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One of the major environmental problems facing the aviation industry is that of aircraft noise. The work presented
in this paper, done as part of the European Union’s Optimisation for Low Environmental Noise Impact Project, looks
at reducing spoiler noise while maintaining aerodynamic performance, through means of large-scale fractal
porosity. It is hypothesized that the highly turbulent flow generated by fractal grids from the way the multiple-length
scales are organized in space, would reduce the impact of the recirculation region and, with it, the low-frequency
noise it generates. In its place, a higher frequency noise is introduced, which is more susceptible to atmospheric
attenuation and is less offensive to the human ear. A total of nine laboratory-scaled spoilers were looked at, seven of
which had a fractal design, one with a regular grid design, and one solid for reference. The spoilers were inclined at an
angle of 30 deg. Force, acoustic, and flow visualization experiments on a flat plate were carried out and it was found
that the present fractal spoilers reduce the low-frequency noise by 2.5 dB. Results show that it is possible to improve
the acoustic performance by modifying a number of parameters defining the fractal spoiler, some of them very
sensitively. From these experiments, two fractal spoilers were chosen for a detailed aeroacoustic study on a three-
element wing system, where it was found that the fractal spoilers had a reduction of up to 4 dB in the sound pressure
level, while maintaining similar aerodynamic performances as conventional solid spoilers on the measured wing

system.
Nomenclature

B; = mean length of recirculating flow region/bubble, mm
Cp = coefficient of drag
C, = coefficient of lift
D = drag force, N
L = lift force, N
L, = maximum bar length in fractal grid, mm
M = Mach number

M = effective mesh size of fractal grids, mm

M, = mesh size of regular grids, mm

N = number of fractal iterations

P = measured rms pressure, Pa

P, = percentage change in drag force compared with solid
spoiler, %

P; = percentage change in lift force compared with solid
spoiler, %

P, = percentage change in blockage ratio compared with
solid spoiler, %

P, = reference acoustic pressure, Pa

Re,, = Reynolds number based on maximum lateral bar

thickness in fractal grid
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R; = ratio of the successive bar lengths
R, = ratio of successive bar thicknesses
Ty = length of spoiler, mm
Ty = height of spoiler, mm

t, = ratio between the lateral thickness of the thickest and
thinnest bars

= maximum lateral bar thickness in fractal grid, mm

time-averaged streamwise velocity, ms™!

freestream velocity, ms™!

instantaneous streamwise velocity, ms™~

fluctuating streamwise velocity, ms™!

time-averaged streamwise velocity, ms™

instantaneous wall normal velocity, ms™

fluctuating streamwise velocity, ms™!

time-averaged streamwise velocity, ms™

instantaneous spanwise velocity, ms™!

fluctuating streamwise velocity, ms™!

streamwise plane

streamwise distance, mm

peak = location of peak turbulence intensity behind grid, m

wall normal plane

wall normal distance, mm

spanwise plane

spanwise distance, mm

angle of attack, deg

porosity of spoiler, open area divided by total area

blockage ratio of spoiler, solid area divided by total area

normalized area of recirculating flow region

blockage ratio of grids

= polar angle, deg
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I. Introduction

VARIETY of natural systems are found to exhibit rough or

fragmented geometric shapes that can be subdivided in parts,
each of which is at least approximately a reduced-size copy of
the whole, known as fractal patterns. Therefore, many geological,
environmental, and biological flow systems can be seen as flows past
fractal or multiscale objects. Such flows pose a formidable challenge
to researchers due to complex geometries and the presence of
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Fig. 1 Examples of fractal square grids with definition of dimensions.

a multitude of length scales in the very system generating the
turbulent flow.

Over the last decade, the nature of fractal-generated turbulence has
been studied, both experimentally [1-5] and computationally [6-8],
with recent papers suggesting that a new class of turbulence should
be defined [9]. Research has shown that fractal-grid-generated
turbulence exhibits a unique quality that regular grids do not; they
introduce a variety of length scales into the flow.

Aircraft noise is becoming a growing area of study within the
aviation industry, with the general aim being to reduce the noise
without affecting the aerodynamic characteristics of the aircraft.
The study by Sakaliyski et al. [10] had already looked into the
acoustic performance of perforated plates, however, the intro-
duction of multiple length scales from the fractal grids could lead to
step-change improvements. The work presented in this paper looks
at exactly that. In Sec. II, we present a review of past work on
fractal-generated flows as well as past and present design of low-
noise spoilers. Section III covers a parametric study of the acoustics
and aerodynamics of several wall-mounted spoilers, both with
fractal patterns, regular grids, and a solid one for comparison. In
Sec. IV, the aeroacoustics of two wing-mounted fractal spoilers are
presented.

II. Literature Review and Spoiler Design
A. Fractal-Generated Turbulence

Initial studies of fractal-generated turbulence looked at three-
dimensional fractal objects to generate turbulence [1,2], however,
further studies by Hurst and Vassilicos [3], Seoud and Vassilicos [4],
and Mazellier and Vassilicos [3], used planar fractal grids that can
easily be placed in a wind-tunnel test section. Whereas a regular grid
will effectively introduce a single length scale into the flow, namely,
the mesh size, a fractal grid can, in principle, introduce a wide range
of length scales into the flow (see Fig. 1). In practice, the number of
length scales in a fractal grid is limited by the constraints of the
tunnel, that is, the cross-sectional area, as well as machining
constraints. It is the introduction of these varying length scales,
organized in a particular way in space, and the associated wakes/jets/
eddies and their interactions, that produce a unique turbulent flow,
which has a large production region, higher turbulence intensity, and
higher Reynolds numbers over a much wider spatial extent than
regular grids with higher blockage ratio o and at the same flow rate
(blockage ratio is defined as the ratio between solid area and total
area). Note that due to the various length scales associated with
fractal grids, many Reynolds numbers can be defined.

Hurst and Vassilicos [3] focused on a total of 21 fractal grids, split
into three shape families: cross grids, / grids, and space-filling fractal
square grids. Each family had seven grids of varying thicknesses and
lengths. The turbulence generated by the space-filling fractal square
grids exhibited very clearly a protracted region of turbulence
production, with a peak in turbulence intensity being reached at a
certain distance xp., downstream. Subsequently, Mazellier and
Vassilicos [5] provided the most up-to-date relationship between the
grid geometry and x,,., along the centerline, shown in Eq. (1), where

1o is the maximum lateral bar thickness and L, is the maximum bar
length on the fractal grid (see Fig. 1):
2
Xpeak = 0.45 L (@)
Iy
This equation was established [5] for space-filling fractal square
grids with 25% blockage and at least N = 4 fractal iterations, similar
to the grid seen in Fig. 1c and a value of the thickness ratio ¢, (ratio
between the lateral thickness of the thickest to the thinnest bars) that
is not too small.

Hurst and Vassilicos [3] found that best homogeneity of the
turbulent flows generated by fractal grids was observed for
increasing thickness ratio #,, which can also lead to increasing
turbulence intensity and Reynolds number. Of all the grids studied,
the space-filling fractal square grids were the most promising and,
since then, research has focused on this family of grids.

B. Aircraft and Spoiler Noise

In general, there are two main sources of noise on a typical aircraft:
engine (split into fan intake and exhaust, combustion, turbine, and jet
noise) and the airframe. Owens [11] looked at the contribution from
each of these sources to the overall noise of the aircraft, the results of
which can be seen in Fig. 2. From this, the engine is by far the
dominant noise source on the aircraft at takeoff, and the airframe
noise only becomes relevant as the aircraft comes in to land. It is here
that all slats, flaps, and spoilers are deployed to allow for steep
approach paths and reduced landing speed, contributing to about
26% of the total noise of the airborne aircraft; thereby the spoilers
increase drag and reduce lift.

