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Modification of swept-wing tip vortex with nature-inspired,
serrated leading edge

Alden Midmer* and Christoph Briicker"
City, University of London, London , EC1V OHB

Owls have evolved unique wing features that enable silent flight, a crucial adaptation for their
nocturnal hunting strategy. This study investigates the role of leading edge combs, also known
as serrations or barbs, in reducing noise emissions and enhancing aerodynamic performance.
Previous research has demonstrated the positive effects of serrations on both noise suppression
and aerodynamic efficiency on rectangular wings. However, the aerodynamic mechanism by
which serrations contribute to noise suppression on swept wings remains unexplored. We
speculate herein that this is specifically affecting the tip vortex noise at varying angles of attack,
inspired from animal studies with removed serrations. Experiments using particle image
velocimetry (PIV) and flow visualization techniques are employed and show the flow turning
induced by serrations and its subsequent effect on tip vortex formation, which results in lower
vortex strength and core size, linked towards reduced vortex-induced noise emission. The results
demonstrate the passive and three-dimensional flow control dependent on inflow conditions and
offer an insight into the mechanism by which serrations contribute to silent flight, particularly
during the final stages of hunting. It is also suggested that the serrations work in similar fashion
to other swept wing flow control devices in attenuating the spanwise velocity component and
increasing stall AoA.

I. Nomenclature

c = chord length

C = Lift coeflicient

H = Serration height

L = Serration length

Re. = Chord based Reynolds number
Reg = Serration based Reynolds number
SAR = Semi-Aspect Ratio

Uiny = Mean flow velocity

a,AoA = Angle of attack

B = Sweep angle

A = Serration wavelength

I1. Introduction

Owls rely on sound to hunt and have therefore developed adaptations to reduce self noise and enable silent flight.
This also has the added benefit of making it more difficult for the prey to detect the owl. There are three main proposed
features of an owl’s wing that suppress noise levels: a velvety suction side wing surface, a flexible trailing edge fringe
and, of most interest to this study, the leading edge comb [1} 2]](also known as serrations or barbs). The leading edge
comb has been studied with regard to noise suppression and aerodynamic performance enhancement [3} 4] with positive
results in both cases. The serrations were shown to be able to delay the onset of stall and reduce the noise emission by
suppressing incoming turbulence impacting the leading edge. Both are thought to be partly due to the flow turning
effect first highlighted by [5] and depicted in fig.[I] However, the performance of the leading edge serrations are very
sensitive to the geometry of the serrations themselves and the angle of attack of the airfoil.
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Acoustic measurements on flying owls (I3, 16H10]) and owl wings indicated that the serrations are able to reduce
flight-noise. A comparison between noise production in barn-owl flight with serrations and after the serrations have
been removed was performed by [7]]. It was found that serrations reduce noise before landing at high angles of attack but
not during gliding flight. [3}[10] suggest the reduction in flight noise at higher AoA is related to a larger contribution of
the tip vortex noise to the overall noise generated during the flaring maneuver, suggesting that serrations could be helpful
in reducing the tip vortex noise at large angles of attack. What is missing in research so far is the further understanding
on the influence of the serrations on the tip vortex development, specifically with varying angles of attack.

Serrations can also be compared to other flow control devices specifically for swept wings. These can either be
passive or active systems such as wing fences or vortex generating jets. The main purpose of these devices are to inhibit
the spanwise velocity component, delay separation and subsequently maintain control surface effectiveness [[L1]. The
passive systems often provide some form of physical barrier to prevent cross flow and generate vortices near the leading
edge, often at the expense of increased drag [12]. Whereas the vortex injection systems blow jets tangential to the wings
surface and orientated towards the wing root. These devices can provide more favorable aerodynamic performance
(increased C; and stall angle depending on configuration) but are more difficult to implement onto a wing [[13]. We
further test herein the serrations effect on the spanwise velocity component and subsequent development of the tip
vortex which is not only a source of noise but also contributes to acrodynamic inefficiency.

The paper is formatted as follows: initially an overview of the serration and wing model is given, including the
geometry and characteristics of the serrations being tested and followed by the experimental setups for each of the testing
configurations and the processing method. In section|[V]|the results are shown and discussed, starting with the effects of
the barbs on the freestream, followed by the effects of the serrations with increased angle of attack. The serrations
are then applied to airfoils of different sweep angles and the effects on the vortex development are then compared to
identical airfoils without serrations attached.
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Fig. 1 Flow turning effect of owl serrations at low (a) and high (b) AoA, modified from [5]].

