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An experimental investigation is conducted to study the effect of multi-scale endplates on
the wing tip vortex and wing aerodynamic performance at Reynolds numbers of 215000 and
244000 based on the wing mean chord of a NACA 0012 half span wing. Two groups of endplates
are tested. The first group has three different fractal patterns applied along the top edge of the
endplate while the second group has three different two-scale patterns applied to its outboard
surface. It is experimentally shown that both geometry modifications produce a weaker and
less coherent vortex. Moreover, while a peak in the power spectral density of the fluctuating
axial velocity at the vortex core at Strouhal numbers between 3 and 10 is observed for the plain
endplates of both groups, it vanishes for the multi-scale endplates. This suggests that the multi-
scale endplates act on the vortex structure making it less coherent through the production
of smaller eddies as evidenced by the velocity spectra. The multi-scale endplates also show
potential improvements in terms of the wing aerodynamic efficiency, with the maximum C;/Cy

being up to 11.1% larger than for the corresponding plain endplate.

Nomenclature
a = Angle of attack (deg)
a = Amplitude of the fractal pattern (m)
B = 90-¢ (deg)
Ca = Drag coefficient
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C = Lift coeflicient

C, = Root chord (m)

C, = Tip chord (m)

Dy = Fractal dimension

dy = Diameter of the hot wire sensor (m)
f = Frequency (Hz)

0% = Taper ratio

h = Endplate height (m)

Acjs = Sweep angle at quarter chord (deg)
A = Fractal pattern wavelength (m)

l; = Fractal pattern lengthscale (m)

L = Length of the hot wire sensor (m)

PSD = Power spectral density (m?/s)

P = Fractal pattern perimeter (m)

@ = Chevron angle of the fractal pattern (deg)

o = Density (kg/m?)

) = Ratio between fractal iterations

Sm = Manipulated surface

s = Wing half-span (m)

u’ = Root mean square of the velocity fluctuation

Us = Freestream velocity (m/s)

U; = Transverse velocity (m/s)

U = Velocity component aligned with x — axis (m/s)
Vv = Velocity component aligned with y — axis (m/s)
w = Velocity component aligned with z — axis (m/s)
Subscripts

i = Fractal iteration number

I. Introduction
Tip vortices are encountered in applications where a finite surface withstands a pressure difference. Typical cases
are lifting wings, turbines in aero-engines and helicopter blades. In these situations, there may be the need to displace or

significantly reduce the lifetime of the tip vortices, as they can hinder the performance or generate significant noise.



In the case of aeroplanes, the natural breakdown of the tip vortex occurs due to fluid dynamic instabilities. The
vortices shed from the wing tip interact with each other at a distance of roughly 40-50 wing spans behind the aircraft.
Here, two main processes arise, also known as Crow [[1] and Widnall [2] instabilities. These phenomena destabilize the
coherent trailing vortex and cause its subsequent decay. A quicker dissipation of the wing tip vortex is of economic and
environmental benefit, since it minimizes the aircraft waiting time at airports and hence fuel waste. A large body of
research has focused on achieving this target. A detailed review focusing on vortices shed by aircraft and their impact
on air travel safety as well as their motion and persistence is provided by Spalart [3].

Both active and passive methodologies have been used to mitigate tip vortices. Synthetic jets at the tips of the
wing [4, 5] and oscillating flaps and winglets [6] are examples of the former and further extensive reviews of active
methodologies are provided by Crouch [7] and Gursul & Wang [8].

Endplates are a more conventional and widely applied solution to mitigate the tip vortex. Since their introduction in
1897 by Frederick W. Lanchester [9]], they have had a substantial impact on aviation as a way to reduce the lift induced
drag. In the 1970s the concept was further advanced by Richard T. Whitcomb, when he coined the term winglet to
highlight the intricate aerodynamic design process of wing tip devices [[10]. The main advantage of winglets, compared
to wing extensions, comes when there is a restriction on the root bending moment [[11]. Significant development in the
design of winglet geometries has led to their frequent introduction on existing large wide-body aircraft. Only recently
the B737 family was retrofitted with an innovative blended winglet design, leading to a fuel saving of 4 % and a noise
reduction in the airport vicinity of 6.5 % [12]. It therefore seems clear that geometry modifications to the wing and
endplates can have a substantial effect on the overall aircraft performance and this thus warrants their in depth research.

Fractal geometries have shown strong effects on flow field parameters, particularly on turbulence properties. Several
studies have focused both on the potential applications, including heat and mass transfer enhancement [[13-15], more
efficient combustion using opposing jets flames [16], and the fundamental flow properties of fractal generated turbulence
[I7H19]. In an experimental study by Nedi¢ et al. [20], it was shown that the C;/C; of a NACA 0012 wing can be
increased up to 8 Y% by introducing fractal modifications to the trailing edge. The authors suggested that enhanced
mixing might be the physical mechanism behind their results. They support their argument through hot wire anemometry
measurements in the wing wake, where they observe a decrease in the coherence spectra measured across the wake with
increasing fractal iteration.