Over the past several decades, research has looked at
understanding and reducing jet noise [12—15] and airframe noise
[10,16-19]. This study focuses on spoiler noise. A spoiler, which is
deployed to reduce the lift on the aircraft, generates a low-frequency
noise due to the large-scale wall-bound flow that is formed behind it:
the recirculation bubble. This low-frequency noise is less susceptible
to atmospheric attenuation and can travel a lot further than high-
frequency noise, which means that low-frequency noise sources are a
problem on aircraft as they can affect the environment close to an
airport. Therefore, reducing this low-frequency noise is a priority for
the aviation industry.

100% [ | Airframe
80% I Jet Exhaust
60% __ M 1urbine
40% M combustion
20% Fan Exhaust

. Fan Inlet

)

Take off Landing

Fig. 2 Contribution of total aircraft noise at takeoff and landing
according to Owens [11].
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C. Porous Fences and Spoilers

There have been several studies looking at the effect of blockage
ratio o on two-dimensional plates, or fences, over the last few
decades. The most prominent of these was by Castro [20]. Depending
on blockage ratio, Castro demonstrated experimentally that two well-
distinguishable flow regimes exist. For plates with high blockage
ratio, a detached recirculation bubble is observed. As the blockage
ratio decreases, more bleed air is allowed to pass, resulting in the
recirculation region moving further downstream until, at a certain
blockage, it disappears all together. The coefficients of drag for
these fences were also obtained from wake and force balance
measurements, which showed a distinct increase in drag coefficient
C)p as the blockage ratio increased from 70% to 80%, suggesting that
at some point in this range, the bleed air is not allowing the flow to
come around to create the recirculating region.

Similar experiments were later carried out by Ranga Raju et al.
[21], Shiau [22], and Lee and Kim [23] who all studied the flow past
porous fences, in particular looking at the turbulent characteristics
and the streamwise evolution of the flow. Again, the recirculation
region was found to exist up to a certain porosity, € =20%
(0 = 80%) in the case of Lee and Kim, and two distinct peaks exist in
the streamwise turbulence intensity profiles: one in the region behind
the fence and another in the freestream. Fang and Wang [24]
performed large-eddy simulations to study the flow past porous
fences, also noticing a detached recirculation region, however, in their
simulations, the region did not disappear as the porosity increased.

Sakaliyski et al. [10] showed that a perforated plate placed
perpendicular to, and subjected to, a three-dimensional flow,
introduced bleed flow with smaller length scales and, as such, had a
higher frequency noise signature. They first of all point out that
“conventional spoilers create drag in a noisy manner involving
unsteady wakes which inevitably generate noise at low frequencies,”
and theorized that the large-scale flow that exists behind a solid spoiler
would be broken down and thus the predominant contribution to the
noise would come from the “turbulent mixing and surface interaction.”
This theory is based on previous studies by Tametal. [13,14], in which
it was found that jets, such as those coming through porous plates,
have a higher peak acoustic frequency. As a result, the noise would
shift to higher frequencies, which are deemed less annoying to the
human ear. Sakaliyski et al. [10] claimed that the spoiler with a
blockage ratio of 75% gave the optimum acoustic performance.

D. Fractal Spoilers
1. Fundamental Considerations

Unlike regular grids and even porous plates, space-filling fractal
square grids, such as the one seen in Fig. 1, are capable of introducing
a variety of length scales into the flow in a spatially organized
fashion. Hurst and Vassilicos [3] and Mazellier and Vassilicos [3]
identified two main differences between the flows generated by a
regular grid and a fractal square grid; the turbulence intensity peaks
much further downstream in the latter case and is a function of the
thickness ratio #,, which we can tune at will while keeping other
parameters, such as the blockage ratio, constant. This gives us a type
of porosity with much greater possibilities to disrupt the creation and
the dynamics of the recirculation zone, thus influencing noise,
particularly at the low frequencies.

It is hypothesized that the fractal-generated, high-intensity
turbulent flow with its spatially organized multilength scales would
not only mimic but even significantly improve the results of a more
porous plate in that the recirculation region is removed entirely and,
with it, the low-frequency noise. This view is based on the fractal
spoilers being able to create a more intense turbulent flow, with an
increased level of fluctuating momentum behind the spoiler that
would result in an increased level of interaction with the recirculation
region. It is, however, important to note that the highly two-
dimensional experiments done by Castro [20] and the three-
dimensional nature of the flow around aircraft spoilers would give
different results. Similarly, one should note that Castro’s plates were
perpendicular to the flow, whereas our spoilers are inclined at 30 deg
to the horizontal.

As well as reducing the noise signature, the spoilers must also
retain their aerodynamic performance, which is essential for
integration onto the aircraft. Acoustic measurements such as those
done by Sakaliyski et al. [10] are therefore not sufficient to select the
spoiler. For this reason, we completed our study by obtaining lift and
drag measurements to verify their aerodynamic performances.

2. Spoiler Configuration

A total of nine spoilers were manufactured, seven of which had a
fractal design with three fractal iterations, one was designed using a
regular grid, and the final spoiler was solid. For ease of reference, the
term “porous” shall be used to collectively describe the effects of the
regular grid and fractal grid spoilers.

Each spoiler had a width of Ty =247 mm, a height of
Ty = 106 mm, and a thickness of 4.76 mm (the imperial thickness of
this is three-sixteenths of an inch, a standard industrial size).
Spoilers 1-4, as well as the regular grid spoiler, had two 85 x 85 mm
squares within them in which a fractal grid or regular grid was
inserted. We use two different fractal grids with two different
thickness ratios, ¢, = 3.02 and 9. As well as varying the thickness
ratio, the spacing between the two grids was also varied, with one set
having the grids equally spaced along the spoiler (see Figs. 3aand 3c)
and the other with an unequal spacing (see Figs. 3b and 3d) to
determine the effect the frame size had, if any, on the noise. The
blockage ratio o for spoilers 1-4 in Fig. 3 was set to 75% due to the
results from Sakaliyski et al. [10], who suggested that this blockage
ratio would give the best acoustic performance.

The effective mesh size of the fractal grids, as defined by Hurst and
Vassilicos [3], is shown in Eq. (2), where P is the perimeter of the
shape and o, the blockage ratio of the grid (not o, which is the
blockage ratio of the spoiler listed in Table 1):

4T1?
Mcff:7 1 — 0y 2)
This equation also applies to regular grids, in which case it gives
M = M, the mesh size of the regular grid, for which

p (o)
o, =—(2—— 3)
¢ Mg Mg

where b is the longitudinal thickness of the bars making the grid.

Two spoilers were also designed using a rectangular pattern
(spoilers 5 and 6 in Fig. 3), which also had a thickness ratio of 3 and 9,
however, the blockage ratio was decreased to 61%. Because this
design incorporated a rectangular design, it meant that there would be
two sets of dimensions for the lengths and thicknesses, while
maintaining a constant thickness ratio for both the longer and shorter
bars. For example, the size of the largest rectangle for the #, = 3 and
t, =9 are 59.23 x 146.22 mm and 63.29 x 156.24 mm, respec-
tively, with corresponding thicknesses of 13.33 x 5.40 mm and
22.22 x 9.00 mm. A further spoiler was manufactured that had an
equal spacing between the two grids, which were 116 x 116 mm in
size, and had a 7, of 11. To achieve this, the blockage had to be
reduced to 60%.

