Near field of a vortex generated by chevron-tipped flat plates
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Flat plates with chevron tips of variable depths (2h) were designed and their effect on the
tip vortex was studied at downstream distances, x= 0.5c to 3¢ at a Reynolds number of 67,000.
The test plates were mounted at an angle of attack of 5° and the tip vortex was measured using
a constant temperature anemometer. The chevron plates formed tip vortices with lower peak
tangential velocities and larger core radii as compared to the flat plate (with the exception of
the 2h= 10 mm, which had a smaller core radius than the flat plate). It was also found that the
tip vortices formed over plates with deeper chevrons exhibited turbulent cores, as opposed to
the flat plate and shallow chevron plates. Vortex wandering, an inherent meandering of the tip
vortex, was found to be present for every test plate. It results in an over-prediction of the core
radius and under-prediction of the peak tangential velocities. To ensure that the lower peak
tangential velocities and larger core radii of the tip vortices formed over chevron tip plates was
due to the change in geometry and not a consequence of vortex wandering, Devenport ef al’s
correction was applied to the shallow chevron plates and it was found that after correcting for
wandering, the tip vortices formed over chevron tips still had lower peak tangential velocities

and larger core radii (with the exception of the 2h= 10 mm plate) as compared to the flat plate.

Nomenclature
Us = free stream velocity
c = chord
2h = chevron depth
Ug = tangential velocity
Te = core radius
Us,.. = peaktangential velocity
U = axial velocity
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I. Introduction

1P vortices are formed on finite lifting surfaces and are encountered in a wide variety of fluid-body interactions.
TOf particular interest are those formed over aircraft wings, as they lead to lift induced drag, thereby reducing
the overall aerodynamic performance, increasing carbon dioxide emissions and noise. As well as contributing to the
overall drag of the aircraft, tip vortices are coherent structures that persist several chord lengths downstream of the wing,
which results in the ‘following plane’ problem, whereby a trailing aircraft caught in the wake of the leading aircraft is
susceptible to reduced control capabilities [1]]. It is because of the tip vortex coherence that the minimum distance
between aircrafts during take-off and landing at airports is mandated by the Federal Aviation Administration. Methods
and designs that decrease the coherence and increase the rate of tip vortex dissipation are therefore desirable in the
aviation industry.

The life cycle of tip-vortices can be described by formation (or roll-up), development and the ultimate demise by
Crow instabilities. The formation of tip vortices has been attributed by Green [2]] to three complimentary theories: a)
the pressure difference between the pressure and suction side of a lifting surface leads to a circulatory flow around the
wing tips, b) tip vortices form a bridge between the starting vortex and the bound vortex and c) the presence of a shear
layer on the surface of the wing. In reality, the formation and development of tip vortices involve complex processes and
have been the subject of several studies over the years. After undergoing roll-up, tip vortices show little growth or decay
over the first 20 wing-spans downstream of the wing, and the tip vortex shed from one wing develops independently
from its counterpart shed by the opposite wing [3]. Finally, it was found by Crow [1]], that these tip-vortex pairs will
merge and form a single counter-rotating vortex pair, which develops sinusoidal instabilities (or Crow instabilities) and
forms a vortex ring that ultimately dissipates. Chevalier [4] found that an aircraft which is in close proximity of a wake
that has already formed a vortex ring would face a very small risk of destabilization, as the vortex ring was found to
dissipate within 10-20 seconds of its formation.

There has been a concentrated effort in developing methods that would increase the dissipation of tip vortices to
address the issue of spacing between aircraft at airports. Jacob ez al. [S]], for example, used jets in the wing tips to
introduce instabilities in the tip vortex in order to facilitate their dissipation; the activation of the jets resulted in an
increased span-wise separation between the vortex pairs and an increase in the growth rate of the vortex core. Lee
et al. [6] proposed blowing air in the span-wise direction from the wing tip through slots, which deflected the flow
around the wing tip outwards, increasing the effective span and displacing the tip vortex outwards. Heyes and Smith [7]
combined the two effects by investigating the efficacy of blowing air through slots in the wing tips periodically. By
subjecting tip vortices to periodic perturbations at different mass flow rates of air, it was found that the vortex core
was larger, peak tangential velocities were lower and axial velocity deficit was larger, as compared to a wing without
pulsed jets of air. These changes were a function of the mass flow rate of air through the jets and the the frequency

of pulsation, where a high mass flow rate resulted in a weaker tip vortex. Another method that has been found to be



effective in increasing vortex dissipation rate is increasing the free stream turbulence. Sarpkaya and Daly [8]] found that
a pair of tip vortices decay at a faster rate when surrounded by a high turbulence intensity due to vortex bursting, as
compared to when the vortex pair is surrounded by weak turbulence, where Crow instabilities cause the demise of the
vortex pair. Ahmadi-Bloutaki ef al. [9] also found that increasing the free stream turbulence from 0.5% to 4.6% lead
to the formation of a tip vortex on a NACA 0015 wing section with a larger core radius and smaller peak tangential
velocity. A similar increase in core radius and decrease in peak tangential velocities in grid generated turbulence were
observed by Bailey et al. [10L [11].