A further experimental study by Nedi¢ et al. [21] examined the drag and wake characteristics of square, circular,
and fractal geometries; all the geometries being equivalent in terms of frontal area. Among the important results of
this research was that vortex shedding energy decreased by up to 60 % with increasing fractal iteration. Numerical
research by Laizet & Vassilicos [22]] on fractal grids installed in channels suggested that a non-fractal grid created a
higher turbulence intensity and pressure drop than a fractal grid with the same blockage ratio. Similar findings were

reported by [23l24] in the case of impinging jets with fractal generated turbulence. The common conclusion of the



authors was that fractal geometries promote enhanced mixing.
It is therefore of interest to investigate the effect of multi-scale geometry modifications to endplates mounted on a
wing model. Two different geometry manipulations are considered, resulting in two groups of endplates:
1) An increasingly higher number of fractal iterations is introduced along the tip (top edge) of the endplate. This is
similar to Nedi¢ et al. [20] where a fractal pattern was applied to the trailing edge of the wing.
2) The outboard surface of the endplate is modified to feature multi-scale geometries whilst the frontal area of the
endplate (i.e. the side facing the freestream) remains constant.
For both sets of endplates the effectiveness of the geometry modification is assessed by comparing the aerodynamic
coeflicients to those of a plain endplate. Furthermore, the spectral analysis of the wingtip vortex provides relevant
insight into the redistribution of the energy across the scales, which is a strong indicator for vortex decay.
The structure of the remainder of this paper is as follows: the experimental setup, the measurement techniques and
the two groups of endplates used are detailed in section[[I] The results are then divided into two sections, where the
effect of the modification to the endplate’s top edge and the outboard surface are detailed in sections and

respectively. Finally, some common conclusions are drawn in section [TV}

I1. Experimental Setup

A. Facilities and Experimental Model

The Donald Campbell wind tunnel at Imperial College London was used to conduct the experimental investigation.
It consists of a test section which is 3.35 m long, 1.37 m wide and 1.22 m high and features a contraction ratio of 5.7:1.
The background turbulence intensity level is 0.24 % at 15 ms™' and 0.26 % at 17 ms™'.

A tapered, swept back, semi-wing based on a NACA 0012 airfoil was used. The model is the same to the one used
in [25]]. It was mounted at the mid height of the test section and extends from the wind tunnel walls half way into the
test section, in order to reduce the interference from the walls to a minimum. The half span of the wing was s = 0.685
m and it features a tip and root chord of C; = 0.1 m C, = 0.333 m, respectively. All the geometric parameters of the
model are listed in Table[T]and a schematic representation of the wing model is provided in Figure [T}

ABS-M30 was used to rapid prototype the wing and the surface was sanded down to achieve a smooth finish. To
maintain the desired shape, two silver steel bars extend along the span in order to minimise wing deflection. Finally, any
leak paths were removed by applying wax to the junction between the wing edge and the endplate.

The wing was connected to a strut located outside of the wind tunnel. This makes it possible to change the angle
of attack of the wing and this was regulated using a digital inclinometer with a resolution of 0.1°. The wing was
connected to the strut through a six-axis load cell ATI FTD-Gamma IP68 (1/80 N in plane resolution, 1/40 N out of

plane resolution). Considering the wing size and the typical values of the aerodynamic forces acting on the model, the



accuracy of the lift and drag coefficients was estimated to be 1% and 6%, respectively, in the worst case scenario where
the angle of attack equals zero and the aerodynamic force is therefore smallest. The accuracy on the drag coefficient
reduces to 3% in the case of angle of attack equal to 6°. When mounting the wing it was ensured that there was no

bridging between the wing and the wind tunnel walls, as to avoid any bias in the force measurements.

Table1 Wing Dimensions.

Section Geometry NACA 0012
Half Span, s (m) 0.685
Root Chord, C, (m) 0.333
Tip Chord, C; (m) 0.1
Mean aerodynamic Chord, ¢ (m) 0.2165
Taper Ratio, y 0.3

333

685 1

Fig. 1 Sketch of the wing from a top view. All dimensions are in mm. The internal reinforcement bars are
depicted for completeness.

B. Endplate Geometries

Fig.2 Group 1 endplate geometries. £'1; - E1¢ from left to right.

The first part of this work focuses on a group of endplates where a fractal pattern is applied to the top edge.
Regardless of the number of fractal iterations, the surface area of the endplate remains constant. For a fixed height 7,
four different cases are considered, E1; to E 14, where the number of fractal iterations ranges from O (i.e. plain endplate)
to 3. The maximum number of iterations is set by the accuracy of the laser cutting process used to manufacture the

endplates as well as the structural integrity of the endplates. The effect of the endplates’ height is also investigated, but



only in the two limiting cases, where the fractal iterations are 0 and 3.
The chevron pattern is obtained by using four segments of length /;, hence causing the number of segments that
form the pattern to increase by 4¢, where i is the iteration number for each successive iteration.

The fractal dimension, D ¢, is given by

In4
- 1
f Inpo M
where the ratio, o, between successive iterations is
PR
Q=4cosﬁ’:(l—) . 2)
i
Here, 8 = 90 — ¢ and ¢ is the chevron angle.
Ultimately, the perimeter of the fractal segment, $, can be calculated using
4iliC;
Pp=_—"" 3
1 3)

The dimensions of the endplates are summarized in Table 2]

Table2 Geometric details of the endplates belonging to Group 1. D ; gives the fractal dimension, i the fractal
iteration, A the wavelength of the pattern, /; the segment length, ¢ the chevron angle, a the amplitude and P /C;
the ratio between the perimeter and the tip chord.

