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UNIVERSITY OF SOUTHAMPTON
ABSTRACT

SCHOOL OF ENGINEERING SCIENCES
AERODYNAMICS AND FLIGHT MECHANICS GROUP

Doctor of Philosophy

Aerodynamic Control of Bluff Body Noise

by Matthew Spiteri

The main aim of this study was to investigate noise reduction techniques for bluff
body noise. Three methods were investigated, using a splitter plate on a fairing-
strut configuration, applying flow control to the surface of a fairing and fitting a
splitter plate behind a isolated bluff body.

Aerodynamic tests were performed in wind tunnel facilities using particle image
velocimetry (PIV), hotwire anemometry, pressure sensors and a force balance.
Acoustic tests using a microphone array, on-surface microphones and freefield mi-
crophones were performed to investigate the noise generated by the models. The
splitter plate fitted to the fairing-strut configuration was found to be dominated
by large scale vortex shedding. The addition of the splitter plate blocked the
interaction between the two opposing shear layers aft of the shell’s trailing edge
thereby reducing their interaction with the downstream strut. Broadband noise
reductions were observed as well as reduction in the noise levels of the peaks asso-
ciated with the shedding. Applying flow control showed noise reductions for both
cases when suction and blowing were applied. These reductions were observed at
= 1.75 x 10°), at higher Reynolds
numbers (Rep_,., = 3.5 x 10°) the noise reductions decreased when compared to
the baseline case. The splitter plate fitted behind an isolated bluff body modified

the wake, decreasing shedding frequency and drag with an increase in the splitter

the lower tested Reynolds numbers (Rep,,,,

plate length. Broadband noise reductions were observed with all three splitter

plate lengths and the tonal peak of the vortex shedding noise was suppressed.

The study shed light on the possibility of achieving noise reductions using the
three methods. However more research is required to apply these findings on a

landing gear.
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Nomenclature

All units are in SI

ag = Speed of sound, m/s

Cy = Blowing and suction coefficient
CpEes = Constant in DES model

Ch = Coefficient of drag

Cp = Coeflicient of pressure

d = Distance, m

Dispen = Diameter of shell, m

D girut = Diameter of strut, m

E = Total energy, J/kg

e = Internal specific energy, J/Kg
f = Frequency, Hz

fsample = Sampling frequency, Hz

L = Length of splitter plate, m

l = Length scale, m

Linodet = Length of model, m

M = Mach number

n = Block size

D = Static pressure, kg/ms?

X1



NOMENCLATURE

Dref = Reference pressure, kg/ms?

Pr = Prandtl number

Pr; = Turbulent Prandtl number

Q = Volume flow rate, m3/s

q = Dynamic pressure, kg/ms?

Qm = Mass flow rate, Kg/s

R = Riemann invariant, m/s

Re = Reynolds number

S = Surface area, m?

Sk = Plenum exit area, m?

Sy = Total plenum wall area, m?

Sij = Strain rate tensor, 1/s

Str = Strouhal number

T = Period, s

t = Time, s

17 = Trailing edge thickness, m

tp = Pitch of the perforates, m

tp = Non dimensional time

Ty = Lighthill stress tensor, kg/ms?

TL = Transmission loss in plenum chamber
Tu = Turbulence intensity, %

U = Velocity magnitude, m/s

UWpars = RMS value of velocity fluctuations in x-direction, m/s
u = Average of RMS of velocity fluctuations, m/s

U; = Velocity tensor, m/s



NOMENCLATURE xiii

Uso = Freestream velocity, m/s

Uy = Time averaged velocity magnitude, m/s

1% = Integration volume, m3

V! = Velocity of the acoustic source, m/s

VanMms = RMS value of velocity fluctuations in y-direction, m/s
|44 =  Width and height of H-beam, m

T; = Cartesian tensor, m

T = Distance between the shell and the strut, m

y+ = Non dimensional wall distance

Greek Symbols

Af = Frequency resolution

Ax, Ay, Az = Cell dimensions in x, y and z directions, m
0ij = Dirac delta function

r = Non-dimensional suction rate (-ve) and blowing rate (4ve)
y = Ratio of specific heats

1 = Dynamic viscosity, kg/ms

L = Turbulent viscosity, Ns/m?

v = Kinematic viscosity, m?/s

v = Eddy viscosity, m?/s

Q; = Vorticity tensor, 1/s

p = Density, kg/m?

o = Porosity of the perforates, %

T* = Retarded time, s

Tij = Stress Tensor, kg/ms?