The structure of the tip vortex has been shown to be a function of the wing shape and geometry of the wing-tip [12H135].
Incorporating complex geometries into aerodynamic design is a growing area of interest. Multi-scale (fractal-like)
geometries, for example, were found to reduce the energy of vortex shedding as compared to their non-fractal counterparts
in three-dimensional bluff bodies [[16]. Furthermore, chevrons cut into the trailing edge of a NACA 0012 wing were
effective in reducing the self noise of the wing [[17]. This study was complimented by Nedic¢ et al., [[18] who used
multi-scale geometries on the trailing edge of a NACA 0012 and found a higher aerodynamic efficiency and lower
vortex shedding energy. Prigent et al. [[19] studied the effect of multi-scale sinusoidal serrations cut into the trailing
edge of a NACA 0012 wing and found a lower energy associated with vortex shedding as well as lower coherence in the
spanwise direction. The effect of straight, blunt and serrated trailing edge shapes on a wing were studied through Direct
Numerical Simulation and it was found that blunt trailing edges lead to periodic vortex shedding, while serrated trailing
edges created a span-wise pressure gradient, leading to a smaller velocity deficit downstream of a trough, as compared
to the velocity deficit downstream of a protrusion [20].

The shape of bird wings, specifically, the role of serrated tips of the bird wings (also called ‘primaries’) has been
the subject of several biological studies. Tucker [21] studied the effect of wing-tip slots in a gliding Harris’ Hawk and
found that the presence of the slots increases the Oswald efficiency number (e) by either influencing the lift distribution,
making the wing non-planar or both. More recent work contradicts these findings; vertically separated primary feathers
were not found to affect the aerodynamic efficiency in a Gliding Jackdaw during gliding [22]. However, it has been
shown that the presence of slotted tips in the Jackdaw lead to the formation of multi-cored tip vortices that resulted in
a spread of vorticity [23]. Further, it has been hypothesized that slotted feathers in bird wings evolved to reduce the
power cost of take-off and landing in terrestrial or coastal/freshwater birds [24]. Despite contradictory findings on the
exact role of slotted wing tips, it remains well established that they lend advantages such as lower drag, enhanced lift,
postponement of stall and longitudinal stability to bird flight [21} 25| 26].

Based on these studies, we postulate that slotted feathers act as individual tip vortex generators, where each tip
vortex is considerably smaller than the size of the tip vortex that would be created were the feathers not present. Given
that the pressure difference between the upper and lower surface changes along the chord, one would expect the strength

of each individual tip vortex to be lower; indeed the total combined strength of all the tip vortices could also potentially



be lower compared to a tip vortex generated across the entire chord of the wing. It is, however, reasonable to assume that
at some downstream distance they would merge into a single tip vortex structure. Furthermore, by generating several
smaller tip vortices, one can expect a degree of mutual interaction between each vortex, which could alter the dynamics
of the tip vortex and potentially reduce its coherence, resulting in faster decay rates. This is similar to the onset of the
sinusoidal Crow instabilities in the trailing wake which lead to their eventual breakdown [[1]].

To test this, we investigate the tip vortex of a flat plate with various chevron designs cut into its tips. Chevrons are a
simplistic geometry that can be easily characterized, thus allowing us to test how various parameters of the chevron
influence the overall performance. The use of a flat plate, as opposed to an airfoil, allows us to eliminate the added

complexity of variable chevron thickness due to the airfoil profile.

I1. Experimental Setup

A. Chevron Geometry Design

Tests were conducted on an acrylic flat plate with a span of 300 mm and a chord of 100 mm, giving a semi aspect
ratio b%/S of three, which is similar to the semi aspect ratio observed on birds wings. The thickness of the test plates
was 6 mm. A key design requirement was that the planform area, S, remain constant in order to facilitate a meaningful
comparison between the coefficients of lift and drag. The schematic of the flat plates can be seen in Figure[T] In order to
maintain the same planform area, an integer number of chevrons must be used, where an equal number of triangles are
added above and below the mean span line, as shown in Figure [I| Although this method does increase the effective
span of the wing by A, the mean span of the planform, which we define as b = S/c, would remain 300 mm since the

planform area S and the chord length ¢ are unchanged.
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Fig.1 Chevrons of varying depths (2h= 10, 20, 30, 40 and S0mm) cut into a flat plate

2h =0 mm 2h =10 mm 2h =20 mm 2h =40 mm 2h =50 mm

A chevron can be characterized by its wavelength (1), depth (2h) and chevron angle (¢), as shown in Fig The
relationship between these three parameters is given by A = tan¢ 4h. In this study, the number of chevrons was set to
four, whilst the depth (2h) was varied and the wavelength was kept constant. Table [T|presents the different plates that

were used for this study.