EPno.(n) Dy i A(mm) [;(mm) ¢(deg) 2a(mm) P/C; h(mm)

El - - - - - 1 95.9
El, 133 1 50 17.68 45 2500 141 959
Els 133 2 50 6.25 45 2500 200 959
Els 133 3 50 221 45 28.13 283 959
Els - ; . . - 1 64
Elg 133 3 50 221 45 28.13 283 64

The second part of the investigation focuses on the effect of introducing a multi-scale pattern on the outboard surface
of the endplate, as shown in Figure 3]

The multi-scale pattern is applied to the outboard surface by alternatingly increasing and decreasing the endplate
thickness, as to keep the frontal area constant. Two lengthscales, [y and /;, are used to create the applied pattern, as
shown in Figure[d Further to this, two different parameters are considered: the ratio between the scales (R;) and the
ratio of the manipulated endplate surface to the total outboard surface area (S,,). Four different endplates are tested: a
clean (E2;) and three modified configurations (E2; to E24). For E2; and E23 the multi-scale pattern is applied to the
entire outboard surface, whereas for £24 the multi-scale pattern is confined to the top of the endplate. The geometric

details of the endplates belonging to Group 2 are listed in Table[3] This group of endplates is also manufactured from



ABS-M30 material using rapid prototyping.

An example of a Group 1 and Group 2 endplate mounted to the wing in the wind tunnel is shown in Figure 5]

Table 3 Geometric details of the endplates belonging to Group 2. /j represents the length of the first scale. /,
represents the length of the second scale. R; = [,/]j. %S, indicates the percentage of manipulated surface with

respect to the total surface area of the endplate.

EP no. (n) [p (mm)
E2, -
E2, 2.50
E2; 1.50
E24 2.50

[y (mm) R; (mm) %S,
- - 0
3.00 1.20 100
2.50 1.67 100
3.00 1.20 7.50
E2, E2; £2,

Fig. 3 Group 2 endplates geometries.

Fig. 4 Schematic representation of the Group 2 surface manipulation. A full pattern is represented using a
continuous line. Dashed lines are used to indicate the continuing pattern. Values of /) and /; are listed in Table

B

C. Measurement Techniques

For all investigated cases, the reference frame is set such that the origin is located at the trailing edge of the tip of the

wing, when the angle of attack, «, is equal to 0°. The x-axis is aligned with the freestream, the y-axis is in the spanwise

direction and points outwards, and the z-axis is oriented vertically.



Force measurements, hot wire anemometry (HWA) and stereoscopic particle image velocimetry (stereo-PIV) are
performed for the Group 1 endplates. All the measurements are carried out at the same Reynolds number Re, which is

calculated based on the mean aerodynamic chord and equal to 215000. HWA and stereo-PIV experiments are performed

at an angle of attack of 6 °.
For Group 2 endplates, force measurements and HWA experiments are carried out at a slightly higher Reynolds

number, Re = 244000. The difference in Reynolds number is deemed sufficiently small as to not cause any significant

changes to the flow regime.

2
Z
Z
=Z
Z
Z

Wing Trailing Edge '
Wing Trailing Edge

(a) Elg. (b) E2;.

Fig. 5 Picture of a mounted endplate from each group.

HWA measurements were performed using a single sensor uni-directional constant temperature hot-wire probe. The
sensing length, /,,,, and diameter, d,,, of the horizontally orientated wire were 1 mm and 5 um respectively. The ratio
between the sensing length and wire diameter, [, /d,,, is therefore approximately 200. The hot wire was driven by
a Dantec Streamline constant temperature anemometer. Data were sampled at a frequency of 50 kHz using a 16-bit
National Instruments NI-6341 (USB) data acquisition card. Each HWA measurement lasted for 60 s, which was shown
to be sufficiently long for the convergence of the turbulent statistics studied here. The velocity spectra of the streamwise

fluctuating velocity provide information about the large- and small-scale resolution of our measurements as well as about

the presence of coherent/periodic structures. The computation of the velocity spectra was performed using the Welch
method, by subdividing the velocity signal into 50 Hanning windows with an overlap of 75% and subsequent averaging.
An automated 3D traverse system was used to move the hot-wire probe along the x, y and z-axis with micrometric
accuracy. The traverse was located outside of the tunnel with an arm extending into the test section, to reduce any
aerodynamic interference to a minimum. Furthermore, the probe was mounted using a specifically designed ad hoc

holder which increased the distance between the holding arm and the measurement plane.

High frequency measurements of flow structures can be obtained using hot-wires. The results are low in noise

and allow for the computation of the velocity and power spectra. Moreover, statistical turbulence information can be



obtained and low turbulence levels can be measured [26]. However, the physical presence of the probe and the probe
arm cause these measurements to be intrusive. The wingtip vortex is found to be both sensitive and insensitive to this
disruption in literature. Whilst vortex bursting was reported by Green et al. [27], Devenport et al. [26] and hot-wire /
laser anemometer comparisons by Orloff [28]] suggested that the wing-tip vortex is unaffected. The current investigation
therefore took care to ensure that no disturbance, displacement or bursting of the wingtip vortex occurred. The forces
acting on the wing were found to be invariant regardless of whether or not the hot-wire probe was present and a good
correlation between the structure of the wingtip vortex measured using HWA and stereo-PIV further indicated that the

flow field was not unduly affected.
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Fig. 6 Contours of U, /U for Endplate E14 shown at x/C; = 1 and x/C; = 2.5. Dots indicate the HWA
measurement locations.

A 4% order polynomial function was used to calibrate the CTA. Flow velocities between 4.5 ms™" and 17.25 ms™!
were sampled in steps of 2.125 ms~! for 30 seconds before and after each spanwise traverse to minimize the influence of
temperature drift. The accuracy on the mean flow data obtained using the HWA was estimated to be within +0.5%,
while the turbulence intensity data were estimated to be accurate within +4%.