Table 1 gives a list of all the fractal spoilers used, along with their
blockage ratios, thickness ratios, and spacings. It is important to note
that the regular grid spoiler (see Fig. 3) has a similar design to
spoilers 1-4 and as such has the same blockage ratio (i.e., 0.75). The
spacing between the two grids is equal to the left and right frames, the
bar thickness is 1.94 mm, and the mesh size is 7.55 mm, which is
comparable to the effective mesh size of the fractal spoilers with the
same blockage ratio. One can see from Eq. (3) that it is impossible to
increase the mesh size without either decreasing o, or, if one wants to
increase M, while keeping o, constant, without increasing the bar
thickness b on the grid. The latter would add to the low-frequency
noise of the spoiler.

3. Possible Acoustic Sources of Fractal Spoilers

To understand how scaling the spoilers would affect acoustic
performance, one must first have an idea of where the sources are
located on the spoiler.
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Fig. 3 Spoilers used during the experiments. Note lower frame is slightly thicker in all cases for mounting.

Sakaliyski et al. [10] showed that there are effectively three
sources of noise on a porous spoiler: a bluff-body low-frequency
noise due to the shedding off the top of the spoiler, a jet-like high-
frequency noise from the holes, and the vibration of the spoiler itself.
Itis believed that the fractal spoilers would have similar sources in the
shear layer shedding, however, the noise due to the spoiler vibration

would be different and the noise due to the fractal porosity would be
different to the jet noise produced by the holes. Concerning jet noise,
fractals grids would have both jet-like noise sources and wake-like
noise sources, due to the complicated interaction between the
different elements of the fractal grid. The main jet source would be
the central cross section, highlighted in gray in Fig. 4, whereas a

Table 1 Spoiler classification?

Spoiler t, Spacing Blockage ratio [, mm  f,, mm R, R, M, mm
1 3.02 Equal 0.75 47.45 5.95 0.5 058 7.32
2 3.02 Unequal 0.75 47.45 595 05 058 7.32
3 9 Equal 0.75 48.00 9.00 05 033 7.24
4 9 Unequal 0.75 48.00 9.00 05 033 7.24
5 3 Rectangular 0.61 o _ — — o
6 9 Rectangular 0.61 o _ —— — e
7 11 Equal 0.60 57.14 11.00 05 030 —_—
Regular 1 Equal 0.75 7.55 1.94 1 1 7.55

“The ratio between the lateral thickness of the smallest and biggest bars is #,; [, is the length of the biggest bar; #, is
the lateral thickness of the biggest bar; R; is the ratio of the successive bar lengths; and R, is the ratio of successive
bar thicknesses. The effective mesh size, obtained for the fractal grids using Eq. (2). The rectangular grid
dimensions are not included because they are more complex and these grids are not comprehensively covered.
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Fig. 4 Regions dominated by jet-like flow (gray) and wake-interaction
flow (white) through a fractal grid.

wake-like flow may dominate in the square outside the cross, where
the wakes from the different bars interact with each other, highlighted
in white in Fig. 4.

According to Lighthill’s acoustic analogy [25], the acoustic power
of a jet would scale with the eighth power of the jet velocity, and since
that initial study, extensive research has been carried out to fully
understand the sources of jet noise. For comprehensive insight into
jetnoise developments since 1952, see Tam [12] and Karabasov [15].
Studies on jet noise have in the past considered a circular exhaust,
however, in our fractal design, the jets are coming through a cross
shape and would thus make it difficult to create an accurate velocity
scaling law. A simple assumption that can be made is that the peak
tonal frequencies associated with a jet would depend on the size of
the orifice through which it flows, therefore, a smaller orifice, such as
the circular holes in the plates by Sakaliyski et al. [10], would
generate a higher frequency noise than the larger orifice seen in the
fractal spoilers.

Curle [26] expanded Lighthill’s acoustic analogy [25] to account
for the case when an acoustic field interacts with a surface, using a
circular cylinder as a practical example. He predicted that, at low
speeds, where the von Kdrman vortex street is observed, the sound is
dominated by dipole noise sources and that the frequencies of
the sound generated by the lift forces are equal to the shedding
frequencies, whereas those generated by the drag force are twice the
shedding frequency. This hypothesis was confirmed experimentally
by Gerrard [27], where it was shown that the direction of this dipole is
atright angles to the flow. Although we have rectangular cylinders in
our fractal grids, Liow et al. [28] showed that the same mechanism
is responsible for the acoustic sources for rectangular cylinders
depending on their aspect ratio, namely, the shedding from the
leading and trailing edge. The vortex shedding from the leading and
trailing edge would therefore introduce two acoustic sources instead
of the single source associated with a circular cylinder. Nevertheless,
following Curle [26], one could use the Strouhal number to generate
the expected frequencies due to each of the bars in the fractal grid;
however, one must remember that there are several interacting wakes
of varying length scales.

0.45m
U St 82 .83 84

S5 oS6 ,S7 S8

0.45m
y oS9 S10,511,81
Nozzle 0.46m
x S13,514,S15 81

T 05m \ 0.8m

Spoiler

0.9m Collector

R

v

a) SIDE arrangement

As well as the rectangular cylinders within the fractal grid, the
frames around the edge of the fractal grids would also introduce
wakes, which would mean that these would also be a source. Because
of the larger size of the frames compared with the fractal dimensions,
they are likely to create a lower frequency noise. It has already been
mentioned, however, that the fractal spoiler has a combination of
both multisized wakes and jets that interact with each other,
including the jet-like flow coming through the two square holes.

III. Aeroacoustics of Inclined Wall-Mounted Spoilers
A. Experimental Setup

Acoustic and aerodynamic measurements of the wall-mounted
spoilers were carried out at the University of Poitiers. Typically,
spoilers are deployed over a range of angles between 8 and 30 deg.
During landing, the spoiler is deployed at the highest angle, which
has the biggest noise problem. We aim to explore the effectiveness of
our spoilers at this extreme case. Therefore, the angle of 30 deg was
chosen, however, a few acoustic tests were also done at 90 deg to
demonstrate the effectiveness of the spoilers at higher angles.

The coordinate system is shown in Fig. 5. Aerodynamic force
measurements of the inclined spoilers were made at Imperial College
London. A range of velocities were used for the tests, ranging
between 40 and 60 ms~'. It has already been shown that the fractal
grids have a variety of length scales, each of which could be used to
define a different Reynolds number. For example, the Reynolds
number based on the width of the spoilers 7 and a freestream
velocity of 60 ms~! would be roughly 9 x 10°, which would be
constant for all spoilers; however, if we were to choose the thickness
of the largest bar, it becomes apparent that there are three possible
Reynolds numbers: Re, ~ 38,000 for spoilers 1 and 2, Re, ~
57,000 for spoilers 3 and 4, and finally Re, ~ 70, 000 for spoiler 7.

1. Acoustic Measurements

The acoustic measurements were taken in the Anechoic Wind
Tunnel at the University of Poitiers. The wind tunnel has an acoustic
range of 300 Hz to 16 kHz, is 2.8 x 3.8 m in size, and has a top speed
of 60 ms~'. For the purpose of these experiments, tests were run at
40, 45, and 50 ms~!. The exhaust nozzle of the wind tunnel is
0.46 x 0.46 m and has a working section of length 1.3 m, with the
collector having a cross section of 0.9 m in width and 0.9 m in height
(see Fig. 5). A flat plate, of length 1.3 m, is placed between the
opening and the collector, on which the mounting mechanism for
the spoilers is located 0.5 m from the opening (see Fig. 5a). The
background turbulence level of the flow is no more than 1% along the
centerline of the tunnel.