Table 1 Chevron geometry for each test plate

Plate Number Wavelength (1) (mm) 2k (mm) Number of Chevrons Chevron Angle ¢ (°) Symbol

1 0 0 0 90.00° x
2 25 10 4 32.00° *
3 25 20 4 22.60°
4 25 30 4 17.30° ®
5 25 40 4 14.08°
6 25 50 4 11.76 °

B. Wind Tunnel Setup and Methodology

All measurements were taken in the Newman Wind Tunnel in the Aerodynamics Lab of the Department of Mechanical
Engineering, McGill University. The Newman Wind Tunnel is an open circuit tunnel with a rectangular, closed test
section of cross section 2 ftx3 ft and a working length of 6 ft. The longitudinal background turbulence intensity is 1% at
a freestream velocity of U, = 10 m/s. The chord based Reynolds number for all the tests was Re. = Usc/v = 67,000.
The blockage ratio with the plate orientated perpendicular to the flow ( @ = 90° in Figure[2) is 5.3%, with the value
decreasing for lower angles of attack; as such, no blockage corrections were applied [27]. Literature has shown that
while the presence of free-stream turbulence does not affect the initial formation of a tip vortex or the position of the
vortex center, it does affect the tangential velocity profiles [9} [11]; it should be noted that these findings were observed
for significantly larger freestream turbulence values than the one found here. Furthermore, the effects of background
turbulence can be neglected as the objective of this study is to draw a comparison between the different test plates, all of
which are subjected to the same background turbulence. The plate was set to an angle of attack of five degrees.

The velocity field of the tip vortex was measured using an Auspex Four Sensor Vorticity probe (diameter of 5
microns and a sensor length of 1mm), connected to an AA Labs AN-1003 Constant Temperature Anemometer. A
sketch of the setup and the co-ordinate system is shown in Figure[2] To locate the center of the tip vortex, we followed
Ahmadi-Baloutaki et al. [9] and traversed the hot-wire over a 33mm x 33mm grid in the y — z plane, from z values
ranging from -0.1< z/¢ < 0.23 and y values ranging from -0.26< y/c < 0.07, with 1 mm increments in both directions.
The resolution of the traverse was 0.02mm. The trailing edge of the test plates at an angle of attack of 0° was chosen as
the the global origin (0,0,0), as shown in Figure[2] Grid measurements were taken at downstream distances of x= 0.5c,
Ic, 1.5¢, 2¢, 2.5¢ and 3c from the global origin. The center of the tip-vortex was identified as the point where the time
averaged V and W components of velocity are zero [9]. Having identified the vortex center, the hot-wire probe was
traversed in the y direction in 1 mm increments to measure the tangential velocity profiles. Data were sampled at 30kHz
for 60 seconds, and low-pass filtered at 14 kHz. The probe uncertainty was calculated using the method proposed by
Bendeict and Gould [28]], and was found to be 0.8% for U,, 2.5% for Uy, 1% for u, 5, 1.6% for v,.,,,s and 1.9% for

wyms. Corrections for tip vortex wandering shall be addressed in Section [VII
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Fig. 2 Sketch of the setup in the Newman Wind Tunnel, where x is the streamwise component and y and z are
the planar components

I1I. Position of the Tip Vortex
Figure [3]shows the position of the vortex center in the y and z directions at the five downstream positions considered
here. As the chevron depth increases, one can observe that the tip vortex center is shifted inboard (Figure [3a) and lifted
upwards (Figure[3b). In previous studies [9} [L1]], the inboard and upward shift in the position of the vortex center with
streamwise distance in the formation stage was attributed to the roll-up of the shear layer [29], whilst the presence of

free-stream turbulence did not affect the position of the tip vortex.

IV. Mean Tangential Velocity Profiles

The radial profile of the tangential velocity, Uy, at x = 0.5c and lc for all the test plates is shown in Figure[d As we
move radially away from the vortex centroid, the tangential velocity first increases, reaching a peak tangential velocity
at a radial location known as the core radius, r., before decreasing again. The region from the vortex centroid to r,
is known as the vortex core. In this study, the radial profile of the tangential velocity at x= 0.5c for all the test plates
exhibited a double core structure, indicated by a dual peak in the profile shown in Figure #a] Devenport ez al. [30]
similarly observed a double-core structure in the near field of a NACA0012 wing and argued, based on the observations
of Engel [31]], that these double peaks arise due to the presence a strong, co-rotating secondary tip vortex from the
pressure side of the wing-tip, that ultimately merges with the primary vortex formed over the suction side. Figure [4b|

shows the radial profile of the tangential velocity at x= 1c, where only a single peak can be observed in the profiles,
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Fig.3 Vortex center position in the y and 7 direction (see Figure

which is again in-line with the observations of Devenport et al. [30] and one can assert that primary and secondary
vortices must have merged by x= 1c. The presence of multiple vortices during the initial development of a tip vortex and
their subsequent merging has been documented by several studies. Development of a tip vortex formed on a rounded
NACA 0012 wing-tip by Chow et al. [32] has shown the merging of tertiary and secondary vortices with the primary
vortex within one chord length from the trailing edge. Furthermore, Bailey et al. [[11] highlighted that squared wing tips
form a tip vortex due to three distinct vortices merging together: one along the wing-tip, the second on the suction side
and the third at the trailing edge of the wing.

