us, = 12.5 and 5.1 for the short LSB and stalled states,
respectively. These frequencies are in agreement with those expected for the investigated
conditions based on the results of Boutilier & Yarusevych [74]. The stalled state exhibits
substantially stronger velocity fluctuations than the short LSB state at low frequencies
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Figure 4.4: Mean streamwise velocity, streamwise RMS velocity fluctuations, and wall-
normal RMS velocity fluctuations of limiting flow states at steady chord Reynolds number.
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(fc/us < 11), consistent with previous studies of unsteadiness over stalled airfoils [e.g.,
172]. The wavenumber power spectra in Fig. 4.5b reveal multiple peaks for both limiting
states. The peaks denoted by dashed lines at kc = 38.4 and kc = 98.7 are attributed to the
fundamental vortex shedding frequency in the stalled and short LSB states respectively,
because the resulting phase speeds of the fundamental disturbances are 27 f/k ~ 0.8u.,
which is within the range of vortex convection speeds measured in LSBs on airfoils at
comparable Reynolds numbers [e.g., 19, 75, 104]. The presence of the sub-harmonic peak
at k¢ = 49.4 in the short LSB spectrum is attributed to aperiodic vortex merging [173].

The stalled and short LSB states at Re, = 4.0 x 10* and Re, = 6.0 x 10*, respectively,
are verified to be quasi-steady states for which state changes do not occur due to natural
variation in free-stream disturbance environment. Thus, controlled ramp changes in chord
Reynolds number between these two limiting states are used to study the transient LSB
formation and bursting processes in the next section.

4.3.2 Transient flow development

The evolution of the instantaneous spanwise vorticity fields (w,) during LSB formation
(Figs. 4.6a—4.6e) and bursting (Figs. 4.6-4.6j) due to a ramp change in the chord Reynolds
number (Fig. 4.6k) between Re. = 4.0 x 10* and Re, = 6.0 x 10 is presented in Fig. 4.6. The
vertical lines in Fig. 4.6k associate the presented vorticity snapshots with the corresponding
instances in the ramp-up/ramp-down cycle.

In both the stalled and short LSB states, vortex shedding from the separated shear
layer is observed. This is followed by vortex breakdown and turbulent flow development,
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Figure 4.5: Frequency and wavenumber spectra of wall-normal velocity fluctuations in
the limiting flow states. Dashed lines indicated fundamental frequency and wavenumber.

signifying that the shear layer undergoes laminar-to-turbulent transition at all flow conditions
considered. During LSB formation, the initially massively separated flow (Figs. 4.6a—4.6¢)
approaches the reattached state between Re, = 5.2 x 10* and Re, = 5.8 x 10%, bringing
the separated shear layer closer to the airfoil surface. Between Re, = 5.8 x 10* and
Re, = 6.0 x 104, there is a further minor reduction in the distance of the separated shear
layer and the surface as the chord Reynolds number reaches its final steady-state value.
The LSB bursting process begins with a progressive increase of the distance between the
separated shear layer core and the wall between Re, = 6.0 x 10* and Re, = 5.3 x 10*
(Figs. 4.6f-4.6h). The observed shear layer trajectory suggests that reattachment fails to
occur between Re. = 5.1x10% and Re, = 4.3x10* (Figs. 4.6h-4.6i). After an initial overshoot
in the angle of the separated shear layer (Fig. 4.61), the separation angle reduces slightly at
Re. = 4.1 x 10* (Fig. 4.6j). The difference in the vorticity fields at Re. = 5.2 x 10* between
the LSB formation (Fig. 4.6¢) and bursting (Fig. 4.6h) sequences points to a substantial
hysteresis. In agreement with previous studies under steady incoming flow conditions, the
chord Reynolds number at which the LSB forms is higher than the chord Reynolds number
at which the LSB bursts [e.g., 79, 114, 118].

To illustrate deterministic features of the observed flow regime changes, ensemble-
averaged streamwise velocity fields during LSB formation and bursting are shown in Fig. 4.7.
For better statistical convergence, the ensemble-averaged velocity fields were averaged over a
temporal window of length 4c¢/ty. The results in Figs. 4.7a—4.7e show that LSB formation
begins with a gradual contraction of the reverse flow region, before a relatively abrupt
reduction in reverse flow extent and negative velocity magnitude occur as the separated
shear layer reattaches. After LSB formation, the reverse flow region continues to contract
as the chord Reynolds number reaches its final steady state.

The LSB bursting sequence (Figs. 4.7f-4.7j) shows that the initial reduction of the free-
stream velocity brings about an increase in relative reverse flow magnitude within the LSB,
accompanied by a gradual increase in bubble height. This is followed by bubble bursting,
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Figure 4.6: Instantaneous spanwise vorticity contours during bubble formation (a-e), and
bubble bursting (f-j). (k) Ensemble averaged Reynolds number during increasing Re, (blue)
and decreasing Re, (red). Vertical lines correspond to the times of the contours above.

leading to an initial overshoot of the extent of reverse flow region and its subsequent
gradual contraction towards quasi-steady state conditions, similar to the trend observed in
instantaneous vorticity sequences (Figs. 4.6f-4.6j). The observed trends in the ensemble
statistics point to deterministic flow features of the LSB formation and bursting transients.

The development of the recirculating flow region during ramp changes in free-stream
velocity can be described using the zero-net-streamwise mass flux line [20]. In quasi-steady
flows, the zero-net-streamwise mass flux line is coincident with the streamline dividing the
recirculation region from the surrounding flow. In unsteady conditions, such as those of the
present study, the zero-net-streamwise mass flux line is not necessarily a streamline, however
it is a robust integral parameter employed here to provide a comparison of the transient
LSB development with the quasi-steady initial and final states. Figure 4.8 plots snapshots
of the zero-net-streamwise mass flux line as a function of time from the initiation of the
chord Reynolds number ramp up (Fig. 4.8a) and ramp down (Fig. 4.8b). The relatively
wide spacing between the lines in the downstream part of Fig. 4.8a and clustering of the
results around the limiting states indicate that the flow switches relatively rapidly from
the stalled condition to the short LSB condition. In contrast, during the LLSB bursting
process (Fig. 4.8b), closer line spacing is seen near the initial short LSB state, indicating a
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Figure 4.7: Ensemble and temporal window averaged spanwise vorticity contours during
bubble formation (a-e), and bubble bursting (f-j). Displacement thickness — . (k) Ensemble
averaged Reynolds number during increasing Re. (blue) and decreasing Re,. (red). Vertical
lines correspond to the time instants of the contours above.

slower initial expansion of the LSB. After bursting, the contours show that the distance of
the shear layer from the surface overshoots and then undershoots as the flow settles to the
quasi-steady stalled state. Thus, the motion of the shear layer during the bursting transient
bears similarity to the step response of a classical second-order under-damped system [174].

The movement of the ensemble-averaged separation, transition, and reattachment
locations during ramp changes in free-stream velocity is examined in Fig. 4.9. The separation
and reattachment locations were estimated by extrapolating the ensemble-averaged zero-
net-streamwise mass flux line to the airfoil surface, and thus correspond to estimates of the
locations where the wall shear stress changes sign.

The results in Fig. 4.9a show that LSB formation is initiated with a progressive upstream
movement of the location of transition as the Reynolds number begins to increase during
the ramp-up, which is consistent with the expected higher disturbance growth rates at
higher Reynolds numbers [e.g., 17, 175, 176]. As the turbulent shear layer reattaches at
D = 35, there is a relatively rapid downstream movement in the location of transition. The
transition and reattachment points then move upstream again as the reverse flow region
contracts to the final quasi-steady short LSB state. The process of LSB formation is also
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Figure 4.8: Transient change of the ensemble averaged dividing streamline during (a)
increasing Re,, and (b) decreasing Re.. Black dashed lines are the limiting states.

accompanied by a minor downstream movement of the separation point.

During the LSB bursting transient (Fig. 4.9b), the locations of transition and reattach-
ment begin to shift downstream, consistent with the expected reduction in disturbance
growth rates and subsequent lengthening of the separated flow region with decreasing
Reynolds number [e.g., 17, 175, 176]. When reattachment ceases at D = 39, there is an
upstream movement in both the separation and transition locations, which suggests a
transient increase in the adverse pressure gradient [e.g., 87] and a reduction in shear layer
stability [17] as the shear layer moves rapidly away from the airfoil surface. After cessation
of reattachment, the separation and transition locations move downstream again until the
quasi-steady stalled state is reached.

To explore the relationship between the wall-normal movement of the separated shear
layer and the streamwise location of transition, the ensemble averaged displacement thickness
(6*) and Reynolds shear stress (—u/v') at y = 6* for the LSB formation and bursting
transients are plotted against time and streamwise location in Fig. 4.10. The limiting stalled
state (D = 0 in Figs. 4.10a and 4.10c, D = 100 in Figs. 4.10b and 4.10d) is characterised by a
monontonic increase in displacement thickness with increasing downstream distance, delayed
growth of Reynolds shear stress, and a reduced peak Reynolds shear stress magnitude near
x/c = 0.7. The limiting short LSB state (D = 0 in Figs. 4.10a and 4.10c, D = 100 in
Figs. 4.10b and 4.10d) is characterised by a local maximum in displacement thickness near
the location of maximum bubble height (x/c & 0.5), earlier growth of Reynolds shear stress,
and an increased peak Reynolds shear stress magnitude near z/c = 0.6.

During the initial stages of LSB formation, the height of the separated shear layer remains
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largely constant for 0 < D < 35 as Re, begins to increase (Fig. 4.10c). Simultaneously,
Fig. 4.10a shows a gradual upstream movement in the contours of Reynolds shear stress,
consistent with the expected increase in disturbance growth rates with increasing Re.. At
D =~ 37, Fig. 4.10c shows a rapid decrease in displacement thickness coincident with the
initiation of reattachment (Fig. 4.9a), indicating a swift movement of the separated shear
layer towards the airfoil surface. This event corresponds to a transient downstream shift
in the transition point (Fig. 4.10c) and delayed Reynolds shear stress growth, which is
attributed to the reduction in disturbance growth rates due to the closer proximity of
the separated shear layer to the wall [17, 25]. However, due to the continued increase
in chord Reynolds number and local increase in boundary layer edge velocity (Fig. 4.7),
this delay in transition is not sustainable in light of the increase in Re., and there is a
subsequent upstream movement of transition and an increase in the peak Reynolds shear
stress magnitude for 37 < D < 50 as the flow settles to the limiting short LSB state at
s/ = 60.

During the initial stages of the LSB bursting transient, the height of the separated shear
layer slowly increases for 0 < D g 30 as Re. begins to decrease (Fig. 4.10d). Simultaneously,
Fig. 4.10d shows a gradual downstream movement in the contours of Reynolds shear stress,
consistent with the expected decrease in disturbance growth rates with decreasing Re.. At
D = 40, Fig. 4.10d shows a rapid increase in displacement thickness coincident with the
cessation of reattachment (Fig. 4.9b), indicating a sudden movement of the separated shear
layer away from the airfoil surface, and overshoot of the limiting stalled state. This event
corresponds to a transient upstream shift in the transition point (Fig. 4.10d) and earlier
Reynolds shear stress growth, which is attributed to the increase in disturbance growth
rates due to the larger distance between the separated shear layer and the wall [17, 25].
However, due to the continued decrease in chord Reynolds number and local decrease in
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Figure 4.10: Reynolds shear stress (c,d), and displacement thickness (a,b), during (a,c)
increasing Re,, and (b,d) decreasing Re.. Black line indicates transition point. Grey areas
indicate where the displacement thickness is greater than the height of the PIV field of
view.

boundary layer edge velocity (Fig. 4.7), this upstream movement of the transition point
and overshoot in displacement thickness is not sustainable, and there is a subsequent
downstream movement of transition and undershoot in displacement thickness before the
flow settles to the limiting short LSB state at D = 60.

To investigate the relationship between shear layer movement and changes in vortex
shedding frequency during the ramp changes in Re., a short-time Fourier transform using
a window length of 4¢/us and 75% overlap was performed on the wall-normal velocity
fluctuations measured in the high-speed PIV configuration at the transition point. The
frequency power spectra were averaged over the wall-normal extent of the field of view
and over the two high-speed PIV runs. The results are presented in Figs. 4.11a and 4.11b
for increasing and decreasing Re,, respectively. Vortex shedding wavenumber (k) spectra
were also calculated by performing a spatial Fourier transform on the wall-normal velocity
measurements along the displacement thickness at each time instant of the low-speed PIV
data. The wavenumber power spectra averaged over the ensemble of 13 low-speed PIV runs
are plotted in Figs. 4.11c and 4.11d for increasing and decreasing Re,, respectively.

During LSB formation (Fig. 4.11a), the strongest wall-normal velocity fluctuations start
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Figure 4.11: Frequency (a,b), and wavenumber (c,d), of integrated wall-normal velocity
fluctuations during ramp changes in Re..

near the most amplified frequency of the limiting stalled state (fc/t = 5.1, blue dashed
line) until quasi-periodic vortex shedding is gradually established within a higher frequency
band closely matching that observed in the limiting short LSB (fc¢/us = 12.5, Fig. 4.5a,
red dashed line). The wavenumber power spectrum (Fig. 4.11c) shows a progressive change
between the relatively long wavelength disturbances amplified in the stalled state (k¢ = 38.4,
blue dashed line) and the short wavelength disturbances (kc = 98.7, red dashed line) and
their subharmonic (k¢ = 49.4) that are amplified in the short LSB state.

During LSB bursting, the most amplified frequency gradually decreases for 20 5 D < 40
as the distance of the separated shear layer from the surface increases. Similar to the
wavenumber spectrum for LSB formation, a progressive change in the wavelengths of
amplified disturbances is also seen in the wavenumber power spectrum during LSB bursting
(Fig. 4.11d). The overshoot in the distance of the separated shear layer from the surface at
D =~ 50 is accompanied by a widening of the band of unstable frequencies for 45 < D g 55.
This transient change in frequency content is in agreement with linear stability theory,
which predicts an increase in the most amplified frequency and broadening of the unstable
frequency band with increasing distance of the separated shear layer from the surface [17].
Overall, the changes to the band of amplified frequencies and wavenumbers during LLSB
formation and bursting transients are consistent with the trends seen in quasi-steady LSBs,
with higher frequencies and wavenumbers more amplified at higher Reynolds numbers [e.g.,
74, 104].
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Despite the relatively low acceleration employed in the present study, the processes of
LSB formation and bursting display substantial hysteresis, as explored in the discussion
of Figs. 4.7-4.10. Notably, after LSB bursting, transient-response-type low-frequency
oscillations are observed in shear layer parameters (e.g., displacement thickness, Fig. 4.10).
Variations in the location and angle of laminar separation from the airfoil surface are
expected to be linked to variations in the streamwise surface pressure gradient [e.g., 176,
177]. Here, a simplified formulation of the governing equations is used to explore the relative
significance of temporal and convective accelerations on the streamwise surface pressure
gradient and the angle between the separated shear layer and the airfoil surface.

In the upstream portion of the separated shear layer, the flow is nearly wall-parallel and
viscous effects are confined to a relatively thin region near the airfoil surface. Neglecting
viscous effects at the edge of the boundary layer and the wall-normal pressure gradient
within the boundary layer, the unsteady Bernoulli equation can be manipulated into an
expression for the streamwise pressure coefficient gradient in terms of the edge velocity:

oxfc)  u

oG, —2c <8ue 8ue> (4.1)

ot + e ox

During quasi-steady free-stream velocity changes, the convective acceleration is expected
to dominate the right hand side of Eq. 4.1. In the forward laminar part of the separated
flow region, the shear layer rises at a nearly constant angle () from the airfoil surface in
the surface attached coordinate system (Figs. 4.4, 4.6, and 4.7), and the boundary layer
edge velocity is approximately constant [e.g., 177]. Figure 4.12a presents the temporal
and convective acceleration terms at the boundary layer edge, spatially averaged over
the upstream laminar portion of the LSB (0.24 < z/c¢ < 0.34) during the ramp up and
ramp down. Also plotted is the temporal acceleration of the free-stream velocity (Qus,/0t).
The acceleration terms have been normalised by the time-dependent ensemble averaged
free-stream velocity, which skews the peak non-dimensional free-stream accelerations to
times when the free-stream velocity is lower. The figure confirms the quasi-steady nature of
the imposed ramp changes in free-stream velocity, revealing that the convective acceleration
term dominates the temporal acceleration term in the upstream laminar portion of the
LSB. Figure 4.12b presents the ensemble-averaged separated shear layer angle in radians
(%) during LSB formation and bursting transients, which qualitatively follows similar trends
to the convective acceleration term in Fig. 4.12a. These results suggest that the observed
LSB formation and bursting transients are primarily a consequence of a bifurcation from
one limiting flow state to another, with the imposed acceleration playing a comparatively
minor role in the flow development under the investigated conditions. On the other hand,
the quantitative development of the observed transient may change at relatively high
free-stream accelerations due to the increased influence of the temporal acceleration term
on the streamwise pressure gradient in Eq. 4.1.

The results presented in Figs. 4.6-4.10 demonstrate that both formation and bursting
transients last an order of magnitude longer than the global convective timescale (D)
and that quasi-steady conditions are reached sooner after LSB formation than after LSB
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bursting. The durations of the LSB formation and bursting transients can be quantified by
the 90% — 10% and 10% — 90% transition durations of the shear layer angle, respectively
le.g., 178]. These transition durations are 14c¢/uy, and 22¢/u for LSB formation and
bursting, respectively. In the present study, the ratio of the LSB bursting period to the
LSB formation period is approximately 1.5. Similar to the present results, previous studies
involving the use of active flow control methods to suppress boundary layer separation on
airfoils have reported that the transient associated with the deactivation of flow control
leading to stall is longer than that associated with activation of flow control to promote
reattachment [e.g., 25, 179, 180].

4.4 Concluding Remarks

An experimental study was performed on a NACA 0018 airfoil undergoing ramp changes in
chord Reynolds number between Re. = 4.0 x 10* and 6.0 x 10* at an angle of attack of
6°. At a steady state chord Reynolds number of 4.0 x 10%, transition is delayed, the airfoil
is stalled, and laminar separation without reattachment occurs. At a steady state chord
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Reynolds number of 6.0 x 104, the separated laminar shear layer transitions to turbulence
more quickly and reattaches, forming a short LSB. Surface pressure and PIV measurements
were performed to study the transient dynamics of LSB formation and bursting on the
suction surface of the airfoil during the ramp changes in free-stream velocity.

During the ramp-up in free-stream velocity, the flow switches from the stalled state
to the short LSB state. LSB formation is preceded by a gradual upstream movement of
transition as the chord Reynolds number increases. Although the ramp change in Re. occurs
over the time period 0 < D < 60, the LSB formation process is characterised by a largely
constant separated shear layer trajectory followed by relatively abrupt decrease in the
distance of the separated shear layer from the surface between 30 < D < 50. This coincides
with the initiation of reattachment and a sudden downstream shift of the transition point
due to the increase in stability of the separated shear layer with greater proximity to the
surface. After reattachment, the transition point moves gradually upstream again until the
flow converges to the limiting short LSB state.

During the ramp-down in free-stream velocity, the flow switches from the short LSB
state to the stalled state. The LSB bursting transient is initiated by a gradual enlargement
of the recirculating flow region and downstream movement of the transition point. When
reattachment ceases and the separated shear layer moves rapidly away from the airfoil
surface, the transition point moves suddenly upstream due to the reduced stability of
the separated flow. After cessation of reattachment, the transition point gradually moves
downstream again as the limiting stalled state is approached. The cessation of reattachment
is also followed by significant oscillations of the distance of the separated shear layer from
the airfoil surface that resemble the step response of a second-order under-damped system.
The persistence of these oscillations causes the bursting transient to be longer than the
LSB formation transient, with the final stalled state reached at D = 60.

The results show that both LSB formation and bursting transients occur over a time
period that is substantially longer than the time scales of unstable disturbances in the
separated shear layer. Consequently, the most amplified frequencies and wavenumbers of
the separated flow show a gradual increase or decrease with increasing or decreasing chord
Reynolds number, respectively, following the trends expected for quasi-steady changes in
Reynolds number between the limiting flow states.

The movement of the separated shear layer was linked to transient changes in the
streamwise surface pressure gradient. A comparison of temporal and convective acceleration
terms revealed that changes in the pressure gradient were balanced primarily by convective
acceleration, whereas the temporal acceleration term was substantially smaller in magnitude,
pointing to the quasi-steady nature of the imposed ramp changes in free-stream velocity.
This suggests that, at relatively low free-stream acceleration magnitudes, the dynamics
of the observed LSB formation and bursting transients are primarily a consequence of
bifurcation between the limiting flow states.
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Chapter 5

Spanwise Flow Development and Tran-
sient Loading During LSB Formation
and Bursting

The transient streamwise and spanwise LSB development during a quasi-steady change
in free-stream wvelocity is compared between airfoil and finite wing models at equivalent
effective angles of attack. Transient lift forces are also characterised during LSB formation
and bursting. The results show that LSB formation involves a spanwise contraction of the
reverse flow region, whereas LSB bursting involves a spanwise expansion of the reverse flow
region. The transient changes in the spanwise extent of reverse flow are more gradual on
the wing than on the airfoil because of the spanwise variation in effective angle of attack
of the wing. Likewise, the change in lift during LSB formation or bursting for the wing
is more gradual than for the airfoil. During bursting, it is found that reattachment ceases
first at the spanwise location of maximum LSB thickness. The LSB forming on the wing
is classified as a short LSB near the root and tip of the wing, and as a long LSB near the
midspan. This demonstrates that bursting of an LSB at a single spanwise location is not
sufficient to cause bursting of the entire LSB, and that three-dimensional effects on LSB
development must be accounted for when applying bursting criteria to finite wings.

This chapter has been adapted from

TorppinGs, C. E. & YARUSEVYCH, S. May 2024 Laminar separation bubble formation and bursting on a
finite wing. Journal of Fluid Mechanics 986, A26. DOI.
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5.1 Introduction

Due to the deleterious effects of LSB bursting on the performance of wings and airfoils, the
description and prediction of the conditions under which bursting occurs has been the focus
of multiple investigations [6, 7, 30, 78, 82, 181]. Although much effort has been focused on
determining whether a short or long LSB will form under a given set of steady operating
conditions, the evolution of an LSB between short LSB, long LSB, and fully separated states
is an inherently unsteady process that has received significantly less attention. Previous
studies of LSBs in unsteady flows have found differences in LSB structure and dynamics
from those observed during quasi-steady changes in operating conditions [84, 87, 88].

Due to the abrupt changes in aerodynamic loads, bursting presents a challenge to
the design of safe and efficient aircraft and turbo-machines that operate at low Reynolds
numbers. In these applications, three-dimensional end effects are also present. Wing
tip and root effects on LSBs have been documented in steady flows, but little is known
about the effect of finite aspect ratio on the unsteady processes of LSB formation and
bursting. The objectives of this chapter are to compare the dynamics of LSB formation
and bursting on a nominally two-dimensional airfoil and a finite wing, to quantify the
unsteady aerodynamic forces produced during LLSB formation and bursting, and to relate the
aerodynamic forces to the flow field development. To achieve these objectives, wind tunnel
experiments were performed on a two-dimensional airfoil model and a finite wing model.
The models were subjected to ramp changes in free-stream velocity which triggered LSB
formation and bursting due to the corresponding change in Reynolds number. Synchronised
direct-force and particle image velocimetry (PIV) measurements were performed to elucidate
the physical mechanisms responsible for the transient aerodynamic forces produced during
the changes in free-stream velocity.

5.2 Description of Experiments

Wind tunnel tests were undertaken on two-dimensional airfoil and finite wing models in the
closed-loop wind tunnel at the University of Waterloo. Over the range of Reynolds numbers
considered, the turbulence intensity was measured to be less than 0.16%. The free-stream
velocity in the test section was monitored by a single normal hot-wire anemometer located
at the exit of the tunnel’s 9:1 contraction.

The NACA 0018 wing model had a chord length of ¢ = 0.2m and a span of 0.5m,
corresponding to an aspect ratio of 2.5. To convert the wing model into a nominally two-
dimensional airfoil, an extension was added to the end of the wing so that the model spanned
the entire test section, as illustrated in Fig. 5.1. Both the wing model and the extension
were machined from a single block of acrylic and hand polished. Data are presented in a
surface attached coordinate system with the origin located at the wing root leading edge,
the positive x-axis tangent to the suction surface, the positive y-axis normal to the suction
surface, and the positive z-axis parallel to the span. Data from the surface-tangent top-view
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Figure 5.1: Coordinate system definitions and PIV measurement plane orientations.

PIV configuration is presented in a chord-based coordinate system, where the X-axis is
parallel to the model chord.

Ramp changes in Reynolds number were produced by varying the wind tunnel’s fan
speed. Figure 5.2 presents ensemble-averaged hotwire measurements of the ramp changes
in free-stream velocity used to cause LSB formation and bursting on the wing model
due to the change in Reynolds number. Because the free-stream velocity changed during
the experiment, the non-dimensional time that the data is plotted against is defined as
D = (1/c) f§ usedt, equivalent to the number of chord lengths that the free-stream has
travelled at time ¢t. Because the LSB bursting Reynolds number depends on the angle of
attack (a), three different sets of free-stream ramp changes were performed, as summarised
in Table 5.1. For all angles of attack, the initial and final Reynolds numbers were separated
by approximately 2 x 10%, so that spontaneous LSB formation or bursting did not occur at
the limiting Reynolds numbers, and were chosen such that LSB formation or bursting on
the two-dimensional model occurred approximately halfway between the limiting Reynolds
numbers during quasi-steady changes in free-stream velocity. The same limiting Reynolds
numbers were used for all measurements at o = 5° and 6° to facilitate comparisons between
the two-dimensional airfoil and wing models at similar geometric and effective angles of
attack.

The duration of the ramps down was limited by the time required for the wind tunnel fan
to coast down from the higher limiting free-stream velocity to the lower limiting free-stream
velocity. The duration of the ramp up at each angle of attack was set to match the duration
of the ramp down at the same angle of attack. Because the duration of the ramp changes
was limited by the inertia of the fan, the ramp changes occurred over a greater number of
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Table 5.1: Reynolds number ranges for free-stream velocity ramp changes.

Angle of attack Reynolds number range Non-dimensional Acceleration
a=3° 4.8 x 10* < Re. < 7.0 x 10* lac/u? | < 0.011
a=5° 5.4 x 10* < Re, < 7.4 x 10* lac/u? | < 0.009
a=6° 5.4 x 10* < Re, < 7.4 x 10* lac/u? | < 0.009
a=9° 6.5 x 10* < Re, < 8.6 x 10* lac/u? | < 0.008

x 107
9F -

bl w -
4 - =
0 50 100 150
D
Figure 5.2: Ramp change in free-stream velocity for a = 3°..., @« = 5° and 6° — , and
a =9°- - - . Note, the ensemble standard deviation is on the order of the line thicknesses.

convective time scales for the higher angles of attack where the Reynolds number was higher,
as shown in Fig. 5.2. Thus, the non-dimensional accelerations (ac/u?,, Table 5.1) were also
lower for higher angles of attack. The largest non-dimensional acceleration, occurring at an
angle of attack of a = 6°, was less than 0.011. Therefore, the change in streamwise pressure
gradient due to the acceleration of the free-stream during the ramp changes is assumed to
be insignificant, and transient changes in the flow field are ascribed primarily to the effects
of LSB formation or bursting [1].

5.2.1 Measurement Techniques

The principal results of this chapter are based on lift force and PIV measurements which
are described in this section. Due to the differing data storage requirements for lift force
and PIV measurements, the number of runs used to compute ensemble statistics varied
depending on the flow conditions and measurement technique. For the PIV measurements,
an ensemble of 20 runs was recorded for each type of transient change in operating conditions.
For the finite wing, lift force measurements at an angle of attack of 6° were taken over
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Table 5.2: Ensemble sizes of transient lift force and PIV measurements.

Model « Lift force PIV

Airfoil 3° 40 -
Airfoil 5° 40 20
Airfoil 6° 40 20
Airfoil 9° 40 -
Wing 3° 40 -
Wing 6° 160 20
Wing 9° 40 -

an ensemble of 160 increasing and decreasing ramp changes in free-stream velocity. For
all other angles of attack and model conditions, lift force measurements were taken over
an ensemble of 40 increasing and decreasing ramp changes in free-stream velocity. The
ensemble sizes for each model configuration and measurement technique are summarised in

Table 5.2.

Lift Force

The finite wing and two-dimensional airfoil models were mounted on a 6-axis JR3 30E12A4
load cell for direct-force lift measurements. The resolution in lift force was 0.005 N, and
the absolute accuracy was within 0.1 N. Due to the relatively small magnitudes and
large uncertainties of drag force measurements under the conditions investigated, only lift
measurements are considered in the present work. In addition to the lift force measurements
obtained during ramp changes in free-stream velocity, quasi-steady lift force measurements
were performed over the Reynolds number range of each ramp change in Reynolds number
increments of approximately 700. For each quasi-steady lift measurement, the flow was
allowed to stabilise for 20s before the lift force was recorded for a period of 60s. To
investigate lift hysteresis, quasi-steady lift measurements were performed for both increasing
and decreasing Reynolds numbers. All lift measurements were taken at a sampling frequency
of 10000 Hz and low-pass filtered at 10 Hz using a Chebyshev type II filter [182] to attenuate
structural vibrations.

Particle Image Velocimetry

Particle image velocimetry measurements were performed on the finite wing at an angle of
attack of 6° and two-dimensional airfoil at angles of attack of 6° and 5° during the imposed
ramp changes in free-stream velocity. The angles of attack for PIV measurements on the
two-dimensional airfoil were chosen to match the geometric angle of attack and the effective
angle of the wing root region, respectively, on the finite wing. All PIV measurement planes
(Fig. 5.1) were surveyed separately. PIV measurements were also taken in steady free-stream
conditions at Re, = 5.4 x 10* and Re, = 7.4 x 10*. To improve the statistical convergence
of ensemble-averaged quantities obtained from transient side-view PIV measurements,
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temporal averaging with a window length of 5¢/us was applied. The overall trends in
time-dependent statistics were found to be largely unaffected for window lengths between
2¢/Us and 8¢/TUs.

For all PIV measurements, the flow was seeded with water-glycol fog particles with
a diameter of approximately 1pm that were illuminated with a Photonics DM20-527
Nd:YLF pulsed laser. The laser sheet thickness was approximately 2 mm. Particle image
preprocessing was performed using sliding temporal minimum subtraction and local intensity
normalisation. The correlation statistics method [149] was used to estimate the uncertainty
in the resulting vector fields due to random errors. Vector fields were calculated using
multi-pass cross-correlation algorithm with window deformation in the LaVision DaVis 10
software [148]. During transient ramp changes in free-stream velocity, PIV measurements
were triggered to start 0.5s before the wind tunnel fan was commanded to start changing
speed. At each measurement plane for the side-view and top-view PIV configurations, an
ensemble of 20 recordings were obtained for both increasing and decreasing ramp changes
in free-stream velocity.

In the side-view PIV configuration, measurements were taken in z-normal planes at
z/e = 0.250, 0.625, 1.125, and 1.750 for the finite wing, and at z/c = 1.125 and 1.750 on
the two-dimensional airfoil, as illustrated in Fig. 5.1. The side-view PIV measurements
employed two LaVision Imager sCMOS 5.5 megapixel cameras in a side-by-side arrangement
with 200 mm focal length lenses and aperture settings of f/2. The camera sensors were
cropped to a resolution of 2560 px x 1024 px, and their combined field of view spanned
0.28 <z/c<0.98 and 0 < y/c < 0.11. Particle images were taken in double-frame mode
with a frame separation of 50 s at a sampling rate of 52.33 Hz. For measurements of
the limiting flow states under steady free-stream conditions, 1500 samples were acquired
at each measurement plane for a total sampling time of 28.66s. During transient ramp
changes in free-stream velocity, recordings of 523 samples at each measurement plane were
obtained for a total sampling time of 9.99s. For velocity vector calculation, the initial and
final interrogation window sizes were 24px x 24px and 16px x 16px, respectively. With
75% window overlap, the resulting velocity fields have a vector pitch of 0.12mm. The
uncertainty in instantaneous velocity measurements from the side-view PIV measurements
along the core of the separated shear layer is estimated to be 5% and 6% of the free-stream
velocity for the streamwise (u) and wall-normal (v) velocity components, respectively, at a
confidence level of 95%.

In the top-view PIV configuration, measurements were taken in a single plane tangent to
but offset from the suction surface of the finite wing and two-dimensional airfoil (Fig. 5.1).
The minimum distance between the top-view measurement plane and the model surface was
approximately 8 mm. The top-view PIV measurements employed three LaVision Imager
sCMOS 5.5 megapixel cameras in a side-by side arrangement with 50 mm focal length lenses
and aperture settings of f/2. The combined field of view spanned 0.27 < z/c < 1 and
0 < z/c < 2.50. Particle images were taken in double-frame mode with a frame separation
of 100 s at a sampling rate of 25.03 Hz. For measurements of the limiting flow states
under steady free-stream conditions, 1500 samples were acquired for a total sampling time
of 28.66s. During each ramp change in free-stream velocity, 250 samples were obtained
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Table 5.3: PIV parameters.

Parameter Side-view Top-View
Cameras 2x LaVision Imager sCMOS
Cropped sensor size 2560px x 1024px 2560px x 2560px
Combined field of view 0.69¢ x 0.11c 0.73¢ x 2.50c
Lens focal length 200 mm 50 mm
Aperture f/2

Magnification factor 0.22 0.10
Sampling frequency 52.33 Hz 25.03 Hz
Number of samples in transient conditions 523 250
Number of samples in limiting conditions 1500

Laser pulse separation 50 ps 100 ps
Maximum particle image displacement 13px 8px
Initial interrogation window size 24px x 24px 64px x 64px
Final interrogation window size 16px x 16px 24px X 24px
Vector pitch 0.12mm 0.40 mm
Light source Photonics DM20-527 Nd:YLF pulsed laser
Light sheet thickness 2mm

Particles 1 pm diameter water-glycol fog

for a total sampling time of 9.99s. For velocity vector calculation, the initial and final
interrogation window sizes were 64px x 64px and 24px x 24px, respectively. With 75%
window overlap, the resulting velocity fields have a vector pitch of 0.40 mm. The uncertainty
due to random errors in instantaneous measurements of the streamwise (u) and spanwise
(w) velocity components in the vicinity of the separated shear layer was estimated to be
less than 6% and 5% of the free-stream velocity, respectively, at a confidence level of 95%.