Pressure measurements were obtained with a rack that had 16
Series 2, Bruel and Kjaer 4957 microphones arranged in a4 x 4 grid,
0.15 m apart, calibrated using a 01 dB-Stell 9 V 6LR61 PP3-type
94 dB-1 kHz Pistonphone. During the experiments, the microphones
were placed in two sets of locations, both of which were well outside
the flow. For the top arrangement (Fig. 5b), the microphones were
placed 1 m above the spoilers, measured from the surface, with
the first line of microphones being in line with the leading edge of the

0.45m \
J1 J2 J3 T4

J6 J7 T8

Spoiler

Nozzle 0.46m 0.45m |0.9m Collector

/’

oT10 eT11eT12

o[13eT14eT154T16

0.5m 0.8m

b) TOP arrangement

Fig. 5 Schematic of anechoic wind tunnel, showing location and numbering of microphones.
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spoiler and along the centerline of the spoiler. For the side
arrangement (Fig. 5a), the microphones were placed 1 m to the side of
the spoiler, this distance being measured from the centerline of the
spoiler, as well as 106 mm above the surface as seen in Fig. 5.
Measurements were taken over a period of 20 s at a sampling
frequency of 44 kHz. Itis also worth noting that the numerical system
used here for the microphones is for orientation purposes and that S4
and T4 do not mean that the same physical microphone was placed in
these locations.

2. Particle Image Velocimetry Measurements

A particle image velocimetry (PIV) system has been used to record
images of particles having a mean diameter 1 pm. The seeding is
provided by a specially designed seeding grid located upstream of
the convergent nozzle of the wind tunnel. The preprocessing
corresponds to the subtraction of the background image using the
minimum value within the set of images. Two-component velocity
vector fields are computed with LaVision 7.2 software. A multipass
algorithm with a final interrogation window size of 16 x 16 pixels
and a 50% overlap is applied. The time interval separating the two
laser shots was optimized to reduce out-of-plane errors while
keeping the dynamic range for velocity measurements as large as
possible. Spurious velocities are identified and replaced using both
peak ratio and median filters.

One thousand statistically uncorrelated velocity fields were
acquired with a LaVision Intense camera in a vertical plane along the
centerline of the fractal square grids (note that this is not the same as
the centerline of the spoiler) at a frequency rate of 4.5 Hz to generate
converged turbulence statistics. This plane was chosen so as to
capture the properties of the flow coming through the grids, as well as
the shear layer created from the top of the spoiler. A second set of
measurements were also taken in the XZ plane with the laser sheet
located 4 mm above the surface, and it was the closest that we could
get to the wall, where we were hoping to show the effect the spoilers
had on the recirculation zone and ultimately on the low-frequency
noise of the spoiler. The same plane also catches the shear layer
formed by the edge of the spoiler, which, if combined with the
PIV data from the XY plane, would give an adequate representation
of the flow.

The resolution of the sensor is 1376 x 1040 pixels with a
magnification size of 0.192 mm/pixel for the near wall planes.
[Ilumination is provided by a double pulsed Nd:yttrium aluminum
garnet laser emitting two pulses of 120 mJ each (laser sheet thickness
< 2 mm). The time interval between two laser shots is fixed at 10 us
for both PIV planes. The average percentage of spurious vectors
removed with the postprocessing is approximately 0.5%.

3. Force Measurements

Measurements of the aerodynamic forces, acting on the spoilers,
were carried out in the 0.46 x 0.46 m recirculating wind-tunnel at
Imperial College London, which has a maximum speed of 60 ms™!
and a test section length of 1.5 m with the spoiler placed 0.5 m from
the start of the test section. The freestream velocity was set at 40, 45,
and 50 ms~!, with the spoilers attached to two struts which were
themselves attached to a Nutem Limited Force Balance (model
number 528, serial number N336), which was capable of measuring
lift and drag to an accuracy of £0.15 and £0.05 N, respectively. The
spoilers were inclined by 30 deg and not attached to the wall,
meaning the forces measured were acting on the spoiler alone.

It was found that the blockage of the experimental setup in the
wind tunnel was 6%, which is low enough so that it does not require
any blockage corrections. When obtaining the results for these
experiments, there was a 2 min settle time to allow for any
fluctuations.

B. Results
1. Acoustics of Wall-Mounted Spoilers

Acoustic measurements were taken for all the spoilers to
determine which spoilers, if any, created the largest reduction in
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Fig. 6 Narrowband spectra for solid spoiler and spoiler 3, top

microphone arrangement, T4 microphone, U,, = 50 ms~'.

sound pressure level (SPL) [see Eq. (4)] compared with the solid
spoiler:

SPL = 10log Py @)

In Eq. (4), Py is the spectral density of the nondimensional pressure
ratio P/P,, integrated over a bandwidth of 21 Hz, where P is the
measured rms pressure and P, is the reference pressure set at
2 x 10~ Pa. The importance of reducing the low-frequency noise
has been mentioned several times, and to illustrate why this is the
case, the narrowband spectra of the solid spoiler and spoiler 3 for
microphone 4 in the top microphone arrangement (i.e., T4 in Fig. 5)
is shown in Fig. 6. Note that the limits of the frequency have been set
to 300 < f < 16,000 Hz owing to the acoustic range of the wind
tunnel in Poitiers. In this figure, the dominance of the low frequencies
in the SPL of the solid spoiler can be clearly seen, which is why it is
important to reduce the noise generated in this region. On the same
graph, the narrowband spectra for spoiler 3 is also shown, where a
SPL reduction is observed principally for the high level (low
frequency), indicating a global reduction of the noise.

To illustrate the performance of the spoilers, the difference in SPL
was obtained by subtracting the results of the solid spoiler from the
chosen “test” spoiler (i.e., ASPL = SPLge; — SPLggji0), and so
the graphs in Fig. 7 show how much noise the spoilers are making
compared with the solid one.

Although pressure measurements were taken for all the
microphones in the array, the results for the farthest microphone,
based on the radial distance from the origin (see Fig. 5), are used
because they are deemed to be indicative of the far-field radiation. For
both top and side arrangements, microphone 4 would be the farthest,
with a radial distance of 1.12 m for the top arrangement and 1.20 m
for the side arrangement. After some initial analysis, it was found that
the results from microphone 4 for the side arrangement gave results
that were not consistent with the rest, and is therefore considered to
be an outlier (see Fig. 8). As a result of this, the data from
microphone 8 will be shown instead, which has a radial distance of
1.15 m.

The difference in SPL of all the spoilers is shown in Fig. 7, where
we notice that, for the most part, the new spoilers generate less noise
than the solid spoiler. For both cases, there seems to be a clear change
where the fractal and regular grid spoilers suddenly begin to generate
more noise, this change occurring at roughly 2 kHz. Despite this
similarity, there is also a clear difference in spoiler performance
between the two microphone arrangements. For the top arrangement
(Fig. 7a), spoiler 3 shows the biggest reduction in the low-frequency
range, roughly 2.5 dB, closely followed by spoiler 1, with spoiler 3
also showing the best performance in the higher frequencies. Both of
these spoilers had the same spacing, however, spoiler 3 had a higher
thickness ratio. Conversely, it is spoiler 4 that showed the worst
performance, suggesting that the size of the central frame could be
playing a role on the acoustic performance because the only
difference between spoilers 3 and 4 is the size of the central frame
and, therefore, the size of the edge frame. The exact opposite is seen
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Fig. 7 Far-field measurements showing the change in SPL between the spoilers and the solid spoiler, U, = 50 ms~'.

for the case when the microphones were placed to the side, in which
case spoiler 4 showed the biggest decrease in SPL, and spoiler 3 was
one of the worst.