The self-similar nature of the vortex core can be observed by normalizing the tangential velocity with the peak

tangential velocity, Uy

max?

and the radial distance by the core radius. Self similarity of the vortex core is given by
Equation [I][33] and is shown in Figure 5] for each test plate for x= 1c to 3c. It is evident that the tip vortex shows self
similarity up to r. < 1.2, consistent with the literature [9} [11}[33]], which has highlighted that this region of the tip vortex
is self similar regardless of the levels of free-stream turbulence and vortex wandering (corrected and uncorrected).
Therefore, the peak tangential velocity and core radii can be used as indicators of how the tip geometry affects the vortex
core. One can also observe from Figure 5] that the normalized tangential velocity profiles fan out at r/r. > 1.2, similar to
what is observed when a tip vortex is subjected to grid turbulence [9}134]. This aspect shall be investigated further in a

later section.
Uy 1
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Figure [6a shows the peak tangential velocities for each test plate, normalised by the free stream velocity at all five

downstream positions. The peak tangential velocities for the chevron plates are significantly lower than the flat plate,
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Fig. 4 Tangential Velocity profiles at a) 0.5c and b) 1c, showing a double core structure at 0.5c, which merges
into a single core at x<1c

Fig. 5 Normalised tangential velocity, UgUg .., as a function of normalised radial distance, rr., for all plates
and downstream locations. Solid line indicates analytical solution by Phillips
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Fig. 6 Streamwise variation of (a) peak tangential velocity Uy,,,, normalised by freestream velocity U, and
(b) vortex core radius, ., normalised with the chord. See Table E]for symbols

implying a weaker core, with the peak velocity decreasing as 2h (chevron depth) increases. For example, the 2h = 10
mm chevron wing produced roughly a 20% reduction in peak tangential velocity compared to the flat plate, whilst the
2h = 40 mm had a 35% reduction compared to the flat plate.

The core radius (r.) is another key parameter in characterizing the tip vortex. Figure[6b]shows the core radii of each
test plate, normalized by the chord length. The core radius for the chevron plates is larger than that of the flat plate, with
the exception of the 10 mm chevron plate, which exhibits a 10% reduction in core radii. The 30 mm chevron plate, for
instance, shows a 36% increase in the core radius at x= 3c, as compared to the flat plate. It can also be observed, in the
case of deeper chevron plates (Zh= 30 mm, 40 mm and 50 mm), that the core radii increase for a given plate with an
increase in downstream distance. Studies have shown that the core radius is a function of the geometry of the wing tip.
For instance, Sarpkaya [[13]] observed that the radius of a tip vortex generated by a rectangular planform with a square
cut tip is 30% larger than that of the same planform with a rounded tip. Shekarriz et al. [[14] found that this increase
in the radius of the tip vortex is due to the formation of the primary vortex from several shear layer vortices that are
generated at the tip, which merge downstream. Stinebring et al. [12]] found that the axial velocity in the core decreases
and core size increases on roughening a smooth, round wing-tip. Giuini [35] showed that a squared wing tip produces a
higher number of smaller vortices as compared to rounded tips.

One can conclude that chevron tip test plates exhibit a decrease in peak tangential velocities and increase in core
radius as compared to the flat plate. A given chevron plate also shows a larger core radius with an increase in streamwise
distance. These characteristics, in addition to the fanning out of normalised tangential velocity profiles at r>1.2r. are
similar to that of a tip vortex subjected to free-stream turbulence [9H11]].

The combined effect of a lower peak tangential velocity and larger core radius (except for the 2h= 10 mm plate) is

evaluated by integrating the non-dimensional radial velocity profile, defined as &= /03 Uy /Us d (r/r.), which we use as
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Fig. 7 Streamwise variation of tip vortex strength ¢ for all plates showed in (a). Average vortex strength as a
function of chevron depth shown in (b). See Table E]for symbols.

a measure of vortex strength. If the area under the Ugy-r curve was equal for the flat plate and the chevron plates, it
would indicate that the chevrons altered the radial distribution of the tangential velocity without altering the overall
vortex strength. The data are shown in Figure[7a] Three times the core radial distance was chosen because it includes a
sufficient portion of the outer core region, where the tangential velocity profiles seem to roughly collapse (shown in
Figure db). We note from Figure [7a]that the values of ¢ are roughly constant over the downstream range considered
here, and hence in Figure [7b|we show the average £, £, as a function of chevron depth. From Figure a lower value of
£ is observed for an increase in chevron depth. For instance, the £ value for the 2h= 50 mm plate is 63% lower than the
flat plate. The lower g,—f values, therefore, indicate a weaker tip vortex for the chevron plates. Furthermore, it should be
noted that even though the core radius of the 2h= 10 mm plate is smaller than that of the flat plate, when the overall
effect of this reduction in core radius and peak tangential velocity is considered using & , the 2h= 10 mm plate lies

between the flat plate and the 2h= 20 mm plate.

V. Frequency Spectra at the Vortex Center
Having demonstrated that the chevrons decrease the strength of the tip vortex, we now turn our attention to
investigating possible reasons for this decrease in strength. We begin by investigating the frequency spectrum at the
core of the vortex to determine if the flow is laminar or turbulent. The frequency spectrum of the streamwise velocity
component, F,,, at the time averaged vortex centre is shown in Figure[§] The streamwise velocity component was
chosen as the v and w components could potentially show a turbulent core due to vortex wandering, which is a low
frequency transverse motion of the vortex in time, which we shall expand on in Section

From Figure 8] one can see that the slope of the spectra for 2h= 0 mm plate is closer to a value of -3 for x > 0.5c,
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which is indicative of a laminar vortex core. A slope of -3 was also observed by Devenport et al. [30] for a laminar
vortex core. At x= 0.5c, the slope of the energy spectra, over a very narrow range of frequencies, is close to -5/3,
therefore, indicating that the vortex core is turbulent in the very near field. Hence we can conclude that the vortex core
for the flat plate is initially turbulent (albeit weakly), and eventually laminarizes further downstream.