Note that although the field of view of top-view PIV measurements on the two-
dimensional airfoil is restricted to z/c < 2.5, the two-dimensional airfoil model extends
across the entire width of the test section up to z/c¢ = 3.0. Thus, the midspan of the airfoil
model is located at z/c = 1.5.

5.2.2 Data Processing Techniques

To investigate the dynamics of the transition process, a continuous wavelet transform
(Eq. 3.3) was applied to the wall-normal velocity fluctuations from side view PIV measure-
ments, quantifying the wavenumbers of disturbances that lead to vortex shedding from
the separated shear layer. The wall-normal velocity fluctuations (v') were extracted at the
y location corresponding to the boundary layer displacement thickness. In this chapter,
the Airy wavelet with a duration of /15 is used as the mother wavelet [e.g., 156]. The
ensemble-averaged wavelet amplitude (|¢|) plotted in the scalograms in Figs. 5.16 and 5.17
was computed by averaging the absolute value of the wavelet transform magnitude over the
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ensemble of 20 PIV recordings of ramp changes in free-stream velocity and over a sliding
temporal window of length 5¢/u.

5.3 Results

Transient ensemble-averaged lift coefficients (6;) are plotted in Fig. 5.3 for the first 100
convective timescales after initiation of the ramp changes in free-stream velocity for each
model configuration and angle of attack. The ensemble size is 40 for all model configurations
and angles of attack except for the wing at 6°, for which the ensemble size is 160. At a
geometric angle of attack of a = 6°, the effective angle of attack at the wing root is reduced
to approximately 5° as shown by Toppings et al. [115]. To provide a comparison between
the wing and the airfoil models at similar effective angles of attack, the lift coefficients from
the wing at o = 6° (solid lines) and the airfoil at o = 5° (dashed lines) are both presented
in Fig. 5.3e.

At each angle of attack, the lift coefficient of the wing is expectedly lower than that
of the airfoil for both limiting flow states, and changes in lift coefficient during the ramp
changes in free-stream velocity are more gradual for the wing. As the angle of attack is
increased from a = 3° to 9°, the difference in lift coefficient between the limiting flow states
increases, a trend which is observed for both the airfoil and wing. During the ramp up in
free-stream velocity at a given angle of attack, a period of rapidly increasing lift coefficient
occurs at similar times for the airfoil and wing models. However, the time at which the
most rapid decrease in lift coefficient occurs during the ramp down is shifted to earlier times
for the wing relative to the airfoil. For the airfoil and wing at « = 6° and 9° (Figs. 5.3b,
5.3¢, 5.3e, and 5.3f), the most rapid changes in the ensemble-average lift coefficient occur
simultaneously with a notable change in the level of ensemble root-mean-square (RMS) lift
coefficient fluctuations (shaded regions). The change in RMS lift coefficient fluctuations
suggests that these changes in ensemble-average lift coefficient are indicative of boundary
layer reattachment or stall during the ramp up or ramp down cases, respectively [e.g., 183].

The asymmetry between the time-histories of the lift coefficients for the ramps up and
ramps down is evidence of hysteresis in the reattachment and stall processes, which is
most notable for the airfoil. For all cases, the lift coefficient takes longer to settle to the
stalled limiting state during the ramp down in free-stream velocity than it does to settle to
the reattached limiting state during the ramp up in free-stream velocity. For the airfoil
at a = 9°, the limiting stalled state was not reached within the data acquisition period
after the ramp down. Although the imposed ramp changes in free-stream velocity are
virtually monotonic, non-monotonic changes in lift coefficient are observed during the ramp
down in free-stream velocity for the airfoil at o = 6° and 5° (Figs. 5.3b and 5.3e) within
50 < D < 75, where local maxima of the lift coefficient occur. A local maximum also
occurs for the wing at v = 6° (Fig. 5.3¢) near D = 50. A similar local maximum in the lift
coefficient time-history was observed by Kiefer et al. [63] for an airfoil during the dynamic
stall process after a transient increase in angle of attack at significantly higher Reynolds
numbers. The initial reduction in lift during dynamic stall is associated with the shedding
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Figure 5.3: Ensemble-averaged lift coefficient versus convective time. Blue lines: ramp up,
red lines: ramp down. Shaded areas represent ensemble RMS lift coefficient fluctuations.
Dashed lines in e are from airfoil at o = 5°.

of a dynamic stall vortex (DSV) from the leading edge shear layer [e.g., 57]. After the DSV
is shed, a second weaker leading edge vortex forms [184]. The formation and shedding of
the second vortex is associated with a transient increase and decrease in lift, respectively
[184], and this mechanism is likely responsible for the local maximum in lift observed during
the ramp down. This phenomenon is present to some extent for all cases considered here.
Examination of individual runs for the airfoil at @ = 9° revealed significant local maxima
after the initial decrease in lift coefficient, and the absence of a local maximum in the
ensemble-averaged lift coefficient during the ramp down for the airfoil o = 9° is the result
of higher variability between runs at this angle of attack. Although not presented here for
conciseness, non-monotonicity was also observed in the transient drag coefficients, with a
local maximum in drag coefficient occurring at the same time as the initial decrease in lift
coefficient, similar to that observed during dynamic stall at higher Reynolds numbers [63].

To compare the transient lift coefficients to those measured in quasi-steady flow, the
ensemble-averaged lift coefficients during the ramp changes in free-stream velocity as well
as lift coefficients measured in a steady free-stream are plotted versus Reynolds number in
Fig. 5.4. The ensemble size is 40 for all model configurations and angles of attack except
for the wing at 6°, for which the ensemble size is 160.
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Similar to the results of Zaman & McKinzie [185], no significant hysteresis is observed
in the quasi-steady lift measurements (black markers) for either the finite wing or two-
dimensional airfoil. An increase in the quasi-steady lift coefficient (black markers) and
decrease in root-mean-square (RMS) lift coefficient fluctuations (shaded grey region) with
increasing Reynolds number is indicative of separated shear layer reattachment [16, 82].
This occurs at approximately Re, = 6.2 x 10%, 6.6 x 10%, 6.7 x 10%, and 7.6 x 10 for the
airfoil at o = 3°, 5°, 6°, and 9°, respectively. The observed increase in Reynolds number
required for reattachment with increasing angle of attack is consistent with the results of
previous two-dimensional airfoil studies at low Reynolds numbers where reattachment is
linked to the formation of an LSB [74, 186]. On the wing (Figs. 5.4d-5.4f), the increase
of lift with increasing Reynolds number is noticeably more gradual (Figs. 5.4e and 5.4f),
and no clear indication of sudden reattachment is observed at a = 3°. For the wing at
a = 6° and 9° (figs. 5e and 5f), reattachment and LSB formation can be inferred from
the reduction in lift fluctuations that occurs near Re, = 7.7 x 10* and Re, = 8.1 x 10%,
respectively. This will be confirmed for the wing at a = 6° using PIV measurements in
Section 5.3.1. The increase in the stall Reynolds number for the wing relative to the airfoil
at the same geometric angles of attack for a = 6° and 9° is opposite of the change expected
from the decrease of the effective angle of attack on the wing, and the underlying flow
development will be explored in Section 5.3.1.

The transient lift coefficients during ramp changes in free-stream velocity (coloured
lines) deviate substantially from the quasi-steady lift coefficients for the airfoil at all angles
of attack (Figs. 5.4a-5.4c). For angles of attack of a = 5°, 6°, and 9° (Fig. 5.4e, Figs. 5.4b—
5.4c) the transient lift coefficients of the airfoil exhibit similar hysteresis, lagging their
quasi-steady values in counter-clockwise hysteresis loops. Although a counter-clockwise
hysteresis loop is also observed in the transient lift coefficient of the airfoil at @ = 3°
(Fig. 5.4a), a different relationship between the transient and quasi-steady lift coefficients
is observed. At this relatively low angle of attack, the transient lift coefficient during the
ramp up is greater than the quasi-steady lift for 5.7 x 10* < Re, < 6.2 x 10*. At low
angles of attack, the adverse pressure gradient on the suction surface is expected to be
weaker, and it is speculated that the increase in transient lift during the ramp up at the
lowest angle of attack may be due to delayed separation resulting from the more favourable
pressure gradient during free-stream acceleration. On the finite wing, both the quasi-steady
and transient lift forces display a more gradual change with Reynolds number, and the
differences between the two are largely within the experimental uncertainty.

The foregoing results pertain to a change in free-stream velocity that occurs over a time
period on the order of 100 convective timescales at relatively low accelerations. Although
the imposed changes in operating conditions are essentially quasi-steady, the lift coefficients
display deviations from those in a steady free-stream. To quantify the duration of the
lift coefficient transients, the time period of the largest amplitude excursion from the
quasi-steady lift coefficient was computed using the methodology illustrated in Fig. 5.5a.
Quasi-steady lift coefficients for the ramp up and ramp down were computed by linearly
interpolating the quasi-steady lift coefficients at the instantaneous Reynolds number during
the ramp change in free-stream velocity. The transient period (ADiyansient) 1S defined as the
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(a) Airfoil o = 3° (b) Airfoil @ = 6° (c) Airfoil a = 9°
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Figure 5.4: Ensemble-averaged lift coefficient versus Reynolds number. Blue lines: ramp
up, red lines: ramp down, /A: quasi-steady for increasing Re., V: quasi-steady for decreasing
Re.. Shaded areas represent ensemble RMS lift coefficient fluctuations. Dashed lines in e
are from airfoil at o = 5°.

time interval over which the lift coefficient in the unsteady flow continually deviates from the
quasi-steady lift by more than twice the standard deviation of the quasi-steady lift estimates
(shaded region in Fig. 5.5a) within the same time window. The ensemble-averaged transient
periods are plotted in Fig. 5.5b. The ensemble size is 40 for all model configurations and
angles of attack except for the wing at 6°, for which the ensemble size is 160.

For a > 3°, the ensemble-averaged transient periods for the airfoil, which span
18 < ADiransient < 26, are substantially longer than those of the wing. These values
are comparable to the mean stall delay period of 30¢/u., measured by Le Fouest et al.
[187] for an airfoil undergoing a quasi-steady increase in angle of attack. At moderate
angles of attack (o« = 5° and 6°) the difference in transient times for the ramp up and
ramp down are comparable. However, at a = 3° and 9°, there is a tendency for the stall
transient to last longer than the reattachment transient. The relatively longer duration
of the stall transient is consistent with previous studies that have observed longer stall
transients than reattachment transients [e.g., 1, 25, 179, 180]. The significant decrease
in estimated transient period for the airfoil during the ramp up at a = 3° is attributed
to the crossing of the quasi-steady and unsteady lift coefficients in the Re. — C'p plane
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(a) Methodology for calculating transient period (b) Ensemble-averaged transient period
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Figure 5.5: (a) Methodology for calculating transient period for a single ramp up (blue) and
ramp down (red) for the airfoil at & = 6°. Shaded areas indicated 2 standard deviations of
the quasi-steady lift coefficients. (b) Ensemble-averaged transient period for all investigated
conditions. Error bars denote quartiles. Horizontal axis shifted for clarity.

(Fig. 5.4a). For the wing, the ensemble-averaged transient periods span 2 < ANDtransient <T7.
The shorter transient periods for the wing are consistent with the relatively small differences
between the ensemble-averaged transient and quasi-steady lift coefficients seen for the wing
in Fig. 5.4, and no significant differences between stalling and reattachment transients are
observed. Thus, the presence of the wing tip mitigates transient deviations of the unsteady
lift coefficient from a quasi-steady response, which will be shown in Section 5.3.1 to stem
from a more gradual progression of LSB formation and bursting across the span of the
wing.

5.3.1 Flow Field Development

Limiting Flow States

Flow field development over the airfoil at angles of attack of @ = 5° and 6° and over the
wing at o = 6° was studied in detail using PIV measurements during the ramp changes in
free-stream velocity and in steady free-stream conditions at the limiting Reynolds numbers
of Re. = 5.4 x 10* and 7.4 x 10*.

The mean streamwise velocity field from top-view PIV measurements on the two-
dimensional airfoil in a steady free-stream at Re, = 5.4 x 10* and a = 6° is presented in
Fig. 5.6a. Outside of the regions influenced by end effects, the top-view measurement plane
intersects the core of the separated laminar shear layer at z/c &~ 0.33. Between x/c ~ 0.40
and 0.90, the top-view measurement plane is within the reverse flow region over the stalled
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airfoil, and negative u velocities are measured. As the distance of the top-view measurement
plane from the airfoil surface increases near the trailing edge, positive u velocities are again
observed for z/c £ 0.90. The plotted streamlines show relatively two-dimensional flow
at the locations of both side-view measurement planes (z/c = 1.13 and 1.75), with larger
three-dimensional effects present closer to the walls of the test section located at z/c =0
and z/c = 3. The mean streamwise flowfield for the airfoil at Re. = 5.4 x 10* and o = 6° is
qualitatively similar to that at @ = 5° (Fig. 5.6¢), but a decrease in the boundary-layer
separation angle reduces the measured extent of reverse flow.

In a steady free-stream at Re, = 7.4 x 10, no reverse flow is present in the top-view PIV
measurements outside of the regions influenced by end effects for the airfoil at o = 6° and
5° (Figs. 5.6b and 5.6d), but a corner separation [e.g., 126] persists at the end-wall junction
at z/c = 0. The absence of reverse flow over most of the span is due to the relatively small
maximum distance of the separated shear layer from the airfoil surface when an LSB forms.

For the wing at Re. = 5.4 x 10? and an angle of attack of 6° (Fig. 5.6e) substantial
tip effects are seen in the mean streamwise flow field for z/c > 2.0. No reverse flow is
measured for z/c > 2.0, which suggests a reduction in the distance of the separated shear
layer from the wing surface near the wing tip. The implied mean structure of the separated
flow region, being thickest near the midspan and exhibiting spanwise flow towards the wing
root and tip, is qualitatively similar to that previously reported for stalled cantilevered
rectangular wings of aspect ratios between 1 and 4 [188]. At Re., = 7.4 x 104, the flow
development on the wing is notably different from that on the airfoil. On the wing, a region
of reduced streamwise velocity occurs near z/c = 1.13 (Fig. 5.6f), implying an increase in
the thickness of the LSB forming on the wing near the midspan, which will be confirmed
later in this section using side-view PIV measurements. Excluding the difference in end
conditions between the root and tip of the wing, the top-view PIV measurements over the
midspan region of the wing are largely symmetric about the location z/¢ = 1.13 for both
limiting Reynolds numbers. Noting that the true midspan of the wing is at z/c = 1.25,
the shift of the symmetry location towards the wing root is consistent with the greater
spanwise influence of the wing tip relative to the wing root on the separated flow [e.g., 188].

Using the side-view PIV configuration, LSB development on the wing and airfoil in
steady free-stream conditions is illustrated in Fig. 5.7, which presents contours of mean
streamwise velocity. The zero-net-streamwise mass flux line [20] is plotted to denote the
wall-normal extent of recirculating flow. The locations of separation and reattachment were
estimated by extrapolating the zero-net-streamwise mass flux line to the model surface.
Because spanwise variations between the two side-view measurement planes on the airfoil
are relatively minor compared to the wing, only the plane at z/c = 1.75 is presented for
the airfoil. At Re, = 5.4 x 10%, the boundary layer separates upstream of the field of view
and does not reattach on the airfoil or on the wing for z/c > 0.63 (Figs. 5.7b, 5.7d, 5.7e,
5.7h, and 5.7j). For the wing at z/c = 0.25, the influence of the wing root reduces the
extent of separation due to spanwise flow [124], evidenced by the spanwise component of
the streamlines in Fig. 5.6e.

At Re. = 7.4 x 10* (Figs. 5.7b, 5.7d, 5.7, 5.7h, 5.7j, and 5.71), the separated shear layer
reattaches to the airfoil and wing surfaces, forming an LSB. On the airfoil, as the angle of
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Figure 5.6: Mean streamwise velocity fields of the limiting flow states from top-view PIV.
Dashed white lines indicate side-view measurement planes.

attack is reduced from o = 6° to o = 5° (Fig. 5.7b and Fig. 5.7d), there is a downstream
shift in the locations of transition and reattachment, consistent with the established trend
for LSBs on airfoils [e.g., 16]. For the same geometric angle of attack of v = 6°, reattachment
on the airfoil (Fig. 5.7b) occurs farther upstream compared to that on the wing in the region
outside of direct root effects (z/c > 0.63, Figs. 5.7f, 5.7h, and 5.7j). The differences in the
separation and reattachment locations on the airfoil for @ = 5° and wing at z/c = 0.63
for a = 6° are within the variations expected for a two-dimensional LSB [189]. Thus, the
effective angle of attack at this location on the wing is approximately 5°, in agreement with

ulug,
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lifting line results for the same geometry [115]. Despite the expected monotonic decrease
in effective angle of attack on the wing with increasing z, changes in the LSB thickness
and the locations of separation and reattachment on the wing are non-monotonic for
0.63 < z/c < 1.75. At z/c = 1.13 (Fig. 5.7h) there is a substantial increase in the distance
of the separated shear layer from the wing surface, and the locations of separation and
reattachment shift upstream and downstream, respectively. The presence of two separate
regions of reverse flow below the separated shear layer in the PIV measurements suggests
that spanwise flow not captured by the planar PIV measurements substantially alters the
structure of the LSB at this location. Despite a further reduction in effective angle of attack
at z/c = 1.75 (Fig. 5.7f), the streamwise velocity contours of the LSB at this location
largely resemble those seen at z/c = 0.63, aside from a relatively small downstream shift in
separation and reattachment locations. The decrease in LSB thickness near the wing root
and tip relative to the midspan is consistent with the suppression of LSB formation due to
tip effects observed at a higher Reynolds number [Re. = 1.25 x 10°, 124].

The momentum transfer across the shear layer due to velocity fluctuations as a result of
transition is explored in Fig. 5.8, which presents contours of Reynolds shear stress (u/v’).
The point of transition is indicated by the white markers, defined as the streamwise location
where the Reynolds shear stress at y = d* first exceeds the threshold of 0.001u2, where v, is
the local boundary layer edge velocity and ¢ is the displacement thickness of the u velocity
profile. Although this transition criterion based on the one used by Ol et al. [171] and Hain
et al. [170] depends on the threshold chosen, it is preferred in the present analysis because
it is well defined for both reattaching and fully separated flow states. Other transition
criteria used for LSBs that do not depend on an arbitrary threshold, such as the location of
maximum displacement thickness [e.g., 169] or maximum boundary layer shape factor [e.g.,
36], are not generally applicable when reattachment does not occur.

For both the airfoil and the wing, substantially higher maximum values of Reynolds
shear stress occur at Re, = 7.4 x 10* than at Re, = 5.4 x 10* for z/c > 0.25, enabling
reattachment at the higher Reynolds number. In all cases, the transition point shifts
upstream as the Reynolds number is increased. The largest upstream shift in transition
location occurs on the wing at z/c = 1.13, where there is notably earlier growth of Reynolds
shear stress at Re, = 7.4 x 10*. The relatively large distance between transition and
reattachment compared to the distance between separation and transition on the wing at
z/c = 1.13 is a typical feature of long LSBs [29]. In contrast to the other spanwise locations
on the wing, a reduction in the maximum Reynolds shear stress with increasing Reynolds
number occurs for the wing at z/c = 0.25. This reduction is attributed to a reduction in
disturbance growth rates when separation is almost entirely suppressed near the wing root
at the higher Reynolds number (Fig. 5.71).

Transient Flow Development

The transient flow development over the airfoil and wing during the ramp changes in
free-stream velocity between Reynolds numbers of 5.4 x 10* and 7.4 x 10* is examined in this
section. The discussion focuses on a comparison of the flow over the wing at a = 6° to the
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Figure 5.7: Mean streamwise velocity fields of the limiting flow states from side-view PIV.
Solid lines: zero-net-streamwise mass flux line, dashed lines: intersection of top-view PIV
measurement plane, A: separation location, ¥: reattachment location. Error bars indicate
uncertainty interval (95% confidence).

airfoil at 5°, because the effective angle of attack near the wing root is approximately equal
to 5°, and the resulting mean LSB size and location on the wing at z/c = 0.63 is most similar
to that on the airfoil at a = 6° (Fig. 5.7). Contours of instantaneous streamwise velocity
are plotted for single runs of the transient reattachment and stalling processes during the
ramp up and ramp down in free-stream velocity in Fig. 5.9 and Fig. 5.10, respectively.

At the beginning of the ramp up, the recirculation region downstream of boundary layer
separation contains a turbulent flow of slow-moving fluid over the majority of the span
in the top-view PIV measurements on the wing and airfoil (Fig. 5.9). For the airfoil, the
observed recirculation region extends up to approximately 0.1c from the test section wall at
z/e =0 (Fig. 5.9a). On the wing, the recirculation region is suppressed near the wing root

70



(a

0.1F

) Airfoil o = 6° z/c = 1.75 Re. = 5.4 x 10*

(b

0.1

) Airfoil & = 6° z/c = 1.75 Re. = 7.4 x 10*

<
"3 0.05 0.05F
0 0
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
(c) Airfoil @ = 5° 2/c = 1.75 Re, = 5.4 x 104 (d) Airfoil a =5° z/c = 1.75 Re, = 7.4 x 10
0.1F 7 0.1F 1
<
"3 0.05 0.05F
0 0
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
(e) Wing ao = 6° z/c = 1.75 Re, = 5.4 x 10’ (f) Wing a = 6° z/c = 1.75 Re, = 7.4 x 10*
0.1F 1 0.1F 1
<
"3 0.05 0.05F
0 0
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
(g) Wing o = 6° 2/c = 1.13 Re, = 5.4 x 10* (h) Wing a = 6° z/c = 1.13 Re, = 7.4 x 10*

0.1F

2
= 0.05F

0.2

0.4

0.6

0.8

(i) Wing a = 6° z/¢ = 0.63 Re, = 5.4 x 10

0.1

0.05p

0.1

0.05p

@

0.2

0.6

) Wing a = 6° z/c = 0.63 Re. = 7.4 x 10*

0.05

0.045

0.04

0.035

0.03

vl

0.025

—Uu

0.02

0.015

0.01

0 0
0.2 0.4 0.6 0.8 1 0.2 0.4 0.6 0.8 1
k) Wing a = 6° z/c = 0.25 Re, = 5.4 x 10* 1) Wing a = 6° 2/c = 0.25 Re, = 7.4 x 10*
0.1F ] 0.1F ] 0.005
<
"3 0.05 0.05F

0.6 . 0.6
x/c x/e

Figure 5.8: Reynolds shear stress fields of limiting flow states from side-view PIV.
Solid lines: zero-net-streamwise mass flux line, dashed lines: intersection of top-view PIV
measurement plane, A: separation location, ¥: reattachment location, white markers:
transition location. Error bars indicate uncertainty interval (95% confidence).

for z/c < 0.15 and near the wing tip for z/c > 2.2 (Fig. 5.9b). As the free-stream velocity
increases, the recirculation region contracts in its spanwise extent on both the airfoil and
wing. For the wing during 0 < D < 50, the contraction occurs primarily from the wing tip.
The increase in velocities measured within the turbulent flow region that occurs for the
airfoil between D = 29 and D = 41, and for the wing between D = 41 and D = 54 suggests
a reduction in the distance of the separated shear layer from the model surface. For the
airfoil, a notable change in the flowfield occurs between D = 41 and D = 54, where the
streamwise velocity rapidly increases over the entire recirculation region. In contrast, a
more gradual progression towards the reattaching limiting state is observed for the wing.

In the reattaching limiting state, spanwise bands of increased velocity are observed for
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Figure 5.9: Instantaneous snapshots of streamwise velocity during ramp up of free-stream
velocity. Black lines in (c) indicate the time instants of the snapshots in (a) and (b). Grey
areas masked out due to noise from light reflections.

the airfoil, which are associated with spanwise vortex shedding from the LSB [e.g., 190].
On the wing, similar but shorter bands are seen near the edges of the central region of
low-velocity turbulent flow because of the local increase in LSB thickness at z/c ~ 1.13
(Fig. 5.7h) that shifts the formed vortices above the plane of top-view measurements.

For the ramp down in free-stream velocity (Fig. 5.10), the flow field development is
essentially reversed. On both the airfoil and wing, the ramp down begins with the LSB
formed on the suction surface, and spanwise vortex shedding from the LSB being visible in
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Figure 5.10: Instantaneous snapshots of streamwise velocity during ramp up of free-stream
velocity. Black lines in (c) indicate the time instants of the snapshots in (a) and (b). Grey
areas masked out due to noise from light reflections.

the top-view measurements. As the free-stream velocity decreases, a substantial region of
turbulent reverse flow appears on the airfoil at D = 54 (Fig. 5.10a), which subsequently
spreads towards the test section wall at z/c = 0. On the wing, the transient flow field
is characterised by an earlier cessation of reattachment near the midspan and a gradual
spreading of the region of low-velocity turbulent flow towards the root and tip in the
measurement plane.

To qualitatively explore repeatable features of the spanwise progression of LSB formation
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and bursting, contours of the minimum streamwise velocity versus spanwise location and
time are presented in Fig. 5.11 for the ensemble-averaged top view PIV measurements.
The ensemble size is 20 runs. The minimum is taken over z from the ensemble-averaged
flow-field at each instant in time. The regions of negative streamwise velocity illustrated
by the two lowest contour levels can be used to roughly approximate the spanwise extent
of the region where reattachment does not occur. For the airfoil during the ramp up in
free-stream velocity (Fig. 5.11a), largely spanwise uniform LSB formation is indicated at
D = 40 by the relatively abrupt increase in minimum streamwise velocity across the span of
the PIV measurements. During the ramp down for the airfoil (Fig. 5.11b), a more gradual
decrease in minimum streamwise velocity occurs in the region influenced by end effects
(z/c < 1). For the wing during the ramp up (Fig. 5.11c), there is a slow initial contraction
in the spanwise extent of the separation region beginning from the wing tip for 0 < D < 40,
before a relatively abrupt cessation of reverse flow at D ~ 40 for 0.5 < x/¢ < 1.7. In
contrast, stall on the wing occurs more gradually, beginning near z/c = 1.13 at D = 25 and
spreading towards the wing root and tip (Fig. 5.11d).

The ensemble-averaged top view PIV measurements also display evidence of spanwise-
travelling disturbances in the recirculation region. Because the streamwise velocity contours
in Fig. 5.11 are plotted against spanwise position and time, spanwise-travelling disturbances
appear as diagonal streaks in the contour plots. Specifically, diagonal bands of increased
streamwise velocity are seen to originate from the edge of the recirculation region closest
to the test section side-wall at z/c ~ 0.5 after LSB bursting on both the airfoil at D = 60
(Fig. 5.11b) and on the wing at D = 42 (Fig. 5.11d). When the spanwise-travelling
disturbance on the wing reaches the side of the recirculation region closest to the wing
tip (z/c = 1.75, D ~ 45), there is a temporary pause in the spanwise expansion of the
recirculation region towards the wing tip. This event temporally aligns with a transient
increase in the ensemble-averaged lift coefficient (Fig. 5.3¢). On the airfoil, a transient
increase in lift is observed as the spanwise-travelling region of faster moving fluid reaches
the midspan of the airfoil at D ~ 65. As noted in the discussion of Fig. 5.3, the transient
increase in lift is associated with the formation of a vortex from the leading edge shear
layer. The spanwise motion of the region of faster moving flow on the wing from the root
towards the tip suggests that leading edge vortex growth occurs more slowly near the wing
tip, similar to the results of Visbal & Garmann [130]. The delayed increase in velocity at
the midspan of the airfoil associated with the spanwise-travelling disturbance is consistent
with the merging of two adjacent arch vortices as observed in the numerical simulations of
Visbal & Garmann [130] for an airfoil between side-walls with 0.02¢ gaps, similar to the
gaps between the airfoil and test section side-walls in the present study. The presence of
these spanwise-travelling disturbances in the ensemble-average data suggests that they are
characteristic of the LSB bursting process under these conditions.

Since the inherent run-to-run variability in the LSB formation and bursting processes
leads to smearing in ensemble-averages, it is also informative to consider the top view
results for a single ramp up or down of the free-stream velocity. Minimum streamwise
velocity contours, analogous to those of the ensemble-average in Fig. 5.11, are plotted for
single runs for the wing in Figs. 5.12a and 5.12b, and the corresponding instantaneous and
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Figure 5.11: Contours of minimum ensemble-averaged streamwise velocity during ramp
up (a,c), and ramp down (b,d) in free-stream velocity for airfoil (a,b) and wing (c,d).

ensemble-averaged lift coefficients are plotted in Figs. 5.12c and 5.12d. The results from
the single ramp up presented largely resemble those of the ensemble-average (Fig. 5.11c).
However, intermittent reverse flow is also present near the midspan after the end of the
ramp up because the measurement plane intersects the turbulent shear layer at this location.
The abrupt increase in velocity that occurs over a wide portion of the span at D = 55
corresponds to an abrupt increase in instantaneous lift coefficient near the same time as
the most rapid increase in the ensemble-averaged lift coefficient (Fig. 5.11c¢). The minimum
streamwise velocity contours for the single ramp down for the wing (Fig. 5.12b) exhibit a
notable decrease in the spanwise extent of reverse flow near D = 45. As in the ensemble-
averaged results, a spanwise-travelling region of relatively faster fluid forms near the wing
root at z/c = 0.5, D = 38 and propagates towards the wing tip as the separated flow region
expands. As the region of faster fluid reaches the outboard end of the separated flow region,
a transient contraction of the spanwise extent of reverse flow occurs. This contraction is
accompanied by a local maximum in lift coefficient (Fig. 5.12d), indicative of the formation
of a leading edge vortex. Subsequently, the separated flow region expands back towards the
wing tip as the leading edge vortex is shed and the flow settles to the limiting stalled state.
For both the ramp up and ramp down, the reduction in the spanwise width of the region of
reverse flow correlates with an increase in the lift coefficient.
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Figure 5.12: Contours of minimum streamwise velocity (a,b), lift coefficient (c,d), and
Reynolds number (e,f) for ramp up (a,c,e) and ramp down (b,d,f) for the wing.

The changes in the extent of the separated flow region, position of the separated shear
layer and the formation and bursting of an LSB inferred from the transient top view PIV
measurements are confirmed using the transient side-view PIV measurements discussed
hereafter. Instantaneous spanwise vorticity contours from the side view PIV measurements
during the ramp up and ramp down in free-stream velocity are presented in Figs. 5.13
and 5.14, respectively, for the airfoil at @« = 5° and the wing at o = 6°. Note that the
instantaneous spanwise vorticity snapshots at each spanwise location were recorded during
separate runs, and are therefore uncorrelated. During the ramp up (Fig. 5.13), the spanwise
vorticity fields reveal a reduction in the angle between the separated shear layer and the
airfoil surface as the turbulent shear layer reattaches, whereas during the ramp down
(Fig. 5.14), this angle increases. The results from the airfoil at o = 5° (Figs. 5.13a and 5.14)
largely resemble those from the wing at z/c = 0.63 and 1.75 (Figs. 5.13b, 5.13d, 5.14b,
and 5.14d). At z/c = 1.13 (Figs. 5.13c and 5.14c), shear layer roll-up in the reattaching
flow occurs farther upstream than on the airfoil and the other locations on the wing. The
spanwise vorticity contours at z/c = 0.25 (Figs. 5.13e and 5.14e), which are influenced by
wing root effects, also differ from those on the airfoil in that the distance of the shear layer
from the surface is notably reduced when reattachment occurs.

Although the lift coefficient and top-view PIV measurements provide evidence of leading
edge vortex shedding during the LSB bursting process, identification of the DSV using the
Ao criterion [40] and visual inspection of spanwise vorticity contours was inconclusive due
to the lack of time-resolved velocity data, the small wall-normal extent of the side-view
PIV field of view, and the reduced coherence of vortical structures in the turbulent flow
downstream of transition.
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Figure 5.13: Instantaneous snapshots of spanwise vorticity during ramp up in free-stream
velocity. Black lines in (c) indicate the time instants of the snapshots in (a-e).

The spanwise contractions and expansions of the separated flow region inferred from
the top view PIV measurements (Figs. 5.9-5.12) during LSB formation and bursting,
respectively, suggest that LSB formation and bursting occur at different times at different
spanwise locations. Using data from the side view PIV measurement planes outside of direct
end effects (z/c > 0.63), the spanwise variations of the locations of separation, transition,
and reattachment on the airfoil and wing are examined in Fig. 5.15. The data presented in
the figure were obtained by averaging the ensemble-average of these locations from 20 runs
over a sliding temporal window of 5¢/u (Section 3.3).
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Figure 5.14: Instantaneous snapshots of spanwise vorticity during ramp down in free-
stream velocity. Black lines in (c) indicate the time instants of the snapshots in (a-e).

During the ramp up in free-stream velocity for the airfoil, LSB formation is indicated
by reattachment starting at D = 38 (Fig. 5.15¢). As the free-stream velocity increases, the
transition location on the airfoil remains largely unchanged (Fig. 5.15¢), although there is
a small downstream movement of the separation point indicative of a decrease in adverse
pressure gradient (Fig. 5.15a).

During the ramp up in free-stream velocity for the wing, reattachment occurs at D = 41,
39, and 38 for z/c = 0.63, 1.13, and 1.75, respectively (Fig. 5.15¢). The delay in LSB
formation near the wing root is consistent with the expected spanwise progression of
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reattachment on a rectangular stalled wing of uniform cross-section [42]. As the flow over
the wing settles to the reattached state, there is a relatively small downstream shift in
the locations of separation and transition at z/c = 0.63 and 1.75 (Figs. 5.15a and 5.15¢).
However, at z.c = 1.13, there is an upstream shift in separation and transition during the
ramp up in free-stream velocity. This is reflected in the notably different LSB structure
observed near the midspan of the wing (Fig. 5.7h).

