UNIVERSITY OF

BATH

Citation for published version:
Bull, S, Chiereghin, N, Cleaver, DJ & Gursul, | 2020, ‘Novel Approach to Leading-Edge Vortex Suppression’,
AIAA Journal, pp. 1-16. https://doi.org/10.2514/1.J059444

DOI:
10.2514/1.J059444

Publication date:
2020

Document Version
Peer reviewed version

Link to publication

Publisher Rights
CC BY-NC

University of Bath

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Download date: 22. Sep. 2020


https://doi.org/10.2514/1.J059444
https://doi.org/10.2514/1.J059444
https://researchportal.bath.ac.uk/en/publications/novel-approach-to-leadingedge-vortex-suppression(08b260a0-d6d2-4a4d-8d0d-eaa6a6007ef4).html

A Novel Approach to Leading-Edge Vortex Suppression

S. Bull, N. Chiereghin, D. J. Cleaver and I. Gursul
University of Bath, United Kingdom

Abstract

A novel approach to reduce the peak lift and pitching moment on a plunging airfoil is
investigated through force, moment, and velocity measurements. This approach, unlike
previous investigations of delayed flow separation and leading-edge vortex suppression, uses
forced separation through deployment of a mini-tab near the leading-edge. The device can be
activated for short time intervals during a gust encounter or unsteady manoeuvre at the expense
of short-duration drag increase. Depending on the frequency and the amplitude of the wing
motion and the mean angle of attack, roll-up of vorticity and the formation of a vortex can be
delayed or even prevented. This change in the vortex dynamics provides effective lift and
moment alleviation for post-stall angles of attack and for low reduced frequencies. In contrast,
at low angles of attack the separated shear layer may roll up for the manipulated flow, resulting
in vortex shedding and lift and nose-down pitching moment increase. These two distinct flow
regimes cause decreased or increased lift force, with the most effective frequencies scaling with
the reduced frequency. In contrast, the borderline between the two regions scales with the
Strouhal number based on amplitude, and in particular with the minimum effective angle of
attack during the cycle. The transient response was studied by investigating impulsively started
plunging oscillations. During the first cycle, lift reduction is achieved for all frequencies within

the range tested.



Nomenclature
A peak-to-peak amplitude of plunging motion
Ci lift coefficient
Cnm quarter-chord pitching moment coefficient

C chord length

f oscillation frequency

H height of mini-tab

h displacement of airfoil

k reduced frequency, rfc/Uo

Re Reynolds number

Sta  Strouhal number based on amplitude
T period of motion

t time

U,  freestream velocity

Vv velocity magnitude

Vol plunge velocity

apl induced angle of attack due to motion
ao mean angle of attack

aet total effective angle of attack

1) spanwise vorticity

. Introduction

Leading-edge vortices (LEVs) form over wings in unsteady flows in many engineering
applications including small unmanned vehicles, aircraft in gusts and manoeuvres, wind
turbines and rotorcraft blades. Unsteady wing motion results in flow separation near the
leading-edge, leading to roll-up of the shear layer vorticity into coherent LEVs. Leading-edge
vortices, also known as “dynamic stall” vortices for pitching wings, and their effects on

aerodynamic loads have been investigated extensively [1-4]. Dynamic stall vortices produce



extra lift, causing maximum lift excursions, as well as large variations in the pitching moment
as the vortices convect towards the trailing-edge. Similarly, there is mean-lift enhancement for
periodically plunging airfoils at post-stall angles of attack [5]. Recently it was shown [6] that
this mean-lift enhancement is also possible at pre-stall angles of attack, as it may not be possible
to avoid LEV formation and shedding. Lift increase has also been observed for the periodic
oscillations of freestream velocity magnitude [7, 8] and for airfoil surging motion [9].

In most engineering applications, these large excursions in aerodynamic loads need to be
controlled. Large mean-lift is desirable in flapping-wing applications, but it is usually
necessary to limit the lift fluctuations. Other engineering applications where load alleviation is
needed are high aspect-ratio wings - over rotorcraft blades during dynamic stall, on wind
turbine blades in the presence of in-flow turbulence, or on aircraft wings due to unsteady
manoeuvre or gust-induced flow separation. In these cases, increased lift as well as
pitching/bending moment may need to be alleviated. Hence, the formation, strength and
convection of the leading-edge vortices need to be controlled.

Previous dynamic stall control schemes rely on delay of the flow separation: leading-edge
periodic blowing (with zero net mass flux) [10, 11], leading-edge suction [12], leading-edge
plasma actuation [13], variable leading-edge curvature [14], rotating cylinder leading-edge [15]
and slotted airfoils [16]. With rotorcraft applications in mind, previous methods were
investigated in order to increase the maneuverability and agility, speed and payload. According
to Corke and Thomas [3], the goals are to reduce blade pitching moments and to increase cycle-
averaged lift. These imply that potential dynamic stall control schemes may need to be applied
for long durations and many cycles.