For the 2h= 10 mm chevron plate (Figure[8p), the slope of the spectra tends to-5/3 at x= 0.5c, 1.0c and 1.5¢, again
over a very narrow range of frequencies, and tends to -3 as the downstream distance increases. The change in slope of
the frequency spectra from -5/3 to -3 as one moves downstream indicates that the vortex core is turbulent-like for a
larger downstream distance from the wing tip as compared to the flat plate. A discernable peak is observed for the 2h=
10 mm chevron plate at 440 Hz, which decreases with downstream distance. This peak is assumed to be associated
with vortex shedding, and has a Strouhal number, based on the thickness of the plate (t = 6mm) and freestream velocity,
of St = ft/Us = 0.26. The 2h= 20 mm, 30 mm, 40 mm and 50 mm chevron plates exhibit a turbulent core at every
downstream position considered here, suggesting that deeper chevrons create a turbulent vortex core. The fact that the
vortex cores for these plates are turbulent would explain why the tip vortex is both wider and weaker, since turbulence
results in increased levels of mixing and diffusion, as compared to a laminar core.

Having identified that the core is turbulent, we now turn our attention as to why this is the case. From the literature,
a turbulent core has been attributed to two possible phenomena: the tip vortex is still in its initial formation stage [36] or
vortex wandering [30]. Since the farthest measurement plane is 3¢ downstream of the trailing edge, it is possible that
the tip vortices are undergoing roll-up. It has been shown by Katz er al. [36]] that a turbulent core during the initial
formation is due to the wing boundary layer as well as large axial velocities in the vortex core. However, there is no
unanimous agreement on the criteria used to determine when the vortex roll-up process is complete. Using the criteria of
an invariant tangential velocity and circulation with downstream distance, Green and Acosta [37]] found that the roll-up
process was complete- for a rectangular wing with a square tip- within 2-3 chordlengths downstream of the trailing edge.
Shekkariz et al. [38]] used an uncambered rectangular wing and found that the roll-up process was complete at x/c
< 1. Contrary to these studies, Phillips [33]] asserted that the vortex roll-up process is complete once the spiral wake
is no longer distinct from the vortex core; therefore, it continues for several chord lengths downstream of the wing.
Therefore, it cannot be said with certainty whether or not the tip vortices measured in this study are undergoing roll-up.
Nevertheless, from our data we can assume that the 2h= 0 mm and 10 mm plates do undergo the initial formation phase
since their spectra are at -5/3 and then tend towards -3 as we move downstream. However, the same can not be said for
the other plates. It appears, however, that the -5/3 frequency range is increasing with downstream distance, and so the
core is not laminarizing, as was the case the previous two plates. Therefore, for the 2h= 20, 30, 40 and 50 mm plates,
the vortex core is turbulent at all downstream locations. This would therefore imply that the formation process for these
tip vortices must have occurred between x = 0.5¢c, where a double core is evident (see Figure fa) and 1c, where a single

core is observed (see Figure [4b).
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A possible explanation for the persistent turbulent core for the higher chevron depth plates is vortex wandering,

which shall be investigated in the following sections.

VI. Cross Power Spectral Density Coefficient

Tip vortices are susceptible to a random, low frequency motion called wandering, which has been attributed to
free stream turbulence [11} (30} 39]], instabilities within the vortex core such as the ejection of fluid packets from the
core 2], vibration of the vortex generator [40] and boundary conditions [41]. Wandering leads to an over-prediction of
the core radius and under-prediction of the peak tangential velocities in measurements made by fixed probes, such as hot
wire anemometry [7,[10]. The amplitude of wandering has also shown to increase with an increase in downstream
distance [30]]. Devenport er al. [30] proposed an iterative analytical solution to correct the tangential and axial velocity
profiles for wandering under the assumption that the true position of the vortex center can be described by a non-isotropic
Gausian probability density function. This assumption was validated by Heyes et al. [7].

Vortex wandering is a planar phenomenon that affects both the v and w components of velocities simultane-
ously. Therefore, to study the effects of chevrons on vortex wandering, the cross power spectral density coefficient
(F2,,/Fy, Fyy), using the v and w velocity components at the vortex center, was computed and is shown in Figure@
To facilitate a comparison between the raw, measured frequencies for this study and other studies, a ‘reduced frequency’
was defined using f,= fc/Uc.