To get a clearer view of their performance, the change in SPL for
spoilers 3 and 4 compared with the solid spoiler are shown in Fig. 9. It
has been shown that, for the top microphone arrangement, spoiler 3
seemed to be the best of our spoilers (see Fig. 7a), and using this
spoiler as an example, the effects of increasing the thickness ratio and
decreasing the central frame size are shown in Fig. 10. When
comparing the SPL for spoiler 3 and spoiler 4, which is the same as
seeing the effect of decreasing the central frame size (see Fig. 3), it is
noticed that there is a 4 dB reduction in the SPL in the low-frequency

range, and that this reduction decreases as the frequency increases.
This suggests that the size of the central frame has a clear effect on the
SPL radiating above the spoiler. The second line in Fig. 10 shows that
the difference in SPL between spoiler 3 and spoiler 1 is roughly
constant at 1 dB, suggesting that, by increasing the thickness ratio, a
1 dB reduction across all frequencies is observed. It is clear that
increasing the ¢, and decreasing the central frame size causes a
reduction in the SPL.

The improvement in the SPL of the fractal spoilers is not limited to
a single deflection angle of the spoiler, as can be seen in Fig. 11,
where the spoilers are now deflected at an angle of 90 deg. Here we
show the performance of spoilers 3 and 4 and the regular grid spoiler

Flat Plate Acoustics
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Fig. 8§ Change in SPL for the two chosen spoilers at all microphone locations, U,, = 50 ms~'.
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compared with the solid spoiler, where it can be seen that the fractal
spoilers have an improvement over a wider range of frequencies,
especially in the higher frequencies. Itis interesting that, at this angle,
there appears to be no discernible difference between the two fractal
spoilers.

2. PIV Measurements of the Flow Behind the Wall-Mounted Spoilers

Two PIV planes were used to study the flow behind the spoilers.
The first of these was in the XY plane, in line with the center of the
fractal grids, the results of which can be seen in Fig. 12. Along with
the normalized U-mean velocity, the spanwise mean vorticity as well
as the streamwise and wall-normal turbulence intensities are shown.
A striking conclusion that can be made from these results is that the
top frame of the spoilers is dominating a large region of the flow
behind it. In particular, the wake generated by the top frame attributes
to roughly 50% of the flow behind the spoiler, as seen in the
streamwise mean velocity plots in Figs. 12b and 12c. The
recirculation region generated by this wake is bigger for the regular
grid spoiler than it is for the fractal spoiler, something which could
affect the frequency and the intensity of the noise produced by the
spoilers. These results also show that there is no recirculating bubble
attached to the spoiler and the wall, as is seen in Fig. 12a, which
indicates that the main bubble has become detached from the spoiler.

The associated spanwise mean flow vorticity for the shear layer
coming from the top of the spoiler and the wake of the top frame is
seen in Figs. 12e and 12f, but what is interesting is the increased level
of vorticity immediately behind the fractal grids, suggesting an
increased level of turbulent mixing over a wider region compared
with the regular spoiler. Increased levels of both « and v turbulence
intensity is seen for the fractal spoiler, suggesting that the flow
coming through the spoiler is more turbulent than the regular grid.
These results coincide with our original assumption that the bleed
air of the fractal spoiler has more mean vorticity, velocity, and
turbulence intensity than the regular grid spoiler. What cannot be
seen from these PIV results, however, is wether or not the “bubble”
has been removed entirely, or if it has simply moved further
downstream. For this, the XZ plane must be studied.

== Effect of Frame Size
Eﬂ‘ecp of Thic_kqe;s Ratio

3 10°
Frequency (Hz)
Fig. 10  Effect of decreasing frame size (SPLpi1er3 — SPLgpi1er4) and
increasing thickness ratio (SPLg,i1er3 — SPLgygi1er1)- Uso = 50 ms~!.

) 4
10
Frequency (Hz) 10

Fig. 11 Change in far-field SPL between the spoilers and the solid
spoiler set at 90 deg. Microphone T4, U, = 50 ms~!.

Figure 13 shows the U-mean velocity and the 2-D turbulent kinetic
energy (TKE) for the solid spoiler, regular grid spoiler, as well as
spoilers 3 and 4 in the XZ plane located 4 mm from the surface. The
U-mean velocity for the solid spoiler (Fig. 13a) shows that the
recirculating region extends to three chord lengths downstream (i.e.,
up to x ~ 3Ty), however, the wake of the spoiler continues beyond
x ~ 4.5Ty. For the regular grid spoiler, the recirculating region,
defined as the area of negative mean velocity, is found between
x A~ 2.5Ty and x ~ 4Ty and it is also found for spoiler 4, where
it appears to have the same size, but is closer to the spoiler.
Interestingly, there does not appear to be any region of recirculating
flow for spoiler 3 because all the values in Fig. 13e are positive with
the mean velocity decreasing to just above zero. This is also seen in
Fig. 14, where the velocity along the centerline of the spoiler (z = 0)
decreases as we move further downstream before beginning to
increase again at around x & 4T, for spoiler 3. The results suggest
that there is a region of very slow or possibly stagnant flow behind
spoiler 3 and that the size of the central frame has a clear impact on the
flow being generated behind the spoiler. Furthermore, the effect of
the fractal grid can be seen when comparing the results of the regular
grid spoiler and spoiler 3 because both have the same central frame
size, where we note that, with the fractal grid, the recirculation region
is no longer present.

The turbulent kinetic energy of the flow in the XZ plane gives a
good indication of the sound-generating mechanisms because we are
very close to the surface (y = 4 mm). The results for the solid spoiler
show a large amount of TKE compared with the other spoilers
immediately behind the recirculating region. In comparison to the
solid spoiler, the three porous spoilers (Figs. 13d, 13f, and 13h) show
reduced levels of TKE behind the spoiler with the shear layer from
the side of the spoilers generating the highest levels of TKE. Of these,
itis the regular grid spoiler that is showing higher levels of TKE in the
shear layer than the two fractal spoilers. Not only that, but there is a
clear region between x ~ 27T, and x ~ 2.5T, where there is a slight
increase in TKE, which corresponds to the region where the jet flow
through the grid meets the recirculating region. A similar area can be
seen for spoiler 4 in Fig. 13h, where the region of increased TKE
close to the spoiler corresponds to the boundary between jet flow and
the recirculation region. For completeness, the TKE along the
centerline is shown in Fig. 14.

3. Aerodynamic Force Measurements

As mentioned in the experimental setup section, the force
measurements were just of the spoiler, not mounted on the wall. The
results presented here are more to show how the lift and drag being
exerted on the spoiler vary as the fractal parameters are changed and
are of no direct relevance to the wing-mounted spoiler configuration
that we discuss in Sec. III.

Although the coefficients of lift and drag are useful when it comes
to scaling, they can be misleading when one wants to compare the
performance of two devices. Any new spoiler should not change the
amount of lift and drag being exerted on it because they are designed
to reduce a certain amount of lift and increase a certain amount of
drag during flight conditions. Therefore, the percentage change in lift
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and drag force compared with the solid spoiler, P; and P, are shown
in Table 2, in which a negative value indicates a percentage decrease
in the lift force compared with the solid spoiler.