This article, with fixed-wing applications in mind, investigates an entirely different
approach in which the flow near the leading-edge is subjected to forced separation. It is shown
that it is possible to prevent the roll-up of vorticity and formation of the leading-edge vortex,
which in turn may alleviate the aerodynamic loads. The primary goal for the fixed wing
applications is to reduce the maximum lift and associated bending moment. We also keep in
mind that, for future applications, reduced frequencies for atmospheric turbulence during cruise
can reach as high as k ~ 1 [17]. Current loads control technologies use ailerons and spoilers,
which become ineffective at high gust frequency due to their large inertia. Therefore, highly
responsive actuators are needed for gust load mitigation. This paper examines a small control
surface, called the fence or mini-tab, which is placed normal to the airfoil surface (see Figure

1). Although the fence is static during the plunging motion in this study, we envision that future



developments will enable early detection of gusts (for example, LIDAR turbulence sensor [18])
and activation of the mini-tab before the gust interacts with the wing. As such small control
surfaces will only be deployed for short intervals in realistic applications, the associated drag
increase is not important when compared to the potential load alleviation for the wing. The
most logical location for the mini-tab is near the leading-edge where the shear layer due to the
separation is ejected into the flow. For stationary wings near stall, the mini-tab is also the most
effective when placed near the leading-edge [17], which causes fully separated flow over the
airfoil. However, the shear layer dynamics and vortex formation will be different in the case of
unsteady wings for which unsteady lift will also depend on the leading-edge vortices.

The main objective of this article is to study the potential of lift and pitching moment
suppression for a periodically plunging airfoil, when a mini-tab (or fence) is located near the
leading-edge. Lift, pitching moment, and velocity measurements by Particle Image
Velocimetry have been carried out in a water tunnel. It is shown that, depending on the wing
kinematics (frequency and amplitude), the roll-up of vorticity and formation of the leading-

edge vortex are suppressed. This alleviates the aerodynamic loads.

Il. Methods and Techniques

The experiments comprise of an airfoil plunging normal to the freestream velocity with
sinusoidal motion, as depicted by Figure la. The velocity of the plunging motion, Vp (t),
induces an angle of attack, api (t), which varies throughout the motion (Figure 1b) and creates
the total effective angle of attack, ceff(t) = ao + api (t). Two airfoil geometries were considered:
A NACA 0012, which serves as a baseline comparison, and a NACA 0012 with a mini-tab
located near the leading on the upper surface, as shown in Figure 1c. A range of geometric
angles of attack, ao, were tested to determine the mini-tab performance for symmetric (0°), pre-
stall (3, 5, 7, 9°) and post-stall (11, 13, 15°) conditions. The test matrix for sinusoidal motion
covered a range of reduced frequencies £ < 1.1 for non-dimensional peak-to-peak amplitudes
of A/c =0.05, 0.10, 0.20, 0.30 and 0.50.

A. Experimental Setup

All experiments were conducted in the free-surface, closed-loop water tunnel facility at the
University of Bath. This facility can provide a freestream velocity ranging from 0 to 0.5 m/s to
a working section of 381 x 508 x 1530 mm with a freestream turbulence intensity less than
0.5% [19]. The Reynolds number based on the chord length is Re = 20,000. The experimental



rig is situated on top of the water tunnel, see Figure 2, which positions the wing vertically in
the test section. To enforce quasi-2D conditions a pair of splitter plates were used at the wing
root and tip. To cover the hole in the root of the stationary plate for wing motion, a third moving
splitter plate is fixed to the wing root and sits 0.02c under the stationary root plate in order to
minimize any free-surface effects. For the wing-tip splitter plate there is a clearance of 0.02c.
The two wings consisted of a NACA 0012 airfoil profile of chord length 62.7 mm and a semi-
aspect ratio of 5. These were manufactured from polyamide using selective laser sintering,
sanded smooth and painted matt-black to reduce reflectivity. To provide a high spanwise
stiffness, a 25 mm by 5 mm carbon fibre insert was slotted along the span at x/c = 0.25. One of
the wings was printed with a small slot of 0.75 mm width on the upper at x/c = 0.08 to
accommodate the mini-tab geometry. This consisted of a carbon fibre strip of t = 0.75 mm
width that friction fits into the wing slot and protrudes normal to the upper surface at a height
H/c = 0.04. This location of the mini-tab has been tested previously on a stationary airfoil [17].