III. Serration geometry

The physical model used herein is the same as that introduced by [14] (where a thorough description on the
development of the model are given) and is 4X larger in scale compared to the barbs found in nature. Therefore typical
heights of the barbs of 4 = 1mm in nature result into structures with a height H = 4mm in the model.[15} [16]]). We
attached the base of the comb to a custom airfoil and for the analysis of the flow turning effect, a larger 20X model was
instead used. The idealized model has uniform barb dimensions, geometries and a constant wavelength of a A = 0.5H
(fig. Ph.c). An important feature of the serrations are the tapering of the barbs towards the tip, resulting in an also
increasing free space between the barbs towards the tip (fig. [2). Another feature is the twist (in streamwise direction;
x), where the barbs have zero twist at the tip (in line with the flow) and maximum twist at the root ([[L7]), in favor of
inboard flow turning; this results in reducing profile area with height (fig. Zh).

IV. Wing models
The airfoil used was a custom designed symmetric profile with a flat midsection, rounded leading edge and tapered
trailing edge. The flat section was from x/c = 0.15 — 0.75 and the maximum thickness of the airfoil was 4.5%. This
airfoil was used to make it easier to align the laser and test the flow turning effect in the chord-parallel measurements
(see fig. [Ab), along with having a similar thickness to serration height ratio found on owl wings.
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Fig. 2 Orientation of the idealized serration model, showing the yaw, inclination (pitch), varying twist and
thickness of each barb. a) Front-view, looking parallel to the flow. b) Side-view of the serrations (enlarged). c)
Top-view of the serrations, looking normal to the plate surface. (geometry re-illustrated from [14])
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Fig. 3 Cross-section view of the serrations at varying heights and angles of attack.

Two wing models were used with varying sweep, 10° and 20°, which are typical of the sweep angle of barn owls
during different phases of flight [14]]. In each case the Semi-Aspect Ratio of the wing remained consistent (SAR = 1.5).
At the front of the wing section was a slot which allowed for the interchange of leading edge; one rounded, reference
leading edge and one with serrations. The wing was furthered attached with an end plate to minimize the surface effects
of the water tunnel.

V. Methodology

In this study we make use of the fundamental aspects of similitude in fluid mechanics, which means that the flow
features and streamlines are identical for different scaling factors of the geometry as long as the non-dimensional
flow parameters such as the Reynolds number are similar [18]. For low Mach numbers (Ma < 0.1) the flow is in the
incompressible range and one can therefore use studies in a water-tunnel to analyze the streamlines around a wing
similar to those experienced in air. Herein, for the reason of better experimental conditions and limitations of current
printing resolution, we used a large-scale model of the barbs, which is then studied in a water tunnel with good optical
conditions for high-quality flow mapping using PIV [19]. A 4x scaled model of the reconstructed barbs affixed to
wings of varying sweep was tested in the CHB water tunnel at City, University of London, at a serration chord based
Reynolds-number of Reg = 150 (equating to a chord based Reynolds number of 80, 000) which is typical for gliding



flight conditions of owls in air (Re. = 50000 — 10000, [20]). Further testing of the serrations at a 20x scale was also
done at the same Reg = 150 for a more detailed analysis of the serration/ fluid interaction.

The tunnel was a closed loop with a honeycomb mesh located upstream of the test section and baffle foam located
downstream. Running the length of the test section was a traverse, to which the wing models were mounted to. The test
section, with transparent walls, had dimensions of 0.4 m width, 0.5 m depth and 1.2 m length. The serration model was
placed in the test section so that the spanwise axis of the comb is aligned with the vertical axis and with the serrations
facing the flow, see fig. [}

A. PIV setup and camera arrangement
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Fig. 4 Experimental setup for the chord and flow normal measurement planes.