The cross power spectral density coefficient at the vortex center for the flat plate shows peaks over a wide range
of measured frequencies, the most discernable ones being at 10 Hz, 26 Hz, 120 Hz and 300 Hz (corresponding to a
reduced frequency, f,- of 0.1, 0.26, 1.2 and 3, respectively). There is no agreed threshold frequency for vortex wandering,
however, for this study, it is assumed that wandering taken place at frequencies lower than 100 Hz. A threshold of 100
Hz was also used by Bailey er al. [[L0], who argue that the wandering motion is associated with frequencies ‘significantly
lower’ than frequencies associated with turbulent activity. From Figure [8| we note that the emergence of the —5/3
inertial range, a typical indicator for turbulence, occurs at frequencies higher than 100 Hz. This corresponds to a reduced
frequency, f, of 1, and we note that the reduced frequency for vortex wandering for Bailey et al. [10] was similarly
equal to 1. Note that the 2h= 10 mm chevron plate shows a sharp peak at 440 Hz, which diminishes with an increase in
streamwise distance; this is shown in Figure 8]and is presumed to be associated with vortex shedding. For the 2h= 10
mm plate at x = 2c, we begin to observe a peak over a broad band of frequencies, roughly centred about 10 Hz (f,.= 0.1),
that increases with streamwise distance. The emergence of this low frequency, attributed to vortex wandering, coincides
with the streamwise location where the spectra for this plate show a laminarization of the vortex core (see Figure[8p). In
general, the coefficient of cross power spectral density for the 10 mm plate shows peaks over a range of frequencies
that are wider than the 20 mm plate, but narrower than the flat plate. For the deeper chevron plates (2h= 20, 30, 40

and 50 mm), we see distinct peaks over a narrow range of frequencies, centered about a raw frequency of 50 Hz, or a
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reduced frequency of 0.5. This reduced frequency is close to the value of 0.42 obtained by Bailey et al. [10] for vortex
wandering in small and large free-stream grid generated turbulence for a downstream distance of x= 3.75c. Finally, for
the deeper chevron plates, the peak associated with what is presumed to be vortex shedding is mostly absent (this is also
corroborated by the u velocity spectra shown in Figure [§). One can speculate that the presence of deeper chevrons
suppresses vortex shedding, however, this requires further investigation through flow visualization.

From the coefficient of cross power spectral density, we can infer that the contribution of energy at the vortex center
is from vortex wandering at frequencies lower than 100 Hz (or f, less than 1) and turbulence in the core at frequencies
larger than 100 Hz. From the perspective of a comparison between the vortex wandering for chevron plates and the flat
plate, it can be inferred that the motion of the vortex center for the deeper chevron plates has a dominant frequency, as
opposed to the flat plate, which shows multiple peaks at frequencies lower than 100 Hz. While the exact effect of the
chevrons on the turbulent activity in the tip vortex and the wandering of the vortex requires further investigation, it is
evident that the cross spectra for the chevron plates is very different from that of the flat plate. Therefore, by extension,
one can speculate that the wandering associated with deeper chevron plates could potentially be more organised as
compared to the 2h= 0 and 10 mm plates. The cross spectra also indicates that vortex shedding is absent in the deeper

chevron plates.

VII. Devenport’s Correction
Having identified that the tip vortex experiences vortex wandering, we now address means by which its effects can
be corrected. Devenport et al.’s [30] method is an iterative technique that requires the measured velocity profiles taken

along the z axis to be fitted by a series of the form:

no 2
Ug(o,zp)=2% 1_gxp( <p ) )

=1 P Ci

This method assumes that the position of a wandering vortex center can be described by a non-isotropic Gaussian
probability density function, where the standard deviations are the wandering amplitudes, o, and o, and e is the
correlation coefficient. The coefficient D; in Equation [2]is obtained using a least square curve fit, while ¢; is guessed for
the first iteration. To avoid complex results, the value of ¢; was set above [20,%(1 — €?)] 3. The corrected tangential
velocity profiles are then obtained and a comparison is made between the measured and corrected Reynold’s stresses at
the vortex center. If the difference is more than the tolerance (set at 0.1%), then the process is repeated with new values
for oy and o;. The corrected peak tangential velocities and core radii are shown in Figures @ and @], respectively.

It is observed that the corrected peak tangential velocities are higher than the measured ones. Similarly, the core
radii are smaller, when corrected for wandering. However, as compared to the flat plate, the chevron plates have lower

peak tangential velocities and larger core radii, even after the wandering correction is applied (with the exception of the
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2h= 10 mm plate, where the corrected core radius is smaller than that of the flat plate). Therefore, despite accounting
for wandering, qualitatively, the presence of chevrons leads to smaller peak tangential velocities and larger core radii as
compared to the flat plate. Following an analysis similar to what was presented in Section & and & were computed for
the corrected velocity profiles and are shown in Figure[T1] Since the corrected peak tangential velocities are larger than
the measured ones, it can be expected that & values would follow the same trend, i.e., the values of £ for the corrected
profiles are larger than the ones for the measured profiles. Therefore, the spatial average of £, given by £ is larger for
each test plate than the measured counterparts. For instance, corrected &, for the 2h= 20 mm plate is 10.8% larger than
the measured &.

It has been shown that Devenport et al.’s method was accurate when o, /r. and o /r. were less than 60% [42].
On applying this correction to the 2h= 0, 10 and 20 mm plates, the wandering amplitudes normalised by the core
radius were found to increase with chevron depth as well as downstream distance, while remaining within 40%. The
increase in o, /r. and o /r. with increase in chevron depths and downstream distances is significant because vortex
wandering in atmospheric turbulence aids in faster dissipation of tip vortices [9,[10]]. Since atmospheric turbulence
intensity cannot be changed at will, the only direct means by which the wandering of the vortex can be altered is by
changing the geometry of the lifting surface i.e., the addition of chevrons, which contributes to vortex dissipation.