The first conclusion to be made from these results is that the lift
force acting on the spoiler decreases when porosity is introduced,
however, all except one of our spoilers are able to generate more drag,
with the regular grid spoiler having almost 10% more drag force than
the solid spoiler. There also appears to be a distinct influence of both
thickness ratio and frame size on the forces being exerted on the
spoiler; for example, if the results for spoilers 1-4 are looked at
further, one would notice that, by increasing thickness ratio (i.e.,
comparing spoilers 1 and 3 and similarly spoilers 2 and 4), there is a
clear increase in drag force and a reduction in lift. If the results from
spoilers 3 and 4 are compared, then a reduction in drag and an

increase in lift is seen, suggesting that the size of the frame as well as
the thickness ratio influence the aerodynamic forces being exerted on
the spoilers.

The increase in drag is also seen in the coefficient of drag, where it
is seen that Cj, for all the spoilers is greater than the solid spoiler.
Similarly, the coefficient of lift for the spoilers are all less than the
solid spoiler, with some closer than others, where the total area of the
spoiler (T x Ty) is used to calculate both the coefficients of lift
and drag. Note also, though, that the regular grid spoiler’s decrease in
lift relative to the solid spoiler is nearly double its decrease in
blockage ratio, whereas this decrease is between roughly 1 and 1.5
the decrease in o for spoilers 1-4. Also, the ratio of lift to drag hovers
around 1 for these four spoilers, whereas it is only 0.8 for the regular
grid spoiler.



Downloaded by Drexel Univ Libraries on March 20, 2013 | http:/arc.aiaa.org | DOI: 10.2514/1.J051387

2704 NEDIC ET AL.

e) Spoiler 3 streamwise mean velocity

g) Spoiler 4 streamwise mean velocity

1.5

b) Solid spoiler turbulent kinetic energy

h) Spoiler 4 turbulent Kinetic energy

Fig. 13 XZ plane PIV results for solid spoiler, regular grid spoiler, and spoilers 3 and 4, 4 mm from the surface, U,, = 40 ms~!.

Again, just as was seen for the acoustic results, by varying the
thickness ratio and the size of the frame, different results can be
achieved for the lift and drag forces.

C. Discussion

The results for the wall-mounted spoilers have shown clears signs
that thickness ratio and frame size play a key role on the
aerodynamics and acoustics around the spoilers, however, a lot of
questions still remain unanswered. How would these spoilers
perform if they were scaled up? How can we scale these spoilers and,

probably most importantly, how can the design of these spoilers be
improved upon?

1. Spoiler Scaling Methods

The reduction in SPL, both on the flat plate and on the real wing
section, does suggest the possibility of using fractal spoilers to reduce
the noise. Despite the relatively small scale of the model, it was still
possible to show design effects on the aeroacoustic performance by
making very small changes, as can be seen in Fig. 3, with these small
variations showing clear differences in the results. The main
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constraint in designing the fractal grids came as a result of machining
constraints as well as the mathematical nature of fractals; the smallest
thickness of the bars that make up our fractal spoilers was set to | mm
because this was the limit of the machines. This, and the overall size
of the fractal spoiler, meant that there were certain limitations to the
fractal parameters as well, such as a maximum thickness ratio ¢,. If,
for example, we were to use a model that was twice the size of what
we currently have (i.e., if the spoiler would have a height and width of
212 and 494 mm, with internal squares being 170 x 170 mm, with
the same machining constraints and blockage ratio), the maximum
possible thickness ratio would be 21. This is not to say that we have to
use this value, but merely shows the increased range and flexibility
one would get by only slightly increasing the size of the spoiler.
The scaling of the fractal spoilers can be done in two different
ways. First, a direct scaling of all the parameters, while keeping the
number of fractal iterations the same, would mean an increase in the
minimum thickness and hence an increase in the turbulent length
scales introduced. Using this method, however, will mean that the
thickness ratio remains constant, as well as the number of fractal
iterations. Alternatively, if we are to believe that by introducing the
smaller length scales we can change the acoustic signature over a
wide range of frequencies, then it would be beneficial to have as
many of these smaller length scales as possible in the design and
therefore increase the number of fractal iterations as we scale up.
We now briefly present data from the side microphone
arrangement for spoilers 3 and 4 for all three velocities, U, = 40,
45, and 50 ms~', where a fourth power of the Mach number scaling

Table 2 Aerodynamic values of spoilers obtained
from the force balance?

Spoiler  P;,% Pp,% C, Cp L/D P, %
Solid 27.42N 1680N 0.65 040 1.63 0.026 m?

Regular —46.00 10.56 035 044 0.80 -25
1 —29.46 691 0.46 043 1.08 —25
2 —34.71 6.84 043 043 1.00 -25
3 —32.15  9.68 0.44 044 1.01 —25
4 -39.76  7.87 0.39 043 0091 -25
5 —67.35 042 0.21 040 0.53 -39
6 —69.54 —4.84 020 0.38 0.52 -39
7 —48.00  3.15 034 041 0.82 —40

“P; and Pp are the percentage change in the lift and drag forces at
U,, = 50 ms™', respectively, compared with the solid spoiler (a negative
value indicating a percentage decrease). For the solid spoiler, forces
acting on it are shown. P, is the percentage change in blockage ratio
compared with the solid spoiler. The area used for the coefficients is
defined as Ty x Ty.
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Fig. 15 Velocity scaling for spoiler 3 (black) and spoiler 4 (red) for the
side microphone arrangement.

has been applied, as can be seen in Fig. 15. Here, we can see that this
is a good fit for both spoilers, but only in a specific range of
frequencies: 2000 < f(Hz) < 6000. A similar fit was successfully
implemented by Sakaliyski et al. [10], who also found that a high-
frequency M* scaling worked well with their data. They explained
this result in terms of a uniform and regular array of jets from their
plates.

2. Factors Affecting the Sound Pressure Level and Design Optimization

Spoilers 14, as well as the regular grid spoiler, all have the same
upper frame size with the results from the top microphone
arrangement suggesting that a larger thickness ratio and smaller
central frame will result in an improved performance. For the side
microphone arrangement, we again see that it was the spoiler with the
highest thickness ratio and smaller side frame size that gave the best
acoustic performance. This suggests that a spoiler with a high
thickness ratio and a small frame size at the side and top should give
the best results in both directions.

The effect of frame size on the flow behind the spoiler can be seen
in the PIV results, particularly in the XZ plane, with spoiler 3
showing no signs of a recirculation region or increased levels of
turbulence kinetic energy downstream of the spoiler (Figs. 13e and
13f). Compare this with spoiler 4, where, by increasing the central
frame size, a recirculation region and the associated TKE appear
behind the spoiler, and then we begin to see why spoiler 3 shows a
bigger SPL reduction for the top microphone arrangement. These
observations, however, are based on mean-velocity vector fields and
it is entirely possible that the recirculation region exists for spoiler 3
when instantaneous images are considered, as seen in Fig. 16a. An
instantaneous u-velocity vector field for the regular grid spoiler,
spoiler 3, and spoiler 4 are shown in Fig. 16, where the white region in
the figures represents the region of recirculating flow, thus making
the bubble easier to see. Evidently, instantaneous reverse flow does
exist for spoiler 3, suggesting it must appear and then disappear
because the mean-velocity vector field shows no sign of recirculating
flow. It can also be noted that the size of the bubble is larger for
spoiler 4 than it is for spoiler 3, however, to be able to relate this to the
acoustics of the two spoilers, one must know how this region
fluctuates.