A rotation stage is situated at the top of wing assembly and can set the geometric angle of
attack with an accuracy of +0.2°. This is then connected to the moving carriage through the
torque sensor. The moving carriage is constrained to the plunging axis via four air bearings that
provide frictionless motion whilst absorbing the bending and torque loads to leave just the lift
component of force. Plunging motion is supplied by a Zaber LSQ150B-T3 translation stage
powered by a stepper motion with an X-MCBL1 controller. This can produce motion that follows

the sinusoidal function with an accuracy of 2%:

h = A/2cos(2rft) (1)

B. Force and Moment Measurements

A Futek S-beam tension/compression load cell (FSH00103) is used to measure force in the
plunging axis only, i.e. the lift component. This load cell acts as a link between the motion
stage and the moving carriage (Figure 2a). The constraints imposed by the air bearing assembly
enables a relatively sensitive force sensor to be used for dynamic measurements (as the large
bending and torque loads are removed). For pitching moment measurements, a Futek reaction
torque sensor (FSH03990) is situated between the wing and moving carriage and is aligned
with the wing quarter-chord axis. A StrainSense 4807A accelerometer is also mounted to the
moving carriage in order to remove the inertial forces from the lift and pitching moment signals.
This was achieved by subtracting the product of the moving mass and instantaneous

acceleration from the raw signal. To better isolate the aerodynamic component, the signals
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were put through 3™ order Butterworth band-stop filters to remove the dominant structural
frequencies of the wing and moving carriage. A Butterworth low pass filter was then applied
at 30 Hz to remove the remaining high frequency noise. The periodic lift and pitching moment
measurements are presented as a phase-average of 50 periods at a sample frequency of 2,000
times the plunging frequency. When the start-up transients are considered, the aerodynamic
loads are presented as a single run with the same sample frequency. For static loads the
measurements were acquired at 1 kHz for 40 seconds. The uncertainty in lift coefficient was
estimated to be +0.05 for the static cases and +0.15 for the dynamic cases. The uncertainty in
pitching moment coefficient was estimated to be +0.005 for the static cases and +0.015 for the

dynamic cases.

C. Particle Image Velocimetry Measurements

Two-dimensional Particle Image Velocimetry (P1V) measurements were taken at the mid-
span plane and focussed on the upper surface of the airfoil, as shown in Figure 2a. The water
was seeded with hollow glass spheres of 8 to 12um that were illuminated with a New Wave
Solo Nd:YAG 50 mJ laser. The PIV measurements were conducted with 4 MPixel and 8
MPixel cameras. All image pairs were processed with INSIGHT 4G using an interrogation
window of 32 X 32 pixels with a grid overlap of 0.25, yielding a resolution from 0.010c to
0.014c depending on the camera. The uncertainty of velocity measurements is estimated as 2%
of the freestream velocity. All PIV measurements are presented as the average of phase-locked
image pairs. For the periodic motion 100 image pairs were used for phase-averaging, whereas

for the start-up transients 30 image pairs were used.

1. Results
A. Stationary Airfoils

Figure 3a presents the static lift coefficient for the ‘baseline’ NACA 0012 and the ‘control’
NACA 0012 with mini-tab alongside relevant investigations of the NACA 0012 in literature at
comparable Reynolds numbers. The lift coefficient of the baseline NACA 0012 shows
excellent agreement with previous measurements taken at the University of Bath using both
the current lift measurement system [6] and a binocular strain gauge configuration [20]. A
substantial amount of non-linearity can be seen in the lift curve slope, which is characteristic
of a NACA 0012 airfoil at low Reynolds numbers [21-23]. The observed plateau between ao =
0 to 2° is attributed to laminar separation of the boundary layer followed by an abrupt

reattachment at around 3° [22], causing the sharp increase in lift curve slope. As the angle of
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attack increases the gradient begins to decrease, confirming the formation of a laminar
separation bubble on the upper surface [23]. This is highlighted in our measurements shown in
Figure 3c, where a closed region of separation can be observed at oo = 5° on the baseline airfoil.
Despite the agreement with literature at low to moderate angles of attack, differences begin to
manifest beyond stall. It has been shown that at low Reynolds numbers O(10%) the lift curve is
highly sensitive to both turbulence intensity and Reynolds number [22, 24]. Considering the
static lift of the ‘control’ airfoil in Figure 3a, the mini-tab drastically reduces the lift across the
majority of the ao range. This is shown in Figure 3c as a result of forced flow separation at the
mini-tab location, which extends further downstream [25]. At post-stall conditions the mini-
tab becomes less effective as the baseline airfoil is also in a fully separated state.

In Figure 3b the static pitching moment for the baseline airfoil shows excellent agreement
with Ohtake et al. [23] at a similar Reynolds number. The causes of the undulations is not fully
understood, but is most likely related to the laminar boundary layer behaviour responsible for
the non-linearity in the lift curve. The mini-tab suppresses the undulations in the pitching
moment at positive, pre-stall angles of attack but leads to a more negative ‘nose-down’ value
due to the separated flow. At post-stall angles the control airfoil exhibits a less negative, nose-
down, pitching moment. Similar to the lift response, the pitching moment is less effected by

the mini-tab at negative angles of attack.