This correction could not be applied to the velocity profiles for the deeper chevron plates i.e., for 2h= 30, 40 and 50
mm, as Devenport et al.’s correction is valid only for a laminar core, and the deeper chevron plates exhibited a turbulent
core. On applying the correction to the deeper chevron plates, convergence was not achieved for a tolerance of 0.1%.

When the tolerance was raised to 1%, convergence was achieved, however, the solution was sensitive to the number of
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terms, n, in the series fit. Smaller values of n lead to poor fits. At larger wandering amplitudes, the minimum value of
c¢; exceeded the core radius. It was also observed that a small amount of scatter in the measured data lead to a large
oscillation in the corrected profile. These results were also observed by Bailey ez al. [10] when they attempted to correct
the tangential velocity profiles for wandering for a high free-stream turbulence case. Despite the fact that a wandering
correction could not be applied to the deeper chevron plates, the trend observed when the correction is applied to the
shallower chevron test plates is promising and indicative of a weaker tip vortex due to the presence of chevrons. For the
£ value of the 2h= 50 mm plate to be equal to that of the flat plate, a 100% correction would be required, which seems

unlikely based on the fact that the 2h= 10 and 20 mm plates required a correction of 5.6% and 10.8%, respectively.

VIII. Mean Axial Velocity and Turbulence Intensity Profiles

Having identified that deeper chevron plates have a turbulent core, it is of interest to investigate the mean and
turbulence profiles, so as to gain a deeper understanding of the tip vortex structure itself. Tip vortices have been shown
to exhibit either an axial velocity deficit [30] i.e., ‘wake-like’ (or have a deficit with respect to the free stream), or
an axial velocity surplus [32]] i.e., ‘jet-like’ (higher than the free stream velocity) in the core. Batchelor [43]] showed
analytically that the nature of the axial velocity is determined by the balance between the radial circulation gradient and
the dissipation of momentum: if the latter is greater than the former, the axial velocity is wake-like. Anderson and
Lawton [[15] found that the axial velocity depends on the angle of attack of the wing and the tip shape: wings with a
rounded tip and a high angle of attack lead to a jet like flow, as opposed to wings with a square tip and at low angle of
attack, which form a wake like axial velocity profile. Therefore, it was of interest to study the effect of chevron tips on

the axial velocity profiles of the tip vortices.

17



In Figure 12} the normalized mean axial velocity deficit profiles for each test plate at every downstream position are
shown. An axial velocity deficit within the vortex core is observed for all cases, that tends towards the free stream and
plateaus thereafter as we move radially away from the vortex center. Furthermore, it is observed that the axial velocity
deficit at the vortex center decreases for each test plate with an increase in the streamwise distance. Figure[I3]|shows the
normalised axial velocity at the vortex center for each chevron plate. The centreline axial velocity deficit for the deeper
chevron plates decreases more rapidly compared to the shallower chevron plates.

The normalised turbulent kinetic energy is calculated using K= O.S(F +v72 + W) /U2, and is shown in Figure

There is a discernable difference in the K profiles of the test plates. At x= 1c, the normalised turbulent kinetic energy
increases up to at 0.5r, and then decreases for each test plate. However, as the downstream distance increases, the K
profiles of the deeper chevron plates (2h= 20, 30, 40 and 50 mm) deviate significantly from the 2h= 0 and 10 mm plates.
The deeper chevron plates show a constant value of K up to 0.57. and then tends to zero as the radial distance from
the vortex center increases. In contrast, the normalised turbulent kinetic energy of the flat plate and 10 mm chevron
plates decreases with an increase in radial distance from the vortex center and tend to zero more slowly than the deeper
chevron plates. The deeper chevron plates, therefore, have a very distinct profile, as opposed to the Omm and 10 mm
chevron plates. This is corroborated by the fact that the 2h= 0 and 10 mm plates exhibit a non-turbulent-like power
spectrum in the core and throughout.

It can be observed for the deeper chevron plates from Figures[T3|and [T4]that a decrease in the axial velocity deficit
(as streamwise distance increases) is accompanied by a decrease in the normalised kinetic energy. For instance, the 2h=
50mm chevron plate exhibits a turbulent vortex centre at each downstream position and large values of K. Its axial
velocity deficit is the largest at x= 1c and the deficit decreases to that of the flat plate at x= 3c. Contrary to this, the flat
plate exhibits a laminar core from x= 1c to 3c and has the smaller values of K as compared to the chevron plates. Its
axial velocity deficit is the lowest at x= 1¢ and decreases with streamwise distance at a rate lower than the chevron plates.
Clearly, the rate at which the axial velocity deficit decreases for the test plates is linked to the normalised turbulent

kinetic energy.