To determine the fluctuations of the recirculation region, the area
of the bubble for each instantaneous image was found. To combat the
influence of possible bad vectors that appear in the region z/ 7T > 0.8
due to the tape on the wall coming lose during the experiment (note
that these experiments were not done at the same time as the acoustic
measurements), we only consider the flow in the region 0 < z/T, <
0.8 and use that area to normalize the area of the recirculation region.
A probability density function (PDF) of the normalized bubble area
o3 is shown in Fig. 17a, where the regular grid spoiler is showing a
wider spread, suggesting larger fluctuations of the recirculation
region. What is interesting from Fig. 17a s that spoilers 2 and 4 seem
to have almost identical PDFs, suggesting that, with the fractal grids
further apart, increasing the thickness ratio has no effect on the
recirculation region. This is confirmed in Fig. 17b, where the PDF of
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Fig. 16 Instantaneous u-velocity vector field for three spoilers. Edge of spoiler located at z/Ty, = 1.16, U,, = 40 ms~'.

the mean length of the bubble, taken in the same domain as the area, is
shown and we again see that spoilers 2 and 4 have almost identical
PDFs.

Unlike spoilers 2 and 4, spoilers 1 and 3, which have the two fractal
grids closer to each other (Fig. 3), increasing the thickness ratio shifts
the PDF toward zero, with spoiler 3 showing, as was suspected, that
the recirculation region fluctuates between existing and not existing.
Knowing that the bubble has a small area and that the fluctuations are
small would explain why spoiler 3 is showing the biggest reduction
in SPL for the top microphone arrangement. Combining these
results, it can also be argued that, because the most probable mean
length of the bubble for the regular grid spoiler is less than that of
spoilers 2 and 4, yet the area of the bubble for all three are similar, the
bubble for the regular grid spoiler must be wider than the ones from
spoilers 2 and 4. A similar argument can be used for spoilers 1 and 3,
as can be seen in the instantaneous PIV results in Fig. 16.

I — Regular
I —— Spoiler 1
o — Spoiler 2
e -+ - Spoiler 3
[ : -%- Spoiler 4

a) Normalized bubble area

%

These PIV results could also explain why there are differences
between the measurements from the top and side microphone
arrangement. By decreasing the size of the side frame size and
increasing the turbulence intensity of the bleed flow, itis believed that
the recirculation region of the side frame would reduce in size and
along with it the intensity of the shear layer. This can be seen in
Figs. 13f and 13h, where the TKE of the shear layer is lower for
spoiler 4, which has the smaller side frame, than it is for spoiler 3,
although it is important to remember that this PIV plane is two chord
lengths downstream. It is also possible that the presence of a
recirculation region would inhibit the fluctuation of the side shear
layer and thus possibly decrease the low-frequency noise radiated to
the sides, which could explain why spoiler 3 is producing more low-
frequency noise to the side because there is no recirculation region to
inhibit the fluctuation. This would have to be studied in more detail to
fully understand the mechanisms involved.
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Fig. 17 PDF for the normalized bubble area, o3, and the mean length of the recirculation region, U, = 40 ms~'.
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What the results do suggest is that the ideal spoiler would be one
with a high thickness ratio and as small a frame as possible with the
two fractal squares as close to each other as possible. However, this
does not seem to be the case because spoiler 7, which had both of
these as well as a decrease in blockage ratio, performed worse than
spoilers 1-4. Similarly, spoilers 5 and 6, which had a rectangular
fractal design as well as smaller frame sizes, also performed worse
than spoilers 1-4.

Going back to the original ideas on fractal spoilers, it seems a little
counterintuitive that, by decreasing the blockage ratio, the acoustic
performance is worse because, by letting more bleed air through with
a high-turbulence intensity, the recirculation region should be
removed entirely. It appears that there is also an optimum blockage
ratio for the best acoustic performance, which appears to be, just as
Sakaliyski et al. [10] found in their study, around 75%. One possible
reason for this is as follows: By decreasing the blockage ratio, the
spoiler lets through more bleed air and so the momentum passing
through the spoilers and onto the surface is increased. This increase
of fluctuating momentum and turbulence kinetic energy on the
surface, seen for spoilers 5 and 6 in Figs. 18a and 18b, would be
detrimental to the acoustic signature of the spoiler. Note that the scale
of these two figures is the same as the ones in Fig. 13 and that the
effect of increasing the thickness ratio (see Table 1) is clearly seen,
with spoiler 6 having higher levels compared with spoiler 5, which
have thickness ratios of 3 and 9, respectively. Again, what is not
visible is the region close to the spoiler where the majority of the
bleed air would be impacting on the surface. This problem would not
exist on the wing section because, when a spoiler is deployed, there is
an opening and so the flow would not impact on any surface, which
could mean that, on the wing section, spoiler 7 might perform better
than spoiler 3.

A simplified argument of these results would be this: If you have
two spoilers, identical in both size and blockage ratio and subjected
to the same freestream conditions, however, one has a fractal design
and the other uses a simple porous design, both would have less noise
than the solid spoiler, but with the fractal spoiler having even less
than the porous one. Both the porous and fractal spoilers will
introduce bleed air that will force the recirculation region to become

100
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- 60
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20

a) Spoiler 5
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25 3 3.5
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b) Spoiler 6
Fig. 18 Turbulent kinetic energy [} (” + w'?)] in the XZ plane, 4 mm
from the surface, U,, = 40 ms~'. Black area are invalid vectors.

detached from the spoiler and move downstream. However, due to
the increased levels of turbulence intensity, as well as the increased
velocity through the spoiler (Fig. 12¢) (i.e., an increased amount of
momentum compared with the porous spoiler), the fractal spoiler is
able to reduce the size of the bubble more than the porous one. It is
therefore more appropriate to think in terms of the momentum and
intensity of the bleed air coming through the spoiler and decouple
this with the blockage ratio argument put forward by Castro [20].
Instead, the question should be, how intense should the bleed air be to
remove the recirculation region without making the openings in the
spoiler too big that they themselves introduce a low-frequency noise?

It is believed that the ideal design of such a spoiler would have
small openings and thicknesses so that the noise generated by its own
shape will be in the high-frequency range and not contribute to the
low range, which is what we are trying to remove in the first place, yet
at the same time, create a high-momentum bleed flow to remove the
bubble. Using fractals, this can be achieved and, by scaling up the
design, there is the added freedom to increase the turbulence intensity
and momentum, without changing the blockage. The fractal grids
currently use rectangular shapes to generate the turbulent flow behind
it; however, if circular shapes were used, it is believed that the SPL
would be reduced further. King and Pfizenmaier [29] showed that, for
a single cylinder subjected to a freestream, a cylinder with a circular
cross section would generate up to 10 dB less noise than a cylinder
with a square cross section. Naturally, if the spoiler had rounded
edges, one would expect an improved acoustic performance than is
seen with the current design.

IV. Aeroacoustics of Wing-Mounted Inclined Spoilers
A. Experimental Setup

Combined aeroacoustic measurements were carried out in the
Acoustic Wind Tunnel Brunswick (AWB) at the DLR Institute for
Aerodynamics and Flow Technology, Germany. AWB is a low-noise
closed-circuit tunnel with an open test section in an anechoic test hall
of dimensions 6.9 x 6.9 x 3.51 m. The nozzle has a cross section of
1.2 x 0.8 m and a maximum wind speed of 65 ms~', however, for
the purpose of these tests, the wind-tunnel speed was set at 40, 50,
and 60 ms~!, where the background turbulence level is 0.3% at a
freestream velocity of 60 ms~!. A feature of the AWB is the
adjustable collector, which is located 3.65 m from the nozzle and can
move in the streamwise and vertical direction, thus enabling it to
capture the flow from experiments involving high angles of attack.
For these tests, the collector was shifted 60 mm downward.