B. Oscillating Airfoils
The test matrix for dynamic loads measurements includes a wide range of reduced
frequencies, amplitudes and geometric angles of attack. This is reduced to a single performance

parameter for the lift, AC, and pitching moment, ACr, which are defined below:

AC, = max(Cl,Control) — max(Cl,baseline) (2)
AC, = maX(|Cm,control|) - max(|Cm.baS€lin€ |) (3)

These definitions are illustrated in Figure 4a and Figure 4b which present the phase-averaged
lift and pitching moment respectively at ao = 15° A/c = 0.5, k = 0.24 for both the baseline and
control airfoils. In this case the baseline airfoil displays a distinct peak in lift and nose-down
pitching moment at t/T = 0.23 which corresponds to the formation and shedding of a coherent
LEV, see Figure 4c. For the control case the mini-tab suppresses the formation of the LEV and

therefore displays significantly reduced magnitudes of both peak lift and pitching moment.



Peak lift reduction and hence beneficial performance will occur when AC; < 0. For the pitching
moment, ACn is defined as the difference in maximum absolute phase-averaged pitching
moment between the control and baseline airfoils, as shown in Figure 4b. Any large excursion
in pitching moment regardless of its sign is undesirable, thus the absolute term in Equation 3.

The performance of the mini-tab with respect to lift, AC,, is shown in Figure 5 for the entire
test matrix. For the symmetry case at ao = 0°, the lift performance is fairly insensitive to both
reduced frequency and amplitude, residing primarily in the ‘detrimental’ region which is
defined as AC,> 0, i.e. the mini-tab increases the change in peak lift due to the flow separation
induced by the mini-tab. The value of AC, remains close to the static performance of the mini-
tab at k = 0.0 and only begins to deviate into the beneficial region from k= 0.9 to 1.1, depending
on the amplitude. For the pre-stall angles of attack, ao = 3, 5, 7°, the lift change becomes more
sensitive to k and A/c. It consistently increases with A/c at low reduced frequencies. For the
stall angle ao = 9° at the largest amplitude, A/c = 0.5, AC, initially decreases at low k before
increasing so that the monotonic trend is lost. Superposed onto this general treand of increasing
AC, with k and A/c are maxima for pre-stall angles of attack. For ap = 5° at A/c = 0.5, 0.3, 0.2,
0.1, 0.05, these occur at k = 0.4, 0.52, 0.52, 0.6 and 0.8 respectively. These peaks at pre-stall
angles of attack and how they scale with the main parameters will be discussed later. The curves
for the highest amplitudes tend to converge towards AC, = 0 at high reduced frequencies
indicating a reduced effect of the mini-tab in extreme unsteadiness, this will be explored later.
All angles of attack in the pre-stall regime appear to show a quasi-static region, beyond which
AC; begins to deviate from the static performance.

For post-stall angles, oo = 11, 13, 15°, the inflection with amplitude becomes stronger with
distinct minima present between k = 0.20 and 0.40. The magnitude of lift reduction in this
region increases with ao. At ap = 15° the mini-tab is capable of suppressing lift by up to AC, =
-1.5. Similar to the pre-stall ao, AC) exhibits minor variations with k at A/c = 0.05 and shows
greater sensitivity to k as the amplitude is increased. It is interesting to note the absence of
quasi-static behaviour for the post-stall cases and deviations from the static performance
occurring at very low reduced frequencies. Once again the influence of the mini-tab
deteriorates at high reduced frequencies and amplitudes resulting in a convergence towards ACj
=0.

The performance of the mini-tab with respect to the pitching moment, ACr, is shown in
Figure 6. For the pre-stall angles, a0 =0, 3, 5, 7, 9°, the response remains somewhat quasi-static
at low reduced frequencies. In this regime ACn lies primarily within the detrimental region for

all pre-stall ao. As k is increased, distinct maxima can be seen for the higher amplitudes at
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reduced frequencies comparable to those of AC;, which suggests the same mechanism is
responsible. The same amplitude effects are also present, where ACn displays greater
sensitivity to k as A/c is increased. At ap = 9° the response shows an inversion which becomes
more distinct with increasing ao. Post-stall oo displays the same minima as AC, at higher
amplitudes, but also show a distinct maxima at higher k of almost equal magnitude between k
= 0.63 and 0.71. The trends then appear to tend towards ACn = 0 at comparatively higher
reduced frequencies.

Figure 5 and Figure 6 show several distinct regimes of behaviour. To understand the cause
an extensive PIV campaign was conducted. For the sake of brevity only representative cases

will be shown in this article.

C. Unsteady Flow Fields

The presentation is based on four distinct flow field types: (i) type A: the baseline flow
shows no coherent LEV formation and the control case displays no significant roll-up; (ii) type
B: the baseline flow exhibits coherent LEV formation, whereas the control flow shows no
significant roll-up; (iii) type C: the baseline flow has no coherent LEV formation, whilst the
control flow contains coherent LEV formation; (iv) type D: the baseline and control flows show
coherent LEV formation. The following figures will present PIV measurements that illustrate
these flow types and the corresponding locations of the cases are marked in Figure 5 and Figure
6 with the label ‘A’, ‘B’, ‘C’ or ‘D’.