During the ramp down in free-stream velocity for the airfoil, LSB bursting is marked
by the cessation of reattachment at D = 50 (Fig. 5.15f). Relative to the ramp up, the
movement of the reattachment point is slower during the ramp down. For 55 < D < 75,
there is a notable oscillation in the location of transition (Fig. 5.15¢) centred near the
time when there is a transient increase in lift coefficient (Fig. 5.3e). Transition reaches its
farthest downstream location at D = 71, while the local maximum in lift coefficient occurs
at D = 70. Thus, the temporary increase in lift coefficient for the airfoil during the ramp
down is associated with a delay in transition. It should be noted that relatively minor
movements of the location of separation on the airfoil are observed during the ramp down.

During the ramp down for the wing, there is a substantial spanwise variation in the time
at which reattachment ceases (Fig. 5.15f). In agreement with the extent of reattachment
inferred from top view PIV measurements, the reattachment locations calculated from side
view PIV measurements indicate that reattachment ceases first near the midspan of the
wing. This occurs at D = 28 at z/c = 1.13 before reattachment ceases at D = 43 and 55 at
z/c =0.63 and 1.75, respectively. These results are consistent with the spanwise expansion
of the separated flow region on the wing during LSB bursting (Figs. 5.11d and 5.12b). The
trends in the locations of separation and transition on the wing during the ramp down are
largely the opposite of those during the ramp up. At z/c = 1.13, there is a measurable
downstream movement in transition during the period 43 < D < 55 (Fig. 5.15d) where the
lift coefficient plateaus (Fig. 5.3e) and the rate of spanwise expansion of the separated flow
region towards the wing tip is reduced (Fig. 5.11d), implying lower disturbance growth
rates in the separated flow during this time interval.

Because the reattachment process depends on transition in the separated shear layer,
the wavelet transform of the wall-normal velocity fluctuations (Section 5.2.2) is employed
to characterise the dynamics of the vortices shed from the separated shear layer during
ramp changes in free-stream velocity. Figures 5.16 and 5.17 present ensemble-averaged
wavelet amplitude scalograms for selected time instants during the ramp up and ramp down,
respectively. The ensemble size is 20 runs. The scalograms illustrate how the magnitudes of
the wall-normal velocity fluctuations at each time instant vary with respect to normalised
wavenumber (kc) and streamwise location (x/c).

On the airfoil (Figs. 5.16a and 5.17a) the magnitudes of wall-normal velocity fluctu-
ations upstream of the transition location are comparable to the noise level in the PIV
measurements. A rapid increase in the amplitudes of the wall-normal velocity fluctuations
is resolved near the transition location, with the largest amplitude fluctuations observed
near the location of reattachment for conditions where an LLSB forms. Downstream of
the transition location, there is a progressive decrease in the wavenumber of the largest
amplitude fluctuations. The decrease in wavenumber with downstream distance can be
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attributed to the increasing thickness of the shear layer [e.g., 87]. During the ramp up
and ramp down, there is an increase and decrease in the wavenumber of the largest am-
plitude fluctuations, respectively, which settles on kc =~ 70 and kc =~ 100 in the stalled
and reattaching limiting states, respectively. These wavenumbers and the locations of
maximum amplitude are consistent with the shear layer vortex shedding illustrated in
Figs. 5.13a and 5.14a. The frequencies associated with these wavenumbers can be estimated
by taking the mean streamwise velocity at the y coordinate equal to the displacement
thickness and the x location of the maximum wavelet coefficient amplitude as the phase
velocity. For the stalled and reattaching states of the airfoil, these frequencies are 9u../c
and 12u/c, respectively. During the ramp up, there is a relatively abrupt increase in the
wavenumber and amplitude of the largest amplitude fluctuations between D = 40 and 56,
which corresponds to the time period where reattachment begins (Fig. 5.15e) and there
is a rapid increase in lift (Fig. 5.3e). Likewise, during the ramp down, there is an abrupt
decrease in the wavenumber and amplitude of the largest amplitude fluctuations between
D = 40 and 57, which corresponds to the time period where reattachment ceases and there
is a rapid decrease in lift. A comparison of the middle panels in Figs. 5.16a and 5.17a reveals
hysteresis in the shear layer velocity fluctuations, with larger amplitudes during the ramp
down compared to the ramp up. Throughout the LSB formation and bursting process on
the airfoil, the streamwise location of maximum wavelet amplitude remains largely constant,
in agreement with the relatively small changes in transition location identified using the
Reynolds shear stress-based transition criterion in Figs. 5.15¢ and 5.15d. The hysteresis
in the amplitudes of velocity fluctuations is consistent with the lift coefficient hysteresis
(Fig. 5.4), as larger amplitude fluctuations enable reattachment to persist at lower Reynolds
numbers, increasing measured lift.

The duration of the time period over which the rapid changes in wavenumber and
maximum velocity fluctuations occur (< 17¢/uy,) in Figs. 5.16 and 5.17 is comparable
to the ensemble-averaged transient period of the lift coefficient (Fig. 5.5b) at this angle
of attack, which is substantially shorter than the duration of the imposed change in free-
stream velocity. These results suggest that, for quasi-steady changes in operating conditions,
changes in disturbance wavenumbers and wavelet amplitudes are driven indirectly by the
formation or bursting of the LSB, rather than directly by the change in Reynolds number.

The evolution of the wall-normal velocity fluctuations on the wing at z/c = 0.63
(Figs. 5.14d and 5.16d) and 1.75 (Figs. 5.14b and 5.16b) is largely similar to that on
the airfoil. However, the changes in amplitude and wavenumber of the largest amplitude
fluctuations at these two locations on the wing are more gradual than on the airfoil or
at z/c = 1.13 on the wing (Figs. 5.14c and 5.16¢). At z/c = 1.13, the wavenumber of
the largest amplitude fluctuations when reattachment occurs (kc ~ 125) is greater than
that observed at z/c = 0.63 and 1.75 (k¢ ~ 90). An upstream shift in the location and
increase of the maximum fluctuation amplitudes also occurs at z/c = 1.13. These changes
are attributed to the increase in LSB thickness at this location, since the larger distance
of the velocity profile inflection point from the airfoil surface is expected to increase the
wavenumber and growth rate of the most unstable disturbances [17]. At z/c = 0.25 on the
wing (Figs. 5.16e and 5.17e), root effects cause the shear layer to remain closer to the wing
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surface when the LSB forms. Such a reduction in the distance of the inflection point of the
velocity profile from the wing surface is expected to decrease the growth rates of unstable
disturbances [17], and this is reflected in the substantial reduction in measured amplitudes
relative to the other planes when an LLSB forms on the wing. The occurrence of lower
disturbance growth rates closer to the wing root and tip, where the LSB is thinner, has also
been observed at a higher Reynolds number [Re. = 1.25 x 10°, 124]. The wavelet analysis of
velocity fluctuations in the separated shear layer shows that the relatively gradual spanwise
progression of LSB formation and bursting observed on the wing is associated with a more
gradual change in the wavenumbers and amplitudes of velocity fluctuations in the regions
near the root and tip. The hysteresis in velocity fluctuation amplitudes on the wing is less
pronounced than on the airfoil, consistent with the observed reduction in lift coefficient
hysteresis on the wing (Fig. 5.4). Because the base flow and the superimposed velocity
fluctuations in reattaching flows are strongly coupled [e.g., 17, 191], the overall changes in
LSB structure during formation and bursting should be considered interdependent on the
transition dynamics.

The foregoing results show that substantial differences in LSB formation and bursting
transients occur at different spanwise locations on the wing. However, in previous studies,
bubble bursting criteria have been almost exclusively applied to two-dimensional flows
le.g., 6, 7, 30, 78, 82]. Therefore, it is of interest to evaluate the three-dimensional LSB
forming on the wing using an established bursting criterion to understand how bursting
criteria may be applied to real flows where three-dimensionality is always present to some
extent. Because bursting can be caused by either a change in adverse pressure gradient or
Reynolds number, the two-parameter criterion of Gaster [7] is employed here since it allows
the relationship between these two effects to be examined.

In Fig. 5.18, the pressure gradient parameter P = (é;i@)(Aue /Ax) is plotted versus
momentum thickness Reynolds number at separation (Reg,) for the ensemble-averaged
velocity field over 20 runs during the ramp changes in free-stream velocity. The results
for the airfoil pertaining to o = 5° and those for the wing at a = 6° are presented for the
planes outside of direct root effects (z/c = 0.63, 1.13, and 1.75). Although four momentum
thickness components are required to describe the momentum deficit in a three-dimensional
boundary layer, the mean spanwise velocities at these locations in the reattaching limiting
state are less than 6% of the free-stream velocity, and the criterion of Gaster [7] has been
applied in its two-dimensional form. Since the separation location falls just upstream of the
PIV field of view for all cases presented, upstream linear extrapolation of the separation
streamline was used to estimate the separation point location [e.g., 31]. The edge velocity
and momentum thickness at separation (6;), required to calculate Reg, and P were also
computed from the PIV data using linear extrapolation. The mean inviscid velocity gradient
over the LSB (Au./Ax) was estimated from the inviscid velocity distribution over the
airfoil calculated using the XFOIL software [192]. The solid black lines in the figure are
the bursting line [7], above which LSBs are classified as long, and below which LSBs are
classified as short. The bursting line of Gaster [7] extends only to a P = —0.09, which
was deemed as the maximum value of P for which separation would occur on sharp-nosed
airfoils of interest for aeronautical applications. The fact that separation occurs for higher
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values of P on the airfoil and wing models is attributed to the relatively thick and rounded
leading edge of the airfoil section employed in the present study [181].

The obtained data trajectories in the P — Rey, plane during the ramp up and ramp
down in free-stream velocity are examined in Figs. 5.18a and 5.18b, respectively. The
location of the LSB in the reattaching limiting state is indicated by the white x marker.
When reattachment does not occur, the parameter P is undefined and only Rey, can be
calculated. Consequently, the value of Rey, for the stalled limiting state is indicated by
the vertical dashed line. The trajectory of the LSB from the initiation of reattachment
up to the reattaching limiting state during the ramp up in free-stream velocity (or vice
versa for the ramp down) is indicated by the black markers, and the uncertainty in the
location of this trajectory is indicated by the shaded region that is coloured according to
the corresponding chord Reynolds number (Re.) to help connect the data to free-stream
conditions during transients. As expected, the LSB in the reattaching limiting state on
the airfoil is in the short bubble region, close to the bursting line. During the ramp up
(Fig. 5.18a), the parameter P remains relatively constant from the initiation of reattachment
until the reattaching limiting state is reached, while there is an increase in Rep, from 116
to 134 that moves the LSB towards the short bubble region. During the ramp down, Reg,
decreases, moving the LSB towards the bursting line as P remains relatively constant until
reattachment ceases at Rey, = 108. For both the ramp up and ramp down for the airfoil,
the trajectories of the LSBs form a shallow angle with the bursting line, typical of the
“smooth-expansion" burst type described by [7].

Similar to the airfoil, the LSB in the reattaching limiting state on the wing at z/c = 0.63
and 1.75 (Figs. 5.18¢c and 5.18d and Figs. 5.18g and 5.18h) is within the short bubble
regime, close to the bursting line. However, the LSB in the reattaching limiting state at
z/c = 1.13 has significantly lower values of P and Rey,, that place it outside of the short
LSB region identified by Gaster [7]. Considering the substantial increase in the distance
between transition and reattachment observed at z/c = 1.13 (Fig. 5.8f) that is characteristic
of long LSBs [29], the LSB in the reattaching limiting state at this location is deemed
long. The agreement between qualitative observations of the LSB structure and dynamics
at this location and the criterion of Gaster [7] suggests that this criterion is applicable in
mildly three-dimensional regions of LSBs on finite lifting surfaces. Although spontaneous
LSB formation and bursting can occur on airfoils and wings at low Reynolds numbers in
a steady free-stream near the stall conditions [193], the long LSB observed at z/c = 1.13
did not spontaneously change into a short LSB or massively separated flow under steady
free-stream conditions at Re, = 7.4 x 10*. This observation is notable because, although the
LSB forming on the wing in the reattaching limiting state is both short at some spanwise
locations and long at others, this flow state is globally quasi-stable, and spontaneous
switching between reattaching and fully stalled states does not occur at Re, = 7.4 x 10%.
Thus, partial LSB bursting and formation of a long LSB over part of the wing is necessary
but not sufficient to cause bursting of the entire LSB on the finite wing.

During the ramp up for the wing, there is an overall increase in Reg, from the initiation of
reattachment up to the reattaching limiting state at z/c = 0.63 and z/c = 1.75 (Figs. 5.18¢
and 5.18g), similar to the trend seen for the airfoil. However, there is an overall decrease
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in Rep, at z/c = 1.13 (Fig. 5.18¢) that points to a different dynamics involved with the
formation of a long LSB at the midspan of the wing. Also, large variations in Rey, and P
occur for the LSB at z/c = 1.13 after the ramp up in free-stream velocity is complete, as
indicated by the dark red colour of the shaded region encompassing the limiting reattaching
state. Unlike the airfoil, during the ramp down at z/¢ = 0.63 and 1.75 on the wing
(Figs. 5.18¢c and 5.18d), there is a significant initial decrease in P and increase in Rey, as
the LSB initially moves into the long bubble regime, similar to the “violent burst" type of
trajectory described by Gaster [7]. In this case, such a trajectory is the result of a large
transient increase in momentum thickness that occurs between the time that reattachment
ceases at z/c = 1.13 and the time that reattachment ceases at z/c = 0.63 and 1.75. As
the flow approaches the stalled limiting state, there is a subsequent decrease in Rey, and
a return of P to a similar value as the reattaching limiting state at z/c¢ = 0.63 and 1.75.
Compared to the ramp up at z/c = 1.13, the ramp down at this z/c location features
the LSB remaining relatively close to the reattaching limiting state before reattachment
ceases, consistent with the small change in chord Reynolds number undergone before the
separated flow region begins to expand from this spanwise location (Fig. 5.11d). The
foregoing application of the bursting criterion of Gaster [7] to the LSB on the wing shows
that this criterion correctly classifies the limiting LSB state as near bursting conditions.
However, marked differences in the trajectories of the LSB in the P — Rep, plane are seen
when comparing the airfoil to the wing, or when comparing different spanwise locations
on the wing during the transient changes in free-stream velocity. The relatively shallow
approach of the LSB trajectory to the bursting line on the airfoil (Fig. 5.18b) and on the
wing near its midspan (z/c = 1.13, Fig. 5.18f) compared to the locations on the wing closer
to the root and tip (z/c = 0.63 and 1.75 Figs. 5.18d and 5.18h) suggests that end effects
may induce the “violent burst' type of trajectory characterised by an increase in Rep, and P
as the bursting line is approached. The application of the two-parameter bursting criterion
of Gaster [7] to the transient flow over the wing model reveals that end effects may lead to
substantial spanwise variations in quasi-steady and transient LSB classification on finite
wings.

5.4 Discussion

It is instructive to compare the results of the current study with those from previous related
investigations conducted on different airfoil geometries and flow parameters, so as to identify
any general trends in the observed transient flow development and, when possible, the
associated changes in aerodynamic loading.

The degree to which the measured flow field transients are dependent on the duration of
the free-stream velocity ramp can be assessed by comparing the estimated transient periods
from the present study (Fig. 5.5b) to the duration of stall and reattachment transients
reported from other investigations. Because the lift response of the wing does not deviate
substantially from quasi-steady behaviour (Figs. 5.4d-5.4f), this comparison focuses on
the airfoil. Although there are relatively few previous studies that consider transient
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free-stream velocity changes causing stall or reattachment on an airfoil, several studies have
considered transients caused by pitching motions or active flow control strategies and are
compared to the present study in Table 5.4. For studies of ramp-type pitching motions, the
non-dimensional pitch rate, defined as r = dc/(2uy ), where & is the pitch rate in rads™?,
is listed. For the studies involving active flow control, the reattachment and stall transients
are produced by turning the flow control off and on, respectively.

The results in Table 5.4 suggest that, across a variety of airfoil geometries and flow
parameters, the stall transient durations tend to be longer than the reattachment transient
durations, consistent with the present study. Additionally, the transient durations do
not appear to strongly depend on Reynolds number. The range of transient durations
observed in the present study overlaps those of both quasi-steady, unsteady, and impulsive
changes in operating conditions from previous studies. This suggests that there is a
minimum time required for reattachment of approximately 7¢/us, — 10¢/us, and for stall
of 20¢/uy — 30¢/uq, regardless of the type of imposed change in operating conditions.

The flow development over the wing in the stalled limiting state of the present study
bears a strong resemblance to that observed on a semi-span NACA 0015 wing with aspect
ratio four at a higher angle of attack and Reynolds number (o = 22°, Re. = 3.3 x 10°)
reported by Neal & Amitay [188]. In their study, three-dimensional end effects were seen to
dominate the near-surface flow development within 0.75¢ of the wing tip and within 0.5¢ of
the wing root. Similarly, reverse flow is not observed in the top-view PIV measurements of
the present study within 0.5¢ of the wing root and tip (Fig. 5.6e), indicating the regions
where three-dimensional end effects suppress the wall-normal extent of flow separation. The
similarity of the spanwise extent of tip effects in the massively separated flow at different
aspect ratios points to an insensitivity of overall structure of the stalled limiting state to
this parameter when the aspect ratio is sufficiently large to separate the regions under
direct end effects.

In the reattaching limiting state, the PIV measurements indicate that a three-dimensional
LSB forms on the wing, with an increase in thickness near the midspan and a reduction in
wall-normal extent towards the root and tip. This type of LSB structure is qualitatively
similar to that described by Henk [194, fig. 6.2] resulting from the impulsive imposition of a
three-dimensional pressure gradient on a flat plate. However, the results of experiments on
the same wing geometry at higher Reynolds numbers [124] reveal a notably different spanwise
structure to the LSB, with two local maxima in LSB thickness located in the intermediate
regions between the areas dominated by end effects and the flow over the midspan. The
maximum displacement thickness computed from the side-view PIV measurements of the
present study at z/c¢ = 1.13 is §* = 0.05, compared to local maxima of §* ~ 0.01 at
z/c = 0.35 and 2.00 measured on the same wing model at Re. = 1.25 x 10° [124]. Given the
substantial change in maximum displacement thickness with Reynolds number coinciding
with the location where reattachment first ceases during the LSB bursting transient, it is
conjectured that LLSB bursting may not initiate from near the midspan of the wing at higher
Reynolds numbers where the maximum displacement thickness does not occur near the
midspan. Instead, it is speculated that LSB bursting proceeds by the outboard progression
of massive separation initiating closer to the wing root, as often occurs on wings at Reynolds
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numbers typical of manned aircraft [42]. Furthermore, during the LSB formation process
on the wing, the side-view PIV measurements indicated that earlier reattachment occurred
at the planes closer to the wing tip (Fig. 5.15), as expected for a rectangular wing. Thus,
the initiation of LSB bursting at z/c = 1.13 is likely a consequence of the shape of the
preceding LSB.

It is important to note that the imposed free-stream accelerations in this study were
relatively small, with |ac/u? | < 0.011. For faster free-stream accelerations, the magnitude
of the free-stream streamwise pressure gradient is expected to become significant in the
transient flow development. This may lead to more substantial lift hysteresis for the wing,
such as that observed for a stalled wing in a periodic free-stream by [195], and to measurable
differences in roll-up vortex size and shedding frequency for positive and negative free-stream
accelerations, similar to the results of Nati et al. [87] and Gloutak et al. [196]. However,
more rapid changes in free-stream velocity may not necessarily lead to more rapid LSB
formation and bursting, because the more favourable pressure gradient during the ramp up
has been shown to cause a delay in separation and transition, whereas the more adverse
pressure gradient during the ramp down produces the opposite effect [85].

Although relatively few previous studies have considered the stall of a wing due to a
change in free-stream velocity, the dynamic stall of pitching airfoils and wings has received
greater attention [e.g., 55]. Dynamic stall may occur through the formation of a single
dynamic stall vortex (DSV) that grows as it remains in place over the suction surface before
being shed, or by the convective growth of a series of vortices. Mulleners & Raffel [57] termed
these two modes of dynamic stall as the wake mode and shear layer mode, respectively.
Typical DSV formation periods are on the order of ¢/uy, [57], which is sufficiently long to
be captured by the side-view PIV, whose sampling frequency is 0.5¢/u. In the present
investigation, the formation of a series of downstream convecting vortices and the absence
of a stationary dynamic stall vortex during the ramp down in free-stream velocity suggests
that the stall due to LSB bursting precipitated by the change in free-stream velocity can
be classified as a shear layer mode stall.

The dynamic stall of finite aspect ratio wings has been investigated in multiple studies
where wake mode dynamic stall was reported [e.g., 128, 130, 131]. Although the stall
mode is different, there are similarities between the topological changes in flow development
along the span in these studies and the present. The wake mode dynamic stall of a finite
wing is characterised by DSV pinning at the leading edge of the wing tip as a result of
downwash from the wing tip vortex that suppresses DSV formation in its vicinity [197].
This leads to the formation of an arch-shaped DSV [e.g., 129]. For semi-span wings, the
arch shaped DSV curves back towards the wing surface near the root [129], reaching its
greatest wall-normal distance from the wing surface near the midspan [198]. Similarly, the
spanwise variation of the distance of the separated shear layer from the wing surface in
the reattaching limiting state of the present study is expected to result in the formation of
arch-shaped roll-up vortices in the LSB over the midspan of the wing. Near the wing tip
and root, the downwash produced by the tip and wing root vortices suppress boundary
layer separation and roll-up vortex formation. On finite wings undergoing dynamic stall,
the suppression of boundary layer separation and DSV formation due to tip vortices has
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been linked to a reduction in non-linear lift overshoot [128]. Analogously, the results of the
present study indicate that the presence of a wing tip leads to a substantial reduction in
lift hysteresis, rendering the lift response to the ramp change in free-stream velocity nearly
quasi-steady.

5.5 Concluding Remarks

An experimental study on the formation and bursting of an LSB on a NACA 0018 airfoil
and a finite wing with the same airfoil section was undertaken in a wind tunnel for angles
of attack between 3° and 9°. Simultaneous direct force and particle image velocimetry
measurements were employed to relate the lift produced by the airfoil and wing to transient
flow field development over the suction surface. The lift coefficients and velocity field
measurements of the airfoil and wing were compared at equivalent geometric and effective
angles of attack. The formation and bursting of an LSB on the suction surface of the airfoil
and wing models was triggered by imposing controlled ramp changes in free-stream velocity.
With non-dimensional accelerations of |ac/u?,| < 0.011, the changes in free-stream velocity
were essentially quasi-steady.

The results from the airfoil and wing at equivalent effective angles of attack are used to
explore the influence of end effects on the transient process of LSB formation and bursting
on the wing at a geometric angle of attack of 6°. The corresponding limiting Reynolds
numbers for the ramp changes used for this case are Re, = 5.4 x 10* and 7.4 x 10*. At
Re, = 5.4 x 10%, the airfoil and wing are stalled, and at Re, = 7.4 x 10* reattachment occurs
and a LSB forms on the suction surface of both models. The presence of wing root and tip
effects leads to substantial three-dimensionality of the flow over wing. These end effects
also cause notable changes in LLSB thickness along the span of the wing in the reattaching
limiting state, with the LSB becoming thickest near the midspan and thinner near the wing
root and tip.

LSB bursting begins near the midspan on both the airfoil and wing. On the airfoil,
cessation of reattachment spreads from the midspan rapidly towards the test section
walls. On the wing, cessation of reattachment spreads more gradually from the location of
maximum LSB thickness towards the root and tip. During LSB formation, reattachment
occurs first near the ends of the airfoil and wing and spreads towards the midspan. The
location of reattachment moves upstream more rapidly when the LLSB forms during the
ramp up than it moves downstream when the LSB bursts during the ramp down. The
duration of the transient adjustment for the lift coefficient and flow development on the
airfoil ranges from 10 to 22 convective time scales during LSB formation, and from 22 to
30 convective time scales for LSB bursting. This range of transient durations, and the
longer duration of the bursting transient, are consistent with results reported for airfoils
undergoing pitching or active flow control in previous studies. In contrast, the flow over the
wing geometry does not substantially deviate from quasi-steady behaviour. As reflected in
the observed transient flow development, the change in lift coefficient during LSB bursting
is more gradual on the wing than on the airfoil. This is a result of more gradual spanwise
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contraction and expansion of the region of fully separated flow during LSB formation
and bursting, respectively. Contrary to the reduction in quasi-steady and transient stall
Reynolds numbers expected to be caused by the reduction in effective angle of attack on
the wing, an increase in the stall Reynolds number was observed relative to the airfoil at
the same effective angle of attack. This finding is attributed to the increased distance of
the separated shear layer from the surface in the three-dimensional LSB forming on the
wing near the midspan, which inhibits turbulent shear layer reattachment.

Substantial Reynolds number hysteresis is observed for the lift coefficient of the airfoil
during the ramp changes in free-stream velocity, taking the form of a counter-clockwise
hysteresis loop, with the lift coefficient during the ramp up being lower than that during
the ramp down. The lift produced by the wing during the ramp changes in free-stream
velocity is less hysteretic than the airfoil, following the quasi-steady lift coefficients more
closely. Consequently, the duration of lift coefficient deviations from quasi-steady values
are reduced for the wing relative to the airfoil. The lift coefficient hysteresis is linked to
hysteresis of the velocity fluctuations in the separated shear layer, with larger amplitude
velocity fluctuations associated with the higher lift observed during the ramp down, and
smaller amplitudes associated with lower lift during the ramp up.

During the ramp down at moderate angles of attack, the ensemble-averaged lift coeffi-
cients do not change monotonically despite the imposed monotonic change in free-stream
velocity. For the airfoil and the wing, a local maximum occurs in the ensemble-averaged lift
coefficient after the initial rapid loss of lift caused by LSB bursting. This local maximum in
lift is linked to an oscillation in the spanwise and wall-normal extent of the recirculating flow
region associated with a spanwise-travelling wave of higher velocity fluid. The presence of
this phenomenon in the ensemble-average indicates that it is a repeatable process connected
to the transient flow development triggered by the imposed change in free-stream velocity.

The LSB bursting criterion of Gaster [7] correctly identifies the LSB on the airfoil in the
reattaching quasi-steady limiting state as near bursting. During the ramp up, the formed
LSB on the airfoil moves from the long bubble regime to the short bubble regime. During
the ramp down, the opposite is observed. The LSB on the wing in the reattaching limiting
state is also classified as a short bubble near the root and tip. However, near the midspan,
the LSB on the wing falls within the long regime. As a result, the relationship between
the bursting criterion parameters during ramp changes in free-stream velocity vary with
spanwise position on the wing. Therefore, a precise knowledge of the conditions under
which LSB bursting and formation occurs and the associated changes in aerodynamic forces
on finite wings at moderate angles of attack requires the consideration of three-dimensional
effects.
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Chapter 6

Comparison of Transient LSB Devel-
opment During Changes in Angle of
Attack and Reynolds Number

The influence of the type and rate of change of lifting surface operating conditions on LSB
formation and bursting transients is studied through wind tunnel experiments on airfoil and
finite wing models. Two types of transient changes in operation conditions are considered:
i) changes in angle of attack at constant free-stream velocity, and ii) changes in free-stream
velocity at constant angle of attack. The pitch rate is varied for the changes in angle of
attack to investigate the influence of the time-scale of the change in the operating conditions
on the LSB development. The evolution of the lift coefficient during changes in angle of
attack is consistent with dynamic stall at higher Reynolds numbers, with a reduction in
the time delay between the passing of the static stall condition and the loss of lift with
increasing pitch rate. During an increase in angle of attack, the LSB moves upstream before
rapidly bursting, whereas for a decrease in free-stream velocity the LSB undergoes a more
gradual monotonic increase in length prior to bursting. The process of LSB formation is
less sensitive to the type of change in operating conditions. The spanwise flow development
during LSB formation and bursting is also insensitive to the type of change in operating
conditions.

This chapter has been adapted from

ToppPiNGS, C. E. & YARUSEVYCH, S. 2025 Transient dynamics of stall and reattachment at low Reynolds
number. Journal of Fluid Mechanics 1011, 1-35. DOL.
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6.1 Introduction

The location of boundary layer transition at low chord Reynolds numbers is sensitive
to changes in both free-stream velocity magnitude and direction [e.g., 84, 104, 199]. In
Chapters 4-5, the effects of a quasi-steady change in operating conditions in the form of
a change in free-stream velocity magnitude were investigated. In this chapter, the flow
development during a change in free-stream velocity direction due to a change in angle of
attack is compared to a change in free-stream velocity magnitude. If bursting is triggered
by an increase in angle of attack, the LSB initially shortens and moves upstream as the
roll-up vortex shedding frequency increases due to the stronger adverse pressure gradient
and increase in boundary layer edge velocity [103]. This is in contrast to bursting during
a decrease in Reynolds number, during which there is a downstream movement of the
reattachment location and reduction in vortex shedding frequency prior to bursting, as
demonstrated in Chapters 4 and 5.

Because LSB formation or bursting can be caused by changes in Reynolds number,
angle of attack, or external disturbances, there are multiple pathways between short and
long L.SB flow configurations. However, our knowledge of how LSB formation and bursting
dynamics are affected by the way in which the external operating conditions change remains
limited beyond the well-studied LSB dynamics in quasi-steady conditions [e.g., 74]. This
impedes more accurate prediction of LSB formation and bursting in unsteady real-world
conditions. The objective of this chapter is to understand how the type and time-scale
of a change in operating conditions affects transient LSB development, focusing on the
relationship between the flow field development and the aerodynamic loads. The effect of
varying pitch rate is also studied to understand how the duration of a change in operating
conditions affects the duration of the flow response. A secondary objective is to elucidate
the influence of finite aspect ratio on the LSB formation and bursting processes during
different types of changes in operating conditions. These objectives are achieved through
wind tunnel experiments on two-dimensional airfoil and finite wing models, employing lift
force measurements simultaneously with PIV.

6.2 Description of Experiments

Experiments were performed in the recirculating wind tunnel at the University of Waterloo.
An aspect ratio 2.5 wing model of chord ¢ = 0.2m with a NACA 0018 cross-section was
cantilevered vertically from the floor of the 0.61 m x 0.61 m test section. A schematic of the
model setup is presented in Fig. 6.1. A two-dimensional airfoil model was approximated
by attaching an extension to the end of the wing model (dashed line in Fig. 6.1), so that
the model spanned the entire height of the test section. The wing model and extension
were machined from acrylic, polished iteratively with sandpaper to 1500 grit, and finally
polished with a finer polishing paste.

The wing and airfoil models were subject to two types of unsteadiness: i) changes in
angle of attack at constant Reynolds number and ii) changes in Reynolds number at constant
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Figure 6.1: Model setup and coordinate system definition. PIV measurement planes in
green.

angle of attack. The effect of the Reynolds number on the transient flow development and
aerodynamic loading was considered in separate tests from the changes in angle of attack.
The changes in angle of attack were performed between 10° and 13° at pitch rates within
3 x 107° < |de/2us| < 5 x 1073, The model was rotated about the quarter chord. The
slowest pitch rate was selected to approximate a quasi-steady change in angle of attack
le.g., 187], whereas the fastest pitch rate was limited by the inertial forces of the model
on the load cell. The time-history of the angle of attack for all pitch rates tested is shown
in Figs. 6.2a and 6.2b, where the temporal data is presented in terms of the convective
time D = 1 [§u(7)d7, equivalent to the number of chord lengths that the free-stream
has travelled at time ¢ after the beginning of the commanded pitching motion or Reynolds
number change. The Reynolds number was maintained at 1 x 10% & 1.5 x 10% during the
pitching motions.

Changes in Reynolds number were performed between 8 x 10* < Re, < 1 x 10° by
changing the wind tunnel fan speed at the maximum rate allowed by the electric drive
motor (Figs. 6.2¢ and 6.2d). The 10% — 90% rise-time for the increase in Reynolds
number was 39 convective time units, and the 90% — 10% fall-time for the decrease in
Reynolds number was 49 convective time units. The maximum non-dimensional free-stream
accelerations were |Ou/0t| (c/u?)) = 0.008 and 0.007 for the ramp up and down, respectively,
meaning that the imposed Reynolds number changes were virtually quasi-steady. The ramp
changes in Reynolds number were highly repeatable with an ensemble standard deviation
accommodated by the line width in Fig. 6.2. Time ¢ = 0 is defined as the time that the
rotary table or wind tunnel fan was commanded to begin changing the angle of attack or
Reynolds number, respectively. The time lag between the commanded angle change and the
beginning of the actual angle change measured by the encoder was negligible. However, the
lag between the commanded fan speed change and measured change in Reynolds number
was more substantial, yet consistent between runs. To account for this lag, Section 6.3.2
presents results that have been shifted in time according to the response of the measured lift
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Figure 6.2: Controlled angle of attack (a,b), and Reynolds number (c,d) changes leading
to LSB bursting (a,c), and formation (b,d) on the suction surface of the airfoil and wing
models. Colours in (a) and (b) correspond to different pitch rates.

force. To obtain ensemble statistics, lift force and PIV measurements were performed for
each pitch rate or Reynolds number change over an ensemble of 20 runs. Ensemble averages
are denoted with a tilde (), and time averages are denoted with an over-bar (7). The
measurements were performed as a cyclic motion, with measurements of increases in angle of
attack or Reynolds number alternating with decreases in angle of attack or Reynolds number.
Between each transient, the flow was allowed to stabilise for approximately 760c/u,. For
the transient cases with simultaneous force and PIV measurements, the wind tunnel fan
was turned off after each transient while the particle images were downloaded from the
cameras. Before each PIV measurement, the wind tunnel fan was turned on and the flow
was allowed to stabilise for approximately 386¢/us,. Comparison of the mean velocity fields
of the initial conditions obtained after turning on the wind tunnel from rest with those
obtained at the end of transient pitching motions indicated that turning off the wind tunnel
between transients had negligible effect on the initial conditions.