HWA data were sampled at two planes, x/C; = 1 and 2.5, for E1,-E14. For the shorter, Group 1 endplates, E15-E 1¢,
the measurement planes were located at x/C; = 1 and 4. Measurements for the Group 2 endplates were limited to only
one streamwise plane, positioned at x/C; = 2.

The sampling of the tip vortex was performed by taking HWA measurements with a spacing of 2 mm and 5 mm (0.02
C; and 0.05 C;) in the y and z-direction, respectively. Figure[6|shows a graphical representation of the measurement

domain for endplate E14 together with the contours of velocity magnitude U,,45 /Uco; the black dots represent the actual



measurement locations.

Stereo-PIV was conducted for endplates E£1; and E14. Two cameras as well as the laser and the associated optics
were mounted on two parallel traverse systems. After an initial optical calibration, where a calibration target was
displaced by =2 mm normal to the cameras, the set-up allowed numerous stereo-PIV planes to be acquired. Additionally,
the calibration was refined by performing a self-calibration on the particle images [29].

The laser sheet was shone into the test section through a window in the wind tunnel floor. It was aligned in the
streamwise direction and allowed measurements from x/C; ~ 1 to x/C; = 2.5. The measurement planes were located
between 60 mm inboard to 5 mm outboard of the wingtip and were spaced at 5 mm intervals. A qualitative schematic of

the experimental set-up is shown in Figure[7]

camera laser endplate
sheet —————

camera

wind tunnel

laser optics

traverse

Fig. 7 Schematic illustration of the stereo-PIV set-up.

A Litron Dual Power 200 Nd: YAG laser with a maximum output energy of 200 mJ/pulse and a wavelength of
532 um was used to illuminate the flow field. It was operated in a dual pulse mode and two CCD FlowSense EO 16
Mpix cameras, acquiring at 2 Hz, were positioned on one side of the laser sheet. Schleimpflug mounts were used to
achieve a uniform focus across the entire field of view. For each measurement plane, 500 images were acquired to ensure
converged statistics. These were dewarped onto the common plane identified by the self-calibration procedure [29]. At
the centre of the images, a digital resolution of approximately 14.5 pix/mm was achieved.

The flow was seeded using Fog fluid nebulised into particles with an average size of 2um.

The time delay between the two exposures was set to 35 us, thus resulting in an average particle displacement of 10

pixels. Considering the typical error in determining the peak in the cross-correlation algorithm (0.1 pixel), this results

10



into an error in the measurement of the mean velocity components of +1%.

The images were processed using an adaptive algorithm as outlined by Astarita [30] and Giordano & Astarita [31],
with an interrogation window size of 32 pix X 32 pix (2.20 mm X 2.20 mm) and an overlap of 75 %, resulting in a vector
pitch of 0.55 mm. To reduce the effect of any undesired reflections within the test section, the historical minimum was

removed from each raw image.

I1I. Results and Discussion
In the following section, all the coeflicients calculated from force measurements are plotted with their respective
uncertainty. The uncertainty in each coefficient is calculated assuming Gaussian uncertainty propagation. The wing
area error is assumed negligible compared with the uncertainties in velocity and force readings.
It is further noted, that the velocity magnitude measured using the HW will be referred to as Uy, whilst U, V and
W are the velocity components aligned with the x, y and z-axis; u’ refers to the root-mean-square (rms) of the turbulent

velocity fluctuations.

A. Effect of the Endplate Tip Geometry Modification

1. Aerodynamic Coefficients

We begin by evaluating the aerodynamic coefficients C; = L/(¢«S) and C4 = D /(g S) for the wing equipped with
the Group 1 endplates. Here g, = 1/2pU?2 is the asymptotic dynamic pressure and S is the wing planform area. Data
are plotted as a function of the angle of attack, a.

Figures[8p and [8p show the lift and drag coefficient when the individual Group 1 endplates (E1,-E1¢) are mounted
to the wing as well as when no endplate is present. As to be expected, C; and C; grow with increasing angle of attack.
However, it is difficult to observe any trends caused by the fractal iterations along the top edge of the endplate. The effect
of the endplate geometry is highlighted looking at the percentage differences calculated as AC/Crey = Ci =Cref [Crey,
where C; represents the lift (Figure[8d) or drag coefficient (Figure[8g) of the i-th endplate at a given angle of attack and
Crcy the value of the coeflicient obtained with the clean wing (baseline). While the values of the lift coefficient are
found to be quite independent of the multiscale geometry, the drag coefficient shows that the investigated endplates may
lead to drag reductions of the order of 10% (£ 1¢). Furthermore, the results suggest that the endplates show an optimal
value of the angle of attack at which the drag reduction is the largest. It must be pointed out though that the results
presented here are not conclusive in this sense and further investigations with a larger parametric space are needed to
conclusively address this point. In addition to this, the large differences outlined in the case of @ = 0 are effectively
associated with the fact that, at that particular angle of attack, the accuracy of the system is the lowest.