Type A

Figure 7 presents the phase-averaged lift (Figure 7a) and pitching moment (Figure 7b) along
with streamlines overlaid onto normalized velocity magnitude (Figure 7c) at selected phases in
the motion for ao = 9°, A/c = 0.05, k = 0.94. This is a representative case for the type A flow
field where no coherent vortex shedding or roll-up is seen for the baseline and control airfoils.
The added-mass component of the lift and pitching moment is also plotted in Figure 7a and
Figure 7b. This is calculated based on the expressions derived by Theordorsen [26] and uses
the acceleration measured during the experiments. This provides a reliable estimate of the
added-mass force even in highly separated, vortical flows [27]. For this case the maximum lift
and moment changes AC; and ACy remain close to the static case, and are highlighted with the
label ‘A’ in Figure 5 and Figure 6. The flow fields in Figure 7c show that the baseline flow
remains attached or weakly separated throughout the period. The control case, however shows

the mini-tab enforcing separation across the chord throughout. Minor velocity variations can
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be seen towards the trailing-edge between t/T = 0.375 and 0.750, which appears to be due to
weak flapping of the shear layer. For both airfoils the lift variation is virtually sinusoidal with
small amplitude and is primarily comprised of the circulatory component. This is consistent
with previous observations [6]. A constant offset can be observed between the baseline and
control cases, which is close to the difference for the stationary airfoils. The pitching moment
on the other hand is solely governed by the added-mass component for attached flows [26] and
as such, the baseline case closely agrees well with this estimation whilst the control case
deviates somewhat due to flow separation, particularly between t/T = 0.125 and t/T = 0.500
where the weak flapping of the shear layer can be seen. Despite the weak unsteadiness on the
control airfoil, this case leads to no significant change in AC;and AC compared with the static

performance.

Type B

Figure 8 presents the phase-averaged lift (Figure 8a) and pitching moment (Figure 8b) along
with plots of normalized spanwise vorticity (Figure 8c) at selected phases in the motion period
for oo = 15° Alc = 0.50, k = 0.24. This is a representative case for the type B flow field, in
which the baseline airfoil exhibits coherent vortex shedding and flow reattachment, whereas
the control case shows no significant roll-up. For this case AC, and ACy show a drastic
reduction as highlighted by the label ‘B’ in Figure 5 and Figure 6. At t/T = 0.00 the baseline
airfoil begins the period with fully attached flow. As the period progresses and the plunge
velocity, hence ap, increases, the vorticity begins to roll-up aft of the quarter-chord (t/T =0.125)
and has grown into a coherent LEV by t/T = 0.250. At this point the LEV is approaching the
trailing-edge and produces the peak lift and the distinct nose-down pitching moment spike.
Note that the added-mass contribution to both C; and Cr, for this low frequency case is virtually
negligible. Att/T =0.375 the LEV has been shed from the trailing-edge into the wake, inducing
a trailing-edge vortex (TEV). The lift response displays a secondary peak around t/T = 0.400.
This may be due to the shedding of a secondary, less coherent vortical structure which is well
documented in dynamic stall literature [28, 29]; however this is not as clear in the vorticity
plots in Figure 8c. From t/T = 0.500 to 0.875 the flow begins to progressively reattach from the
leading-edge as the induced angle of attack ap due to plunging decreases. In stark contrast, the
control airfoil exhibits a separated leading-edge shear layer throughout the cycle and
subsequently suppressed lift and pitching moment. The difference between the two airfoils is
emphasised in Figure 8c at t/T = 0.250 in the insets of the streamline plots, where the control

case shows no sign of shear layer roll-up.
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Type C

Figure 9 presents the phase-averaged lift (Figure 9a) and pitching moment (Figure 9b) along
with streamline and normalized velocity magnitude plots (Figure 9c) for ag = 3°, A/c = 0.50, k
= 0.40. This is a representative case for the type C flow field in which the baseline flow shows
no separation, whereas the control flow shows coherent vortex formation. For this case AC
and ACn, display a distinct maxima in the detrimental region and is highlighted with the label
‘C’ in Figure 5 and Figure 6. For the baseline airfoil, the flow is attached throughout the cycle.
The lift response is almost sinusoidal and the pitching moment agrees well with the added-
mass estimation. For the control airfoil, the shear layer emanating from the mini-tab reattaches
just downstream around x/c = 0.5 at /T = 0.00, forming a closed area of recirculation behind
the mini-tab. As the airfoil plunges downwards and ap increases, the area of recirculation
begins to grow as the vorticity accumulates. At t/T = 0.250 the flow displays a noticeable
increase in velocity magnitude above the mini-tab shear layer. The corresponding vorticity plot
in the inset shows shear layer roll-up around the mid-chord position into a coherent vortical
structure. This is responsible for the increased lift peak in Figure 9a and the nose-down pitching
moment peak in Figure 9b (at a slightly later phase). As the vortex is shed into the wake the
lift drops below the baseline case and the pitching moment begins to recover towards the added-
mass estimate. This case illustrates the detrimental behaviour of forced separation during
unsteady motion at low oo, as shear layer reattachment and roll-up can occur downstream of

the separation point resulting in lift increase for the control case.