A three-element high-lift wing system is placed in front of the
nozzle, which is capable of having various angles of attack «, as seen
in Fig. 19. The main wing section has a chord length of 0.3 m and a
span of 0.8 m, and is based on the wing of the A320. At the front of the
wing section, there is a leading-edge slat that is deflected at 25 deg,
whereas, at the trailing edge, there is a flap that is deflected at 30 deg.

Al y

Fig. 19 Wing mounted spoiler set-up in AWB.
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Three angles of attack were chosen: 9, 12, and 15 deg, with the
spoiler deflection set at 30 deg.

Below the wing system, seven Bruel and Kjaer 4134 microphones
were placed outside the flow, spanning a range of polar angles
between 63 < ¢ < 124 deg; the fourth microphone is placed
directly below the spoiler and has a polar angle ¢ of 90 deg from the
direction of the freestream flow. The entire wing system is connected
to a force balance to obtain pitch, lift, and drag forces. Data were
collected at a sample frequency of 115 kHz and a sample time of 26 s
for each angle of attack and each velocity, giving a 28 Hz bandwidth
of integration for the SPL.

B. Results
1. Acoustic Performance of Fractal Spoilers

For these tests, only two spoilers could be investigated and, based
on the experiments described in Sec. II, spoilers 3 and 4 were
selected. Just as it was in our previous experiments, the acoustic
performance of the two spoilers is based on the difference in SPL to
the conventional (solid) spoiler; a negative difference indicating a
decrease in SPL. Figure 20 shows both the narrowband spectra for
the solid spoiler and fractal spoilers, as well as the change in SPL
caused by the fractal spoilers for the overhead (¢ =90 deg)
radiation.

The first thing to note from this figure is that, for all spoilers, there
is very little difference in the acoustic signal for all angles of attack,
and the second thing to note is that two very distinct tonal peaks exist

100 -

90 [~

80 [~

70

SPL (dB)

60 [~

50 [~

at 1.7 and 2.5 kHz. These two tonal frequencies are in fact due to the
slats and associated cavities from the three-element wing system and
are not associated with the spoiler; they are also found to diminish
with increasing angle of attack. There also appears to be little
difference in the SPL between the two fractal spoilers.

From the second figure, we see that the presence of the fractal
spoilers create a reduction in the low-frequency noise for the entire
wing system, with a reduction of up to 4 dB seen below 2 kHz. Even
in the higher frequencies, a small reduction is seen between 0.5 and
1 dB up to frequencies of roughly 6 kHz, whereas, as we reach the
limit of the human hearing range, they cause an increase of up to
1 dB. There are also signs that, for the very low-frequency range
(< 500 Hz), by increasing the angle of attack, the reduction in SPL
begins to diminish, however, the difference is quite small.

2. Aerodynamic Performance of Fractal Spoilers

If the spoiler is to be considered as a replacement for the current
spoilers seen on aircraft, it is imperative that the lift and drag
characteristics of the wing system remain unchanged, therefore, as
with the previous tests, it is the percentage change in the lift and drag
force that are the ultimate criteria when it comes to comparing the
spoilers to the conventional arrangement. From Table 3, it can be seen
that there is very little change in the lift forces acting on the entire
wing system across all wing angles of attack, with the percentage
change varying from —0.53% to 1.36%. The percentage change in
drag force is slightly more noticeable, with both spoilers generating

i oo ! i L
40

Frequency (Hz)

a) Narrowband data for all angles of attack - black lines are the conventional spoiler, blue are for

spoiler 3, and red are for spoiler 4

o

A SPL

-3

—Spoiler 3 — o = 9°
---Spoiler 3 - a=12°
- - Spoiler 3 — o =15°
—Spoiler 4 — 0. = 9°

---Spoiler4 — a.=12°
-~ Spoiler 4 — oo = 15°

-5

10*

Frequency (Hz)
b) Change in SPL for spoiler 3 and 4 for all angles of attack

Fig. 20 Narrowband and difference in SPL of fractal spoilers compared to the conventional spoiler at ¢ = 90 deg, U,, = 60 ms~".
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Table 3 Aerodynamic performance of the spoilers
on the three-element wing section, for various
angles of attack?

Spoiler  P,.%  Pp.% C, Cp, L/D

a=9°
Solid 71474 N 21294 N 1.04 0.31 3.35
Spoiler 3 0.03 —4.70 1.04 0.30 3.47
Spoiler4 —0.53 —5.27 1.04 0.30 3.47
o=12°
Solid 819.70 N 23824 N 1.19 0.35 3.40
Spoiler 3 0.78 —2.33 1.21 0.34 3.56
Spoiler4 —0.51 —4.11 1.19 0.33 3.62
o=15°
Solid 918.52N 26798 N 1.34 0.39 344
Spoiler 3 1.36 —2.14 1.36 0.38 3.58
Spoiler 4 0.69 —2.28 1.35 0.38 3.55

“P, and P}, are the percentage change in the lift and drag forces
at U, =60 ms™', respectively, compared with the solid
spoiler (a negative value indicating a percentage decrease).
Forces acting on solid spoiler are shown.

more drag force as the wing angle of attack increases, that is, a
smaller percentage drop as the angle increases. It is possible that, as
the wing angle increases, the effective blockage of the fractal spoilers
increases, which is why it could be generating more drag.
Nevertheless, the relatively small changes in lift and drag forces
generated by the fractal spoilers would make them an ideal
replacement to the conventional spoiler, especially for « =9 deg
where a 0.03% increase in lift force and a 4.70% decrease in drag is
observed for spoiler 3 compared with the solid spoiler.

The lift-to-drag ratio and coefficients of lift and drag are also
presented, where the reference area is defined as the frontal area of the
wing section, ignoring the porosity of the fractal spoilers. As
expected, the coefficients are roughly similar for all configurations
because there is very little change in the forces. The lift-to-drag ratio,
however, shows an increase for the two fractal spoilers due to the
slight reduction in drag force generation.

V. Conclusions

Fractal grids generate bespoke turbulence designed specifically
for a particular application which, in this case, is low-noise aircraft
spoilers. The turbulence they create can be made to optimally
interfere and destroy/modify the large-scale flow structure and,
therefore, reduce the low-frequency noise without altering the
essential lift/drag characteristics of the spoiler when mounted on a
scaled-down A320 wing section. The atmosphere attenuates high-
frequency noise faster than low-frequency noise so that the amplified
high frequencies of the fractal spoilers may be less of a concern than
the low-frequency noise.

It has been shown that a fractal square spoiler can reduce the noise
(up to 4 dB), while not affecting the lift and drag characteristics of the
wing section that much (the fractal spoilers generating 0.03% more
lift force and 4.70% less drag force at a wing angle of 9 deg). At
higher angles of wing incidence, namely 15 deg, the change in lift is
1.36%, while generating 2.14% less drag.

Particle image velocimetry measurements have also shown that
the fractal spoilers generate a highly intense bleed flow, with
increased levels of turbulence intensity, turbulent kinetic energy, and
velocity compared with a regular grid spoiler.

The spoiler design used in this paper is by no means an optimal
design, and the results presented here should not be considered
definitive for all fractal spoilers. Instead, it should be seen as a proof-
of-concept design, showing how thickness ratio and distance
between the grids appear to affect the acoustic signature of the
spoilers. The results suggest that we have relatively high levels of
control over the performance of the spoiler by making small
alterations to the design, with results suggesting that, by increasing
the thickness ratio, we achieve an improvement in sound pressure
level across all frequencies, while not changing the blockage ratio. It
is believed that, by scaling up the spoiler, there would be fewer

mechanical restraints, more flexibility in the design, and the ability to
get the same results, if not better.
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