A more quantitative comparison can be carried out by looking at the aerodynamic efficiency, C;/Cy, plotted as

a function of the angle of attack, as shown in Figure[8k (and further highlighted by the plot showing the differences

11
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Fig. 8 Lift coefficient (a), drag coefficient (b) and aerodynamic efficiency (c) as a function of the angle of
attack a for the endplates belonging to Group 1. The measurements for the clean wing are also shown for
reference. Percentage variation of the lift (d) drag (e) coefficients and aerodynamic efficiency (f) with respect to
the reference case (clean wing).

in aerodynamic efficiency, Figure[Sf). The largest differences can be observed when 2° < @ < 8°. In this range, the
efficiency of almost all the endplates is larger than that of the clean configuration when no endplate is mounted to the
wing. The highest efficiency is achieved by E1;. When considering only the results from the endplates E1; to E14
(characterized by the largest value of k), it is impossible to identify a clear relationship between performance and the
fractal iteration. Therefore, from this analysis no appreciable effect on the aerodynamic forces for the investigated
Reynolds numbers can be observed, despite the potential for beneficial downstream effects, which will later be explored.
It is also worth explicitly noting that the limited resolution, in terms of angle of attack limits, the capability in determining
the exact location of the peak in aerodynamic efficiency. Nevertheless, the obtained trends were deemed sufficient to
highlight the potential improvement of the aerodynamic efficiency when a fractal endplate was employed.
Nevertheless, the endplate E14, which is characterized by a smaller height, 4, and same amplitude of the fractal
modifications, a, compared to E1; - E14 (see Table[2) achieves an efficiency which is very close to E1;. At the same
time the efficiency is larger than that obtained by endplate E 15, which features no fractal pattern along its top edge and
is of the same height as E1¢. The higher efficiency of E'1¢ with respect to the other fractal geometries may be related to
the larger value of a/h. This suggests that the fractal geometry does have an effect, but it also indicates that this effect

can be reduced when a/h falls below a certain threshold.
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Fig. 9 Contour representation of the velocity fluctuation u’/U. (a) and velocity magnitude U, .z /U (¢) for
the isolated wing. (b) Power spectra at specified locations within the vortex, as represented in the (a) and (c)
panels. The color code of the markers corresponds to each individually plotted PSD. Data are measured at
x/C; = 2.5. The angle of attack is set to a = 6°.

2. Near Wake Topology

HWA measurements allow a comparative analysis of the topology of the wingtip vortex. We begin by observing the
flow structure of a clean wing when no endplate is mounted.

Figures Ela andEF show the rms (u’/Us) and the velocity magnitude (U,qg/Ux), respectively, as measured at
x/Cy = 2.5. Here a clear spiral wake, embedding a well defined and confined vortex core can be seen.

The power spectra at various positions inside the wing tip vortex provide further information about its structure and
the origin of the turbulent fluctuations. Figure[9b shows the power spectra at x/C; = 2.5 for the wing when no endplate
is fitted. Each marker on the contour plots is color coded to match the corresponding non-dimensionalised PSD line in
Figure [Op.

The energy retained in frequencies below fC; /U = 10 increases significantly as the vortex core is approached
compared to the distribution measured in the spiral wake. Moreover, the energy of small scale turbulence at
fC:/Us > 20 drops in the vortex core compared to that in the wake spiral. This agrees well with results presented
by Devenport et al. [26], where it was postulated that the results indicate that the core produces very little of its own
turbulence. The fluctuating axial energy in the low frequencies was attributed to the buffeting of the vortex core by the
spiral wake.

To verify that vortex wandering has not unduly affected the results, the HWA signal is high-pass filtered at at
fC:/Us = 3. Low frequency contributions to the measured signal, as caused by vortex wandering, are therefore
removed. Whilst the magnitude of u’ /U is reduced, little difference in the structure of the vortex is observed between
the unfiltered and filtered signals shown in figures [T0] thus suggesting that vortex wandering only has a negligible effect

on the measured data and the resulting vortex contours. It must be pointed out that the measurements are carried out at a
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relatively small distance downstream of the wing model, hence the effect of the vortex meandering may still be quite

limited.
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Fig. 10 Contours of u’ /U, unfiltered a), and high-pass filtered at fC; /U, = 3 b). Data in the first row (a,b)
are measured at x/C; = 1, while data in the second row (c,d) are measured at x/C; = 2.

The vortices shed by the individual endplates is now analysed using the same methodology.

The first and third columns of Figure show the contours of u’/Us and U,,qg /U, tespectively, at x/C; = 2.5 for
E1; - E14. Increasing the number of fractal iterations from O to 3, the vortex grows in size whilst featuring a larger
velocity deficit and increased levels of turbulence intensity. Furthermore, the vortex becomes more diffused with the
distinction between the vortex core and the surrounding vortical fluid becoming less clear.

The second column of Figure |1 1{shows the power spectra at x/C; = 2.5 corresponding to the vortex released by
each endplate. The measurement locations, for which the power spectra are displayed, are also indicated in the u’ /U

and U,yqg /U contour plots.
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Figure [TTp, corresponding to the non-fractal endplate, shows that the PSD levels are almost twice as high at
frequencies below fC;/Us = 2 and slightly elevated between fC; /U =2 and fC;/Us = 10 inside the vortex core
compared to the surrounding wake. Above fC;/Us = 20, the spectral levels in the vortex core drop below what is
measured in the wake spiral.

The observations made for the non-fractal endplate also apply to E 1,, Figure [Tk, with the difference between the
energy in the high frequency fluctuations inside and outside the center of the vortex being less pronounced.

For E13 and E 14, Figures[TTh and [Tk, the power spectra is found to collapse for most locations inside the vortex,
suggesting a uniformly distributed energy level throughout the entire vortex.