Type D

A type D flow field is achieved when both the baseline and control flow display coherent
vortex shedding. This flow field type is associated with near zero AC, but a wide range of ACp,
depending on ao and k, which affect the phase at which the LEV is shed and convected as well
as the added-mass contribution. Figure 10 shows four selected cases, which are also highlighted
in Figure 5 and Figure 6 with the label ‘D’. In part (a), the variation of the pitching moment
is shown together with the vorticity fields at two selected phases. For this high-reduced
frequency case (k = 0.94), the pitching moment is dominated by the added-mass contribution.
At t/T =0.500 LEVs produce a negative pitching moment, but their contribution is smaller than
that of the added-mass, which is maximum at this instant. At t/T = 0.625, the moment arm of
the LEVs is larger, but their contribution is still smaller than that of the added-mass. Largest

absolute moments occur around t/T = 0, resulting in near zero ACm. In order to demonstrate a
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case with stronger LEV contribution, we present part (b) for ao = 15°, with the other parameters
unchanged. The local minima observed at t/T = 0.250 and 0.625 can be attributed to the LEV.
Comparison with part (a) reveals that the LEV strength in this case appears sufficient enough
to counteract the large nose-up pitching moment contribution from the added-mass component.
As a result, the phase of the maximum of the absolute value of the moment is delayed compared
to the case in part (a). The case in part (b) becomes detrimental in terms of pitching moment.
In part (c), we present a type D case for k = 0.63, which is a smaller reduced frequency than
the previous cases. The local minimum in pitching moment observed at t/T =0.250 for the
control case occurs when the added-mass contribution is zero. For the baseline airfoil on the
other hand, LEV formation occurs later in the cycle. For both cases, at t/T = 0.500, the moment
arm is larger, but the added-mass contribution also reaches its maximum. In the final case
presented in part (d), the reduced frequency is the smallest (k = 0.47). The LEV contribution
for both cases becomes more important. The local minimum of the pitching moment at t/T =
0.250 for the control case and at t/T = 0.500 for the baseline case are well correlated with the

vorticity fields at corresponding phases.

D. Map of Flow Regimes
The flow field types A, B, C, and D in the previous sections were defined qualitatively based
on the flow fields. In order to give a quantitative delineation between type A, B, C and D, a

modified pitching moment coefficient is proposed:

Cm,mod =Cp — Cm,am - Cm,ao (4)

The modified pitching moment, C,, 04, iN Equation 4 is defined as the pitching moment
response with the estimated added-mass (Cy,qm) and measured static (Cy,q,) COMponents
removed. This gives a comparable measure of how the pitching moment response is affected
by the LEV. When an LEV forms and convects towards the trailing-edge it induces a nose-
down pitching moment spike which results in a distinct deviation from the added-mass
estimation. The nose-down pitching moment peaks were located using the SciPy Python tool
box scipy.signal.find_peaks [30] using a peak prominence threshold of C,, ;,,q < —0.09. To
better isolate the LEV signature and imporove the accuracy of the search method, only the
nose-down (negative) portions of the signal were considered. Using this analysis, the boundary

of coherent LEV formation can be estimated for each case tested as a function of ag, k and A/c,
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giving an approximation of the flow field type boundaries. This algorithm based on the pitching
moment peak was tested against all available PIV measurements (total of 30 cases) and
confirmed to detect the absence or presence of the LEV formation in the vast majority of the
cases.

The resulting boundaries of coherent LEV formation for the baseline airfoil (dashed lines)
and control airfoil (solid lines) are shown on the contour plots of the lift change AC, in Figure
11 as a function of ag and k. Each boundary is plotted as a band due to the discrete number of
reduced frequencies tested. Note that at A/c = 0.10 and 0.20 the boundary lines terminate where
no Cmmod peak was detected, indicating that coherent LEV formation occurs beyond the
maximum k tested. The areas of flow field type are indicated with the labels A, B, C and D.
Additionally the PIV test (validation) cases are also shown as symbols and are grouped based
on qualitative assessment of the flow field type. Consider first the amplitude extreme of A/c =
0.05. Based on the PIV measurements, almost all combinations of oo and k produce the type A
flow field, where the plunging velocity is insufficient to produce roll-up on either airfoil. The
exception is for oo = 15° at k = 0.94 where the flow field assessment indicates a type B flow
field. The algorithm based on the pitching moment predicts type A for all cases. It is seen that
type A produces a decrease in AC,, except at small incidences ao < 3°. The mini-tab induces
flow separation on the upper surface at ao = 0° and small incidences, and the resulting negative
pressure causes an increase in the lift force compared to the baseline case. The change in lift is
similar to the static data with minimal effect of k, and hence follows the quasi-steady trend.