1. Wing tip, vortex testing

In the flow normal measurements a 5 Watt continuous wave laser (Dantec Dynamics RayPower, 532 nm wavelength)
equipped with light-sheet optics was positioned perpendicular to the mean flow. The light sheet was of 5 mm nominal
thickness which meant each particle remained within the lighsheet long enough to record the secondary flow structures.
A Phantom Miro M310 high speed camera (1280 x 800 pixel sensor size) equipped with a Tokina 100 mm macro lens
was used to capture the flow. Due to the relatively low velocities used the frame rate was set to 200fps (Ar = ﬁs) with
exposure times of 4500 ps. A 45° mirror was placed in the flow channel downstream, the camera was then focused
onto the light sheet via the mirror. Throughout the tests the light sheet remained stationary and between tests the
wing was traversed along the tunnel to obtain the desired x/c location. The downstream measurement planes were at
x/c =1,1.5,2 (fig. k). For the seeding plastic particles, of approximate diameter 20 um, were used as the seeding and
placed into, and allowed to circulate around, the tunnel prior to testing.

2. 20% scale model testing

For the measurement series with the 20x scale model the same light sheet as above was re-positioned parallel to the
bulk flow via a mirror underneath the test section. The mirror was also fitted to a traverse so the light sheet could be
moved along the height of the serrations, allowing for the measurement of the flow in different cross-sections along the
barb height. The serration height ranged from 0%H at the root to 100%H at the tip. The tests were conducted at two
barb heights of 30%H and 80%H. As the Reynolds number remained consistent with the 4x scale model the incoming
velocity was reduced and subsequently the frame rate was also reduced to 60fps.

B. Processing

Processing of the captured image sequences, with 1600 images per test (500 images for the 20X scale model), was
done via PIVIab ([21]]) followed by further post-processing of the plots on fecplot. The background mean intensity,
determined over the entire frame and time series, was first subtracted from each of the images before being processed.
Each consecutive image-pair of the sequence was processed with the method of digital cross-correlation (correlating
frame n with frame n+1) in a two-pass iteration with 50% overlap of the interrogation window (the window size remained
constant with 32px x 32px). Image masking was applied for regions, where the serrations enter the light-sheet or in



regions of shadows cast by the serrations. The resulting 1599 velocity fields (499 for the 20x scale model) were then
refined via a local median-filter to remove erroneous vectors.

The vector field was then exported to tecplot where the Q-criterion were calculated (with the pytecplot function) and
then normalized with respect to U;,, s and c.

VI. Results

A. Flow turning effect

Initially the serrations were tested without the presence of a pressure gradient (attached to a flat plate and at 0°)
and with the larger, 20x scale model. This was to analyse the flow turning effect and, to be able to do so at different
serration heights which could not be achieved with the 4x scale model. Measurements were taken at two serration
heights of 30% and 80% at AoAs from 0° to 30° at intervals of 5°.

1. Reference cases
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Fig.5 Serration reference case velocity magnitude contours with overlaid streamlines at 0° AoA and Re; = 80, 000
at different sweep angles.

Figure[5]shows the reference case of the serrations with 10° and 20° sweep at two serration heights, the flow turning
regardless of sweep angle is broadly consistent - the flow is turned inboard (y+). However as the cross sectional profiles



at both heights are similar (3) for the & = 0° the slight difference in flow turning is determined by the sweep angle of the
serrations.

A significant deviation from the mean flow is also observed between the different sweep angles and serration heights.
At both sweep angles a greater reduction in velocity occurs at the lower serration height, due to the increased frontal
area towards the root of the barbs. The increase in frontal area is further exacerbated with 20° sweep, resulting in a
velocity deficit of up to 80%. This can again be interpreted from the cross section slices (fig.[3) in which, due to the
sweep angle, the incoming flow is presented with a larger portion of the barb inner surface.

A further effect of the serrations is the streaked, relative high and low speed flow immediately downstream. The
effects of this are twofold, firstly this assists with the dampening of turbulence present in the incoming flow which is
beneficial in noise reduction and the serrations in effect can be described as a passive flow straightener [22]]. Secondly
the streaks increase the energy within the boundary layer which delays separation, particularly at higher AoA, thus
improving lifting performance and a potential noise reduction [} 23]. It is important to note however that these streaks
are none vorticial and the serrations themselves do not shed vorticies [22] as would be the case in other swept wing flow
control devices.

2. Variation with AoA
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Fig. 6 Serration reference case velocity magnitude contours with overlaid streamlines at 10° AoA and
Reg = 80,000 at different sweep angles.