6.2.1 Measurement Techniques

The angle of attack of the wing and airfoil models was controlled through a stepper motor
connected to a Velmex B48 rotary table and measured by an incremental encoder with
a resolution of 0.036°. Angles of attack of the wing and airfoil models were set relative
to the measured zero-lift angle. The uncertainty of the angle of attack is estimated to
be 0.06° (95% confidence). The wing model was attached to the rotary table through a
6-axis JR3 30E12A4 load cell. The voltage signals from the load cell were amplified using a
JR3 amplifier and recorded using a 24-bit National Instruments PCI-4472 data acquisition
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card at a sampling rate of 10kHz. The absolute uncertainty in instantaneous lift force
measurements is estimated to be less than 0.2 N. However, since the assumed constant
bias error of the load cell does not affect comparisons between force measurements, the
presented uncertainties in aerodynamic coefficients account solely for random errors in the
measurements. The reference velocity used in the calculation of lift coefficients was obtained
from a single hot-wire anemometer located in the test section 2.75¢ upstream of the model.
Two-component PIV measurements were acquired during the pitching motions at reduced
pitch rates of ce/(2us) = 3 x 107* and £5 x 107 and during Reynolds number changes
between Re, = 8.0 x 10* and 1.0 x 10°. For all PIV measurements, the flow was seeded with
water-glycol fog particles measured with a particle analyser to have a mean diameter of
approximately 0.7 pm. The particles were illuminated with a Photonics DM20-527 Nd:YLF
pulsed laser forming a light sheet with a thickness of approximately 0.01c. Spurious light
reflections in the particle images were mitigated using ensemble minimum background
subtraction. All particle images were processed using the multi-pass cross-correlation
algorithm with window deformation as implemented in the DaVis 10 software. Erroneous
vectors were removed using universal outlier detection [150].

The PIV measurements were performed in two orthogonal planes (Fig. 6.1). Measure-
ments in each plane were obtained during separate runs. The plane tangent to and offset
from the suction surface is termed the top-view plane. The laser sheet for the top-view
plane was positioned parallel to the model chord and the minimum distance between the
model surface and the laser sheet was 3mm. Top-view particle images were acquired using
a side-by-side arrangement of three LaVision sCMOS 5.5 megapixel cameras, operating in
double-frame mode with a sampling frequency of 25 Hz and a laser pulse separation interval
of 80 ps. All three cameras were equipped with Nikon 50 mm focal length lenses with the
apertures set to f/4. The combined field of view of covered 0.03 < X/c < 0.77 in the
streamwise direction and 0 < z/c < 2.5 in the spanwise direction, and the dimensionless
magnification factor was 0.10. The maximum particle image displacement in the top-view
images was 16 pixels. The initial and final correlation window sizes were 64px x 64px and
24px x 24px, respectively, yielding a vector pitch of 0.002¢c. A total of 250 samples were
acquired during each transient pitching motion or Reynolds number change. Data from the
top-view PIV plane is presented in a chord-based coordinate system, with the origin at the
model root leading edge, the X axis parallel to the chord, and the z axis parallel to the
span (Fig. 6.1). The velocity components in the X and z directions are denoted as u and
w, respectively.

The PIV measurement plane normal to the span of the model is termed the side-view
plane. The laser sheet for the side-view plane was positioned at z/c = 1.5 and at z/c =1
for measurements on the airfoil and wing, respectively. These locations were selected
to reduce the influence of spanwise flow due to end effects on the two-component PIV
measurements. Side-view particle images were acquired using time-resolved and non-time-
resolved camera setups in separate runs. The time-resolved measurements employed two
side-by-side Photron Fastcam SA4 1 megapixel cameras operated in double-frame mode with
a laser pulse separation interval of 60 ps. The sampling frequency was 2500 Hz. The side-
view cameras were equipped with 200 mm focal length Nikon micro lenses with the apertures
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Parameter Side-view Top-view

Cameras 2x Photron Fastcam SA4  3x LaVision Imager sCMOS
Cropped sensor size 1024px x 512px 2560px x 2160px
Combined field of view 0.37¢ x 0.69¢ 0.74c x 2.50c
Lens focal length 200 mm

Aperture f/4

Magnification factor 0.15 0.10
Sampling frequency 2500 Hz 25Hz
Number of samples during transient conditions 5457 250
Number of samples in limiting conditions 5457 4000

Laser pulse separation 60 ps

Maximum particle image displacement 18px 16px
Initial interrogation window size 24px X 24px

Final interrogation window size 16px X 16px

Vector pitch 0.003¢c 0.002¢
Light source Photonics DM20-527 Nd:YLF pulsed laser
Light sheet thickness 2mm

Particles 1 pm diameter water-glycol fog

Table 6.1: PIV parameters.

set to f/4. The combined field of view was 0.15 < z/c < 0.52 in the streamwise direction
and 0 < y/c < 0.7 in the wall-normal direction, and the dimensionless magnification factor
was 0.15. The maximum particle displacement was 18 pixels, and the initial and final
correlation window sizes were 24px x 24px and 16px x 16px, yielding vector pitches of
0.003c. A total of 5457 samples were acquired during each transient pitching motion or
Reynolds number change and for steady-state measurements of the initial and final flow
conditions. Essential PIV setup parameters are listed in Table 7.1. Data from the side-view
PIV plane is presented in a surface-attached coordinate system, with the origin at the
model root leading edge, the x axis tangent to the suction surface, the y axis normal to the
suction surface, and the z axis parallel to the span (Fig. 6.1). The velocity components in
the x, y, and z directions are denoted as u, v, and w, respectively.

The uncertainty in each velocity vector field was estimated using the correlation statistics
method [149]. For the side-view PIV configuration, the uncertainty in the u and v velocity
components in the vicinity of the separated shear layer is less than 0.1u., at a confidence
level of 95%. For the top-view PIV configuration, the uncertainty in the u and w velocity
components in the vicinity of the separated shear layer is less than 0.13u., at a confidence
level of 95%. The higher uncertainty in the for the top-view measurements is attributed
to the strong streamwise velocity gradient and out of plane particle motion where the
separated shear layer intersects the top-view measurement plane.

6.2.2 Data processing techniques

To isolate the aerodynamic loads from the inertial loads acting on the load cell during
pitching motions, the lift forces measured in quiescent conditions were subtracted from the
lift forces obtained during flow measurements. The structural natural frequency of both the
airfoil and wing models was measured to be approximately 12 Hz. To attenuate fluctuations
in the measured force coefficients caused by random noise and structural vibrations, the
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Figure 6.3: Unfiltered and filtered lift coefficients for the airfoil undergoing a pitch up
manoeuvre at &/ (2uq) = 5 x 103. The forces measured in quiescent conditions have been
subtracted from the forces used to calculate the unfiltered and filtered force coefficients.

lift coefficients were filtered using the empirical mode decomposition described by Huang
et al. [200]. The filtering procedure used here involved subtracting the first six intrinsic
mode functions (IMF) from the raw force coefficient data. Cubic spline interpolation was
used to compute the signal envelope. The sifting process for each IMF was stopped when
the relative tolerance between consecutive sifting results (SD) was less than 0.15 or at a
maximum of 50 sifting iterations, whichever occurred first. The relative tolerance is defined
as [200]:

(hie—r (t) — hi(2))?
SD = Z h 0 (6.1)
where hy_; is the result of the previous sifting iteration, hj is the result of the current
sifting iteration, and 7' is the sampling period. A comparison of the unfiltered lift coefficient
data with the quiescent load subtracted and the filtered lift coefficient with the quiescent
load subtracted for the airfoil undergoing a pitch up manoeuvre for ac/(2us) =5 x 103 is
presented in Fig. 6.3 versus the non-dimensional convective time D. The effective low-pass
cut-off frequency of this filtering method is on the order of 0.1us, /¢, corresponding to a
period of approximately 10c/u. The cut-off frequency is defined as the frequency for
which the ratio of the squared amplitude of the output and input signals drops below a
threshold of —3dB.

To quantitatively compare the time-history of the lift coefficient between different
transients, the duration of the step change in lift coefficient (ADsiep) and the time delay
of the reaction of the lift coefficient to the change in operating conditions (AD,eaet) Were
computed using a method based on that used by Le Fouest et al. [187]. In Figs. 6.4 and 6.5,
which illustrate this method for a decrease in angle of attack and decrease in Reynolds
number, respectively. The temporal evolution of the lift coefficients has been shifted by
the time of passing the static reattachment condition (D, Fig. 6.4b) and the static stall
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Figure 6.4: Definition of reaction and step times for pitching motion. Light brown line: lift
coefficient during pitch down motion at cc/ (2us) = 3 x 1074, solid blue lines: pre-stall and
post-stall lift coefficients, dashed blue lines: thresholds for defining Dpye-step and Dpost-step:
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condition (D Fig. 6.5b), respectively. The static stall and reattachment angles of attack are
defined as the angles of attack immediately preceding the largest magnitude rate of change
of lift coefficient for increasing and decreasing angle of attack, respectively. Analogously,
the static stall and reattachment Reynolds numbers are defined as the Reynolds numbers
immediately following and preceding the largest magnitude rate of change of lift coefficient,
respectively.

The step times (ADg,p,) are defined as the difference between the post-step time
(Dpost-step), and the pre-step (Dprestep) time, which correspond to the end and the beginning
of the step change in lift coefficient, respectively. The procedure for computing Dpye-step
and Dpost step requires the definition of pre- and post-stall lift coefficients (Cp prestan and
ClLpoststall)- Because the quasi-steady pre-stall and post-stall lift coefficients vary with
angle of attack and Reynolds number, the employed stall and reattachment thresholds
for the lift coefficient are also defined as functions of the angle of attack and Reynolds
number using the following procedure. In the case of pitching transients, for angles of attack
below the static stall angle, Cp prestan is defined equal to the quasi-steady lift coefficient
during quasi-steady upward pitching. For angles of attack above the static stall angle,
C'L pre-stanl 1s defined equal to the lift coefficient at the static stall angle. Similarly, C7, post-stall
is defined as equal to the quasi-steady lift coefficient during downward pitching for angles
of attack greater than the quasi-steady reattachment angle, and equal to the lift coefficient
at the quasi-steady reattachment angle for angles of attack less than the quasi-steady
reattachment angle. These definitions of C pre-stan and Cr post-stann are plotted as solid blue
lines in Fig. 6.4a. The pre-stall and post-stall lift coefficients for the transient changes in
Reynolds number are defined analogously and plotted in Fig. 6.5a.

For transients leading to stall, the start of the step change in lift coefficient (Dpre-step)
is defined as the first time after the initiation of the change in operating conditions
that the lift coefficient was less than C, prestan — 0.1 (CL pre-stall — CL post-stan ), and the end
of the step change in lift coefficient (Dpoststep) 1S defined as the first time that the lift
coefficient was less than C, post-stann + 0.1 (CL pre-stan — CL post-stan)- For the transients leading
to reattachment, Dpe gtep is defined as the last time that the lift coefficient was greater than
CLpoststall + 0.1 (CL pre-stal — CL post-stall), and Dpoststep 1 defined as the first time that the
lift coeflicient was greater than Cp, pre-stann — 0.1 (CL pre-stan — CL post-stann)- These thresholds
are plotted as dashed blue lines in Figs. 6.4 and 6.5. Representative runs for LSB formation
and bursting are presented in Fig. 6.4b and Fig. 6.5b, respectively. The reaction delay
(ADyeact) is defined as the time difference between Dpye step and the passing of the static
stall or reattachment condition. The definitions of the start and end of the step changes
where formulated with the goal of reducing erroneous measurements of AD, ... caused by
the relatively large random fluctuations in lift coefficient that occur in the stalled limiting
state.

In Section 6.3.2, ensemble statistics are presented after shifting data from individual
runs in time using the mid-step time (Dpyia.step) SO that the step change in lift coefficient
occurs at the same time for each run. Dyigstep iS defined as the first time the lift coefficient
was equal to 1/2 (CL post-stail + CL pre-stall)-
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Figure 6.6: Mean streamwise velocity contours in steady conditions measured by side-view
PIV configuration.

6.3 Results and Discussion

6.3.1 Limiting flow states

The transient changes in angle of attack and Reynolds number used to investigate LSB
formation and bursting involve changes between statistically stationary limiting flow states.
The wall-normal structure of the flow development on the airfoil and wing in the limiting
flow states is illustrated by the contours of mean streamwise velocity from the side-view
PIV presented in Fig. 6.6. The side view measurements were taken at z/c = 1.5 and
z/c = 1 for the airfoil and wing models, respectively. At a = 10° and Re. = 1.0 x 10°
(Figs. 6.6a and 6.6d), the laminar boundary layer separates upstream of the field of view, and
reattaches in the mean sense at z/c = 0.32 and x/c = 0.37 on the airfoil and wing models,
respectively. The delay in reattachment on the wing relative to the airfoil is attributed
to the reduction in effective angle of attack on the wing model caused by the presence of
the wing tip, which reduces the streamwise adverse pressure gradient and is expected to
delay separation and transition [114]. In the stalled limiting states (Figs. 6.6b, 6.6¢, 6.6e,
and 6.6f), reattachment does not occur, and the magnitude and spatial extent of reverse
flow is substantially increased. The flow field development at o = 13° and Re, = 1.0 x 10°
(Figs. 6.6b and 6.6¢) is largely similar to that at o = 10° and Re, = 8.0 x 10* (Figs. 6.6¢
and 6.6f), except that the separated shear layer remains closer to the model surface at the
lower Reynolds number.

Quasi-steady lift coefficient measurements for the wing and airfoil models versus angle of
attack and Reynolds number are presented in Figs. 6.7 and 6.8, respectively. The expected
reduction in quasi-steady lift of the finite wing relative to the airfoil at pre-stall angles of
attack is evident from the lift polars in Fig. 6.7. The limiting flow states (coloured markers)
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Figure 6.7: Quasi-steady (black markers), and transient (coloured lines) lift coefficients
for pitching airfoil (a), and wing (b) at Re, = 1 x 10° and dc/ (2us) = £3 x 1074, A:
increasing «, V: decreasing «, black lines: static reattachment and stall angles, coloured
markers: limiting flow states. Shaded areas denote uncertainty (95% confidence).

straddle the quasi-steady stall and reattachment angles and Reynolds numbers (vertical
black lines, as defined in Section 6.2.2) for the airfoil and wing for changes in angle of
attack (Fig. 6.7) and changes in Reynolds number (Fig. 6.8). The differences between the
limiting flow states measured during transients and the quasi-steady measurements are
within the experimental uncertainty. The static stall angles for increasing angle of attack
for the airfoil and wing models are 11.9° and 12.0°, respectively, and the static reattachment
angles for decreasing angle of attack are 10.3° and 11.3°, respectively. The static stall
and reattachment Reynolds numbers are defined as the Reynolds numbers following or
preceding the largest magnitude change in lift coefficient, respectively. The static stall
Reynolds numbers for decreasing Reynolds number for the airfoil and wing are 9.0 x 10*
and 8.8 x 10%, respectively, and the static reattachment Reynolds numbers for increasing
Reynolds number are 8.9 x 10* and 8.6 x 10, respectively. The increase in the stall and
reattachment angles and decrease in the stall and reattachment Reynolds numbers of the
wing relative to the airfoil is attributed to the reduction in effective angle of attack caused
by the presence of the wing tip. For both models, there is substantial hysteresis in the
lift coefficient for quasi-steady changes in angle of attack. The existence of a quasi-steady
hysteresis loop is characteristic of lifting surfaces operating at low Reynolds numbers [e.g.,
79] and suggests the presence of an LSB on both models under the conditions investigated.
The area of the quasi-steady hysteresis loop of the airfoil is 2.6 times that of the wing.
In contrast to the lift coefficient hysteresis observed for quasi-steady changes in angle of

attack, no significant hysteresis was observed for quasi-steady changes in Reynolds number
(Fig. 6.8).
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Figure 6.8: Quasi-steady (markers), and ensemble-averaged transient (red lines) lift
coefficients for (a,c) airfoil and (b,d) wing for changes in Re.. A: increasing Re., V:
decreasing Re., black lines: static reattachment and stall Reynolds numbers, coloured
markers: limiting flow states. Shaded areas denote uncertainty (95% confidence).

6.3.2 Transient Flow Development

The relationship between ensemble-averaged unsteady and quasi-steady lift coefficients
of the airfoil and wing models are examined in Figs. 6.7 and 6.8. The pitching motion
shown for comparison is that for éc/ (2us) = £3 x 107*, which has a duration of 75¢/ux
that is approximately equal to the duration of the transient Reynolds number change.
The ensemble-averaged lift coefficients from the transient pitching motions exhibit an
enlargement of the hysteresis loop compared to the quasi-steady measurements. The area
of the transient hysteresis loop of the airfoil is 1.3 times that of the wing. Note that the
uncertainty of the ensemble average (shaded area) is significantly less than the variations
between individual runs because of the ensemble size of 20 runs. The nearly monotonic
change in ensemble-averaged lift coefficient between a = 10° and 13° for upward pitching of
the wing (Fig. 6.7b) indicates that stall does not occur until after the final angle of attack is
reached. However, for the airfoil, loss of lift begins prior to reaching o = 13°. As expected
for lifting surfaces undergoing dynamic stall and reattachment, the transient pitching
motions produce overshoots and undershoots relative to the quasi-steady lift coefficients
[e.g., b5, 64].

Although there is no quasi-steady hysteresis in the lift coefficient with respect to Reynolds
number, transient changes in Reynolds number exhibit hysteresis for the wing and the
airfoil (Fig. 6.8). However, the reduction in effective angle of attack of the wing reduces the
area of its hysteresis loop to approximately 1/4 of the area of the airfoil’s hysteresis loop.
This suggests that the difference in lift coefficient between the upper and lower branches
of the hysteresis loop with respect to Reynolds number increases with increasing effective
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Figure 6.9: Lift coefficients from individual runs of the pitching motion with rate
ce/(2us) = 3 X 107 and Reynolds number decrease.
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Figure 6.10: Lift coefficients from 20 individual runs of the pitching motion with rate
e/ (2us) = —3 x 107° and Reynolds number increase.

angle of attack.

Lift coefficients obtained from 20 individual runs for the airfoil and wing during transients
leading to stall are plotted in Fig. 6.9 versus the non-dimensional convective time. The
uncertainty in instantaneous lift coefficient measurements is estimated to be less than 0.05.
The pitching motions and Reynolds number changes in the figure have been shifted in time
so that the static stall condition is passed at D — Dg; = 0 for both types of changes in
operating conditions. The stall process results in a step-like reduction in lift coefficient
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after the static stall condition is passed, with relatively small variations between runs of
the moment that the rapid loss of lift initiates. In Section 6.3.2 it will be shown that the
step-change in lift is caused by bursting of the LSB on the suction surface. The variation
in the timing of the initiation of the step-change, quantified by the standard deviations of
AD;eact (defined in Section 6.2.2), are 2 and 3 convective time units for the pitching motions
of the airfoil and wing, respectively, for both types of changes in operating conditions.

Lift coefficients obtained from 20 individual runs for the airfoil and wing during transients
leading to reattachment are plotted in Fig. 6.10. The measurements have been shifted in
time so that the static reattachment condition is passed at D — Dy = 0 for both types of
changes in operating conditions. The step-like increase in lift that occurs for downward
pitching motions and Reynolds number increases will be shown in Section 6.3.2 to be caused
by reattachment of the separated turbulent shear layer and formation of an LLSB on the
suction surface. There is a notably greater variation in the timing of the step-like increase
in lift during reattachment compared to the rapid decrease in lift during stall, and the
variation is greater for the airfoil (Figs. 6.10a and 6.10c) than for the wing (Figs. 6.10b
and 6.10d).The standard deviations of AD,e, for the pitching motions of the airfoil and
wing are 67 and 9, respectively. For the increase in Reynolds number the standard deviations
of AD, et for the airfoil and wing are 55 and 10, respectively. The greater variability in
the onset of the lift increase for the airfoil than the wing was hypothesised to be related to
the closer proximity of the airfoil reattachment angle of attack to the final angle of attack
during downward pitching motions than for the wing (Fig. 6.7a). To test this hypothesis,
pitching runs were also performed between a = 9° and 14°. In those runs, discussed in
more detail in Section 6.3.4, the timing of the onset of the step changes in lift for both
models was less variable, supporting this hypothesis. The variation in timing of the lift
response and its relationship to pitch rate is quantified in Section 6.3.5. Regardless of
the precise timing of the lift recovery, the rate of change of the lift coefficient as the final
limiting state is approached remains relatively consistent between runs. Therefore, to
obtain ensemble flow-field statistics that reflect LSB formation and bursting dynamics,
the ensemble statistics presented in the following section were computed after shifting the
measurements from each run by Dpiq.step (defined in Section 6.2.2), so that the step change
in lift coefficient was approximately centred in time about D — Diyid-step = 0.

Laminar separation bubble dynamics

This section focusses on the transient dynamics of the LSB on the suction surface of
the airfoil whose bursting and formation are linked to the step-changes in transient lift
coefficients. The evolution of the streamwise LSB structure on the wing is similar to that of
the airfoil and is omitted for brevity. A comparison of the flow-field development leading to
LSB bursting on the airfoil for a pitching motion and Reynolds number change of duration
approximately 75¢/uy, is facilitated by the streamwise velocity and instantaneous vorticity
fields presented in Figs. 6.11 and 6.12, respectively. The presented ensemble-average
streamwise velocity fields from 20 runs have been averaged over a sliding temporal window
of one convective time unit for better statistical convergence. Flow-fields are shown for
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Figure 6.11: Ensemble-averaged lift coefficient and angle of attack (top row), streamwise
velocity (middle row), and instantaneous spanwise vorticity (bottom row) contours from
side-view PIV for cec/(2us) = 3x 1074, Shaded areas indicate uncertainty (95% confidence).
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Figure 6.12: Ensemble-averaged lift coefficient and Reynolds number (top row), streamwise
velocity (middle row), and instantaneous spanwise vorticity (bottom row) contours from
side-view PIV for Reynolds number decrease. Shaded areas indicate uncertainty (95%

confidence).
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the LSB at (D — Did-step) /ADstep = —1, —0.5, 0, 0.5, and 1 in panels (a-e), respectively.
These times correspond to flow conditions prior to, at the beginning of, in the middle of, at
the end of, and after the step change in lift coefficient, respectively.

Prior to bursting during the pitching motion at dc/(2uy) = 3 x 107 (Fig. 6.11a),
reattachment occurs at x/c¢ &~ 0.30, which is upstream of the reattachment location in
the initial limiting LSB condition (cf. Fig. 6.6a) because of the stronger adverse pressure
gradient at the increased angle of attack. The instantaneous vorticity contours show that
the separated laminar shear layer rolls up into vortices at z/c ~ 0.2. When the loss of lift
begins, (Fig. 6.11b), reattachment no longer occurs, leading to massive separation. The
instantaneous vorticity contours indicate vortex roll-up occurring upstream of the field of
view at this time. As the lift coefficient continues to decrease, the wall-normal extent of
the reverse flow region increases (Fig. 6.11c).

In contrast to the pitching transient, the evolution of the LSB structure during the
reduction in Reynolds number begins with a downstream movement of the reattachment
point. When (D — Dieact) /ADsgtep = —1 (Fig. 6.12a), reattachment occurs at z/c = 0.36
which is downstream of its location in the initial flow because of the delay in transition
at the reduced Reynolds number. Reattachment persists, and the LSB continues to
increase in length and thickness as the lift coefficient begins to decrease more rapidly
at (D — Dmia-step) /ADstep = —0.5 (Fig. 6.12b). The instantaneous vorticity field at this
time shows that the shear layer roll-up location is farther from the airfoil surface than
previously. At the middle of the drop of the lift coefficient (Fig. 6.12c), reattachment no
longer occurs and there is massive separation over the suction surface of the airfoil. For
the reduction in Reynolds number, the location of shear layer roll-up in the stalled flow is
farther downstream than for the increase in angle of attack, consistent with the expected
reduction in the convective growth rates of disturbances at lower Reynolds numbers [e.g.,
201].

A comparison of the flow-field development leading to LSB formation for a pitch down
motion and Reynolds number increase at the same rates but opposite senses as those of
Figs. 6.11 and 6.12 is facilitated by the streamwise velocity and instantaneous vorticity fields
presented in Figs. 6.13 and 6.14, respectively. The time instants at which ensemble-averaged
streamwise velocity and instantaneous vorticity are shown for both transients are defined
in the same way as Figs. 6.11 and 6.12 using the shifted and normalised convective time
((D — Dmidestep) /ADgtep). The full time series of the flow field measurements is available in
movies 5 and 6, respectively.

For the pitch down motion (Fig. 6.13), the lift increase can be divided into two distinct
periods: an initial slow increase in lift from (D — Dpidstep) /ADgep = —1 to 0 followed
by a more rapid increase in lift from (D — Dyid-step) /ADstep = 0 to 0.5. A comparison of
Figs. 6.13a and 6.13b suggests that the initial slow increase in lift is due to the relatively slow
movement of the separated shear layer towards the airfoil surface. A more rapid lift increase
occurs as reattachment begins between (D — Did-step) /ADstep = 0 and 0.5. (Figs. 6.13¢
and 6.13d). After the rapid increase in lift is complete, the size and location of the LSB
and the trajectory of the separated shear layer remain largely unchanged (Fig. 6.13e).

For the Reynolds number increase (Fig. 6.14), the rate of lift increase between
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Figure 6.13: Ensemble-averaged lift coefficient and angle of attack (top row), streamwise
velocity (middle row), and instantaneous spanwise vorticity (bottom row) contours from side-
view PIV for cee/(2us) = —3 x 107%. Shaded areas indicate uncertainty (95% confidence).
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Figure 6.14: Ensemble-averaged lift coefficient and Reynolds number (top row), streamwise
velocity (middle row) and instantaneous spanwise vorticity (bottom row) contours from
side-view PIV for Reynolds number increase. Shaded areas indicate uncertainty (95%
confidence). Full time-series available in movie 6.
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Figure 6.15: Transient locations of separation, transition, and reattachment during LSB
bursting (a,c) and LSB formation (b,d) on airfoil. Shaded areas denote uncertainty (95%
confidence). Markers indicate initial and final limiting conditions.

(D — Dmid-step) / ADstep = —1 (Fig. 6.14a) and (D — Duid-step) /ADstep = —0.5 (Fig. 6.14a)
is less than that for the decrease in angle of attack. However, there is still a relatively
small reduction in the size of the reverse flow region during this period. As reattachment
begins to occur at D — Diyyig.step = 0 the lift coefficient increases more rapidly (Fig. 6.14c).
As the flow settles to its final limiting condition, the separated shear layer continues to
move towards the airfoil surface and the reattachment point moves upstream, settling at
x/c = 0.31 (Figs. 6.14d and 6.14e). Similar to the downward pitching motion, the LSB
remains relatively unchanged after (D — Diid-step) /ADstep = 0.5.

The transient streamwise evolution of the LSB structure on the airfoil is summarised in
Fig. 6.15 which presents the laminar separation, transition, and turbulent reattachment
locations plotted versus the non-dimensional time relative to the middle of the step change
in lift coefficient (Did-step, defined in Section 6.2.2) obtained from the ensemble-averaged
side-view PIV measurements from 20 runs at the midspan of the model. The separation
and reattachment locations were obtained from the locations where the zero-net-mass flux
streamline intersects the airfoil surface. The relatively large uncertainty in the location of
separation is a consequence of the need to extrapolate the zero-net-mass flux line upstream
of the side-view PIV field of view to obtain the separation location. Similar to the transition
criterion used by Hain et al. [170], the transition location was defined as the location
where the Reynolds shear stress at the y coordinate equal to the displacement thickness
(y = f(f (1 —u/u,) dy, where § is the boundary layer thickness and wu, is the boundary layer
edge velocity) first exceeds a threshold of 0.001u2. Gaps in the time series of the transition
location are present whenever the transition criterion is not satisfied within the PIV field
of view. Because the high-speed PIV recording duration of approximately 80 convective
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time units is shorter than the imposed changes in operating conditions, the PIV recordings
do not contain the full pitching motion or Reynolds number change. Rather, the PIV
recordings were triggered at different times for each type of transient to ensure that Duiq-step
was contained in the recordings for each type of transient.

For the changes in operating conditions leading to stall (Figs. 6.15a and 6.15¢), LSB
bursting is indicated by the cessation of reattachment at D — Dpig.step = —8.4, and —9.7,
respectively. In the reattaching limiting condition where an LSB forms on the airfoil,
reattachment occurs at z/c = 0.32. For the pitching motion (Fig. 6.15a), the reattachment
point moves upstream of its initial steady-state location as the angle of attack increases
before rapidly moving downstream as the LSB bursts. In contrast, the LSB undergoing
the decrease in Reynolds number (Fig. 6.15¢) undergoes a gradual lengthening prior to
bursting. The movement of the transition point during the bursting process largely follows
the trend in the reattachment location for each type of change in operating conditions.
This is an expected result given that reattachment depends on transition in the separated
shear layer. After the rapid downstream movement of the transition location associated
with the cessation of reattachment for the pitching motions, the transition location in the
stalled flow re-establishes at a location similar to that prior to the rapid expansion of the
LSB. The upstream movement of the transition location after LSB bursting is attributed to
the reduction in stability of the separated shear layer as its trajectory moves away from the
airfoil surface [17]. Relative to the movements of the transition and reattachment locations,
the movement of the separation point during LSB bursting is relatively small.

For the changes in operating conditions leading to reattachment (Figs. 6.15b and 6.15d),
a similar progression of the separation, transition, and reattachment locations is observed
for both types of transient changes in operating conditions. The reattachment process
consists of a gradual downstream movement of the separation point, and a gradual upstream
movement of the transition point that begins near Dpig.step and is followed by the initiation
and gradual upstream movement of reattachment.

Substantial changes in the transition process are expected to accompany the bifurcation
of the flow-field topology during the imposed changes in lifting surface operating conditions.
The transition of the separated laminar shear layer is explored in Fig. 6.16, where the
ensemble-averaged Reynolds shear stress obtained from 20 runs at the y coordinate equal
to the displacement thickness is presented for pitching motions at dc/(2us) = 3 x 1074,
ce/(2us) = £5 x 107, and for changes in Reynolds number. The streamwise location
of the transition criterion —u/v’/u? > 0.001 is also plotted for reference with the white
line. The Reynolds shear stress measurements for the transients were averaged over a
temporal window of one convective time unit. Prior to ensemble-averaging, the data
were shifted in time by Dyiastep (defined in Section 6.2.2) so that the step change in lift
coefficient occurs at D — Dpig.step = 0. The initial and final panes in the figure illustrate
the streamwise Reynolds shear stress distribution from steady state PIV measurements
taken at the operating conditions preceding and following the transients, respectively. The
white areas in the plots denote where the displacement thickness is greater than the y
extent of the field of view, and serve to indicate massive separation from the airfoil. In
the limiting LSB state, the largest Reynolds shear stress magnitude occurs at z/c = 0.31,
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Figure 6.16: Contours of ensemble-averaged Reynolds shear stress during LSB bursting
(a,c) and LSB formation (b,d) on airfoil. White line: transition location.

which corresponds to the location of reattachment (Fig. 6.15).

For the pitching motion leading to LSB bursting (Fig. 6.16a), the upstream movement of
transition during the increase in angle of attack is associated with an upstream movement
of the location of maximum Reynolds shear stress magnitude. After the LSB moves
upstream and contracts, the location of the maximum Reynolds shear stress magnitude
remains at a relatively consistent streamwise location prior to LSB bursting. In contrast,
during the decrease in Reynolds number (Fig. 6.16¢), there is a gradual downstream
movement of the location of maximum Reynolds shear stress magnitude prior to cessation
of reattachment. For both types of transients leading to LSB bursting, only after the
onset of massive separation is there a substantial decrease in the maximum Reynolds shear
stress magnitude measured within the PIV field of view. For the transients leading to LSB
formation (Figs. 6.16b and 6.16d), a substantial increase in the maximum magnitude of
Reynolds shear stress coincides with the upstream movement of the reattachment point
after D — Dpigstep = 0. The subsequent upstream movement of the location of maximum
Reynolds shear stress magnitude is consistent with the upstream movement of the transition
point.

The transient Reynolds shear stress contours show that, for an increase in angle of
attack, the transition process temporarily settles upstream at an unsustainable location
prior to LSB bursting, whereas during a Reynolds number decrease, there is a more gradual
downstream movement of the production of turbulent stresses. Although the type of
imposed change in operating conditions affects the transition process during LSB bursting,
similar trends in the location of maximum Reynolds shear stress magnitude are observed
for both types of LSB formation transients investigated.
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Figure 6.17: Contours of ensemble-averaged wavelet amplitude during LSB bursting (a,c)
and LSB formation (b,d) on airfoil.

The transition to turbulence indicated by the production of Reynolds shear stress is
fundamentally a consequence of the amplification of disturbances in the separated shear layer.
To investigate how the temporal evolution of the frequency band of amplified disturbances in
the separated shear layer is affected by the type of imposed transient, a wavelet analysis was
performed on velocity fluctuations sampled at the y coordinate equal to the displacement
thickness, which approximates the trajectory of the separated shear layer [75]. The wall-
normal velocity fluctuations were used for the analysis because they are associated with the
convection of roll-up vortices while being less sensitive to shear layer flapping. The wavelet
magnitude (V,/) scalograms presented in Fig. 6.17 are averaged over the ensemble of 20
PIV measurements, 0.14 < /¢ < 0.38, and a sliding temporal window of one convective
time unit. Prior to ensemble-averaging, the data were shifted in time by Dyiq.step (defined
in Section 6.2.2) so that the step change in lift coefficient occurs at D — Dyyig.step = 0. The
mother wavelet used for the continuous wavelet transform was the Morse wavelet with a
symmetry parameter of 3 and a duration of 11 [156]. In the same format as Fig. 6.16, the
time-average wavelet magnitude scalograms of the initial and final steady state conditions
are also plotted in Fig. 6.17. In the LSB limiting state at Re. = 1.0 x 10° and a = 10°,
the most amplified frequency is approximately fc/u. = 23. In the stalled limiting state
at Re. = 1.0 x 10° and o = 13°, the most amplified frequency decreases to approximately
fc/us = 12, and in the stalled limiting state at Re, = 8.0 x 10* and o = 10°, the most
amplified frequency is approximately fc/u. = 10. When non-dimensionalised by the airfoil
projected chord, these frequencies correspond to approximately fcsina/us =4, 3, and 2,
respectively.