At the other extreme A/c = 0.50 the parameter space consists of all flow field types (A, B,
C and D) and available PIV cases agree well with the algorithm based on the pitching moment.
Again, the type A flow field occurs for all pre-stall ao as k approaches zero. This quickly
transitions to a type C for low oo as k is increased. Type B transitions to type D flow field for
high ao as k is increased. Type D causes slightly beneficial or slightly detrimental effects on
the maximum lift force. Also presented in Figure 11 is the intermediate amplitudes A/c which
illustrate how the type A, B, C and D flow fields develop. It is clear that type B is always
beneficial, type A is mostly beneficial (except at small ag), type C is mostly detrimental, and
type D is mixed.

Equivalent contour plots for ACy, are presented in Figure 12. For A/c = 0.05, type A mostly
causes an increased pitching moment, following the same trend as the stationary case. For A/c
= 0.50 the boundary of ACm = 0 encapsulating the type B flow field is well defined and is in
agreement with the LEV formation boundaries. The development of this region can be seen as

the amplitude is increased from A/c = 0.05 to 0.5. Type B causes a decrease in the pitching

13



moment, type A is mostly detrimental and type D is mixed. We note that type C is particularly
detrimental at low incidences. Type B is beneficial for both lift and pitching moment, and is
observed at post-stall incidences at lower reduced frequencies (k < 0.3), which are comparable
to gust frequencies on civil aircraft as well as rotorcraft applications.

For fixed-wing applications, control of lift (hence, bending moment) is more important than
the control of pitching moment. It is clear that the desired flow field types for lift control is
type A and B, for which reattachment on the upper surface is prevented with the use of mini-
tab. In Figure 11 the indicator for this desired behaviour is where AC; < 0. Figure 13 shows
the contours of AC, = 0 for all A/c as a function of oo and different variables. Figure 13a displays
the contours of AC) = 0 as a function of k, which shows no collapse with k. The gradient
dependence on A/c at low k suggests that scaling with Sta = fA/U. may be more appropriate as
shown in Figure 13b. A reasonable amount of collapse can be seen at low Sta for pre-stall
incidences, where the boundary between beneficial and detrimental performance increases
almost linearly with ao. Figure 13c presents the boundaries in terms of the maximum induced

angle of attack:

mfA
Xplmax = tan™! UL = tan‘l(nStA) (5)

attained during the motion. Interestingly the performance boundary lines up well with the line
of a0 = apmax, IMplying that the switch to detrimental performance occurs when the total

effective angle of attack reduces to zero during the motion:

Aeffmin = Ao — tan™(St,) = 0 ©)

Although this is a simplified interpretation, it appears to hold in this case. For apimax> ao, the
minimum effective angle of attack becomes negative, and the contours of AC, = 0 then begin
to deviate from the straight line.

An interesting feature in Figure 5 is the maxima and minima of AC, displayed in the pre-
and post-stall regimes respectively. These regions of extrema lie in the regions of B and C in
Figure 11. We present the approximate locations of these peaks in terms of k and Sta in Figure
14. A reasonable degree of collapse can be observed in Figure 14a with respect to k. The
maxima for all A/c occur across a particular frequency band of k = 0.35 to 0.60; the large

outliers for A/c = 0.2 and 0.3 are most likely due to a lack of resolution in k when extracting
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the maxima. A monotonic increase is present for the post-stall minima occurrences, increasing
from k = 0.2 to 0.5 as ao is increased. In contrast, no distinct scaling can be seen with Sta in
Figure 14b. Hence, whereas the borderline between the beneficial and detrimental regions is
better correlated with Sta (Figure 13), we find the locations of the extrema scale better with the
reduced frequency (Figure 14).

E. Transient Response

The study has so far considered the mini-tab’s performance under periodic conditions,
however it is also essential to consider the transient response to such disturbances, analogous
to a discrete gust or extreme manoeuvre. Further experiments were conducted to examine the
response to impulsively started plunging oscillations. Figure 15 presents these data for selected
reduced frequencies at ao = 15° and A/c = 0.5. The motion starts at t/T = 0 in these plots.

Consider first the time history of the lift coefficient at k = 0.24 in Figure 15. A striking
difference with the response of the baseline airfoil can be seen between the first and second
motion cycles. The peak lift increases by around 100% from t/T = 0.25 to t/T = 1.25 which then
holds for subsequent cycles. In contrast, the control airfoil response displays no significant
cycle to cycle variation. This is also reflected in the pitching moment responses, where a large
nose-down pitching moment spike emerges at the same phase, t/T = 1.25, indicating a distinct
change in vortex formation and shedding. This is typical of a type B flow field. As k is
increased, the lift amplitude as well as the mean lift increase significantly for both the baseline
and control airfoils. At k = 0.94 the lift response takes multiple cycles to reach an asymptote,
which suggests that periodic conditions are achieved at a critical convective time rather than
cycle number. Similar dependence on convective time is present in the pitching moment
responses.