The results presented in regards to the power spectra at various locations inside the vortex lead to the conclusion
that the vortex becomes more diffused with increasing fractal iteration. This was previously hypothesised based on the
vortex contours of u’/Us and Ujnag/Us and has been further confirmed, since no marked difference can be detected
in the power spectra between the centre of the vortex and its surrounding for the higher fractal iterations. The power
spectra at different locations, unlike for the plain wing and the non-fractal endplate, collapse with a clear distinction
between vortex core and surrounding wake, as shown in Figure[ITp, no longer being present.

Scanning stereo-PIV results can be particularly helpful in providing a clear and comprehensive overview of the
wingtip vortex topology in the two limiting cases of E1; and E'14. The three dimensional visualization of the flow field
is obtained by interpolating the measured planes in the spanwise direction. The vortex is subsequently identified using
the Q-criterion [32], with Q = 0.018 s™2. The iso-surfaces are color coded using values of V. Figure shows the
comparison between E1; and E14. Two vortical structures can be seen, where the bottom one does not seem to be
affected by the change in endplate geometry, whilst the top vortex shows a marked difference. This top vortex shed by
E'11, when no fractal pattern is applied to the top edge, is more coherent and less distorted than its counterpart produced
by the fractal endplate.

More quantitative information can be obtained by looking at the normalized maximum transverse velocity around the
vortex, (Uy,,... )av /Us. This is calculated by creating a plane perpendicular to the oncoming flow at each streamwise
x-location. The maximum transverse velocity, measured at each streamwise PIV plane along the upper and lower half of

the wingtip vortex located on this perpendicular plane, is now found as shown in Figure[T3|and the result averaged,

N
1
Utnar)ar = 5 2, (W2 +W2) 4)
av N k, max
k=1
where N is the number of measurement points and (V V2 + Wz) is the maximum transverse velocity at each
k, max

location, k, along the outside of the vortex.
As shown in Figure , the vortex released by Endplate E 14 shows a reduction of (U, ,mux)av /Us by 30% compared

to the vortex shed by Endplate E1;. This reduction in tangential velocity helps to reduce the rolling hazard for aircraft
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Fig. 11 Contours of ' /U, (a), (d), (g), (j), power spectra at indicated locations (b), (e), (h), (k) and U4 /Uc
(c), (F), (i), (1) at x/C; = 2.5. The markers are color coded according to each individually plotted PSD. Data are
measured at x/C, = 2.5. The angle of attack is set to « = 6°.

16



0.15

1
0 01

0.05 0.05

V/Us
V/Uns

-0.05 -0.05

-0 0.1
0.15
02 02

-0.25 -0.25

y/Ci

(@) E1y

Fig. 12 Iso-surfaces of Q /(U2 /c?) = 0.018 for Endplates £1; and E 14, colored by contours of V. The angle of
attack is set to @ = 6°.

perpendicular planes

wingtip vortex

maximum streamwise
transverse velocity PIV planes
(a) E1y
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encountering the vortex wake as well as to reduce the induced drag experienced by the wing.

. . . . 2v, —ZV,.;
A characteristic vortex dimension can be defined as r = —maxs——min

, where zy, and zy, . are the vertical
locations of the maximum and minimum V. As shown in Figure [T4p the vortex created by Endplate E14 is larger
and grows more quickly compared to the vortex shed by Endplate E£1;. Even though (U,max)av /Us remains almost

invariant throughout the measurement domain, the faster growth rate suggests that an earlier decay of the wingtip vortex

shed by E'14 is possible, as higher rates of diffusion occur at the vortex edge.
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Fig. 14 U, /U (a),and r/C, = Zes-"min (b) for Endplates E1, and E1,.

Evidence for varying levels of energy at different associated frequencies within the wingtip vortex was presented
in the preceding section. Since the HW data was sampled at 50 kHz, the data can be high-pass filtered in order to
distinguish the individual sources of velocity fluctuations. Contours plots of u’ /U for the unfiltered signal are presented
in the top row of Figure The bottom row shows the results when the signal is high-pass filtered at fC; /U, = 40 for
Endplates E1; - El4 atx/Cy =2.5.

The vortex core for the non-fractal endplate is no longer clearly identifiable once the signal is high-pass filtered at
fC;/Us = 40, as shown in Figure . This suggests that the high turbulence intensity recorded in the vortex core is
due to large scale coherent structures.

Conversely, even though the filtering operation leads to a lower value of the turbulence intensity level, the filtered
and unfiltered contour plots obtained for the fractal endplates do not significantly change in shape.

It is worth noting that the regions of high turbulence intensity in the inboard section of the vortex (y/C; ~ —0.4, Fig.
[T5p and c) are also no longer clearly identifiable when the signal has been high-pass filtered. This shows, as it was
observed for the non-fractal endplate, that the smallest velocity fluctuations are not in fact large contributors to the

unfiltered high turbulence intensity measured at these locations.

18



U[ U v/ U /Uy U [ U
0 0.01 002 0.03 0.04 005 0.06 0 0.01 002 003 0.04 0.05 0.06 0 0.01 0.02 0.03 0.04 005 0.06 0 001 002 003 0.04 0.05 0.06

Filtered: 7C1/Us, = 0]

05 -04 -03 -02 -01 0 05 -04 -03 -02 -01 0
y/Ct y/Ce
(a) Ely, fC;/Usx = 0. (b) Elp, fC;/Us =0. (c) El3, fCt/Usx =0. (d) Ely, fC;/Us =0.
U/ U W/ Us U/ U U ) U

0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01 0 0.002 0.004 0.006 0.008 0.01

-04 -03 -02
y/Ci

05 -04 -03 01 0 )

-0.2
y/C

(e) Ely, f Ct/Us = 40. (f) Ely, fCt/Us =40. (g) Els, fCt/Us =40. (h) Ely, f Ct/Us = 40.