For the pitching motion leading to LSB bursting, there is an increase in the most
amplified frequency and a broadening of the band of amplified frequencies prior to the
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cessation of reattachment. After cessation of reattachment, there is a relatively rapid
reduction in disturbance amplitudes and a decrease in the most amplified frequency. In
contrast, the band of amplified frequencies remains relatively narrow prior to cessation of
reattachment during the Reynolds number decrease. For the transients leading to LSB
formation (Figs. 6.17c and 6.17d), there is relatively gradual increase in the frequency of
the most amplified disturbances prior to initiation of reattachment. Consistent with the
foregoing results, the wavelet analysis of wall-normal velocity fluctuations in the separated
shear layer demonstrates that the dynamics of LSB bursting depends on the type of imposed
change in operating conditions to a greater extent than those of LSB formation.

6.3.3 Spanwise Flow Development

The spanwise flow development in each of the limiting flow states for the airfoil and wing
models is illustrated by the instantaneous contours of streamwise velocity in Fig. 6.18. Note
that the airfoil model extends across the entire test section to z/c = 3. For the airfoil
and wing models at o = 10° and Re, = 1.0 x 10° (Figs. 6.18a and 6.18d), the top-view
measurement plane is located above the core of the separated shear layer, and spanwise
bands of increased streamwise velocity are present between 0.2 < X/c¢ < 0.5 over the central
portion of the models. These bands, which occur when the measurement plane intersects
the top halves of vortices shed from the separated laminar shear layer [146], are evidence
of coherent spanwise vortex shedding that is expected to occur when LSBs form on the
models [e.g., 202]. Downstream of X/c¢ = 0.4, these vortices undergo three-dimensional
breakdown in the reattached turbulent boundary layer. For z/c < 0.4, spanwise vortex
shedding is suppressed by the three-dimensional flow at the junction between the models
and the test section wall. On the wing (Fig. 6.18d), vortex shedding and transition are also
suppressed due to downwash from the wing tip vortex for z/c 2 2.0.

At the higher angle of attack of o = 13° (Figs. 6.18b and 6.18e), a large region of turbulent
reverse flow is observed in the top-view measurements, indicating massive separation from
the suction surface of the airfoil and wing. The stark change in streamwise velocity at
X/c = 0.2 denotes the location where the core of the separated shear layer intersects
the top-view measurement plane. On the wing (Fig. 6.18e), separation is suppressed in
the vicinity of the wing tip. The flow development at the lower Reynolds number of
Re. = 8.0 x 10* (Figs. 6.18c and 6.18f) is similar to that observed at the higher Reynolds
number and angle of attack, except that the velocities in the turbulent separated region are
relatively higher, suggesting that the trajectory of the separated shear layer remains closer
to the model surface under this condition. For all of the limiting stalled states of the airfoil
and wing, there is an oblique region of higher velocity near the test section wall junction,
indicating possible reattachment because of spanwise flow between the corner separation
and the central region of massive separation.

The spanwise development of the separated flow on the wing and airfoil models during
transients leading to LSB bursting is illustrated in Fig. 6.19, where contours of the minimum
streamwise velocity from the ensemble average over 20 runs of the top view PIV measure-
ments are plotted against spanwise position and time. The ensemble average was taken after
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Figure 6.18: Streamwise velocity contours in steady conditions measured by top-view
PIV configuration.

shifting each of the individual runs in time by Dpiq.step (defined in Section 6.2.2) so that the
step change in lift coefficient occurs at the same time (D — Dyyidstep = 0) for each run. In
Fig. 6.19, the minimum is taken over the streamwise (X) extent of the field of view so that
the spanwise position of regions of reverse flow can be identified at a given time instant.
The spanwise progression of LSB formation and bursting was found to be insensitive to
pitch rate. Therefore, only measurements for a pitch rate of dc/ (2uy) = £3 x 107* are
presented here.

For both the airfoil and the wing, the initial reduction in the minimum streamwise
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Figure 6.19: Contours of minimum ensemble-averaged streamwise velocity during LSB
bursting.

velocity occurs at z/c ~ 0.75. The fact that the LSB bursts first at this location on both
models is likely due to minute variations in the uniformity of the oncoming flow and/or the
model surface that remain consistent for both model configurations. The main difference
between the spanwise progression of the region of massive separation on the airfoil and
wing during pitching motions is that the flow separates relatively abruptly across the span
of the airfoil (Fig. 6.19a), whereas on the wing (Fig. 6.19b) there is a gradual expansion of
the region of massive separation towards the wing tip, and separation is suppressed entirely
in proximity of the wing tip. The similarity in the results from both pitch rates indicate
that the spanwise progression of LSB bursting is not substantially affected by the pitch rate.
During the reduction in Reynolds number leading to LSB bursting, the region of massive
separation on the airfoil spreads more gradually toward the walls of the test section than
for the pitching motions. On the wing, during the reduction in Reynolds number the initial
location of LSB bursting and the initial progression of the region of massive separation
towards the wing tip is similar to those of the pitching motions. However, the final spanwise
extent of the region of massive separation after the reduction in Reynolds number is smaller
than that after the increase in angle of attack because of the different limiting conditions
for the two types of transients. Thus, the type of imposed transient does not substantially
affect the initial spanwise progression of LSB bursting when the presence of the wing tip
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Figure 6.20: Contours of minimum ensemble-averaged streamwise velocity during LSB
formation.

creates a preferential direction for the progression of stall across the span. For both models,
the appearance of the region of massive separation coincides with the beginning of a rapid
loss of lift (Figs. 6.19¢ and 6.19f).

In Fig. 6.20, contours of the minimum streamwise velocity from the ensemble average of
the top view PIV measurements over 20 runs are presented for transients leading to LSB
formation. As in Fig. 6.19, the minimum in Fig. 6.20 is computed over the streamwise
extent of the field of view. For each of the transients of the airfoil (Figs. 6.20a and 6.20c),
the region of massive separation contracts in its spanwise extent prior to cessation of reverse
flow at the midspan. The cessation of reverse flow in the top view PIV measurements at
the midspan of the airfoil coincides with a rapid increase in lift (Fig. 6.20e). The continued
lift increase after the cessation of reverse flow in the top view measurements is attributed
to the gradual reduction in extent of reverse flow closer to the model surface. The spanwise
contraction of the region of massive separation prior to the cessation of reverse flow observed
on the wing (Figs. 6.20b and 6.20d) is similar to that on the airfoil, although the region of
massive separation is displaced towards the wing root, consistent with the increased effective
angle of attack on this part of the wing. For each of the tested cases, the cessation of reverse
flow on the wing precedes that on the airfoil. The differences in the time of cessation of
reverse flow between the airfoil and wing are approximately 2, and 10 convective time units

117



for the pitching motion at cic/(2us) = 3 x 107" and for increasing Re,, respectively. The
expedited cessation of reverse flow in the top view measurements on the wing is attributed
to downwash from the wing tip vortex which causes the separated shear layer to remain
closer to the surface of the wing.

Overall, the ensemble-averaged top-view PIV measurements indicate that both changes
in angle of attack and Reynolds number cause spanwise expansion and contraction of the
region of massive separation during LSB bursting and formation, respectively. The presence
of the wing tip has the effect of shifting the region of massive separation towards the root
of the wing model.

6.3.4 Influence of limiting flow conditions

To investigate the influence of the particular limiting flow conditions of the present study
on the transient aerodynamic loading, additional force measurements were performed for
the airfoil during pitching motions between o = 9° and 14° at a pitch rate of ac/(2uy) =
+3 x 10~*. The lift coefficients measured for individual runs of this wider angle change are
plotted in Fig. 6.21. The data is shifted in time such that the static stall or reattachment
condition is passed at D — Dy = 0 or D — Dy, = 0, respectively. Lift coefficients from
individual runs between o = 10° and 13° at the same pitch rate are reproduced in Fig. 6.21
for comparison.

For the downward pitching transient leading to reattachment (Fig. 6.21b), the larger
separation between the quasi-steady reattachment condition and the limiting LSB flow
state decreases the variance the timing of the rapid increase in lift. For the wider angle
change, the lift recovery consistently occurs within 50c¢/us, of the passing of the static
reattachment condition, similar to the fastest increases in lift for the narrower angle range.
For the upward pitching transient leading to stall (Fig. 6.21a), the timing of the rapid loss
of lift is relatively unchanged between the two angle ranges, which is attributed to the
greater separation of the static stall condition and the stalled limiting state (Fig. 6.7a). For
the stall and reattachment transients, the minimum time at which the step change in lift
coefficient occurs remains largely unchanged for the two angle ranges. This observation
suggests that once the limiting states are sufficiently separated from the static stall or
reattachment conditions, increasing the separation of the limiting states has a negligible
effect on LSB formation and bursting and the consequent timing of the step changes in lift
coefficient.

The influence of Reynolds number on the evolution of the lift coefficient is investigated
by comparing the ensemble-averaged lift coefficient measurements over 20 runs for pitching
between av = 10° and 13° from the present study with those obtained by Kiefer et al. [63] for
transient pitch up motions from o = 19° to 29°. The data from Kiefer et al. [63] pertain to a
NACA 0021 airfoil at Re, = 3.0 x 10°. At that Reynolds number, Kiefer et al. [63] reported
that an LSB did not form in the pre-stall condition. The data selected for comparison in
Fig. 6.22 are those pitching motions with durations of 5 and 79 convective time units, which
are similar to those of the present study for cee/(2us) = 3 x 107 and 5 x 1073 of 6 and 77
convective time units, respectively. Note that because Kiefer et al. [63] used a sinusoidal
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Figure 6.21: Comparison of transient lift coefficients of individual runs for pitching
motions over narrow and wide angle ranges.
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Figure 6.22: Comparison of pitching transients leading to stall with data from Kiefer et
al. (2022). Shaded areas indicate uncertainty (95% Confidence)

motion profile instead of the linear ramp used in the present study, the maximum pitch
rates from their study were higher for the same overall duration of the transient pitching
motion. Although the data of Kiefer et al. [63] were obtained at a higher Reynolds number
at which the lift coefficients and stall angle are substantially higher, the maximum lift
overshoot and subsequent rapid loss of lift occur at similar times as the fastest pitch rate in
the present study. This similarity supports the conclusion made by Mulleners & Raffel [57]
and Le Fouest et al. [187] that the loading during the fastest pitching motions is initially
governed by the time required for DSV formation, which is largely insensitive to Reynolds
number and airfoil kinematics. For the longer duration transients, the onset of stall in
the present study is substantially delayed when compared to the measurements of Kiefer
et al. [63] at a higher Reynolds number. This suggests that Reynolds number effects are
more significant for slower pitching motions, where the influence of the airfoil kinematics
on unsteady lift development is weaker. For both pitch rates, the lift decrease is more rapid
after the onset of stall for the data of Kiefer et al. [63] at the higher Reynolds number than
for the present study. This suggests that the later stages of dynamic stall may be relatively
more sensitive to the Reynolds number and airfoil kinematics.

The foregoing results demonstrate that the difference between the static stall or reat-
tachment conditions and the initial and final flow states affect the timing of the decrease or
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Figure 6.23: Ensemble averaged lift coefficient time-history during pitching motion for
airfoil (a,c), and wing (b,d). Shaded areas indicate uncertainty (95% confidence).

increase in lift coefficient during transients leading to LSB bursting or formation, respec-
tively. However, for a given type of imposed change in operating conditions, qualitative
similarity in the initial time-history of the lift response exists across different Reynolds
numbers and angles of attack. Although the timing of LSB bursting and reattachment vary
depending on the operating conditions, the PIV measurements taken for a limited set of
imposed transients are expected to be representative of the LSB bursting and formation
processes that govern the onset of stall and reattachment.

6.3.5 Influence of pitch rate

The time evolution of the ensemble-averaged lift coefficients from 20 transient pitching
motions is illustrated in Fig. 6.23. Because the duration of the transient pitching motions
depends on pitch rate (Fig. 6.2), the passing of the static stall angle occurs at later times
for slower pitch rates. To facilitate the comparison of lift coefficients between different cases,
the data in Fig. 6.23 are shifted in time such that the static stall or reattachment condition
is passed at D — Dy, = 0 or D — Dy, = 0, respectively. As the pitch rate is increased, stall
occurs with a shorter delay after the passing of the static stall condition for the airfoil and
wing (Figs. 6.23a and 6.23b), consistent with the results of Ayancik & Mulleners [203] and
Kiefer et al. [63]. For the fastest pitch rates, substantial over- and under-shoots in the lift
coefficients are observed during stall and reattachment on both models, consistent with the
dynamic stall and reattachment processes observed at higher Reynolds numbers [e.g., 63,
64] and discussed in Section 6.3.4.

The ensemble-averaged lift coefficients during transients leading to LSB formation in
Figs. 6.23c and 6.23d indicate that reattachment occurs more quickly after the static
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reattachment condition is passed as the pitch rate is increased for both the airfoil and wing.
The slower rate of change of the ensemble-averaged lift coefficients for slower pitch rates is
a consequence of greater variability in the time at which the step increase in lift occurs
in the individual runs at slower pitch rates (e.g. Fig. 6.10a). This variability is greater
for the airfoil than the wing because of the closer proximity of the limiting LSB state for
the airfoil to the static reattachment angle of the airfoil. The undershoot in lift coefficient
for faster pitch rates resembles that measured by Green & Galbraith [64] for the normal
force coefficient during a continuous decrease of the angle of attack through a = 0° at
Re, = 1.5 x 10°. The undershoot in lift at faster pitch rates likely contributes to making the
timing of the lift recovery more consistent, acting as an effective increase in the difference
between the initial and static reattachment conditions.

To quantitatively compare the delay between the passing of the static stall or reat-
tachment conditions and the start of the step change in lift coefficient for different pitch
rates, the ensemble-average reaction delays (AD,eac defined in Section 6.2.2), are presented
in Fig. 6.24 for the ensemble of 20 runs obtained for all pitch rates tested. As the pitch
rate is increased, the reaction delays for stall of the airfoil and stall and reattachment of
the wing decrease asymptotically, converging towards the trend reported by Ayancik &
Mulleners [203] for ramp-up and sinusoidal pitching motions at Reynolds numbers in the
range of 7.5 x 10* < Re. < 9.2 x 10° for various airfoil profiles and motion kinematics.
The asymptotic decrease in reaction delay suggests that the time-evolution of the lift force
is governed by the DSV formation process [203], with the details of transition having a
relatively minor influence. At the highest pitch rate tested (cc/(2us) = 5 x 107?), the
airfoil stall reaction delay is AD,c.et = 11, and that of the wing is AD,eaet = 19. At
each pitch rate, the reaction delay for stall of the wing is longer than that for the airfoil,
indicating that the presence of end effects increases the reaction delay during stall. The
reaction delays at the highest pitch rate are still significantly longer than the minimum
stall reaction delay of approximately AD;eact = 3 observed by Le Fouest et al. [187] for a
NACAO0018 airfoil at Re. = 7.5 x 10° and a reduced pitch rate of cic/(2us) = 0.14. This
discrepancy is attributed to the relatively low effective cut-off frequency of the filtering
procedure used to attenuate structural vibrations at the natural frequency of the model
(Fig. 6.3).

Similar to the reaction delays for stall of the wing, the reaction delays for reattachment
on the wing also show a decrease with increasing pitch rate before plateauing at a delay of
approximately 10 convective time units because of the limited frequency response of the
force measurement system. In contrast, the reaction delays for reattachment on the airfoil
are notably longer and more variable for pitching between o = 10° and 13°. This result
is attributed to the proximity of the limiting LSB condition to the static reattachment
angle (Fig. 6.7a). In such case, the initiation of reattachment is likely to have a higher
sensitivity to random minute perturbations of the flow in the test section. The substantially
longer reaction delays for reattachment on the airfoil observed in the present study are a
consequence of the particular limiting conditions investigated, and this is confirmed by the
reaction delays for pitching motions of the airfoil between o = 9° and 14° (filled symbols),
which are less variable and closer to those of the wing. Regardless of the limiting conditions,
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Figure 6.24: Reaction delay versus pitch rate for pitching between 10° and 13°. Error
bars denote standard deviation. Filled symbols denote pitching between 9° and 14° and are
offset in the horizontal direction for clarity.

there is still an overall trend towards shorter reaction delays for reattachment on the airfoil
as the pitch rate increases.

The ensemble-average step times (ADge, defined in Section 6.2.2), which describe the
duration of the step change in lift coefficient, are presented in Fig. 6.25 for the ensemble of
20 runs for each pitch rate tested. The stall step times are largely insensitive to pitch rate,
and are on the order of 10 convective time units. This is on the order of the shortest step
times that can be expected to be resolved by the force measurement system. However, the
present measurements of the step time are close to the mean drop time of 8 convective time
units reported by Le Fouest et al. [187] for quasi-steady increases in angle of attack. The
relatively short duration of the stall step times means that near the instant in time when
the flow bifurcates between reattaching and stalled topologies there are substantial unsteady
effects in the flow’s response, even if the change in operating conditions is quasi-steady.

For reattachment on the wing, there is a reduction in step time with increasing pitch rate
for cie/(2us) < 3x 1074 This is attributed to the reduction in effective angle of attack near
the wing tip enabling reattachment to progress more gradually in the spanwise direction
(Figs. 6.20b and 6.20d). For the airfoil, the ensemble-average and standard deviation of
the reattachment step times are greater than those of stall across all of the pitch rates
tested. Again, this is attributed to the proximity of the static reattachment condition to
the final limiting flow state, since the step times for the wider angle change (filled symbols)
are consistent with those of the wing.
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Figure 6.25: Step time versus pitch rate for pitching between 10° and 13°. Error bars
denote standard deviation. Filled symbols denote pitching between 9° and 14° and are
offset in the horizontal direction for clarity.

6.4 Concluding Remarks

Experiments were performed on an airfoil and wing model undergoing transient changes
in operating conditions at aerodynamically low Reynolds numbers. Lift force and PIV
measurements were performed during transient changes in angle of attack and Reynolds
number to investigate the relationship between LSB bursting and formation and the transient
aerodynamic loads.

For the wing and airfoil models, the lift coefficients exhibited hysteresis with respect to
angle of attack for quasi-steady and transient pitching motions. Even though the quasi-
steady lift coefficients did not exhibit significant hysteresis for Reynolds number changes,
significant transient hysteresis of the lift coefficients with respect to Reynolds number was
identified for both models.

LSB bursting and formation transients caused by a change in angle of attack at constant
Reynolds number and a change in Reynolds number at constant angle of attack were
compared in detail. The comparison was made for imposed changes in operating conditions
with durations of approximately 75 convective time units. During an increase in angle of
attack leading to LSB bursting, the transition location initially moves upstream, enabling
the temporary formation of an LSB that is unsustainable against the stronger adverse
pressure gradient and an overshoot in the lift coefficient. LSB bursting was subsequently
initiated with a rapid downstream movement of the reattachment location, with a majority
of the downstream movement occurring over a time period on the order of a single convective
time unit. The bursting process was accompanied by a rapid loss of lift. In contrast, during
a decrease in Reynolds number, there is a downstream movement in the transition location
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that results in continuous LSB lengthening before the rapid decrease in lift coefficient. For
both types of transients leading to LSB bursting, the cessation of reattachment coincided
with a decrease in the maximum magnitude of Reynolds shear stress and a decrease in vortex
shedding frequency. For the transients leading to LSB formation, namely a decrease in
angle of attack or an increase in Reynolds number, the initiation of reattachment coincided
with an increase in the rate of change of the lift coefficient, and was accompanied by a
gradual increase in the roll-up vortex shedding frequency. The nature of the imposed change
in operating conditions leading to LSB formation did not substantially affect the trends
for the streamwise movement of the transition and reattachment points, which settled
to their final limiting locations within approximately 15 convective time units from the
onset of reattachment. The downstream movement of the separation point during LSB
formation was more gradual than that of the transition and reattachment points. Whenever
reattachment was present, the trends in the movement of the transition location were similar
to those of the reattachment location for all transients. In conclusion, the type of change in
lifting surface operating conditions has a greater influence on the transient lift forces and
streamwise LSB development during LSB bursting than during LLSB formation.

Using the top-view PIV configuration, the transient spanwise flow development was
investigated on the airfoil and wing models for pitching motions and Reynolds number
changes. On both the airfoil and wing models, LSB bursting resulted in a spanwise expansion
of the region of massively separated flow from the midspan towards the ends of both models.
On the airfoil, the onset of massive separation was more uniform across the span than
on the wing, where stall initiated closer to the wing root and progressed toward the wing
tip. During the transients leading to LSB formation, there was a spanwise contraction of
the region of massive separation from the ends of the models towards the midspan. No
significant differences in spanwise flow development were observed for different pitch rates.
The spanwise flow development for Reynolds number changes was similar to that observed
for pitching motions, except that the onset of massive separation during the Reynolds
number decrease for the airfoil spread along the span more slowly than for the pitching
motions.

The stall reaction delays of the airfoil and wing for pitching motions follow the asymptotic
behaviour observed by [203], and are similar to those observed in experiments at higher
Reynolds numbers [e.g., 63]. This suggests that the initial stages of dynamic stall for both
types of lifting surfaces are largely governed by the formation and downstream convection
of the DSV in a manner that is relatively Reynolds number insensitive, in agreement with
previous studies. However, the degree to which the static stall or reattachment conditions
were exceeded affected the timing of the lift force response to transient pitching motions,
with a notable reduction in the variance of the reaction delay for reattachment on the
airfoil for pitching motions with larger angular displacements. The relatively large variance
in reaction delay for reattachment on the airfoil for the smaller angular displacement
highlights the sensitivity of the transition process to airfoil kinematics and random external
perturbations in unsteady conditions at low Reynolds numbers.
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Chapter 7

Boundary Layer Transition on an

Airfoil in Large-Scale Free-Stream
Turbulence

The effects of high-intensity, large-scale free-stream turbulence on the aerodynamic loading
and boundary layer flow field development on a NACA 0018 airfoil model are studied
experimentally using direct force measurements and particle image velocimetry at a chord
Reynolds number of 7 x 10*. An active turbulence grid was used to generate free-stream
turbulence intensities of up to 16% at integral length scales on the order of the airfoil
chord length. Relative to the clean flow condition with a free-stream turbulence intensity
of 0.1%, elevated levels of free-stream turbulence intensity decrease the lift slope at low
angles of attack, and increase the stall angle and mazimum lift coefficient. At moderate
angles of attack, high-intensity free-stream turbulence causes large variations in the location
of transition, with laminar flow occasionally persisting over 90% of the chord length. At
pre-stall angles of attack, high-intensity free-stream turbulence causes intermittent massive
separation. Variations in the extent of turbulence in the suction surface boundary layer
are correlated with large-scale fluctuations in oncoming velocity direction, demonstrating
that the observed variability in transition location is related to large-scale oncoming flow
disturbances impinging on the airfoil model.
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7.1 Introduction

Boundary layer transition in low-disturbance environments involves the exponential am-
plification of wave-like disturbances of the velocity field [67]. At higher levels of FSTI,
transition may occur prior to saturation of the primary instability through bypass transition
[204]. Most previous studies considering the effect of elevated FSTI on flows around airfoils
and finite wings primarily focused on the effect of turbulence intensity [e.g., 91, 107-109,
146, 205, 206], whereas the effect of the streamwise integral length scale (A,;) is less well
understood [105].

The majority of previous studies on boundary layer transition in aerodynamically low
Reynolds number flows have been limited to free-stream turbulence intensities below 10%
and integral length scales less than the airfoil chord [e.g., 73, 105, 106, 108, 146, 175, 199,
206-208]. A limited number of studies have considered turbulence intensities of 10% or
greater and integral length scales longer than the airfoil chord. Among those studies, Ravi
et al. [110], Watkins et al. [135], Kay et al. [209], and Devinant et al. [210] focused on
characterisation of the pressure distribution and loading on wings and airfoils, whereas
Herbst et al. [111] and Herbst et al. [112] also reported on the time- and conditionally-
averaged boundary layer development on the suction surface. For Tu = 7% and 12%,
Ravi et al. [110] found that increasing the integral length scale at constant T'u from ¢ to
approximately 2c¢ increased the maximum lift coefficient of a flat plate airfoil. Although
Herbst et al. [112] observed an increase in maximum lift coefficient when increasing A,
from 0.5¢ to ¢ at Tu = 10% for an SD7003 wing, a further increase in A,, to 2¢ did not
cause a significant change in maximum lift coefficient. The difference between the results
of Ravi et al. [110] and Herbst et al. [112] suggests that the lifting surface geometry may
influence the effect of the integral length scale on aerodynamic loading. The effect of airfoil
geometry on the lift coefficient in high-intensity, large-scale free-stream turbulence was
investigated by Kay et al. [209] for a symmetrical and cambered airfoil for 1.3% < Tu < 15%
at 5 x 10* < Re, < 2 x 10° with streamwise integral length scales on the order of the airfoil
chord. They inferred from surface pressure measurements that fluctuations in effective
angle of attack beyond the static stall angle lead to intermittent dynamic stall events
associated with the shedding of leading edge vorticity. These events corresponded to
transient increases in lift coefficient which were stronger for the symmetric airfoil than for
the cambered airfoil [209]. Devinant et al. [210] studied the loading on a wind turbine
airfoil at FSTIs of up to 16%, and reported a decrease in the lift slope and a more gradual
stall behaviour with increasing FSTI. The flow field around a fully stalled airfoil with
4% < Tu < 16% and A,, ~ ¢ was investigated by Sicot et al. [211], who found that
the variations in the suction surface boundary layer separation location and wake vortex
shedding Strouhal number were insensitive to FSTI. Although the effect of free-stream
turbulence on aerodynamic loading has been studied by several authors, the dynamics of
the boundary layer transition process that cause the observed changes in lifting surface
performance in large-scale high-intensity free-stream turbulence remain relatively unexplored.
One consistent observation in experiments involving large-scale high-intensity turbulence
has been intermittent separation and LSB formation [110-112; 209]. This is in contrast to
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flows at relatively moderate turbulence intensities and length scales, in which the LSB is
typically suppressed intransiently due to bypass transition [73, 146].

Better understanding of the boundary layer transition mechanisms on lifting surfaces in
large-scale high-intensity free-stream turbulence is necessary to improve the performance
and control of small unmanned aerial vehicles [12] and small wind turbines [13] that operate
in atmospheric flows. Therefore, the objective of this chapter is to quantify the effects of
high-intensity, large-scale free-stream turbulence on airfoil performance at low Reynolds
numbers, and to correlate changes in the boundary layer transition dynamics to fluctuations
in the oncoming flow. To achieve this objective, wind tunnel experiments were performed
using a NACA 0018 airfoil model with an active turbulence grid placed upstream of the
test section to generate relatively high free-stream turbulence intensities and large integral
length scales. Direct aerodynamic force measurements and suction surface boundary layer
velocity field measurements were employed to quantify airfoil performance and boundary
layer transition dynamics, respectively.

7.2 Description of Experiments

Experiments were conducted in the recirculating wind tunnel at the University of Waterloo.
The experimental setup is illustrated in Fig. 7.1. The test section is square, with a width
and height of 0.61 m and a length of 2.44m. The free-stream velocity was set based on a
calibration of the pressure drop across the 9 : 1 contraction located upstream of the test
section measured using a Setra model 239 pressure transducer. The relative uncertainty in
the free-stream velocity is estimated to be 2% (95% confidence). The NACA 0018 airfoil
used in this study had a chord length of ¢ = 0.1 m and spanned the height of the test
section. To facilitate direct force measurements, the airfoil model was structurally isolated
from the test section walls with gaps of approximately 4 mm at each end. The regions of
three-dimensional flow caused by the presence of the tip gaps is expected to be limited
to within one chord length of the ends of the model [124, 186]. The airfoil was machined
from aluminium, polished with 1000 grit sandpaper, and anodised black to minimise light
reflections. A stepper motor controlled rotary table with a resolution of 0.05° was used to
set the angle of attack of the airfoil. The airfoil was connected to the rotary table through
a 6-axis load cell. The absolute accuracy in force measurements from the load cell was
0.1 N. All experiments were performed at a chord Reynolds number of Re, = 7.0 x 10,

corresponding to a mean free-stream velocity of Tiog = 10.7ms™!.

7.2.1 Flow Measurements

Two-component particle image velocimetry (PIV) measurements were performed over the
suction surface of the airfoil in two measurement planes shown in Fig. 7.2. The side-view
measurement plane was normal to the span of the airfoil and located at the midspan of the
model, and the top-view measurement plane was tangent to but offset from the suction
surface of the airfoil. The minimum distance between the top-view measurement plane and
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Figure 7.1: Experimental setup.

the airfoil was 2mm. The PIV data is presented in a surface attached coordinate system
whose origin is at the midspan leading edge, with the streamwise (z) axis tangent to the
suction surface, the wall-normal (y) axis normal to the airfoil surface, and the spanwise
(z) axis parallel to the span in the sense of a right-handed coordinate system. Particle
images were obtained using a Photron Fastcam Nova R3-4K camera with a 105 mm focal
length macro lens at an aperture of f/2.8. The flow was seeded with water-glycol fog
particles of diameter O(1pum). The particles were illuminated by a Photonics Industries
DM20-527 Nd:YLF pulsed laser operating in frame straddling mode, with a pulse separation
of 15ps. Image acquisition and processing was performed using the LaVision DaVis 10
software. Particle images were pre-processed using temporal minimum subtraction with
a window length of 8 images. Local intensity normalisation with window sizes of 4 x 4
pixels and 32 x 32 pixels was used for the side-view and top-view images, respectively.
Vector calculation was performed using an iterative cross-correlation algorithm with window
deformation [148]. The vector fields for both measurement planes were post-processed
using universal outlier detection [150]. For the side-view configuration, vectors were deleted
if the correlation coefficient was less than 0.5. For the top-view configuration, vectors
were deleted if the correlation peak ratio was less than 1.6. For both measurement planes,
the maximum particle displacement was approximately 15 px, and the initial and final
correlation window sizes were 24 px x 24 px and 16 px x 16 px, with 75% window overlap
for the final iteration. The vector pitch of the final velocity fields was 0.0009¢ and 0.0007¢
for the side- and top-view PIV configurations, respectively.
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Figure 7.2: PIV measurement plane configurations and coordinate system definitions.
The z axis is in the out-of-plane direction in the sense of a right-handed coordinate system.

In addition to the instantaneous velocity vector fields computed from image pairs,
time-mean velocity fields were also calculated using the average correlation method [212]
for improved spatial resolution in the boundary layer for the side-view configuration. The
average correlation method involves averaging the correlation maps from all image pairs
before determining the mean particle displacement from the correlation peak. For the
average correlation method, the mean velocity field obtained from the standard PIV method
was used to estimate the initial displacements, and the final correlation window size was
4 px x 4 px with 75% window overlap. The vector pitch of the mean velocity fields from
the average correlation method was 0.0002c.

For the side-view configuration, PIV measurements were taken at sampling frequencies
of 3.9kHz and 0.1 kHz to obtain time-resolved and statistical data, respectively. The size
of the field of view and the sampling period were varied for different flow conditions and
sampling frequencies and are tabulated in Tables 7.2 and 7.3. To correct for relative motion
between the airfoil and the camera due to model vibrations at elevated FSTI, each side-view
PIV image was aligned with the first image in the sequence based on the cross-correlation
of the illuminated airfoil surface between images. For the top-view configuration, only
non-time-resolved PIV measurements were acquired at 0.1 kHz. The size of the top-view
field of view was 0.76¢ x 0.42¢, and the sampling period was 11.99s.

The uncertainty in the instantaneous PIV measurements was estimated using the corre-
lation statistics method [149]. The root-mean-square (RMS) uncertainty (95% confidence)
in the instantaneous streamwise (u) and wall-normal (v) velocity components was estimated
to be less than 0.067, outside of the airfoil boundary layer. Adjacent to the airfoil surface,
stronger velocity gradients and light reflections increased the RMS uncertainty to no more
than 0.37. For the top-view configuration, the uncertainty in the instantaneous streamwise
velocity component was less than 0.04%u over the majority of the field of view, increasing
to no more than 0.18%, where the top-view measurement plane intersected the separated
shear layer due to strong velocity gradients. The uncertainty in the instantaneous spanwise
velocity measurements from the top-view configuration is also estimated to be less than
0.047, increasing to no more than 0.1275 in the separated shear layer. The uncertainty of
quantities derived from the PIV measurements was estimated using the methods described
by Sciacchitano & Wieneke [167] and Moffat [168].
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Table 7.1: PIV measurement parameters

Parameter Value
Camera Photron Fastcam Nova R3-4K
Lens Focal Length 105 mm
Laser Pulse Separation 15 ps
Aperture f/2.8
Light Source Photonics DM20-527 Nd:YLF Pulsed Laser
Particles Water-Glycol Fog
Maximum Particle Image Displacement 15 px
Initial Correlation Window 24 px x 24 px
Side-view Top-view
Magnification Factor 0.29 0.35
Instantaneous  Average Correlation

Final Correlation Window 16 px x 16 px 4 px X 4 px 16 px x 16 px
Vector Pitch 0.0009¢ 0.0002¢ 0.0007c
Final Correlation Window Overlap 75% 75% 75%

Non-time-resolved Time-resolved
Sampling Frequency 0.1kHz 3.9kHz

Table 7.2: PIV fields of view and sampling times for time resolved measurements.

Sampling Frequency 3.9kHz

Angle of Attack a=5° a=12°

Active Turbulence Grid No Yes No Yes
Cropped Sensor Size 2175px x 351px 1916px x 415 px 1791px x 4156px 2431px x 351 px
Field of View 0.74¢ x 0.09¢ 0.43c¢ x 0.06¢ 0.40c x 0.07c 0.55¢ x 0.06¢
Sampling Time 3.79s 3.79s 3.90s 3.39s

7.2.2 Free-stream Turbulence Generation

Free-stream turbulence was generated using an active turbulence grid consisting of 10
horizontal and 10 vertical steel shafts of diameter 7.94 mm upon which were fixed square
aluminium wings with a diagonal of 56.96 mm (Fig. 7.1). The wings adjacent to the test
section walls were triangular. The rotation of each shaft was controlled by a dedicated
stepper motor. The free-stream turbulence intensity and streamwise integral length scale
were estimated at the location of the airfoil leading edge in the empty test section based
on measurements with a single normal hot-wire anemometer probe. During tests with the

Table 7.3: PIV fields of view and sampling times for non-time resolved measurements.