IX. Discussion
The main objective of this study was to evaluate the impact of chevron wing tips on the strength of the tip vortex in
the near field, and it has been shown that increasing the chevron depth resulted in the tip vortex becoming weaker by
lowering the peak tangential velocities and increasing the core radius (except the 2h= 10 mm plate, which had a smaller
core radius). This was further illustrated by using a non-dimensional integral of the velocity profile, &, which gave
significantly lower values for the 2h= 20, 30, 40 and 50 mm plates as compared to the flat plate and 2h= 10 mm plate
(see Figure[7a). As shown in Figure[8] the deeper chevron plates had a slope of -5/3 at every downstream position and

the frequency range increased with downstream distance, indicating that the core was not laminarizing, which was the
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case for the shallower chevron plates, but was fully turbulent. Vortex wandering and initial formation effects were both
shown not to be the cause of the turbulent core in the deeper chevron plates, whilst the turbulent profiles - see Figure[14]
- clearly indicated that the deeper chevron plates exhibit radial distinctive profiles, different to the shallower chevron
plates. Combined, the results indicate that the tip vortices for the deeper chevron plates are turbulent. Therefore, the
wider and weaker tip vortex could be attributed to the turbulent nature of the core, as it would lead to enhanced levels of
mixing and diffusion.

To demonstrate this, we compare the average strength of the tip vortex i.e., & from Figure|7bl to the average total
core kinetic energy within our measurement range i.e.,K’, where K’ = /01 K d(r/r.), which is shown in Figure The
figure shows a clear trend: as the chevron depth increases, the turbulent kinetic energy increases within the core and
the tip vortex becomes weaker, i.e., the value of g_f decreases. Finally, it is of interest to note which component of the
turbulent kinetic energy is the largest contributor to K’ so as to discern which component is the primary driver of the
weakening of the tip vortex. In Figure we show K|, K|, and K/, where K|, = /01 O.SW/UEO d(r/rc), with K,
and K, calculated in a similar manner. It is evident from Figure|16|that u’? has the largest contribution to K’ ( 58%
at x= Ic), followed by V2 (24% at x=1c¢) and w2 ( 18% at x= 1¢). As downstream distance increases to x= 3c, the
contribution of ﬁ to K’ decreases to 45%, while that of ﬁ increases to 37% and W remains fairly constant. There is,
therefore, a significant decrease in K, with an increase in downstream distance as compared to the v and w components.
Furthermore, at x= Ic, it is observed that the value of K}, increases with an increase in chevron depth (with the exception
of the 2h= 10 mm plate). For example, there is an 69% increase in the value of K, between the 2h= 0 mm and 50 mm
chevron plates. One can therefore argue that the primary reason the tip vortex becomes weaker is due to an initial
substantial increase in streamwise kinetic energy. Given that this increase in streamwise kinetic energy occurs very

close to the flat plate, and that there is a clear increase in K}, as chevron depth increases, the source of this increase
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must be the chevrons themselves. This increase due to chevron depth, however, diminishes as downstream distance
increases and at x= 3c, the difference is negligible. The presence of chevrons, however, does not significantly alter the
contribution of K;,, K, and K}, to K’, i.e., when each component of K’ is normalised by the total kinetic energy within

the core, the curves for all the test plates, except the most upstream location, collapse.

X. Conclusions

Vortices formed over chevron tips on a flat plate were found to have lower peak tangential velocities and larger core
radii (with the exception of the 2h= 10 mm plate). The overall strength of the vortices was computed using an integral
of the normalised tangential velocity over the radial distance up to three times the core and was found to be smaller for
deeper chevron plates. The weaker tip vortices were attributed to turbulence in the core. The frequency spectra of the
streamwise velocity component was found to exhibit a slope of -5/3 for deeper chevron plates (2h= 20, 30, 40 and 50
mm), and were hence turbulent, while that of the 2h= 0 and 10 mm plates had a slope of -3 and were therefore laminar.
The cross power spectral density coefficient showed that the vortex was wandering for each test plate. Correction to
wandering was applied to the 2h= 0, 10 and 20 mm plates, but could not be applied to the deeper chevron plates as
Devenport et al’s [30] correction is not valid for a turbulent core. On applying the correction it was found that vortex
wandering did lead to an under-prediction of the tangential velocities and over-prediction of the core radii, however,
despite the correction, the chevron plates exhibited a lower peak tangential velocity and a larger core radius than the flat
plate (with the exception of the 2h= 10 mm plate). Furthermore, the wandering amplitudes of the chevron plates were
larger than those of the flat plate, which could potentially be used to aid in vortex dissipation. The wandering ‘signature’
of the flat plate and 2h= 10 mm chevron plates were similar as they exhibited peaks over a wide range of frequencies.
Contrary to this, the deeper chevron plates exhibited a spike at a single dominant frequency. Mean axial velocity profiles
were wake-like for every test plate, with the deeper chevron plates exhibiting a larger velocity deficit at the vortex center.
The normalised turbulent kinetic energy profiles of the deeper chevron plates were very distinct and different from
the laminar, shallow chevron plates. In addition, the integral of the turbulent kinetic energy was found to be larger
for the deeper chevron plates, which is used to explain the lower strength of the tip vortices- a turbulent core would
result in increased levels of turbulent mixing and diffusion, leading to a weaker tip vortex. Despite the fact that the 2h=
50 mm plate gives the weakest tip vortex, it should be reiterated that this study focused on chevron geometries with
four chevrons and a fixed wavelength. Understanding the exact effect of chevron geometry variation on the tip vortex
requires further analysis examining both of these variables, as well as the effect of airfoil cross-section. Furthermore,
the stability and far-field development of the tip vortices needs to be studied to understand why some geometries are

better than others.
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