Fig. 15 Contours of u’ /U, unfiltered a) - d), and high-pass filtered at fC,;/U., =40 e) - h) at x/C, = 2.5. The
angle of attack is set to o = 6°.

To further investigate this aspect, we look at the vortex topology closer to the wing, at x/C, = 1, for the endplates
Ely and E14. FigurelEl shows the PSD as a function of the Strouhal number measured at various location across the
vortex for the two cases. The vortex created by the non-fractal endplate features two strong peaks at fC;/Us = 6.9
and at fC;/Us = 8.0. The former is measured in the region corresponding to the wake of the endplate and the latter
is measured at the vortex core. In contrast to this, no spikes are observed in the spectrum for E14. This once more
suggests that the vortex is a less coherent and that there thus exists the possibility for it to dissipate more quickly.

The spike in the spectrum at low frequencies is observed for each endplate in the unrolled-up portion of the wake
(albeit less evident in the case of E1>-E14). This indicates that the spike is not created by the vortex itself. Instead it is
proposed that the spike at fC;/Us = 6.9 is created by a shedding process similar to that observed behind a rectangular
plate, where the Strouhal number based on the freestream velocity and the endplate thickness is 0.206. As the vortex
rolls up, it draws in the endplate wake and thus causes the spike to be measured within the vortex itself as well.

A similar peak was observed in the transverse velocity powerpectra at the vortex core by Terashima et al. [33]]
at fC;/Us = 14, x/C; = 0.1, and Re = 124000 in an experimental study of a NACA 0012 half span wing with no
endplate fitted. The authors attributed the origin of the spike in the powerpectra to the wake of the wing trailing edge
and hence come to the same conclusion; albeit with the wing trailing edge rather than the endplate trailing edge causing
the observed spike.

A similar flow field analysis is performed for endplates E'15s and E 1¢, which are characterized by a smaller height &
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Fig. 16 PSD at x/C, = 1. The measurement positions inside the vortex and in the unrolled-up portion of the
wake for Endplates £1; and E 14 are color coded to match the displayed spectral plots. Data are measured at
x/Cy = 2.5. The angle of attack is set to a = 6°.

(see Table . Data are measured at two different streamwise locations, namely x/C; = 1 and x/C; = 4.

The contour plots of U /U and u’ /U and the high-pass filtered u’ /U in Figureare obtained at x/C; = 1.
Data show that from the vortex topology standpoint, similar conclusions can be drawn regardless the value of 4. However,
at lower values of a/h the fractal geometry causes an upward displacement of the vortex core.

The fractal endplate shows a stronger velocity deficit alongside a more turbulent vortex, compared to the non fractal
case, which seems to be still in the earlier stages of formation. Furthermore, the high-pass filter shows little effect on the
rms values for E'1¢. Conversely, the non fractal endplate E 15 shows the disappearance of the well defined vortex core,
with more uniform values of turbulence intensity residing within the vortex, once the high-pass filter is applied.

At larger streamwise distances, Figure[T8] the non fractal endplate exhibits a strong and well defined vortex core.
The fractal endplate E 14 features a much broader vortex core, characterized by large values of turbulence intensity.
Similarly to the E1;-E 14 cases, the peak in turbulence intensity is related to large scales of the flow, as evident by the

high-pass filtered contour plot of Figure [T8.

B. Effect of the Outboard Surface Endplate Modification

We now turn our attention to the Group 2 endplates, which are characterized by a geometric modification to the
outboard surface. A similar analysis as applied to the Group 1 endplates is performed. We first examine the aerodynamic
coefficients obtained by mounting the individual endplates to the wing. Subsequently, we investigate the vortex produced
by the endplate yielding the highest C;/C,; and compare it to the clean endplate. All hot wire experiments for Group 2

are carried out at a = 4°.
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1. Aerodynamic coefficients

Figures -c show the aerodynamic coefficients C;, C4 and C;/C, as a function of the angle of attack obtained
for the endplates E2;-E24. To further highlight the differences associated with the winglet geometry, the percentage
difference of each coefficient with respect to the reference case (AC/C;.r ), which in the case of group 2 is the E2;
endplate, were plotted in Figures[T9d-f.

Similarly to the Group 1 endplates, it is not possible to observe any significant differences from the lift coefficient
alone. This was also confirmed when looking at the percentage differences, with nearly all cases showing no influence
of the endplate geometry. All endplates cause a similar behaviour of C;, which also reflects the same trend observed in
Figure [8h and d for the clean wing when no endplate is present.

The analysis of the drag coefficient, Figure[I9b and e, reveals some difference between the endplates. In particular,
endplate £23 causes a consistently higher drag, throughout the entire range of investigated angles of attack. The largest
differences occur in the range 4° < a < 10°. As it will be shown later, this aspect is related to the contribution of the
small scales introduced by the multiscale geometry, which enhance the viscous effects.

Figure shows the aerodynamic efficiency C;/C, for the four endplates. Consistent with the larger values of C,
E2; exhibits the lowest efficiency. Furthermore, both E2; and E24 outperform the baseline endplate, with peaks of
11.1 % and 8.9 % improvement in aerodynamic efficiency, respectively (Figure [I9f).