Sampling Frequency 0.1kHz

Angle of Attack a=5° a=12°

Active Turbulence Grid No Yes No Yes
Cropped Sensor Size 3327px x 607px 3301px x 575px 3967px x 799px 3967px x T99px
Field of View 0.73¢c x 0.09¢ 0.75¢ x 0.06¢ 0.88¢c x 0.11c¢ 0.90c x 0.11c¢
Sampling Time 55.98s 59.09s 35.68s 35.68s
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airfoil mounted in the test section, free-stream velocity fluctuations were measured with a
single normal hot-wire anemometer probe positioned at the centre of the test section 10c
upstream of the airfoil. A summary of the turbulence intensity and integral length scales
investigated is provided in Table 7.4, and Fig. 7.3 presents the power spectral density (PSD)
of free-stream velocity fluctuations (Py;_,._) for each case. The spectra were obtained using
Welch’s method [153] with a Hamming window of length 2'® samples and 50% window
overlap from 300s of data sampled at 20 kHz. Turbulence intensities and integral length
scales were computed after band-pass filtering the hot-wire signal. The low-frequency cutoff
of the filter was 0.005u /c and the high-frequency cutoff was the frequency at which the
PSD fell below the measurement noise floor of Py_, = 1078, The relative uncertainty in
Tu was estimated to be less than 10% (i.e. the uncertainty for Tu = 13% is < +1.3%),
following the approach outlined in Yavuzkurt [213]. The streamwise integral length scale

was estimated from the streamwise integral time scale using the frozen turbulence hypothesis
[214]:

A @/Oo Pul ul,, (t)dt (71)
0

where py_._(t) is the temporal autocorrelation coefficient of the free-stream velocity
fluctuations. Because estimates of p,,_.._(t) obtained from finite length experimental data
may not converge to 0 for large ¢, the streamwise integral time scale was computed by
integrating an exponential fit to p,.(t) [215, 216]. The integral length scales computed
from multiple shorter (60s) segments of the hot-wire recordings were averaged to reduce
the uncertainty in integral length scale estimates. The uncertainty in the reported integral
length scales was estimated from the variance of the integral length scales for the shorter
segments, and was less than 0.14c. The spanwise integral length scale (A,,,) was estimated
from an exponential fit to the spatial autocorrelation coefficient [e.g., 190, 216] of the
spanwise velocity fluctuations of the top-view PIV measurements outside of the boundary
layer near the leading edge of the airfoil. The spanwise velocity fluctuations were used for
this estimate because they are expected to be less affected by the blocking effect of the
airfoil [217] than the streamwise velocity fluctuations. The estimated values of A,,, were on
the order of 0.1c. In other investigations of active [138] and passive [218] grid-generated
turbulence, integral length scales in the spanwise direction and those for spanwise velocity
components in the streamwise direction have also been reported to be substantially smaller
than the streamwise integral length scale.

Two different shaft motion protocols were used to generate different turbulence intensities.
The grid motion parameters for these two protocols are summarised in Table 7.4. For Tu =
4% and 7%, the grid was operated in flapping mode such that the shafts oscillated about a
mean angle of attack of zero. The amplitude and frequency of the shafts’ oscillation were
varied depending on the desired turbulence intensity and integral length scale, respectively.
The frequency of oscillation of each shaft was varied according to a top-hat probability
distribution to avoid exciting a single frequency of velocity fluctuations. The bounds of
the top-hat distribution were +1/2 of the mean frequency. To minimise the influence of
oscillation frequency on the energy spectrum of the free-stream turbulence, the oscillation
frequency of each shaft was continually re-sampled from the uniform distribution. To
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Figure 7.3: Free-stream turbulence spectra.

Table 7.4: Free-stream turbulence conditions and active grid parameters.

Tu %] Auz/c Flapping mode Rotation mode
Amplitude Mean frequency Mean speed Mean time interval
[°] [Hz] [rev/s] [s]
0.1 0.1
4 1 19 5.6
4 2 19 2.6
7 1 37 6.7
7 2 35 3.1
13 1 8.38 0.93
16 2 2.45 0.93

generate higher FSTI (T'u = 13% and Tu = 16%), the grid was operated in rotation
mode, where the shafts performed complete rotations at random rotational velocities for
random intervals of time. The rotation speeds and time intervals were varied using top-hat
probability distributions with bounds set at +1/2 of the mean rotation speed and time
interval, respectively. Measurements were also taken with the active turbulence grid removed
from the test section. This condition is termed the clean flow, and the FSTI for the clean
flow was Tu = 0.1%.
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7.2.3 Data Processing Techniques

Proper Orthogonal Decomposition

The snapshot method of POD (Section 3.4.3) is employed in this chapter to identify coherent
structures from PIV data. Although the mean velocity field is often subtracted from the
velocity data before performing the POD, in this chapter the mean is not subtracted
because we require the POD modes to contain information about the mean flow [219] for
the entropy-based transition detection method detailed in Section 7.2.3. The POD can
be obtained from the singular value decomposition of the snapshot matrix whose rows
represent the spatial locations of velocity measurements, and whose columns represent
the individual snapshots [e.g., 162]. The uncertainty of the computed modal energies was
estimated using the method described by Epps & Krivitzky [220]. Two different PODs were
performed on the PIV data using different formulations of the snapshot matrix.

The first POD, termed the velocity profile POD (P-POD), was performed independently
on the data obtained at each z—grid location in the side-view PIV field of view (i.e. x =y
in Eq. 3.4, thus the data snapshots were the v and v velocity profiles at each streamwise
location). This POD produced a set of spatial modes, modal energies, and temporal
coefficients for each = location that describe the shape and time evolution of the velocity
profile at that location.

The second POD, termed the velocity field POD (F-POD), was performed on the data
from the entire side-view PIV field of view (i.e. x = [z,y]T in Eq. 3.4, thus the data
snapshots were the two-dimensional u and v velocity fields). This POD produced a single
set of spatial modes and temporal coefficients for each PIV measurement run that describe
the two-dimensional flow-field development.

Transition Detection

The transition from laminar to turbulent states involves an increase in the disorder of a
flow [80]. The degree of disorder can be quantified by applying the concept of entropy from
information theory [221] to the POD [222-224]. An ordered, laminar flow can be described
by a relatively small number of POD modes, whereas a turbulent flow typically requires a
relatively greater number of POD modes to account for the same fraction of the total kinetic
energy [e.g., 159]. Thus, more information is required to describe a turbulent flow than a
laminar flow. The quantity of information contained in the POD modes that describe a
flow can be expressed in terms of entropy [223]. The entropy of the POD is zero when the
velocity field can be exactly represented by a single POD mode. The entropy is maximum
if the kinetic energy of the flow is evenly distributed among all POD modes. Thus, the
entropy of the flow is related to the relative energy distribution of the POD modes. Aubry
et al. [223] defined a global entropy E, that is a constant for a given snapshot matrix, and
spatial entropy Es(t) that is a function of time. The global entropy E,, is given by [223]:

N
By =— Zpg,i In (pg,:) (7.2)

=1
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where p,; are the relative modal energies, computed as:
A
DARPY

The global entropy is zero if the flow is steady, and the global entropy is maximised if all
data snapshots are uncorrelated. The spatial entropy of the flow at a given instant in time
is given by [223]:

pg,i = (73)

Zpsz 111 psz )) (74)
where p;;(t) are computed as:

O (1) A2
YL O2(1)A2

Note that, unlike Aubry et al. [223], the relative energies ps;(t) in the definition of the
spatial entropy have been computed using ©%(¢)\? instead of ©;()\; to maintain symmetry
with the definition of global entropy [e.g., 225]. The spatial entropy is zero if only one ©;(¢)
is non-zero, that is, if the velocity field at time ¢ can be exactly represented by a single
POD mode. The spatial entropy is maximum if ©?(¢)\? is constant for all 4, that is, if the
kinetic energy of the flow is evenly distributed among all modes at time ¢. Since turbulent
flows are characterised by a redistribution of energy from larger to smaller spatio-temporal
scales, the global and spatial entropies increase as the flow becomes more turbulent.

The global entropy computed from the P-POD quantifies the degree of disorder in both
the wall-normal direction and time at each x location. The spatial entropy of the P-POD at
each x location quantifies the degree of spatial disorder of the velocity profile as a function
of time. Since the spatial entropy can be computed separately on the P-POD for each x
location, the spatial disorder of the velocity profile can be plotted in the x — ¢ plane. The
global entropy of the F-POD quantifies the degree of disorder of the two-dimensional flow
field within the entire field of view in space and time. The spatial entropy of the F-POD
quantifies the degree of spatial disorder of the PIV flow-field as a function of time.

The main advantage of using entropy to measure the degree of turbulence in the flow
compared to traditional methods of calculating the intermittency factor [e.g., 226] is that
the computation of entropy from the POD is an entirely data-driven procedure that does
not require the computation of temporal derivatives from time-resolved data. However, to
distinguish laminar from turbulent flow, selection of a threshold that separates these two
flow regimes is unavoidable. Although Abdelsamie et al. [222] demonstrated that transition
occurs at similar values of global entropy for numerical simulations of widely varying flow
configurations, in the present study, the entropy threshold separating laminar and turbulent
flow regimes was determined empirically from the PIV data. The selection of the transition
threshold is detailed in Section 7.3.3.

Unlike methods that define the instantaneous transition location using integral boundary
layer quantities [e.g., 176] or Reynolds stresses computed over a sliding temporal window
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le.g., 1], defining the instantaneous transition location using the spatial entropy from the
P-POD (Eq. 7.4) does not require temporal windowing. Consequently, the spatial entropy
from the P-POD has the potential to more precisely differentiate between unsteady laminar
and turbulent flows.

7.3 Results

7.3.1 Aerodynamic Forces

Lift and drag coefficient polars for the airfoil under all tested conditions of free-stream
turbulence are presented in Fig. 7.4. The lift coefficient from thin airfoil theory is also
plotted for comparison. The maximum solid blockage was less than 7%, for which the errors
in lift coefficients due to blockage are expected to be less than 10% [227]. The reduction
in lift coefficient relative to a true two-dimensional airfoil due to the presence of the gaps
between the tips of the model and the test section walls is estimated to be on the order of
0.1 based on the results of Marchman [186]. In the clean flow (T'u = 0.1%), the pre-stall lift
is highly non-linear with respect to the angle of attack and exceeds that predicted by thin
airfoil theory for a@ < 6°. Non-linear lift at moderate angles of attack is typical of airfoils
operating at aerodynamically low Reynolds numbers [e.g., 228, 229], and is attributed to
the increased local suction that occurs due to the presence of a short LSB [16]. Bursting of
the LSB for v > 8° leads to an abrupt stall, decreasing lift and increasing drag.

When the FSTI is increased to 4%, the stall angle increases substantially, and the lift at
low angles of attack is relatively more linear, in agreement with the effects of moderate FSTI
observed in previous studies [209, 230]. These changes are attributed to the free-stream
turbulence causing expedited transition, which reduces the size of the LSB and its associated
pressure plateau [e.g., 146]. There are no significant differences in pre-stall lift as the FSTI
increases from Tu = 4% to 7%, but the post-stall decrease in lift becomes less abrupt.
At Tu = 13%, there is a substantial reduction in lift at pre-stall angles of attack, and
the post-stall decrease in lift and increase in drag become notably more gradual. These
changes are attributed to a continued reduction in the extent of separated flow at very high
free-stream turbulence intensities, which will be explored in Section 7.3.3. The observed
decrease in lift slope and more gradual stall with increasing FSTI are in agreement with the
measurements of Devinant et al. [210]. There is no significant change in airfoil performance
between integral length scales of A, ,/c =1 and 2 at pre-stall angles of attack (compare
solid and dashed lines). For Tu = 7%, there is a decrease in post-stall lift at the larger
length scale. It is speculated that this decrease may be caused by a delay in transition due
to a reduction in the amplitudes of velocity fluctuations in the free-stream at the length
scales to which the boundary layer is most receptive.

135



1.2 ; (2) : : 0.5 . , (®) .

---------- Cr =2r« Tu="7% Ay /c=1
—F—Tu=0.1% Ay /c=0.2 Tu="T% Ay /c =2
—F—Tu=4% Ay /c=1 —F—Tu=13% Ay /c=1
— F —Tu=4% Ayp/c=2 —F —Tu=16% Ay /c=2

Figure 7.4: Lift (a) and drag (b) coefficients. Error bars denote uncertainty (95%
confidence)

7.3.2 Overview of Boundary Layer Transition

To investigate the mechanisms responsible for the changes in airfoil performance at high
FSTI with large integral length scales, side-view PIV measurements of the suction surface
boundary layer were obtained at @ = 5°, which is within 2° of the angle of maximum
liftt to drag ratio for all tested cases, and at @ = 12°, which represents an angle at which
performance is severely degraded at low FSTI.

The boundary layer transition process on the suction surface of the airfoil at a = 5° is
illustrated using instantaneous snapshots of spanwise vorticity (w, = dv/dx — Ju/dy) in
Fig. 7.5 for Tu = 0.1%, 7%, and 13%. The snapshots are separated by 0.06¢/%~, and are
ordered with increasing time from top to bottom. The spanwise vorticity was computed
from the circulation on the contour of the 8 neighbouring velocity vectors around every
PIV grid point [231] and smoothed using a 3 x 3 spatial average.

In the clean flow (Fig. 7.5a), due to the relatively low amplitudes of incoming disturbances,
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the boundary layer remains laminar over a substantial distance, leading to laminar boundary
layer separation in the region of adverse pressure gradient. The separated laminar shear
layer rolls up into relatively large-scale coherent vortices near x/c = 0.55 as a consequence
of the Kelvin-Helmholtz instability mechanism [e.g., 17, 77]. The increase in wall-normal
momentum transport produced by the vortices leads to reattachment, and a turbulent
boundary layer develops as the spanwise vortices break down into small-scale turbulence
for z/c > 0.6. This transition scenario is consistent with the features typical of short LSBs
[29]. The location of shear layer roll-up is observed to remain relatively consistent in time.

With increasing FSTI (Figs. 7.5b and 7.5¢), higher amplitudes of boundary layer
disturbances are generally expected to lead to earlier transition in a time-averaged sense
le.g., 105, 175]. The location of transition in the vorticity field snapshots can be inferred
from the onset of relatively small-scale spatial variations in spanwise vorticity. Interestingly,
the snapshots in Fig. 7.5 show that substantially greater variations in the location of
transition occur with increasing FSTI. For Tu = 13%, the variations in transition location
are large enough to cause the boundary layer to occasionally remain laminar across the
entire PIV field of view (Fig. 7.5¢, bottom panel). It is likely that these variations are
a consequence of the relatively large integral length scale of the free-stream turbulence,
which leads to temporal variations in effective angle of attack and incoming flow velocity.
The relationship between the variations in transition location and large-scale free-stream
velocity fluctuations will be investigated in detail in Section 7.3.5.

In addition to the location of transition, the FSTT also affects the development of vortical
structures formed in the transition process [e.g., 73]. Whereas the roll-up vortices formed in
the clean flow are relatively large and coherent, the breakdown of the laminar shear layer
at Tu = 7% involves less organised, finer-scale structures (Fig. 7.5b). At Tu = 13%, the
inclined regions of increased vorticity within the boundary layer are consistent with the
lift-up of low speed streaks that eventually decay into turbulent spots [232]. The presence
of streaks is evidence that bypass transition occurs at Tu = 13%. The snapshots presented
in Fig. 7.5 illustrate that large-scale free-stream turbulence can cause substantial changes
in the mean flow development and the transition dynamics relative to the clean flow.

7.3.3 Mean Flow Development

Mean streamwise velocity (@), standard deviation of streamwise velocity (.S,), and standard
deviation of wall-normal velocity (S,) fields for Tu = 0.1%, 7% and 13% at an integral
length scale of A, ,/c =1 are presented in Figs. 7.6 and 7.7 for a = 5° and 12°, respectively.
The mean streamwise velocity fields were obtained from the average correlation method,
whereas the other fields were computed from the average of the instantaneous PIV vector

fields. Also plotted is the mean displacement thickness, defined as §* = f(f (1 —u/ug) dy,
where 0 is taken as the wall-normal distance to the location of the maximum streamwise
velocity (ue) at a given z location. The inset plots in Figs. 7.6b, 7.6¢, 7.7b, and 7.7c
show the near-wall structure of the mean flow with an enlarged y/c scale. The results for
Tu = 3% are similar to those for Tu = 5% and are not shown for brevity. Likewise, there
are no notable differences between the mean and fluctuating flow fields for A, ./c = 2 and
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Figure 7.5: Instantaneous snapshots of spanwise vorticity. Time increases from top to
bottom, and the snapshot separation is 0.06¢/

those shown for A, ,/c =1, consistent with the measured lift coefficients (Fig. 7.4).

The measurements in the clean flow for o = 5° (Fig. 7.6a) show the development of a
relatively thick LSB on the suction surface of the airfoil. The blue contours in the mean
streamwise velocity plot outline the extent of mean reverse flow in the LSB, with separation
at x/c = 0.25 and reattachment at x/c = 0.58. Transition of the separated shear layer
is evidenced by the rapid increase in velocity fluctuations that occurs near the location
of maximum bubble thickness (z/c = 0.49). The ratio of the lengths of the laminar and
turbulent portions of the LSB is 2.7, suggesting that this LSB should be classified as short
[29].

At @ = 5° and Tu = 7% (Fig. 7.6b), the reverse flow region is nearly eliminated.
However, the increase in streamwise velocity at y/c ~ 0.0025 for 0.5 < z/c < 0.55 is similar
to the flow structure seen near the reattachment location in the clean flow, and suggests
that a thin LSB may intermittently form at Tu = 7%. Furthermore, the local maximum
in streamwise velocity fluctuations and increase in wall-normal velocity fluctuations that
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Figure 7.6: Mean streamwise velocity (top row), streamwise RMS velocity fluctuations
(middle row), and wall-normal RMS velocity fluctuations (bottom row) for a = 5°. Dashed
lines: &*.

occurs near x/c = 0.5 is consistent with LSB formation, since vortex shedding from the
separated shear layer is expected to cause an increase in streamwise and wall-normal velocity
fluctuations near the reattachment location [176, 233]. Evidence of vortex shedding in the
POD spatial modes for these conditions will be discussed in Section 7.3.4.

At a =5° and Tu = 13% (Fig. 7.6¢), the FSTT is sufficiently high that the presence of
an LSB is not evident in the mean or fluctuating velocity fields. The region of increased
streamwise velocity fluctuations near the wall for z/c < 0.5 without a corresponding
increase in wall-normal velocity fluctuations suggests that transition at this level of FSTT is
dominated by streak formation and breakdown rather than separated shear layer roll-up.

The mean flow fields presented in Fig. 7.6 show that increasing the FSTI progressively
decreases the extent of separated flow at o = 5°. Because the LSB produces a low-pressure
plateau in the surface pressure distribution [20], the decrease in lift coefficient with increasing
FSTI is largely attributed to the reduction in streamwise extent of the LSB.

The reason for the substantial change in airfoil performance at o = 12° with varying
FSTI (Fig. 7.4) is evident from the mean flow fields for this angle of attack presented in
Fig. 7.7. For the clean flow (Fig. 7.7a), the reduced lift and increased drag is due to massive
separation from the suction surface of the airfoil. In this case, the amplitudes of free-stream
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Figure 7.7: Mean streamwise velocity (top row), streamwise RMS velocity fluctuations
(middle row) and wall-normal RMS velocity fluctuations (bottom row) for a = 12°. Dashed
lines: &*.

disturbances are too low for transition to occur rapidly enough to enable reattachment.

At Tu = 7%, the extent of separation is substantially reduced because of more rapid
boundary layer transition (Fig. 7.7b). However, a thin region of mean reverse flow was
detected at the upstream end of the field of view for Tu = 7%, and the streamwise velocity
contours in the inset are consistent with those expected near the reattachment location of
an LSB. Thus, a thin laminar separation bubble persists on the airfoil for Tu = 7%. The
presence of the LSB is consistent with the region of stronger wall-normal velocity fluctuations
near the airfoil surface for /¢ < 0.2. The persistence of mean laminar separation up to
at least Tu = 7% is attributed to the relatively low Reynolds number and strong adverse
pressure gradient for the airfoil at o = 12°. At T'u = 13%, no reverse flow was detected in
the PIV measurements (Fig. 7.7c). However, the increase in streamwise velocity near the
wall and plateau in §* for x/c < 0.4 suggest that a thin LSB may form upstream of the
field of view.
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Mean Transition

In this section, the relationship between transition and time-averaged suction surface
boundary layer properties is explored. It serves to define a transition threshold for the
entropy-based transition detection method that is consistent with other boundary layer
transition indicators commonly applied in low-Reynolds number flows over airfoils. The
entropy-based method is used because it is desired to characterise instantaneous variations in
the transition location in Section 7.3.4 without requiring temporal windowing for calculation
of Reynolds shear stresses or integral boundary layer parameters. Figures 7.8a and 7.8b

present the Reynolds shear stress (—u/v’) measured at y = 6* for a = 5° and 12°, respectively.
The shape factors (H = 6*/8, where § = [’ u/ue(1 — u/Ts)dy) for a = 5° and 12° are
plotted in Figs. 7.8c and 7.8d, respectively.

Because a rapid increase in the magnitude of the Reynolds shear stress is indicative
of transition, several transition criteria for low-Reynolds number boundary layers have
been formulated based on the Reynolds shear stress [e.g., 104, 171, 234]. Moreover, the
streamwise location of maximum Reynolds shear stress has been shown to occur near the
location of reattachment in LSBs [e.g., 235]. The location where —u/v’ first exceeds 0.001u?
is indicated by the dashed lines in Figs. 7.8a and 7.8b. This threshold for —u/v’ is based
on the transition threshold used by Ol et al. [171] and Hain et al. [170]. Other researchers
have used the location of maximum shape factor to define the mean location of transition
in LSBs [e.g., 176, 236]. The locations of the most upstream local maximum of the shape
factor are indicated by the dotted lines in Figs. 7.8c and 7.8d.

At a = 5°, a rapid increase in —u/v’ begins near x/c = 0.44 for the clean flow condition
(Fig. 7.8a), which agrees well with the location of maximum shape factor for the clean flow
(Fig. 7.8d). A similar correlation between the locations of most rapid Reynolds shear stress
growth and maximum shape factor is also apparent from the results at Tu = 4% and 7%
for @ = 5°. Relative to the clean flow, the locations of maximum Reynolds shear stress and
shape factor for Tu = 4% and 7% are shifted upstream, indicating earlier transition. The
continued presence of a maximum in the Reynolds shear stress distribution for Tu = 4%
and 7% provide further evidence of the presence of a thin LSB for elevated FSTI at o = 5°.
Notably, there is also reasonable agreement between the Reynolds shear stress transition
location criterion and the location of maximum shape factor for Tu = 13%, despite the
absence of measurable reverse flow for this condition (Fig. 7.6¢).

At o = 12° and Tu = 0.1%, the flow is massively separated, and transition occurs
near x/c = 0.3 where there is a rapid increase in Reynolds shear stress (Fig. 7.8b). When
the FSTI is increased to Tu = 4% and Tu = 5%, the maximum Reynolds shear stress
occurs near the upstream end of the field of view for Tu = 4% and 7%. The location of
the maximum in —u/v’ for these conditions suggests that the boundary layer separates and
transitions upstream of the field of view and reattaches near z/c = 0.25, supporting the
assertion made previously that the wall-normal velocity fluctuations in this region (Figs. 7.6b
and 7.6¢) are related to vortex shedding from an LSB. For a = 12°, the shape factor for the
clean flow is not plotted since it cannot be accurately estimated when the separated shear
layer is outside of the PIV field of view. Although it is within the experimental uncertainty,
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for the cases of elevated FSTI at o = 12°, there is a local maximum followed by a decrease
in shape factor near x/c = 0.25 that is consistent with boundary layer transition occurring
near the upstream end of the PIV field of view in an LSB.

The mean transition locations determined from the Reynolds shear stress threshold and
the location of the first local maximum of the shape factor are in reasonable agreement for
all considered flow conditions, and indicate an upstream movement of the mean transition
location with increasing FSTI and angle of attack. However, it is desired to characterise
instantaneous variations in the transition location without requiring temporal windowing or
time resolved data. For this purpose, an entropy-based transition criterion is used. Unlike
methods that define the instantaneous transition location using integral boundary layer
quantities [e.g., 176] or Reynolds stresses computed over a sliding temporal window [e.g.,
1], defining the instantaneous transition location using the spatial entropy from the P-POD
(Eq. 7.4) does not require temporal windowing. Consequently, the spatial entropy from
the P-POD has the potential to more precisely differentiate between unsteady laminar and
turbulent flows.

Streamwise distributions of global entropy computed from the P-POD (E,p) are plotted
in Figs. 7.8e and 7.8f, for the clean flow and elevated FSTI at o = 5° and 12°, respectively.
Because noise in the PIV measurements of the thin boundary layer at the upstream end of
the field of view contributes to erroneously high values of entropy in that region, the global
entropy is only plotted downstream of the location of minimum global entropy. For the
clean flow at both av = 5° and 12°, there is a relatively rapid increase in global entropy near
the transition locations identified from the Reynolds shear stress threshold. There is also a
more rapid increase in the global entropy near the locations of transition identified from the
shape factor for Tu = 4% and Tu = 7% at o = 5°. This suggests that a transition threshold
can be defined based on the global entropy. We choose to define the entropy threshold
for transition (E4) as the value of the global entropy at the location of maximum shape
factor at o = 5°, since the location of maximum shape factor can be objectively measured
for each level of FSTI. A specific threshold for each level of FSTI is used to mitigate the
influence of the entropy of the free-stream turbulence on boundary layer transition detection.
The instantaneous transition criterion can be expressed as Esp > Ey:. For Tu = 13%
at a = 5° an obvious increase in the slope of the global entropy does not occur near the
location of maximum shape factor. However, it will be shown that the intermittency factor
distributions determined with the entropy threshold defined from the location of maximum
shape factor at a = 5° are in qualitative agreement with the observed transition dynamics
for each flow condition investigated. To make estimation of the transition location ()
more robust to noise in the PIV measurements, we require that the instantaneous transition
criterion be met over a total cumulative distance of at least 0.15¢ downstream of the location
where the criterion was first met. Furthermore, x; was smoothed with a moving median
filter with window length 0.14¢/tw. By applying the transition threshold to the spatial
entropy of the P-POD, turbulent flow can be identified as a function of time and streamwise
location.

The mean transition locations determined from the instantaneous entropy-based tran-
sition criterion Egp > E,; are compared with the location of maximum shape factor in
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Figure 7.9: Locations of maximum shape factor (A) and mean transition location (o) for
a =5° Ay /c=1. Arrows denote standard deviation, error bars denote uncertainty (95%
confidence).

Fig. 7.9 for « = 5° and A,,/c = 1, where the mean transition location falls within the field
of view for all levels the of FSTT investigated. The standard deviations of the transition
locations (S,,) are indicated by the arrows, and the uncertainty in the locations of maximum
shape factor are indicated by the error bars. The mean transition locations computed
from the entropy-based criterion are all within the uncertainty intervals of the locations
of maximum shape factor. When the FSTI is increased from Tu = 0.1% to 4%, there is a
significant upstream movement in the transition location, expected to result from bypass
transition [e.g., 105]. However, the differences in mean transition locations among the
cases of elevated FSTI determined using the entropy-based criterion are sensitive to the
chosen transition thresholds, since the streamwise increase in entropy for these cases is
more gradual (Fig. 7.8e). It should be noted that the limited streamwise extent of the
field of view is a significant source of bias in the estimates of 7; and S,,. Specifically,
upstream excursions of x; from the field of view at elevated FSTI bias the estimates of T}
downstream of their true locations, and reduce the measured S,,. Therefore, we refrain from
drawing definitive conclusions about the change in mean transition locations between cases
of elevated FSTI using the spatial entropy method. However, a more detailed exploration
of the variations in the transition location in Section 7.3.4 will show that the instantaneous
transition location becomes more variable with increasing FSTI. At a = 12°, the mean
transition location (77) is upstream of the PIV field of view for all cases except the clean
flow, for which it is located at T;/c = 0.22. Increasing the integral length scale to A, /c = 2
produced no substantial changes in the locations of maximum shape factor or in Z; and its
standard deviation. The following discussion explores the unsteady transition dynamics
responsible for the variations in transition location.

7.3.4 Transition Dynamics

The effect of the adverse pressure gradient, which is stronger at higher angles of attack,
on the instantaneous transition dynamics at low and high FSTIs is visualised using the
contours of instantaneous spanwise vorticity for Tu = 0.1% and 13% in Fig. 7.10. At both
angles of attack for Tu = 0.1% (Figs. 7.10a and 7.10b), the separated laminar shear layer
rolls up into relatively large-scale coherent vortices. At o = 5° (Fig. 7.10a) an LSB forms,
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Figure 7.10: Instantaneous spanwise vorticity. Grey areas are outside the PIV field of
view. Thick solid line: Egp from P-POD in turbulent regions, thin solid line: E;p from
P-POD in laminar regions, dashed line: Eg;.

but at o = 12° (Fig. 7.10b), the developing turbulent shear layer is unable to overcome the
adverse pressure gradient and remains separated. At Tu = 13% (Figs. 7.10c and 7.10d),
separation is suppressed due to bypass transition. The inclined structures at x/c = 0.5 and
0.8 in (Fig. 7.10c) are evidence of streak formation [232] at the lower angle of attack. For
Tu = 13% and o = 12° (Fig. 7.10d), the stronger adverse pressure gradient causes earlier
breakdown to small-scale turbulence within the boundary layer [e.g., 237], and no evidence
of streaks is observed in this snapshot.

The relationship between vortical structures in the transitional boundary layer and the
spatial entropy computed from the P-POD at each streamwise location is demonstrated
in Fig. 7.10. Relative to the laminar flow in the upstream portion of the LSB at o = 5°
and Tu = 1% (Fig. 7.10a), entropy is increased by the presence of small-scale turbulence
(Fig. 7.10d), streaks (Fig. 7.10c), and breakdown of shear layer roll-up vortices (Fig. 7.10a).
The relationship between these flow features and the computed spatial entropy confirms
that the entropy tends to increase as the boundary layer transitions from laminar to
turbulent states. Qualitatively, the transition thresholds (dashed lines in Fig. 7.5) demarcate
reasonably well more laminar and more turbulent flow regions in various airfoil operating
conditions.

In Section 7.3.3, the persistence of an LSB at elevated FSTI was inferred from the
time-averaged flow-fields. Another indicator of the presence of an LSB is the periodic
shedding of roll-up vortices from the separated shear layer near the location of mean
reattachment. These coherent vortices can be characterised from their associated spatial
F-POD modes [163, 233]. Furthermore, the effect of FSTI on the most energetic coherent
structures in the boundary layer can be elucidated from a comparison of the F-POD spatial
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Figure 7.11: Relative energy of POD modes from F-POD.

modes from different flow conditions.

The relative modal energies for the F-POD (A?/ 3, A?), which describe the proportion
of the flow’s kinetic energy that is associated with each spatial mode, are presented in
Fig. 7.11. The F-POD was performed on the non-time-resolved PIV measurements because
these measurements cover a larger field of view. The streamwise component of the first ten
spatial modes (®;(x)) are presented in Figs. 7.12 and 7.13 for angles of attack of o = 5°
and 12°, respectively, for the clean flow and for elevated FSTI with A,./c = 1. The spatial
modes for A,,/c =2 (not shown for brevity) are similar to those for A,,/c =1, and their
relative energy content is also similar as shown in Fig. 7.11. Thus, a change in integral
length scale from A,,/c =1 to 2 does not cause a substantial change in the spatial structure
or relative energy content of coherent structures in the airfoil boundary layer. Since the
POD was performed without subtracting the mean flow field, the first F-POD mode, which
contains over 85% of the total energy in all cases, describes a flow-field that is similar but
not identical to the mean flow [e.g., 219]. The higher modes, which each contain less than
4% of the total energy, describe spatially coherent velocity fluctuations whose spatial scale
decreases with increasing mode index.

For the clean flow at o = 5° (Fig. 7.12a), spatial modes 3 through 10 display spatially
periodic velocity fluctuations beginning near the location of maximum LSB thickness, which
are typical of vortex shedding from an LSB [e.g., 233, 238]. At Tu = 4% (Fig. 7.12b),
similar spatially periodic structures are present in the near-wall region of modes 4 through
10, providing further evidence of vortex shedding from a thin LSB under these operating
conditions. Mode 2 for Tu = 4% describes a variation in the streamwise velocity gradient
of the outer flow that is correlated to a modulation of the boundary layer. This mode is
consistent with the expected response of an LSB to a change in pressure gradient. For
example, if the time coefficient of this mode is positive, this mode describes a streamwise
acceleration of the outer flow. The associated reduction in adverse pressure gradient would
be expected to delay separation, transition, and reattachment, leading to a downstream
movement of the LSB, and this is consistent with the increase in streamwise velocity near the
wall for z/c < 0.4 and reduction in streamwise velocity near the wall for 0.4 < z/c < 0.65
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present in this spatial mode. Accounting for the reversal of sign, the similarity of the
second spatial modes for the cases of Tu = 4%, 7%, and 13% suggests that a thin LSB
may intermittently form in all of these cases. Indeed, mode 10 for Tu = 7% (Fig. 7.12c¢)
also displays spatially periodic structures in the boundary layer that are typical of vortex
shedding from an LSB.

Mode 3 for Tu = 4% describes a large-scale change in the outer flow that is correlated
to a streamwise elongated region within the boundary layer, suggestive of the streaky
structures formed during bypass transition [238]. Like the second modes, the overall spatial
structure of the third modes is also analogous for Tu = 4%, 7% and 13%, albeit reversed in
sign. For Tu = 7% (Fig. 7.12¢), the fourth mode also displays a relatively large wavelength
change in the outer flow that is correlated to a streamwise elongated and inclined structure
within the boundary layer. For Tu = 13% (Fig. 7.12d), modes 5 and 8 also contain similar
elongated and inclined structures that are expected to form during bypass transition [232].

For the clean flow at a = 12° (Fig. 7.13a), the second mode is related to oscillations in
the trajectory of the separated shear layer [e.g., 239]. Similar to the clean flow at a@ = 5°,
the spatial POD modes for a = 12° are related to periodic vortex shedding from the
separated shear layer at progressively smaller scales for 4 < k < 10. For Tu = 4% at
a = 12° (Fig. 7.13b) modes 6 to 10 exhibit streamwise periodic structures in the boundary
layer that are indicative of vortex shedding from an LSB located upstream of the field of
view. The second spatial modes for Tu = 4%, 7%, and 13% at o = 12° are analogous and
describe a large scale change in the streamwise velocity gradient of the outer flow, similar
to the second modes for these levels of FSTI at o = 5°. The third modes for elevated FSTI
at a = 12° describe streamwise elongated and inclined structures suggestive of streaks.