The parameters AC; and ACn were extracted in each cycle to determine the mini-tab’s
performance for impulsively started plunging oscillations. Figure 16 presents this data for oo =
5, 9 and 15° at A/c = 0.5. The first four cycles are compared against the periodic response shown
in black. Interestingly, the mini-tab performance shows relatively little variation with k during
the first cycle, with the exception of ACy for ag = 9°. For all oo tested, we observe mostly
beneficial performance (AC; < 0 and ACn < 0), except for ACm at ag = 5°. Compared to the
periodic counterpart, there is an improvement in most cases as well, which is a promising result
for performance during discrete gust encounters. In particular, for fixed-wing applications, AC,

is always negative (therefore, beneficial) for the first cycle. At low values of k the mini-tab
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performance agrees well with the periodic performance after the first cycle. At high values of
k more cycles are required to approach the periodic response.

To show the cause of this transient behavior, Figure 17 presents the flow field measurements
for ap = 15° at A/c = 0.5 and k = 0.24. Lift and pitching moment are shown in Figure 17a and
Figure 17Db respectively for reference. Peak lift and nose-down pitching moment in the first
cycle is achieved around t/T = 0.25 for both airfoils. The baseline airfoil and control airfoil
display largely separated flow at this instant. During the upstroke, the effective angle of attack
is below the mean angle of attack, resulting in a reattaching flow over the baseline airfoil and
increased lift at t/T = 1.0. In contrast, the control airfoil maintains a separated shear layer. This
has significant consequences for the subsequent cycle. A coherent LEV is present over the
baseline airfoil at t/T = 1.25 (see the inset), in stark contrast to the same phase of the previous
cycle (/T = 0.25). Flow reattachment prior to LEV formation is a significant factor that
influences the strength and the location of the shear layer and its subsequent roll-up. In contrast,
the control airfoil at t/T = 1.25 matches that of t/T = 0.25 and is highlighted by the similarity in
the lift and moment, see Figure 17a and Figure 17b. The fixed separation point, which is further

away from the airfoil surface does not allow roll-up of vorticity at any instant.

IV. Conclusions

A novel approach to reduce the peak lift and pitching moment on a plunging airfoil was
investigated through force, moment, and velocity measurements. A passively deployed mini-
tab (flow fence) device was tested to determine the efficacy of forced flow separation near the
leading-edge of a NACA 0012 airfoil to alleviate high loads during extreme unsteady events,
particularly where organized vortical structures can form. Although this device can cause drag
increase for short durations during a gust encounter or unsteady manoeuvre, potential lift and
moment alleviation is more important in designing a lighter aircraft, hence achieving drag
reduction. The performance of the device was compared to a clean “baseline” NACA0012
airfoil and was determined through unsteady lift, pitching moment and flow field
measurements. In static conditions the mini-tab enforces flow separation across the chord,
leading to a free-shear layer. During dynamic plunging oscillations, the mini-tab’s performance
depended drastically on the behaviour of the free-shear layer, which varies greatly with the
geometric angle of attack, amplitude and reduced frequency of the plunging motion. The mini-
tab produces four types of flow regimes, depending on the shear layer behaviour. For type A,
neither the baseline flow nor the control case displays shear layer roll-up. In type B, the

baseline flow exhibits coherent LEV formation, whereas the control flow shows no significant
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roll-up. For type C, the baseline flow has no coherent LEV formation, whilst the control flow
contains coherent LEV formation. In type D, both the baseline and control airfoils show
coherent LEV formation.

Type A and B are associated with beneficial lift control behaviour and occur at low plunge
velocities and low k. Significant lift and moment decreases were observed at post-stall angles
of attack and low reduced ftrequencies (type B). For this type, the mini-tab delays or prevents
the roll-up of vorticity over the airfoil. At low angles of attack, shear layer reattachment behind
the mini-tab is the primary cause of the performance degradation and precedes coherent shear
layer roll-up (type C); this critical point was found to scale with Sta and occur when the induced
angle of attack during motion was approximately equal to the geometric angle of attack, i.e.
the total effective angle of attack reaches zero. Type B and C flow fields show distinct
maxima/minima at particular frequencies that scale primarily with the reduced frequency for
all amplitudes tested. Finally, the transient response to impulsively started plunging oscillations
revealed the importance of wake development on the mini-tab performance. Across the
majority of the tests, the performance was significantly more beneficial during the first motion
cycle, which is highly beneficial for a device operating in a more realistic gust or manoeuvre

scenario.
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Figure 1: a) Airfoil motion profile, b) plunging parameters, ¢) mini-tab geometry.
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Figure 11: Contour plots of mini-tab lift performance with LEV formation boundaries.
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Figure 12: Contour plots of mini-tab pitching moment performance with LEV formation
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