The two endplates E2; and E24 have a similar C;/C for all the investigated angles of attack. Interestingly, although
they feature the same multi-scale pattern (see Table3)) they have a significantly different modified surface area. Whilst
for E2, the entire outboard surface is modified, the multi-scale pattern is only applied to the top portion for E24 and
covers 7.5 % of the surface. This suggests that there is an optimum endplate area that should be modified to improve the
aerodynamic efficiency. Manipulating the endplate surface beyond this level may be ineffective or even detrimental.

Figure 20p-b show the spatial distribution of the velocity magnitude in the two investigated cases, E2; and E2,. The
two endplates attain similar values of the velocity deficit. However, the plain endplate shows a significantly larger low
velocity region, with the wake of the endplate merging with the tip vortex. On the other hand, the multi-scale endplate
features two separate, identifiable, low velocity regions, with the tip vortex clearly separated from the endplate’s wake.

Further insights can be gained by looking at the spatial distribution of the axial velocity fluctuations u’/Us, as
shown in Figures[20g-d. The plain endplate features higher turbulence intensity levels as well as a broader turbulent
region. Similarly to the case of the endplates belonging to Group 1, a high pass filtering of the signal at a normalised
frequency fC;/Us = 40 is performed. The results are reported in Figures 20g-f. The contours suggest that the tip
vortex produced by the £2; endplate is characterized by a significantly larger energy content at frequencies below
the cutoff value. As for the Group 1 endplates, the effect of the multi-scale geometry is such that the tip vortex is
characterized by small scale turbulence, thus possibly making it more prone to dissipate.

Furthermore, the normalised PSD at the vortex core at x/C; = 1 for the clean, E2;, and the multi-scale endplate,
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Fig. 19 Lift coefficient (a), drag coefficient (b) and aerodynamic efficiency (c) as a function of the angle of
attack «. Data are taken for the Group 2 endplates. Percentage variation of the lift (d) drag (e) coefficients and
aerodynamic efficiency (f) with respect to the reference case (E21).

E2,, can be identified and are shown in Figure 21} In the range of normalised frequencies fC;/Us < 4 the spectral
energy values obtained for the £2; are systematically larger than for the multi-scale endplate. This is in line with the
previous qualitative observations, that the energy content in the lower frequencies is higher for E2;. Little difference
between both endplates can instead be detected for values of fC,/Us > 4. By computing the integral of the PSD
for values of fC,/Us < 4 it is found that the E2, is characterized by energy values 18% smaller than the baseline
configuration. Part of this energy is actually redistributed towards the higher end of the spectrum: when comparing the
integral of the PSD for values of the normalised frequency fC;/Us > 4.5, E2; features energy values 4% larger than

the E2;.

IV. Conclusions

In this paper we propose two geometry modifications to a wing endplate in order to mitigate the wingtip vortex. We
show that, under certain circumstances, the introduction of multi-scale geometries can be beneficial.

The first geometric modification is achieved by applying an increasingly larger number of fractal iterations to the top
edge of the endplate. The results suggest that the fractal endplate generates a wider and more turbulent vortex. However,
the higher turbulence intensity is associated with small scale structures, as shown by high pass filtering the velocity
signal at a normalised frequency of fC;/Us = 40. The data also suggest that the effectiveness of the fractal endplate is

related to the ratio between the amplitude of the modification to the endplates’ height, thus suggesting the possible
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existence of an optimum geometry. Nevertheless, a more extensive data-set is needed to support this conclusion.

The second geometric modification is the application of a multi-scale pattern to the outboard surface of the endplate.
The results clearly suggest that depending on the choice of the characteristic lengthscales (/o and /) and of the size of
the manipulated surface area (S,,), a beneficial or detrimental effect can occur. Particularly relevant is the fact that two
endplates characterized by significantly different S,,, (7.5% and 100%) and same /¢ and /; lead to similar values of the
aerodynamic efficiency C;/Cy. This suggests that introducing a manipulation on the whole outboard facing surface
might be detrimental and that S,,, should be carefully optimized when designing the multi-scale endplate.

Even though the nature of the geometric manipulation is different for the two groups of endplates, the result obtained
by introducing a multi-scale manipulation is quite similar. Regardless of its location, the multi-scale modification drains
energy from the large structure (= 18%) and shifts this energy towards the small scale eddies (= 4%). Consistently, the
wingtip vortex produced by a multi-scale endplate is also more uniform, as a result of the inherent isotropy of the flow at
the smaller scales.

The study was intended as a conceptual investigation into the effect of multi-scale geometries on the wingtip vortex.
The hope is that these first initial results can stimulate further research investigating the far-field vortex development as
well as compressibility effects occurring at the cruise velocities of commercial aircraft. A further evaluation is especially
important as the introduction of multi-scale geometries, along the top edge or the outboard surface of the endplate,
appears to contrast the development direction of aircraft manufacturers, where a clean winglet design is prioritised.
However, this case study is seen as the possibility of introducing ad hoc manipulations to the winglet geometry when
needed, thus allowing for the actuation of a portion of the outward facing surface of the endplate tips during take-off and
landing and a laminar winglet during cruise. Moreover, an investigation exploring the relationship between Reynolds
number and the optimal number of scales would also be of interest. An actual implementation of a multi-scale pattern

would need a careful optimization process for the particular application.
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