The comparison of F-POD spatial modes pertaining to different flow conditions reveals
how the FSTT affects the spatial structure of the most energetic coherent structures in the
boundary layer. The relatively small-scale structures associated with shear layer vortex
shedding are progressively relegated to lower relative energy content and structures with
relatively longer streamwise length scales gain a greater portion of the overall turbulent
kinetic energy as the FSTI is increased. The modes with longer streamwise length scales
contain elongated oblique structures near the airfoil surface, consistent with the streaks that
are expected to form during bypass transition. However, the F-POD modes suggest that a
thin LSB may persist to at least Tu = 7%, for which the signature of a spatially periodic
vortex train is present near the wall in mode 10 at both angles of attack. The second
F-POD modes for each of the cases of elevated FSTI describe a change in the streamwise
pressure gradient. The relationship of the second modes to the streamwise pressure gradient
will be used to infer changes in effective angle of attack in Section 7.3.5.

The observation of relatively small-scale streamwise-periodic structures consistent with
vortex shedding from the separated shear layer in the F-POD modes suggest that a thin
LSB may form on the airfoil at relatively high FSTIs in large-scale freestream turbulence.
Spectral analysis was performed on the wall-normal velocity fluctuations at y = 6* to
investigate the effect of large-scale high-intensity free-stream turbulence on the frequencies
and wavenumbers associated with the vortex shedding from the separated shear layer,
since the characteristics of the shed vortices affect the ability of the separated shear layer
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Figure 7.12: Streamwise component of POD spatial modes for « = 5° and A,,/c = 1.

to reattach [e.g., 29, 78]. The wall normal velocity fluctuations at y = §* form a two-
dimensional dataset that is a function of time and streamwise location. For the clean
flow at a = 12° in the streamwise region where y = ¢* is outside of the field of view, the
wall-normal velocity fluctuation data were extracted at the upper edge of field of view. The
power spectral density of the wall-normal fluctuating velocity component (P,,/) is plotted
in Fig. 7.14 versus frequency and wavenumber. The power spectral density was estimated by
averaging the squared magnitude of the two-dimensional Fourier transform obtained using
windows of 128 and 256 samples in the temporal and streamwise dimensions, respectively,
with 50% window overlap. This windowing procedure is a generalisation of the method of
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Welch [153] to two dimensional data. The presented power spectral density estimates are
the result of averaging over a total of 460 windows: 2 windows in the streamwise dimension
and 230 windows in the temporal dimension. The frequency resolution is 0.3 /¢, the
wavenumber resolution is 30/¢, and the relative uncertainty in power spectral density is
less than 8% (95% confidence). The data are normalised using the mean boundary layer
edge velocity (Te) at the upstream limit of the PIV field of view, which is near the location
of boundary layer separation for those cases where there is an LSB or massively separated
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Figure 7.13: Streamwise component of POD spatial modes for o = 12°.

flow (Figs. 7.6 and 7.7).

At oo = 5° (Fig. 7.14a), vortex shedding from the LSB in the clean flow produces a peak
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at fc/u, = 6.6 (fc/us = 9.8) and ke = 110, which is consistent with the fundamental
frequencies and wavenumbers for vortex shedding from LSBs at similar chord Reynolds
numbers [1]. The estimated wavenumber corresponds to a streamwise wavelength of 0.06¢,
which is in agreement with the streamwise wavelength of the stuctures near the location
of maximum LSB height (z/c¢ = 0.49) in POD modes 6 through 10 for the clean flow
(Fig. 7.12a). Relative to the clean flow, there is a reduction in the frequency, wavenumber,
and amplitude of the fundamental vortex shedding peak for the cases of elevated FSTI.
The reduction in frequency and wavenumber of the vortex shedding peak is attributed to
the reduction in the distance of the separated shear layer from the airfoil surface, which
is expected to reduce the frequency and wavenumber of the most amplified disturbances
[e.g., 17]. The reduction in amplitude of the vortex shedding peak is attributed to bypass
transition, which leads to more rapid breakdown of the spanwise roll-up vortices into
three-dimensional turbulence [73]. Furthermore, the streaks formed due to free-stream
turbulence are expected to produce larger streamwise velocity fluctuations than wall-normal
velocity fluctuations [e.g., 232], consistent with the fluctuating velocity statistics presented
in Figs. 7.6 and 7.7. However, the discernible spectral peak of the wall-normal velocity
fluctuations for Tu = 7% at fc/u. = 5.7 and ke = 84 (Fig. 7.14e) provides additional
evidence that an LSB with periodic vortex shedding may persist at this FSTI.

At a = 12°, there are relatively stronger and more broadband wall-normal velocity
fluctuations in the clean flow (Fig. 7.14b) because the greater separation angle reduces the
stability of the separated shear layer [e.g., 17]. Similar to the results from the lower angle
of attack, increasing the FSTI at a = 12° also decreases the amplitudes of wall-normal
velocity fluctuations. This is consistent with the more rapid breakdown of the roll-up
vortices into three-dimensional turbulence at elevated FSTI observed in previous studies
where bypass transition mechanisms become dominant [e.g., 73, 105, 240]. The absence of
a distinct spectral peak for the cases of elevated FSTI at a = 12° is attributed to the the
upstream movement of the vortex roll-up location relative to the PIV field of view at this
angle of attack, with the consequence of earlier vortex breakdown and reduced coherence of
wall-normal velocity fluctuations in the field of view.

In all of the spectra presented in Fig. 7.14, the amplitude of wall-normal velocity
fluctuations is greatest along a convective ridge [e.g., 241]. The convective speed of these
fluctuations, which is approximately equal to the vortex convection speed for cases where
coherent vortex shedding occurs, was estimated from a linear fit to the highest amplitude
wavenumber for each frequency. The uncertainty in estimated convection speeds is estimated
to be 0.1u, from the variations in convection speeds obtained with various window widths
for the power spectral density estimation. At a = 5°, the convective speed is within
0.4 < u, < 0.5, consistent with the convective speeds expected for shear layer roll-up
vortices in LSBs [19]. At o = 12°, the convective speed remains at 0.5u, for both the clean
flow condition, where the flow is massively separated, and for the attached flow conditions
at elevated FSTI. Although the frequency content of wall-normal velocity fluctuations
in the boundary layer becomes more broadband with increasing FSTI, the results of the
frequency-wavenumber analysis suggest that the angle of attack and FSTI have a negligible
effect on the convection speed of coherent structures formed in the transition process when
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Figure 7.14: Frequency-wavenumber power spectral density of wall-normal velocity
fluctuations at y = §* for clean flow and elevated FSTI with A,,/c =1 at o = 5° (a,c,e,g)
and o = 12° (b,d,f}h),

normalised by the boundary layer edge velocity. The measured convection speeds are in
agreement with the universal roll-up frequency scaling proposed by Yarusevych et al. [19].

To illustrate the temporal variations in transition location that occur at elevated FSTI,
the spatial entropy from the P-POD is plotted versus time and streamwise location in
Figs. 7.15 and 7.16 for Tu = 0.1%, 7% and 13% at o = 5° and 12°, respectively. The
entropy contours in these figures were obtained from time-resolved PIV measurements.
All spatial entropy values below the transition threshold (Esp/Eg < 1) are covered by
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Figure 7.15: Right column: contours of spatial entropy from P-POD at a = 5°. Grey
areas are outside the PIV field of view. Magenta lines: spatial entropy from F-POD. Right
column: histogram of x;, Solid lines: 77, dashed lines: 73 £ S,,.

the lowest contour level. The overall entropy of the entire velocity field at each moment
in time is quantified by the spatial entropy computed from the F-POD (Es ), plotted as
magenta lines in Figs. 7.15 and 7.16. Histograms of the instantaneous location of x; from
non-time-resolved data over a wider field of view are provided in the right column for each
level of FSTI. The probabilities in the histograms are defined as the fraction of the time
that the transition location is within each bin of width 0.025c¢.

In the clean flow at o = 5° (Fig. 7.15a), there is a rapid increase in entropy at z/c & 0.5,
corresponding to the onset of transition near the location of maximum LSB thickness
(Fig. 7.6a). For this case, the transition location determined from the entropy-based
criterion remains relatively constant, with a mean of 7;/c = 0.48 and a standard deviation
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Figure 7.16: Right column: contours of spatial entropy from P-POD at a = 12°. Grey
areas are outside the PIV field of view. Magenta lines: spatial entropy from F-POD. Right
column: histogram of x;, Solid lines: 77, dashed lines: 73 £ S,,.

of S;,/c = 0.02 as shown in the histogram. The boundary layer consistently remains
turbulent downstream of the mean reattachment location of the LSB (z/¢ = 0.6 Fig. 7.6a).
Regions of the boundary layer with higher spatial disorder indicative of turbulent flow
appear as oblique ridges of higher entropy. The slope of the ridges in the plot is proportional
to their convective speed. The convective speed of the high-entropy ridges is approximately
0.4%, (0.7u), which is consistent with the convective speed of the shear layer roll-up
vortices estimated from the frequency wavenumber spectrum Fig. 7.14. The consistency of
the estimated convective speeds of the wall-normal velocity fluctuations and the spatial
entropy fluctuations holds for varying flow conditions, confirming the suitability of spatial
entropy as a spatio-temporally localised indicator of velocity field disturbances.
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For a = 5° with elevated FSTI (Figs. 7.15b-7.15d), the mean streamwise location of
transition is relatively unaffected by FSTI beyond Tu = 4%, but becomes more variable
in time as the FSTT is increased. For example, for Tu = 13% (Fig. 7.15d) at tuy/c = 9.5,
transition occurs upstream of the PIV field of view and at ti/c = 11.8, laminar flow
persists across the entire streamwise extent of the field of view. The mean measured
transition locations for Tu = 4%, 7%, and 13% are 7;/c = 0.25, 0.28, and 0.30, respectively,
and the standard deviations are S,,/c = 0.07, 0.08, and 0.09, respectively.

The overall level of disorder in the flow over the entire field of view can be quantified
by the spatial entropy obtained from the F-POD (magenta lines in Figs. 7.15 and 7.16).
When the transition location moves upstream, the spatial entropy from the F-POD tends
to increase. The spatial entropy from the F-POD will be used in Section 7.3.4 to correlate
overall changes in the disorder of the flow over the suction surface of the airfoil to free-stream
velocity fluctuations upstream of the airfoil.

Similar to the foregoing results for the clean flow at @ = 5°, the transition location
also remains relatively consistent for the clean flow at a = 12° (Fig. 7.16). However, the
separated shear layer transitions further upstream at the higher angle of attack because the
more adverse pressure gradient causes earlier separation, which destabilizes the shear layer
[e.g., 15]. This is consistent with the earlier shear layer roll-up in Fig. 7.10b. For all levels
of elevated FSTI at aw = 12° (Figs. 7.16b—7.16d), the mean computed transition location
is near the upstream limit of the field of view. Therefore, the standard deviations of the
transition locations (dashed lines in Fig. 7.16) are likely underestimated. For the cases of
Tu = 4% and 7% (Figs. 7.16b and 7.16¢), the computed transition location is upstream
of /¢ = 0.175 for more than 98% of the measurement period. Intermittent periods of
reduced spatial entropy indicative of laminar flow still occur in the attached boundary
layer at o = 12°, notably at Tu = 13% (Fig. 7.16d). However, the spatial and temporal
extent of these laminar periods are substantially reduced compared to those for elevated
FSTI at o = 5°. For Tu = 13% at o = 12°, there are also notable intermittent periods of
substantially increased spatial entropy. It will be shown later that these periods are related
to intermittent massive separation of the suction surface boundary layer.

Using the spatial entropy from the P-POD (E,p) and the transition thresholds (Ejg;),
the intermittency factor (y) can be calculated. The intermittency factor is defined as
the fraction of time that Esp > E,, and thus indicates the probability that the flow is
turbulent at a given streamwise location [e.g., 226]. The intermittency factor is plotted
in Fig. 7.17 for locations downstream of the minimum global entropy. The locations of
maximum shape factor at o = 5° used to define the transition thresholds are indicated by
the dashed lines in Fig. 7.17a. For all levels of FSTT at o = 5°, v = 0.25 at the location of
maximum shape factor. In the clean flow at both o = 5° and 12°, the intermittency factor
rapidly increases from v /= 0 to v /= 1 over a distance of approximately 0.15c. The reduction
in intermittency factor for elevated FSTI relative to the clean flow for z/c > 0.5 at a = 5°
is consistent with the increased variability in transition location and intermittent periods of
laminar flow for elevated FSTI in Fig. 7.15. For x/c < 0.8 at aw = 12° (Fig. 7.17b), there is a
decrease in intermittency factor with increasing FSTI, consistent with the larger variations
in spatial entropy with increasing FSTI in Fig. 7.16. Overall, as the FSTI is increased, the
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Figure 7.17: Intermittency factor for clean flow and elevated FSTI with A,./c = 1.
Dashed lines: location of maximum shape factor. Shaded areas indicate uncertainty (95%
confidence).

maximum rate of change of the intermittency factor becomes more gradual, indicating a
higher probability of laminar flow persisting downstream of the mean transition location.

To characterise the frequencies associated with the large variations in transition location
observed for v = 5°, the power spectral density of the spatial entropy fluctuations from the
P-POD (Pg g ) performed on the non-time-resolved PIV measurements for o = 5° are
presented in Figé. 7.18a and 7.18b, for A,,/c =1 and 2 respectively. The spectra presented
in Fig. 7.18 were obtained after averaging the spectra over 0.4 < z/c < 0.5, where relatively
large amplitude and low-frequency variations in spatial entropy occur for all levels of FSTI
tested (Fig. 7.15). The clean flow with A,,/c = 0.2 is shown in both plots for reference.
The spectra were obtained using Welch’s method with a Hamming window of length 128
samples and 50% window overlap, yielding a frequency resolution of 0.007 Hz.

In the clean flow, the transition location is relatively steady, and there are no substantial
peaks in the spatial entropy spectrum. For increasing FSTI, there is an increase in the
amplitudes of spatial entropy fluctuations, consistent with the low-frequency variability
in the transition location observed for high FSTI (Fig. 7.15). For Tu = 4% and 7%,
increasing the integral length scale from A,,/c = 1 to 2 has the effect of shifting the largest
amplitude fluctuations to lower frequencies. For A,,/c = 1, there are prominent peaks at
fe/us = 0.06 and 0.08, for Tu = 4% and 7%, respectively (Fig. 7.18a). These peaks are
consistent with the frequencies of the largest amplitude free-stream velocity fluctuations
for these conditions (cf. Fig. 7.3). For A,,/c = 2, the frequencies of the largest amplitude
spatial entropy fluctuations are reduced to fc/u., = 0.03 for both Tu = 4% and 7%
(Fig. 7.18b), consistent with the reduction in frequency of the largest amplitude free-stream
velocity fluctuations. There is also a reduction in the frequency of the largest amplitude
spatial entropy fluctuations for the case of Tu = 16%, A, = 2 relative to Tu = 13%,
A, = 1. Considering that the change of integral length scale had a negligible influence on
the mean flow, these results suggest that variations in A,,, when A, ~ ¢, do not directly

155



() Auw/c=1 (D) Awfe=2

—————————— i W AN
1072 1072 VW
Q R 2
~ ~ W
8 8 W
S] S|
T s
" 107 L 10 3
& &
a=5Tu=0.1% a=5Tu=0.1%
a=5Tu=4% | | | |- a=5Tu=4%
a=5"Tu="7% a=5Tu="%
a=5°Tu=13%1¢{ | | [|--------- a=5"Tu=16%
107 104k
1072 107! 10° 1072 107! 10°
fe/uss fe/us

Figure 7.18: Power spectral density of spatial entropy fluctuations from P-POD averaged
over 0.4 < x/c < 0.5 for a = 5°.

affect transition through the receptivity process. Instead, when A,, ~ ¢, changes in A,
influence the frequency at which variations of the global flow development occur about the
mean.

The relationship between the flow field development and the spatial entropy computed
from the F-POD (lines in Figs. 7.15 and 7.16) is demonstrated in Fig. 7.19, which presents
instantaneous contours of streamwise velocity for the PIV snapshots of the 15 percentile
of Fsr (Figs. 7.19a and 7.19b) and the 99 percentile of F,r (Figs. 7.19¢ and 7.19d) at
Tu = 13%. Recall, the value of Esr computed from the F-POD quantifies the spatial
disorder in the flow over the entire field of view. In the PIV snapshots of the 15° percentile of
E, r, the boundary layer remains thin and laminar over a substantial portion of the field of
view. For the snapshots of the 99" percentile of E, the boundary layer is relatively thicker,
and at a = 12° reverse flow covers a substantial portion of the field of view. Figure 7.19d
confirms that the periods of relatively higher spatial entropy for o = 12° and Tu = 13% in
Fig. 7.16d are associated with intermittent massive separation from the airfoil surface. It
is likely that these periods of massive separation are partly responsible for the measured
reduction in time-averaged lift coefficient for Tu = 13% and 16% relative to Tu = 4% and
7% at o = 12° (Fig. 7.4).
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Figure 7.19: Instantaneous streamwise velocity measurements for the 15 percentile of
E,r (a,b) and the 99" percentile of Eyr (c,d) from the F-POD observed at a = 5° (a,c)
and o = 12° (b,d) for Tu = 13%, Ayz/c = 1.

7.3.5 Correlation of Oncoming Disturbances to Boundary Layer
Development

Measurements from the hotwire anemometer placed 10c upstream of the airfoil and syn-
chronised with the PIV system are used to explore the relationship of the oncoming velocity
magnitude to the flow over the suction surface of the airfoil. The correlation coefficient
between the velocity magnitude measured by the hotwire and the mean streamwise velocity
averaged over the PIV field of view ({u)) is plotted in Figs. 7.20a and 7.20b versus time lag
for a = 5° and 12°, respectively. Data was used from the PIV measurements at 100 Hz for
better statistical convergence at the expense of temporal resolution. The results show a
positive peak at tly/c ~ 10 for all levels of elevated FSTI at both a = 5° and 12°. Since
the hotwire was positioned a distance of 10c upstream of the quarter-chord of the airfoil,
this peak corresponds to disturbances in the oncoming flow that convect at the free-stream
velocity and are sufficiently large to maintain their temporal coherence over that distance.
The negative correlation peaks that occur at tus,/c ~ 5 and 15 are attributed to inevitable
opposite-sign changes of incoming flow velocity preceding and following that responsible
for the dominant correlation peak. For example, due to the requirement for continuity, a
significant, large-scale increase in free-stream velocity must be preceded or followed by a
decrease in free-stream velocity to maintain the overall average flow rate through the test
section.

Because of the closed test section, the active grid also produces pressure waves that likely
affect the boundary layer development on the airfoil [e.g., 242]. The time lag for a pressure
wave to propagate from the hotwire to the airfoil is o /c &~ 0.003. Although the influence

157



0 20 40 60 80 100 0 20 40 60 80 100

-0.5
0 20 40 60 80 100 0 20 40 60 80 100
tz/c tlz/c
Tu=0.1% Ayy/c=0.2 Tu=T% Ayz/c=1

Tu=4% Ayz/c=1

Tu=13% Ay /c=1

Figure 7.20: Correlation coefficient between upstream hotwire anemometer velocity and
spatially averaged streamwise velocity from side-view PIV (a,b) and transition location
from P-POD (c,d). Values outside the dashed lines are significant at a 95% confidence level.

of such pressure waves on the airfoil boundary layer cannot be discounted, the convective
correlation peaks at tuo/c ~ 10 are substantially larger in magnitude than the correlations
for tus/c ~ 0.003. This suggests that convective vortical structures in the oncoming flow
are primarily responsible for the variations in boundary layer development on the suction
surface of the airfoil. In the clean flow, there are no significant correlations between the
oncoming flow velocity magnitude and the spatially averaged velocity magnitude of the
PIV measurements due to the order of magnitude lower FSTI.

The correlation coefficients between the upstream velocity magnitude and the transition
location determined using the entropy-based method from the P-POD (Section 7.3.3) are
presented in Figs. 7.20c and 7.20d. Note that, for the case of Tu = 4% at o = 12°,
no correlation coefficient could be computed because the transition location was always
upstream of the side-view PIV field of view. The correlations are largely insignificant for
all time lags at a 95% confidence level. Furthermore, no statistically significant correlations
between the oncoming velocity magnitude and the turbulent kinetic energy within the
boundary layer were found when the velocity fluctuations were normalised by the spatially
averaged velocity within the boundary layer to account for the expected increase in turbulent
kinetic energy with increasing free-stream velocity. Thus, it is unlikely that large-scale
fluctuations in effective oncoming velocity magnitude are responsible for the the intermittent

158



periods of expedited and delayed transition observed at high FSTI.

In addition to fluctuations in the free-stream velocity magnitude, large-scale free-stream
turbulence also leads to fluctuations in effective angle of attack, which may influence the
boundary layer transition process on the airfoil [e.g., 111, 209]. The variations in effective
angle of attack due to fluctuations in free-stream velocity direction were characterised
from estimated variations in the suction surface pressure coefficients. The estimations
were performed for a = 5°, where the boundary layer remains relatively thin and massive
separation is unlikely to occur. The instantaneous surface pressure coefficient at a given
x location was estimated from the local instantaneous boundary layer edge velocity as
C, = 1 — (ue/Tsg)’, assuming that the wall-normal pressure gradient may be neglected
within the boundary layer [e.g., 243]. The free-stream velocity used for calculating the
pressure coefficients was the mean free-stream velocity (7.,) obtained from a calibration of
the pressure drop across the wind tunnel contraction upstream of the active grid.

The mean surface pressure coefficient distributions for o = 5° are plotted in Fig. 7.21,
along with inviscid surface pressure distributions for angles of attack of a = 0°, 5°, and 10°
computed using the XFOIL software [192]. The mean surface pressure coefficients for the
clean flow with A,,/c = 0.2 are plotted in both Figs. 7.21a and 7.21b for reference. The
maximum uncertainty in the estimated mean pressure coefficients is less than 0.2. In the
clean flow, the Cp distribution initially follows the inviscid distribution at the geometric
angle of attack of a = 5°, before diverging near the boundary layer separation point and
plateauing. A relatively rapid pressure recovery occurs between the location of maximum
LSB thickness and the mean reattachment point, consistent with the surface pressure
distribution expected of a short LSB [20]. For elevated FSTI, the pressure plateau is
suppressed and the pressure distributions follow that for the inviscid flow at o = 5° more
closely, consistent with the thinning of the LSB. However, there is still an increase in suction
relative to the inviscid flow for Tu = 4% and 7%, suggesting that an LSB persists.

Previously, it was shown that the second POD mode for the cases of elevated FSTI was
related to the streamwise pressure gradient. Since increases in effective angle of attack are
expected to lead to a more adverse streamwise pressure gradient, variations in the effective
angle of attack at elevated FSTI were characterised using conditional averaging of the
estimated pressure coefficient distributions based on the temporal coefficient of the second
POD mode. The surface pressure distributions of the conditional averages of snapshots
for O, falling below or above the mean value by more than one standard deviation are
plotted in Figs. 7.22a and 7.22b as dashed and dash-dotted lines, respectively, for the cases
of elevated FSTI. Depending on the sign of the second spatial POD mode (Fig. 7.12), the
C, distributions conditioned on O, < 0, — Se, and O, < Oy — Se, show either a decrease
or increase in pressure gradient consistent with a change in effective angle of attack. For
Tu = 13% (Fig. 7.22a) and Tu = 16% (Fig. 7.22b), the conditional pressure distributions
begin to approach the inviscid pressure distributions for @ = 10°, and a = 0°. The pressure
gradients of the conditional averages for Tu = 16% are consistent with changes in effective
angle of attack of nearly +5° relative to the airfoil’s fixed geometric angle of attack of
a = 5°. This range of effective angle of attack variation is in reasonable agreement with
the results of Kay et al. [209], who reported standard deviations of the effective angle of
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Figure 7.21: Estimated mean surface pressure distributions at a = 5°. Shaded areas
denote uncertainty (95% confidence). Dotted lines: inviscid surface pressure distributions
from XFOIL [192].

attack of 2.4° and 6.9° for Tu = 5% and 15%, respectively. For Tu = 4% and 7%, the
variations in effective angle of attack in the present study are more difficult to estimate
from a comparison with inviscid surface pressure distributions due to the increase in suction
caused by the relatively larger LSB forming at these FSTIs. However, the conditional
surface pressure distributions from these cases are consistent with the expected increase in
effective angle of attack variation with increasing FSTI. Note, the differences in the surface
pressure distributions for A,,/c =1 and 2 at constant FSTT (Tu = 4% and 7%) are within
the experimental uncertainty. This finding implies changes in A,;, when A, remains on the
order of the airfoil chord, do not substantially affect the effective angle of attack variations
experienced by the airfoil.

Figure 7.22 demonstrates that substantial changes in pressure gradient occur at high
FSTI that are likely associated with changes in effective angle of attack. When the second
POD mode for the cases of elevated FSTT is related to a large-scale change in the edge
velocity gradient (cf. Figs. 7.12 and 7.13), and therefore to a large-scale change in surface
pressure distribution, the temporal coefficient of the second POD mode (09) is expected
to be correlated to the spatial entropy from the F-POD. This is because stronger adverse
pressure gradients lead to earlier boundary layer transition [176], causing an increase in
disorder within the flow-field. The relationship between ©, and the spatial entropy from
the F-POD is shown in Fig. 7.23 for the cases of elevated FSTI. If the degree of disorder
within the flow-field was independent of the second POD mode, the distribution of the data
points in each scatter plot would have reflective symmetry about ©, = 0. In all cases, the
scatter plots are visibly asymmetric about ©, = 0, and the correlations between ©, and Ss p
are significant at a 95% confidence level as verified by statistical P-value evaluation. The
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Figure 7.22: Estimated conditional surface pressure distributions at a = 5°. Dashed
lines: conditional average of ©; < ©2 — Se,, dash-dotted lines: conditional average of
Oy > Oy + Se,, dotted lines: inviscid surface pressure distributions from XFOIL [192].

sign of the correlation coefficients (pe,s, ) vary according to the sign of the spatial modes,
but are all consistent with increasing spatial entropy with increasing adverse pressure
gradient when accounting for the sign of the spatial modes (cf. Fig. 7.12 for A, ,/c =1).
Weaker but still statistically significant correlations were found directly between ©, and
xy, consistent with the tendency for earlier transition during periods of stronger adverse
pressure gradient. Thus, the observed correlations between ©, and the spatial entropy
suggest that the variations in effective angle of attack caused by large-scale free-stream
turbulence are linked to the relatively large variations in transition location and boundary
layer thickness observed at high FSTI.

The prevalent effect of angle of attack fluctuations compared to that of the velocity
magnitude is consistent with the much higher sensitivity of the transition process to
comparable relative changes in angle of attack than chord Reynolds number for quasi-steady
conditions [74, 244]. For example, the data of Boutilier & Yarusevych [74] indicate that for
a NACA 0018 operating at Re, = 1 x 10° and a = 5°, a 50% increase in Re, would cause a
0.05¢ upstream movement in transition location, compared to a 0.1c upstream movement
for a 50% increase in angle of attack. Furthermore, the inferred relative fluctuations in
angle of attack at high FSTI are substantially higher than those in chord Reynolds number.
For example, at Tu = 16%, A,./c = 2, the relative fluctuations in effective chord Reynolds
number are on the order of 10%. In contrast, an order of 0.174 fluctuations in vertical
velocity component correspond to approximately arctan (0.1) ~ 6° fluctuations in the angle
of attack (i.e., ~ 100% of the geometric angle of attack). Thus, the relative fluctuations in
angle of attack are an order of magnitude higher than those in Reynolds number for this
test case.
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Figure 7.23: Correlation between the temporal coefficient of the second mode ©, and
spatial entropy Fsy from F-POD. Red lines show best linear fit.

7.4 Concluding Remarks

Wind tunnel tests were performed on a NACA 0018 airfoil model operating at a chord
Reynolds number of Re, = 7.0 x 10*. Free-stream turbulence was generated using an active
turbulence grid at intensities of up to Tu = 16%. The integral length scale of the elevated
free-stream turbulence was fixed at A,,/c =1 and 2. The mean aerodynamic loads on the
airfoil were measured using a force balance and the velocity field at the midspan of the
airfoil on the suction surface was measured using two-component PIV at angles of attack of
a = 5H° and 12°.

A laminar separation bubble formed on the airfoil in the clean flow at o = 5°. The LSB
became thinner as the FSTI was increased. Although mean reverse flow was not detected
for Tu = 7%, LSB formation likely persisted at this level of FSTI since a local maximum
of the shape factor occurred in the vicinity of the mean transition location. Evidence of
this LSB was also seen in the mean and fluctuating velocity fields, which exhibited features
consistent with those observed in the reattachment region of the LSB in the clean flow.
Furthermore, a spectral peak consistent with vortex shedding from the separated shear layer
was observed in the wall-normal velocity fluctuations for Tu = 7%. At Tu = 13%, the FSTI
was sufficiently high that these features of LSB formation were no longer seen. However, a
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local maximum in the shape factor persisted at Tu = 13%. The spatial POD modes of the
measured velocity fields indicated that the most energetic coherent structures in the clean
flow were those formed from roll-up of the separated shear layer. With increasing FSTI,
the modes related to shear layer roll-up vortices were progressively superseded in relative
energy content by modes containing structures with relatively larger streamwise length
scales. These modes showed similarity with elongated streaks typical of bypass transition
and relatively large-scale modulations of the outer flow velocity.

At a = 12°, the airfoil was stalled in the clean flow. Increasing the FSTI caused the
separated shear layer to reattach, leading to the formation of an LSB with measurable
reverse flow. Due to the stronger adverse pressure gradient at the higher angle of attack,
the LSB formed sufficiently far upstream that it was not completely eliminated by bypass
transition and evidence of LSB formation at Tu = 13% was found in the mean and
fluctuating velocity fields for o = 12°. The persistence of the LSB at an FSTT of Tu = 13%
is notable because this FSTI is substantially higher than the levels of FSTI whose effects
on LSBs have been studied previously [e.g., 72, 105, 175, 176].

Consistent with prior studies of the effects of free-stream turbulence on airfoil per-
formance at aerodynamically low-Reynolds numbers [e.g., 106, 146, 206, 208], elevated
free-stream turbulence increased the stall angle and maximum lift coefficient relative to the
clean flow because of an advancement of the mean boundary layer transition location. At
moderate angles of attack, free-stream turbulence decreased the lift coefficient relative to
the clean flow due to suppression of the suction surface LSB.

Despite the expected and observed upstream advancement of the mean boundary layer
transition location with increasing FSTI, at the large integral length scales (A, ~ ¢)
considered in this study, increasing the FSTI caused notable intermittent periods of
substantially delayed transition at o = 5°. In some of these periods, the boundary layer
remained laminar over a majority of the suction surface. This observation highlights the
importance of both the intensity and length scale of free-stream turbulence on the boundary
layer development. The spatial entropy of the POD modes of measured velocity profiles
was used to identify the instantaneous location of boundary layer transition. The variations
in instantaneous transition location became greater as the FSTI was increased, leading to a
reduction in the slope of the intermittency factor. Although the mean flow was attached to
the suction surface for elevated FSTI at a = 12°, periods of intermittent massive separation
were observed to occur for Tu = 13% at this angle of attack. At both angles of attack
investigated with PIV measurements, the spatial entropy of the entire field of view was
demonstrated to provide an indication of the spatial extent of turbulent flow.

The correlation between the observed instantaneous variations in the boundary layer de-
velopment and oncoming velocity magnitude fluctuations in the free-stream was investigated.
However, no significant correlation was found between large-scale variations in oncoming
velocity magnitude and the boundary layer transition process. In contrast, variations in the
spatial extent of turbulence in the boundary layer were linked to changes in effective angle of
attack caused by oncoming large-scale coherent structures. This was demonstrated through
the correlation between the temporal coefficient of the second POD mode, which described
the streamwise pressure gradient, and the spatial entropy of the velocity field. Increases in
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the streamwise adverse pressure gradient, expected to occur during increases in effective
angle of attack, were correlated with higher spatial entropy, indicating earlier transition.
Thus, large-scale fluctuations in effective angle of attack likely cause substantial variations
of the transition location on the suction surface of the airfoil when A,, ~ ¢. By comparing
the surface pressure coefficient distributions estimated from PIV measurements to those
calculated for inviscid flow, it was estimated that the effective angle of attack undergoes
fluctuations with an amplitude of more than 5° at the highest levels of FSTT tested. These
fluctuations in effective angle of attack lead to intermittent massive separation at pre-stall
angles of attack, which reduces airfoil performance relative to lower FSTTs.

Changing the integral length scale from A,,/c =1 to 2 had a negligible effect on the
mean flow fields, the lift and drag coefficients, and the magnitude of the variations in
effective angle of attack. This is in contrast with previous studies at smaller integral length
scales (A, ~ 0.1c¢), which have reported measurable changes in pre-stall aerodynamic
performance [106] and boundary layer disturbance growth rates [105] with relatively small
changes in integral length scale. This suggests that the transition process is more sensitive
to changes in integral length scale when A, < ¢, but is less so when A,, ~ c¢. However,
in the present experiments, changing the integral length scale changed the frequency at
which variations about the mean flow occurred. Thus, incoming flow disturbances with
characteristic lengths on the order of the airfoil chord do not directly affect boundary layer
transition through the receptivity process, but rather through variations in global airfoil
operating conditions.
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Chapter 8

Conclusions & Recommendations

The most important findings are summarised and recommendations for future research are

provided.
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Motivated by the identified knowledge gap between steady, two-dimensional flows in
the LSB literature and the unsteady, three-dimensional flows relevant to low-Reynolds
number devices, a series of wind tunnel experiments were performed on airfoils and finite
wings in unsteady operating conditions. The objectives of these experiments, as outlined
in Chapter 1, are repeated here and the progress towards achieving each objective is
summarised. Limitations of the present study are also identified, and recommendations for
future work are given.