Similar to the reference case the flow turning is dependent primarily on the height of the barbs where the measurement
is taken. However more interesting effects occur with the increase in AoA and subsequent change in streamwise cross
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Fig. 7 Serration reference case velocity magnitude contours with overlaid streamlines at 20° AoA and
Reg = 80,000 at different sweep angles.

sectional area at a given height. Figures[6|and[7]show the variation in flow turning with respect to angle of attack. At
the 30%H serration heights flow is turned inboard less with increased angle of attack (indicated by the streamlines
becoming more horizontal). However at 80%H the flow turning remains consistent regardless of AoA for both sweep
cases.

Figure[8|shows the variation of the flow turning effect dependent on the AoA and percentage serration height. Across
the range of AoA the flow turning at 80%H remains consistent for each respective sweep angle. However as the incident
angle of the incoming flow with respect to the barb orientation is greater with 20° sweep the resulting flow turning at the
higher percentage H is also slightly larger (view fig. [3). However at the lower, 30%H the amount of flow turning is
heavily dependent on the AoA and at both sweep angles the variation is ~4°.

The variation in flow turning angle at the lower serration height in both cases can be approximated by a third
order polynomial and follow a similar regression with increased AoA. Interestingly with 8 = 10° the serrations have a
greater effective range of flow turning and a higher peak value of 7° but, they are less effective than with 20° of sweep
beyond 20° AoA. This is consistent with the flight profile (change in AoA and sweep angle) of an owl during the flaring
maneuver in which the sweep and AoA increase but flow attachment and noise suppression needs to be maintained in
the final moments of flight.

Across the AoA range tested a reversal of the flow turning direction (towards the tip) was not observed as was seen
by Anderson ([5]). There are a number of causes that could lead to this discrepancy:

1) The model used herein is a idealized version of an owls serrations so may not fully capture the natural geometry
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which could reverse the flow from inboard to outboard in certain conditions.

2) Also only two cross sections of the serrations were analyzed, with the lowest measurement plane at 30%H. As
can be seen in fig. 8] and particularly at the 8 = 10°, the flow turning drastically reduces with increased angle of
attack so could be turned towards the tip at the serration root.

3) Lastly other features of found on an owls wing which may contribute further to the reversal of the flow turning
are not present in this study.

B. Modification of the tip vortex

Figure [9] shows the development of the tip vortex downstream for the 10° sweep wings with and without serrations
attached. The core size can be seen to be reduced marginally when the serrations are attached to the leading edge. This
is due to the flow turning countering the natural outboard flow found on swept wings that eventually roll up into the tip
vortex. In this regard the serrations can be compared to swept wing flow control devices (namely vortex generating
jets and wing fences [[13]), not only in their ability to delay separation [23] but also inclined streaked flow acts as an
obstruction to the spanwise velocity component.

The reduction in core size may explain the findings of [9} [10] that the flight noise production of an owl wing was
lower with the leading edge serrations attached. A smaller vortex core size relates in general to a reduced noise emission
in vortex-induced sound [24]. The addition of the serrations on the leading edge also does not modify the location of
the vortex (slightly above the wingtip and inboard in each case fig.[0). This remained consistent where a vortex was
distinguishable in the other test cases (before the airfoil fully stalled)[25]].

VII. Conclusion

Serrations have been demonstrated to be a passive flow control device which affects the near-wall flow over the wing
and consequently also the roll-up of the tip vortex, dependent on the AoA and sweep of a wing. The complex curvature
and twist of the serrations induces flow turning that changes in magnitude and direction depending on the height of
the barbs and the inflow conditions. For swept wings, the flow turning reduces the spanwise velocity component in
the boundarly layer considerably and consequently also the spanwise shear layer which is contributing to the vorticity
roll-up into the tip vortex. This would suggest that the serrations work in a similar way to other swept wing flow control
devices by reducing the spanwise flow, already shown to delay separation [23]. Further, the documented reduction in tip
vortex core size and strength with attached leading edge serrations would indicate a reduction in noise emission ([24]).
This adds to another function of the serrations that enable an owl’s silent flight, by reducing the tip-vortex strength
particularly in the final flare during hunting.

Future research on the effects of serrations on swept wings should assess the changes to the aerodynamic performance,
particularly in relation to other passive and active flow control devices. Potential optimization of the serrations could
also be reviewed, specifically in relation to A and the number of serrations/ their placement along the wing span.
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