Objective 1: Characterise LSB structure and shear layer transition dynamics
during LSB formation and bursting transients on a lifting surface during a
change in free-stream velocity magnitude or angle of attack.

The experiments discussed in Chapter 4 focused on LSB formation and bursting caused by
a change in free-stream velocity magnitude, whereas the experiments discussed in Chapter 6
focused on LSB formation and bursting caused by a change in angle of attack. Additionally,
the LSB formation and bursting transients caused by a change in free-stream velocity were
compared and contrasted with those caused by a change in angle of attack in Chapter 6.

In Chapter 4, a two-dimensional airfoil geometry was approximated using an airfoil
model that spanned the entire width of the wind tunnel test section. The airfoil was placed
at an angle of attack of 6° and subjected to ramp changes in free-stream velocity between
limiting chord Reynolds numbers of 4.0 x 10* and 6.0 x 10%, at which the flow over the airfoil
was massively separated or formed a short LSB, respectively. The temporal development of
the suction surface boundary layer during the ramp changes in free-stream velocity was
investigated using PIV measurements. The transient changes in LSB structure during
the ramp changes in free-stream velocity were characterised in terms of the movement of
the dividing streamline and the evolution of the boundary layer thickness. The transient
dynamics of the transition process during changes in free-stream velocity were characterised
in terms of the development of the Reynolds shear stress along the separated shear layer
and the changes in the frequencies and wavenumbers of shear layer disturbances.

The duration of the ramp changes in free-stream velocity in Chapter 4 was approximately
50 convective time units, rendering the temporal acceleration of the free-stream negligible
compared to the spatial velocity gradients of the flow near the airfoil. Although the ramp
up in free-stream velocity took approximately 50 convective time units, the most notable
changes to the flow field during the LLSB formation process occurred over a shorter time
period of approximately 20 convective time units within which reattachment commenced
and the newly formed LSB decreased in length. During this period, there was a relatively
rapid decrease in separation angle and increase in magnitude of Reynolds shear stress in the
separated shear layer. For the decreasing ramp change in free-stream velocity, the initially
present LSB gradually expanded before bursting and bifurcating into a massively separated
flow. The cessation of reattachment was accompanied by a decrease in the magnitude of
Reynolds shear stresses. Before settling to the final massively separated flow state, large
oscillations in the separation angle were observed. Consequently, the time required to reach
the final statistically stationary flow state after LSB bursting was approximately 1.5 times
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longer than that required for LSB formation. The longer duration of the transient leading
to stall is consistent with the results of previous studies on transient flow development on
lifting surfaces [e.g., 25, 34, 180]. During LSB formation and bursting transients caused
by a ramp change in free-stream velocity, there was a continuous gradual change in the
frequencies and wavenumbers of the most amplified disturbances in the separated shear
layer.

In Chapter 6, a finite wing and two-dimensional airfoil at a chord Reynolds number of
1 x 10° were subject to ramp changes in angle of attack between 10° and 13°, at which
the flow over both models formed a short LSB or was massively separated, respectively.
The finite wing and airfoil models in Chapter 6 were also subject to ramp changes in
free-stream velocity between Re. = 8 x 10* and 1 x 10° at a constant angle of attack of
10°. At the lower Reynolds number, the flow was massively separated on both models. PIV
measurements were performed to characterise the suction surface flow development during
the ramp changes in free-stream velocity and angle of attack. The transient dynamics
of the transition process during changes in free-stream velocity and angle of attack were
characterised in terms of the development of the Reynolds shear stress along the separated
shear layer and the changes in the frequencies of shear layer disturbances. Direct force
measurements were also used in Chapter 6 to relate the flow-field development to the
aerodynamic loads.

In Chapter 6, it was found that the time histories of the lift coefficients for LSB bursting
during increases in angle of attack were similar to those reported from other experiments at
higher Reynolds numbers. This suggests that the details of the transition process do not have
a substantial influence on the loading after LSB bursting occurs. However, the dynamics
of transition in the LSB are an important factor in determining the conditions under
which bursting initiates. The delay between the passing of the static stall or reattachment
conditions and the onset of LSB bursting or formation, respectively, was found to be
sensitive to the degree to which the static stall or reattachment conditions were exceeded.
Angle of attack changes with larger angular displacement were found to reduce the variance
in the timing of bursting or reattachment. This points to a reduced sensitivity of LSB
formation and bursting to minute random disturbances when subjected to larger amplitude
variations in operating conditions.

In Chapter 6, a comparison of the LSB formation and bursting processes was made
between ramp changes in free-stream velocity and ramp changes in angle of attack with
durations of approximately 75 convective time units for both types of changes in operating
conditions. Differences and similarities in the time history of the aerodynamic loads,
ensemble-averaged LSB structure, and shear layer dynamics were identified between the two
types of transient changes in operating conditions. For both types of changes in operating
conditions, hysteresis was observed in the transient lift coefficients. During the ramp increase
in angle of attack, the lift coefficient initially exceeded the maximum lift coefficient attained
in steady conditions, as expected for a dynamically pitching lifting surface [55]. During
the overshoot of the lift coefficient, the LSB on the suction surface persisted temporarily,
moving upstream and shortening while the frequency of vortex shedding from the separated
shear layer increased. Subsequently, there was a decrease in the magnitude of Reynolds
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shear stress in the separated shear layer as the LSB expanded and burst. In contrast,
LSB bursting during a decrease in Reynolds number did not produce a lift overshoot and
there was a monotonic downstream movement in the location of reattachment, decrease
in vortex shedding frequency and Reynolds shear stress, and expansion of the LSB prior
to bursting. However, the LSB formation process was similar for both types of changes in
operating conditions, beginning with an upstream movement of transition and increase in
Reynolds shear stress, before the establishment and upstream movement of reattachment.
The initiation of reattachment coincided with an increase in the rate of change of the lift
coefficient. For both types of transients leading to LSB formation, the LSB reached its final
location within 15 convective time units of the initiation of reattachment.

Although the initial conditions for the angle of attack changes and free-stream velocity
changes that were compared in Chapter 6 were identical, the stall conditions for the two
types of transients were different in terms of the specific chord Reynolds number and angle
of attack where the static stall conditions were passed. If the angle of attack for the ramp
change in Reynolds number were increased, the static stall Reynolds number and angle of
attack for the two types of transients could be matched. This equivalency would facilitate
a more direct comparison between the two types of transients, and such measurements may
be useful for developing generalised LSB bursting criteria that are valid for various types of
changes in operating conditions.

Objective 2: Quantify the influence of three-dimensional end effects on the
aerodynamic forces produced during LSB formation and bursting, and relate
these forces to the LSB flow field development.

In Chapter 5, a two-dimensional airfoil and finite wing at an equivalent angle of attack
were both subjected to ramp changes in free-stream velocity so that the influence of the
different end conditions on the LSB formation and bursting transients could be studied.
In Chapter 6, the influence of end effects on LSB formation and bursting transients for
a two-dimensional airfoil and finite wing were investigated during ramp changes in angle
of attack and compared to the end effects observed during ramp changes in free-stream
velocity.

The experiments discussed in Chapter 5 employed simultaneous PIV and direct force
measurements to investigate the transient flow development and aerodynamic loading on an
airfoil and wing model at an equivalent effective angle of attack of 5° during ramp changes
in free-stream velocity between chord Reynolds numbers of 5.4 x 10* and 7.4 x 10%. At these
Reynolds numbers, the flow over the airfoil and wing was massively separated, or formed
a short LSB, respectively. A comparison of the results from the airfoil and wing model
enabled the effect of the presence of the wing tip on the transient loading to be quantified.
PIV measurements performed at multiple locations along the span of the models were used
to characterise the spanwise extent of the LSB during formation and bursting transients
and the spanwise variations in shear layer disturbances that lead to transition.

The experiments in Chapter 5 revealed that during LSB formation on the wing and
airfoil, reattachment occurred first near the ends of the models, and lastly near the midspan.
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The accelerated LSB formation near the side-walls of the airfoil and the root of the wing was
likely related to higher disturbance amplitudes caused by the turbulent side-wall boundary
layers leading to earlier transition of the separated shear layer. The accelerated reattachment
near the tip was attributed to the smaller effective angle of attack near the wing tip. The
spanwise progression of LSB bursting was essentially the opposite of LSB formation. During
bursting, the region of massive separation expanded from near the midspan towards the
model ends. The spanwise progression of LSB bursting and reattachment was more gradual
on the wing model than on the airfoil, and this was also reflected in the rate of change of
the lift coefficient for the wing, which was more gradual than that of the airfoil. Whereas
the loading on the airfoil deviated substantially from quasi-steady loading during ramp
changes in free-stream velocity, the loading on the wing did not substantially deviate from
quasi-steady loading during ramp changes in free-stream velocity at relatively low angles
of attack (< 5°). During changes in free-stream velocity at higher angles of attack or
during changes in angle of attack, more substantial deviations from quasi-steady loading
were observed for the wing, although these deviations were not as great as those of the
airfoil. The relatively more gradual changes in flow field development and aerodynamic
loads observed for the wing were attributed to the spanwise variation in effective angle of
attack on the wing, which enables a short LSB and a long LSB or massively separated
flow to coexist at different spanwise locations during changes in operating conditions. The
observed coexistence of both short and long LSBs at different spanwise locations on the
wing indicates that three-dimensional effects need to be considered when applying LSB
bursting criteria to finite wings.

In Chapter 6, the influence of three-dimensional end effects on LSB formation and
bursting during a ramp change in angle of attack between 10° and 13° was studied on a
two-dimensional airfoil and finite wing at a chord Reynolds number of 1 x 10°. The LSB
formation and bursting transients were also studied during a ramp change in free-stream
velocity between chord Reynolds numbers of 8 x 10* and 1 x 10° at a constant angle of
attack of 10°. The spanwise progression of LSB formation and bursting was similar for
each type of model during both changes in free-stream velocity and angle of attack, except
that the spanwise progression of massive separation was more gradual during decreases in
Reynolds number than during increases in angle of attack.

In this thesis, only one finite wing geometry was considered with a relatively low aspect
ratio of 2.5, meaning that the portion of the span over which three-dimensional effects were
significant was relatively large compared to higher aspect ratios. On the aspect ratio 2.5
wing, LSB bursting was observed to initiate near the midspan of the wing. On wings of
greater aspect ratio where root effects influence a relatively smaller proportion of the span,
it is expected that the bursting process would initiate closer to the wing root than to the
midspan because of the increase in effective angle of attack at the wing root. Future work
should consider the effect of aspect ratio on the dynamics of LSB formation and bursting.
In addition to the aspect ratio, wing plan-form also influences the spanwise variation in
effective angle of attack. Future work should also investigate how wing plan-form affects
the severity of the changes in aerodynamic loads during transient changes in operating
conditions.
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Objective 3: Quantify the influence of the time and length scale of an imposed
change in operating conditions on boundary layer transition dynamics.

In Chapter 6, the influence of the time scale of an imposed change in operating conditions
was studied by varying the non-dimensional pitch rate of the ramp changes in angle of
attack within the range 3 x 107> < dc/2us < 5 x 1073, For the changes in angle of
attack considered in Chapter 6, a decrease in the duration of time between the passing of
the static reattachment or stall angle and the onset of LSB bursting was observed with
increasing pitch rate, consistent with prior studies of dynamic stall and reattachment [e.g.,
63, 90]. The minimum time required for the LSB to form or burst was on the order of
10 convective time units, consistent with the time scales required for DSV formation [e.g.,
187]. As the pitch rate was increased, the LSB persisted to higher angles of attack and
became shorter prior to bursting. There was also a greater over- or under-shoot in the lift
coefficient with increasing pitch rate relative to the quasi-steady lift coefficients during LSB
bursting or formation, respectively. This overshoot is also consistent with previous studies
at higher Reynolds numbers [63, 64]. The consistency of the results in this thesis with those
obtained in different facilities at different Reynolds numbers suggests that the details of the
boundary layer and separated shear layer transition process do not substantially affect the
time-history of the aerodynamic loads once the LSB has burst or formed during a change
in angle of attack. Also, it was found that the rate of change of the angle of attack had
a negligible influence on the spanwise progression of LSB formation and bursting on the
finite wing and airfoil models studied in Chapter 6.

Although this thesis considered variations in the time scales of imposed unsteadiness for
angle of attack changes, the influence of the rate of change of the free-stream velocity was
not investigated systematically because of the limited free-stream accelerations that could
be produced by the wind tunnel fan. These limits constrained the changes in free-stream
velocity to quasi-steady changes, with accelerations was less than +0.015u2_ /c. Therefore,
it was not possible to investigate LSB formation and bursting with strong free-stream
pressure gradients, which are expected to occur during rapid large-scale gusts in atmospheric
turbulence in urban environments [e.g., 245]. Future work should consider the effect of such
pressure gradients on transient LSB dynamics. Time-resolved surface pressure measurements
performed by Greenblatt et al. [85] suggest that rapidly increasing free-stream velocities
may lead to LSB bursting due to delayed transition, opposite to the flow behaviour observed
during the quasi-steady free-stream accelerations of the present study.

The effective length scales of the controlled ramp changes in free-stream velocity and
angle of attack studied in this thesis can be estimated from the product of their time duration
and the free-stream velocity, and were limited to 2 10c. However, the effects of unsteadiness
with smaller spatial scales on the order of ¢ can be inferred from the experiments discussed
in Chapter 7 that were performed in high-intensity free-stream turbulence with integral
length scales of \,;/c =1 and 2. Although the frequency of variations in the transition
location was dependent on the integral length scale, no substantial changes in mean flow
field development and aerodynamic loading were observed between integral length scales of
Auz/c =1 and 2. This suggests that the primary effect of unsteadiness in the free-stream
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with length scales on the order of the airfoil chord, like those of larger length scales, is to
change the instantaneous operating conditions of the airfoil, rather than to directly affect
boundary layer transition through the receptivity process.

Objective 4: Correlate oncoming free-stream disturbances in turbulent free-
stream environments to variations in boundary layer development and the
resulting aerodynamic forces.

In Chapter 7, an active turbulence grid was used to generate free-stream turbulence
intensities of up to 16% with integral length scales on the order of the airfoil model chord,
which are representative of the conditions that small aircraft and small wind turbines are
expected to encounter in the atmosphere. PIV measurements of the suction surface boundary
layer development over an airfoil model in the turbulent free-stream were performed for
angles of attack of 5° and 12° at a Reynolds number of 7 x 10*. Simultaneously with
the PIV measurements, a hotwire anemometer placed upstream of the airfoil was used to
characterise the oncoming disturbances so that variations in boundary layer development
could be linked to free-stream velocity fluctuations.

Elevated FSTI caused a reduction in the length and thickness of the LSB relative to
the clean flow. Under conditions where the separated laminar shear layer did not reattach
in the clean flow, elevated FSTI enabled reattachment. Evidence of LSB formation was
observed for FSTIs of up to 13%. POD analysis of the velocity field measurements showed
that, as the FSTI was increased, the relative energy content of streaky structures associated
with bypass transition progressively increased. As the FSTI was increased, larger variations
in the location of boundary layer transition were observed. At Tu = 13%, laminar flow
occasionally persisted across the entire field of view. These variations in transition location
were linked to large-scale fluctuations in oncoming velocity direction. Specifically, increases
in effective angle of attack were correlated with expedited boundary layer transition.

In this experimental set-up, simultaneous measurement of aerodynamic forces and PIV
was impractical because large amplitude vibrations of the airfoil model at elevated FSTI
caused notable model vibrations. This problem was remedied by supporting the airfoil at
both ends. However, direct force measurements require the model to be simply supported
by only the load cell. Consequently, the only force measurements that were obtained were
not during PIV measurements. This limited the conclusions that can be made about the
relationship between the flow development and forces to a statistical comparison only.
Furthermore, the increased amplitude of vibrations when the model was simply supported
for force measurements may alter the flow development from that observed during the PIV
measurements, because low-Reynolds number flows are known to be sensitive to model
vibrations [e.g., 246]. Tt is recommended that future experiments at elevated FSTI use a
more rigidly mounted airfoil to alleviate these problems caused by model vibration.

The use of a single-wire hotwire anemometer limited the characterisation of oncoming
disturbances to changes in velocity magnitude only. It is recommended that future work be
undertaken using a directionally sensitive velocimetry technique, such as x-wire hotwire
anemometry, to understand in more detail how instantaneous changes in flow direction
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affect the boundary layer development in conditions of elevated FSTI. Furthermore, a wider
range of free-stream integral length scales should be investigated, because the scale above
which the boundary layer ceases to be receptive to vortical structures in the free-stream
remains unknown.
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Appendix A

Uncertainty Estimation

Specifics of the methods used to obtain uncertainty estimates for quantities presented in
Chapters 4—7 are provided. Maximum uncertainties for all plotted quantities are tabulated.
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This appendix provides details of the uncertainty estimation for the quantities reported
in Chapters 4-7. A summary of the maximum uncertainties in all reported quantities is
provided in Table A.1.

A.1 Experimental Conditions

A.1.1 Free-stream Velocity

The free-stream velocity in the recirculating wind tunnel at the University of Waterloo was
set using a calibrated relationship between the measured pressure drop across the 9 : 1
contraction upstream of the test section and the free-stream dynamic pressure in the test
section. Mathematically, the free-stream velocity in the test section can be written as:

Uy = /M (A.1)
p

where AP is the pressure drop across the contraction and Cyy; is a coefficient obtained from
calibration. The uncertainty in u., can be expressed as a function of the uncertainties in
Ceont, AP, and p using the linear error propagation formula (Eq. 3.12) in a straightforward
manner. The major sources of uncertainty contributing to the uncertainty in the free-
stream velocity are the uncertainty in pressure measurements, uncertainty in the calibration
between measured pressure drop and free-stream dynamic pressure, and uncertainty in
ambient air density.

The contraction pressure drop was measured with a Setra Model 239 differential pressure
transducer with a range of £250 Pa and an uncertainty of 0.7 Pa. The uncertainty in the
calibration constant C,,, was estimated to be no more than 0.05 from the variations
observed across multiple calibration tests. The air density was computed from the measured
barometric pressure and temperature using the ideal gas law, and its uncertainty was
estimated to be £9 x 1072 kg m~3 using Eq. 3.12. The temperature was measured in the
return duct of the wind tunnel using a K-type thermocouple with an uncertainty of +£2°C,
and the barometric pressure was measured using a barometer with an uncertainty of £13 Pa.
The overall uncertainty in the free-stream velocity was no more than than 0.3ms~* across
the range of conditions investigated.

The chord Reynolds number was calculated from the free-stream velocity, airfoil chord
length, and kinematic viscosity. The chord lengths of the airfoil and wing models were
accurate to within approximately 0.5%. The kinematic viscosity was calculated from the
measured ambient temperature using a linear fit. The uncertainty in kinematic viscosity
due to the uncertainty in temperature was estimated to be 2 x 10~"ms~2. The overall
uncertainty in Reynolds number was no more than 4 x 103 across the range of conditions
investigated.
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A.1.2 Turbulence Intensity

The free-stream turbulence intensity was measured in the empty test section using a single
hot-wire anemometer. Prior to hot-wire measurements, the hot-wire voltage signal was
calibrated against the mean free-stream velocity measured using a Pitot-static probe. A
least-squares fourth-order polynomial fit was computed to relate the hot-wire voltage signal
to the free-stream velocity. Because the heat flux from the hot-wire is sensitive to the
ambient temperature [247], re-calibration of the hot-wire was performed every day that
hot-wire measurements were taken. Following the methodology of Yavuzkurt [213], the
relative uncertainty of the hot-wire calibration was estimated to be 14%. Because the
single hot-wire sensor is insensitive to the direction of the flow in the plane normal to the
axis of the wire, the mean and fluctuating velocity measured in a turbulent flow will differ
from their true values regardless of the quality of the calibration [213]. The uncertainties
reported in Table A.1 account for both the uncertainty due to turbulent fluctuations and
the calibration uncertainty. Across all flow conditions studied, the largest uncertainty in
free-stream turbulence intensity is +3% for the case of Tu = 16% studied in Chapter 7.

A.1.3 Integral Length Scale

The uncertainty in measured integral length scales was estimated by computing the integral
length scales for several shorter segments of the complete hot-wire recording, and then
calculating the associated uncertainty in mean integral length scale using Eq. 3.10. This
procedure is similar to the bootstrap method [248], except that the shorter segments
employed in this method were non-overlapping. A requirement for this method of estimating
the uncertainty in the integral length scale is that each of the smaller segments are much
longer than the integral time scale. For the integral length scales reported in Chapter 7,
the complete hot-wire recordings had a sampling period of 300s, and the uncertainty in the
integral length scale was estimated from segments of duration 60s to be less than 0.14c.

A.1.4 Angle of Attack

The overall uncertainty in reported angles of attack contains contributions from the uncer-
tainty in the angle of attack datum, and the uncertainty in the angular difference between
the angle of attack and the angle of attack datum. Since a symmetric airfoil profile was
used for all experiments, the zero-lift angle was used as the angle of attack datum. For
the aluminium model used in Chapter 4, the zero-lift angle was determined using surface
pressure measurements. For the models used in Chapters 5-7, the zero-lift angle was
determined using direct force measurements. The overall uncertainty in angle of attack
for the aluminium model used in Chapter 4 was estimated by comparing surface pressure
measurements obtained from repeated manual re-positioning of the model at a constant
angle of attack. The variations in these pressure measurements were no greater than those
observed for a prescribed change in angle of attack of 0.2° [49]. Thus, the uncertainty in
angle of attack for the experiments in Chapter 4 is estimated to be +0.2°. The overall
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uncertainty in angle of attack for the experiments in Chapter 5 is also £0.2°, because the
angle of attack was also set manually for those experiments. The uncertainty in angle
of attack for the models used in Chapters 6-7 is lower because a rotary table with an
angular resolution of 0.05° was used to set the angle of attack. However, uncertainty in the
measurement of the zero-lift angle still contributed to uncertainty in the angle of attack.
The overall uncertainty in angle of attack for the experiments in Chapters 6-7 was estimated
from the variations observed in lift force measurements from repeated re-positioning of the
model after re-measuring the zero-lift angle. The variations in these lift force measurements
were no more than those observed for a prescribed change in angle of attack of 0.06°. Thus,
the uncertainty in angle of attack for the experiments in Chapters 6-7 is estimated to be
+0.06°.

A.2 Particle Image Velocimetry

The uncertainty in PIV measurements arises from errors in timing and errors in displacement
measurements. Whereas the time interval between laser pulses used for the experiments
in this study was on the order of 10ps, jitter of the timing signals sent by the field
programmable gate array to the cameras and laser is on the order of 0.1ns. Therefore, the
uncertainty due to PIV timing errors is considered negligible. In contrast, the uncertainty of
particle displacements, which may arise from the experimental setup, the cross-correlation
algorithm, or the characteristics of the flow itself [147, 164], are more significant.

One source of errors arising from the experimental set-up are errors in calibration. This
may be due to errors in the grid spacing of the calibration target, optical distortion of the
calibration images, or differences in the position of the calibration target and the laser
sheet [147]. Errors in the calibration are usually bias errors that remain constant for a
given set-up once calibration is performed. The relative uncertainty in displacement arising
from errors in the grid spacing of the calibration target and the optical distortion of the
calibration images are estimated to be approximately 1% for the PIV measurements in
Chapters 4-6, based on the RMS residuals of the mapping function relative to the grid
markers. In Chapter 7, a smaller airfoil model was used, and the corresponding decrease in
spatial resolution increased the calibration uncertainty to approximately 2%. In addition
to bias errors in displacement, the calibration also contributes to bias errors in the location
of the origin of the mapping function’s coordinate system. The absolute uncertainty in the
location of the coordinate system origin relative to the lifting surface models is estimated to
be approximately -1 mm in the z direction, £0.1 mm in the y direction, and 2 mm in the
z direction for side view PIV measurements. For top-view measurements, the uncertainty in
the location of the coordinate system origin is approximately £2 mm for all three coordinate
axes. The uncertainty in the location of the coordinate system origin relative to the model
is the major contributor to the uncertainty in estimates of boundary layer displacement
and momentum thicknesses (6*,0) and the locations of separation (zg), transition (z), and
reattachment (z,).

Random errors in the particle displacement measurements arise from a multitude of
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Figure A.1: Example of mean streamwise (a) and wall-normal (b) velocity fields and
corresponding uncertainty due to random displacement errors in instantaneous streamwise
(c) and wall-normal (d) velocity fields.

sources, including but not limited to: camera sensor noise, out-of-plane particle motion,
shear in the flow, and the cross-correlation algorithm [147]. Several methods have been
developed to estimate the random errors in PIV measurements through a posteriori analysis
of particle images [164]. In this work, the correlation statistics method [149] is used.
The correlation statistics method estimates the uncertainty in displacement vectors by
considering the discrepancies in image intensity between pairs of particle images from
each correlation window on a pixel by pixel basis. The result is an uncertainty field that
provides the instantaneous uncertainty of each displacement vector component for every
measured velocity vector. An example of the uncertainty field for the u and v velocity
components for a representative PIV snapshot is provided in Fig. A.1. The uncertainty field
can be propagated to derived quantities using the methodology presented in Section 3.5.
In practice, random errors in the mean velocity fields due to random errors in measured
particle displacements are relatively small because of the large sample sizes employed. More
significant contributions to the random errors in mean velocity fields arise from temporal
fluctuations of the velocity field, which are quantified using Eq. 3.10. However, random
errors in measured particle displacements can be significant when computing instantaneous
quantities.

A.2.1 Reynolds Stress

The uncertainties in RMS velocity fluctuations (Reynolds normal stresses) and Reynolds
shear stresses were estimated using the expressions for the standard error in these quantities
provided by Sciacchitano & Wieneke [167]. When multiplied by the critical value of the
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Student’s t-distribution at the prescribed confidence level (95%), these expressions become:

u/
U, . =Tn-1—F—t (A.2)
RMS 2 (N o 1)
Uy =y s (A.3)
RMS 2 (N o 1)
W2 Vs + WV
U — 7 RMSYRMS A4

The number of samples N in the above expressions should be the effective number of
independent samples [167].

A.2.2 Integral Boundary Layer Parameters

The uncertainties in displacement thickness, and momentum thickness were estimated using
the method of sequential perturbation. The major source of uncertainty contributing to
the uncertainties in integral boundary layer parameters is the uncertainty in the location
of the airfoil surface. The uncertainty in the location of the airfoil surface was estimated
to be approximately equal to the vector pitch of the PIV vector fields. In the method of
squential perturbation, the wall location was perturbed by shifting the location of y = 0 by
one vector grid spacing in the wall-normal direction and re-computing the displacement
thickness, and momentum thickness. The uncertainty in the shape factor was estimated by
propagating the uncertainties in the displacement thickness and the momentum thickness
according to Eq. 3.12, assuming that errors in the displacement thickness and momentum
thickness were uncorrelated.

A.2.3 POD Modes

The uncertainty in POD eigenvalues was estimated using the formula provided by Epps &
Krivitzky [220] from their perturbation analysis of POD:

Uy, = Uasvw (A.5)

where U, is the uncertainty in velocity measurements due to random errors, and w is a
weight factor that quantifies the degree of spatial correlation in the velocity measurements.
In Eq. A5, U, was taken as the RMS of the uncertainty in velocity from correlation
statistics over the entire snapshot matrix (Eq. 3.5). The uncertainty in the POD spatial
modes and time coefficients was estimated using the “back of the envelope” formulae for
the RMS error provided by Epps & Krivitzky [220]. When evaluated at a 95% confidence
level, these formulae become:

Us, = min <Uu/>\i, —Y (MC)) (A.6)
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Us, = min (Uu//\i7 TN_l\/2/7N> (A.7)

The weight factor w is related to the size of the PIV cross-correlation window and the
window overlap. In this work w was estimated from a least-squares fit of a Marcheko-Pastur
distribution to the eigenvalue spectrum. Details of the Marchenko-Pastur distribution and
its relationship to the weight factor can be found in [220].

A.3 Power Spectral Density

PSD estimates were obtained by averaging the PSD computed over multiple shorter segments
of the complete signal, according to Welch’s method (Section 3.4.1). When the data within
each segment is uncorrelated, the variance of the averaged PSD can be approximated as a 2
distribution [153]. The number of degrees of freedom of the x? distribution is approximately
equal to twice the number of segments [153, 154, 249]. Therefore, the uncertainty interval
for Py can be written as [154]:

2K P 2K P,y
2 < Puw < (A.8)
X2K,lower X2K,upper

where K is the number of segments, and 3 Koupper and X3 K lower € the upper and lower
critical values of the x? distribution with 2K degrees of freedom at the desired confidence
level, respectively. In this work a 95% confidence level is used.

A.4 Surface Pressure

The uncertainty of measured surface pressures is primarily attributed to the limited accuracy
of the pressure transducers. Surface pressure measurements in Chapter 4 were measured with
Setra model 239 differential pressure transducers with a manufacturer specified accuracy
of £0.7Pa. The uncertainty in reported surface pressure coefficients was estimated by
applying the linear error propagation formula (Eq. 3.12) to the definition of the pressure
coefficient:

AP
2P
to obtain an estimate of the uncertainty of C), that accounts for the uncertainty in measured
pressure difference (AP), density (p), and free-stream velocity (us). The overall uncertainty
in C, values reported in Chapter 4 is estimated to be less than 0.8 because of the relatively
low free-stream velocity. However, uncertainty in differences between C), values measured
in the same conditions is less than 0.4.

C, = (A.9)
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A.5 Lift and Drag Forces

The uncertainty in the forces measured using the force balance is caused primarily by the
limited accuracy of the force balance and minute variations in model positioning between
different trials and experimental setups. The manufacturer specified accuracy of the chord-
parallel and chord-normal forces measured by the force balance is 0.1 N. It was assumed
that the angle of attack of the airfoil was sufficiently small such that the uncertainties in
lift and drag forces were also +0.1 N. However, any bias error inherent in the force balance
does not affect the ability to resolve changes in forces. Unlike bias errors, random errors
contribute to uncertainty in the differences between force measurements. An estimate of the
random errors present in the force measurements was made from the amplitude of the noise
present in force measurements when the stationary acrylic airfoil model was mounted to
the load cell in quiescent conditions. The standard deviation of the noise in such conditions
was 0.0741 N and 0.0356 N in the chordwise and chord-normal components of force. Thus,
the uncertainty in these components of force at a 95% confidence level was obtained by
multiplying the standard deviations by 1.96. The uncertainty in force measurements was
propagated to the lift coefficient using Eq. 3.12. The uncertainty in the lift and drag
coefficients due to random errors is estimated to be less than 0.03 and 0.02, respectively.

Table A.1: Maximum uncertainties of measured and derived quantities at a confidence
level of 95%.

Quantity Uncertainty Method
Chapter 4 Chapter 5 Chapter 6 Chapter 7
c 1mm 1 mm 1mm 0.5 mm Manufacturing tolerance
Uso 0.3ms™t  0.6ms™! 02ms™! 0.2ms ! Egs. (3.11) and (3.12)
Re. 2 x 103 2 x 103 3 x 10? 4 x 103 Egs. (3.11) and (3.12)
Tu 0.4% 0.14% 0.04% 3% Egs. (3.11) and (3.12)
Az 0.14c¢ Repeated measurements
« 0.2° 0.2° 0.06° +0.06° Repeated measurements
Cy 0.4 0.2 Egs. (3.10)—(3.12)
CL 0.2 0.08 0.04 Egs. (3.11) and (3.12)
Cr 0.2 0.09 Eqs. (3.10)~(3.12)
Cp 0.03 Egs. (3.11) and (3.12)
uS 01200 0130 0.04uss Correlation statistics [149],
Eq. 3.11
u 0.02u0 0.07us0 0.25100 " 0.04us Eqgs. (3.10) and (3.11)
u 0.5Uoo Egs. (3.10) and (3.11)
URMS 0.02u00 0.03u00 Egs. (3.10) and (3.11)
VRMS 0.004u00 0.005u00 Egs. (3.10) and (3.11)
u/v’ 0.02uZ, 0.03u2, Egs. (3.10) and (3.11)
u'v! 0.04u2, 0.02u2.$ Egs. (3.10) and (3.11)
Porv (f) 0.6Pyy (f)} Appendix A.2.3
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Table A.1: Maximum uncertainties of measured and derived quantities at a confidence

level of 95%.

Quantity Uncertainty Method
Chapter 4  Chapter 5 Chapter 6 Chapter 7
Py (k) 0.3Pyry (k) Appendix A.2.3
Porw (f, k) 0.08Pyry (f, k) Appendix A.2.3
Pur_u, 0.17Pur_ur Appendix A.2.3
| W 0.02us 0.05uq0 Repeated measurements
w,d 60uq/C 20uso/c  40us/c 40uqe /C Egs. (3.11) and (3.12)
5* 0.009c Sequential perturbation
H 2 Sequential perturbation
Reg, 17 Sequential perturbation
O 0.0015u2, /c Eqs. (3.11) and (3.12)
oG 0.3u2_/c Egs. (3.11) and (3.12)
s 0.02u2, /c Egs. (3.11) and (3.12)
T 0.04c 0.02¢ 0.07¢ Sequential perturbation
Tt 0.3¢c 0.07c 0.08 0.006¢ Sequential perturbation
Ty 0.005¢ 0.3¢c 0.02 Sequential perturbation
~ 0.002 Sequential perturbation
AD/t;_n/sient 7 Repeated measurements
ADreact 32 Repeated measurements
ADstep 13 Repeated measurements
IO EPY. 0.002 Eq. 3.12, [220]
P, 3 x 107k Eq. 3.12, [220]
E,p 0.007 Eq. 3.12, [220]
Esp 10Eg ¢ Eq. 3.12, [220]
E.p 0.02 Eq. 3.12, [220]
1 0.15 Sequential Perturbation
PEé,pEé,p O.QPE;PE;P Appendix A.2.3
PE! 0.02 Eq. 3.12

5In the vicinity of the separated shear layer. The uncertainty in instantaneous PIV measurements
near the wall is substantially higher due to poor image quality caused by surface reflections.;
T The relatively higher maximum uncertainty is due to oscillations of the shear layer trajectory at
Re. = 8.0 x 10%. The maximum uncertainty in %/us, for the other Reynolds numbers is 0.06.;
! Applies to Fig. 4.5 only because the average in Fig. 4.11 was taken over only 2 runs.

" RMS error over the field of view.
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