0 = Polar angle from model leading edge, °



NOMENCLATURE Xiv

% = Modified eddy viscosity, m?/s
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Glossary
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SA . Spalart-Allmaras

Sint . Model fitted with sintered metal plate
Splt : Model fitted with splitter plate
SST . Shear Stress Transport

CAA : Computational Aeroacoustics
CFD : Computational Fluid Dynamics
DES . Detached Eddy Simulation

DNS : Direct Numerical Simulation
DPIV . Digital Particle Image Velocimetry
EPNL : Effective Perceived Noise Level
FFT . Fast Fourier Transform

FW-H . Ffowces Williams-Hawkings

LES . Large Eddy Simulation

OASPL : Overall Sound Pressure Level

PIV . Particle Image Velocimetry

PSD . Power Spectral Density

RANS . Reynolds Averaged Navier-Stokes
RMS . Root Mean Square

SPL : Sound Pressure Level

URANS . Unsteady Reynolds Averaged Navier-Stokes



Chapter 1

Introduction

1.1 Background and Aim

Over the last few decades air travel has increased considerably giving importance
to the noise pollution produced by aircraft in the vicinity of airports. This has led
to increasingly stringent environmental standards pushing the aircraft industry to
research ways to lower the noise emission on current and future aircraft. Noise
generated by civil aircraft consists of engine and airframe noise [4]. A number
of studies have been conducted to reduce the engine noise as it is a prominent
noise source. This led to a number of development. Jet noise has been reduced
by 15 — 20 dB and as a consequence the average effective perceived noise level
(EPNL) for large commercial aircraft has been reduced from approximately 110
to 90 EPNdB [5]. Modern commercial aircraft now possess high bypass ratio
engines and nacelles with large diameters while still necessitating engine-to-ground
clearance leading to longer landing gear [6]. It is generally accepted that further
engine noise reduction must be coupled with airframe noise reduction to have an

acceptable impact on the overall aircraft noise signature.

Flow around bluff bodies generates noise, which is detrimental in particular to
aerodynamic applications where low noise emission is a design/regulatory require-
ment. Airframe noise is a problem mainly during the approach-to-landing phase
when the engines are operating at low thrust. During this phase, the slats and
flaps, high lift devices, are fully extended and the landing gears are deployed. This
configuration gives rise to an unsteady flow field which leads to higher levels of
noise. Landing gears on commercial aircraft have been identified as a major noise

contributor during approach and landing [7,8]. The design of a landing gear is
1
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solely based on the fulfilment of its structural and dynamic function. The stringent

mechanical criteria make it extremely difficult to consider noise requirements.

Landing gear fairings have been studied as a way to reduce the noise produced by
landing gears [9]. The fairing shields components such as cavities, hose dressings
and other protrusions from high speed flow, in turn the fairing will generate its own
self noise as well as deflect high speed flow onto other components. A variation
on solid fairings is perforated fairings, allowing air to be bled through the fairings
redistributing the airflow around the fairing. Flight tests using perforated fairings
have shown to decrease noise [9,10]. This observation has been confirmed in wind
tunnel tests [11].

From the initial few paragraphs of this introductory chapter the reader would be
right to think that this investigation will focus on reducing the noise generated
by aircraft landing gears but at the same time pondering why the title of the
thesis makes no mention of landing gears. In order to clarify this it is necessary to
give a brief account of how the PhD work started, progressed and developed into
the work presented in the following chapters. Airbus, the sponsors of the PhD,
conducted tests which showed that fairings applied to the landing gear reduced
the noise of the aircraft during the approach phase, however, one main drawback
of fairings is that due to their geometry they accelerate the flow and deflect it on
other downstream components of the landing gear, hence reducing or cancelling
out any noise reduction gains. Having tried to investigate using perforated fairings
to bleed air through the fairing and reduce the velocity of the deflected flow, Airbus
asked the University of Southampton to investigate perforated fairings in order to
understand the physics involved. In addition, the University of Southampton was
also asked to investigate applying suction or blowing to the surface of the fairing
in order to control the deflected flow and hence improve the its performance. The
objective and starting point of this PhD was the latter. The plan was to perform
the initial tests on a simple model in order to investigate the effects of suction and
blowing on the surface of the fairing to allow the physics to be understood better.
The next step would have been applying the technology on a fairing fitted to a

landing gear.

The aerodynamic and acoustic tests where progressing smoothly even though the
noise reductions being measured where less then hoped for. During one of the
tests, the measurements using on-surface microphones were being performed to try
to identify the noise sources on the model. In an attempt to determine the noise

generated in the fairing-strut cavity a piece of open cell foam was placed inside the
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cavity. The results of this experimental run showed a sudden reduction in the noise
levels, reductions which warranted attention. Further reductions were obtained
when the open cell foam was replaced with a solid plate. At this point a decision
was taken, together with Airbus, to change the main focus of the PhD and instead
focus on the splitter plate technology investigating parameters such as separation
distance and the size of the fairing with respect to the strut. Unfortunately this
meant there was not enough time to test the splitter plate on a landing gear,
however, the parameters being investigated on the simplified model were chosen
keeping in mind their applicability to landing gears. The noise reductions were
encouraging, which raised the question whether the splitter plate would still be
effective even without the fairing. The effects of splitter plates placed behind bluff
bodies were well known, however, not on the effect it has on the generation of
sound, especially at the Reynolds number of interest. This lead to the testing of

this configuration.

The scope of the thesis changed throughout its execution, however, its progression
resulted in three different technologies which had the potential to reduce the noise

generated by landing gears or at least the reduction of noise generated by bluff

bodies.

1.2 Structure of Thesis

Chapter 2| reviews previous work in the field. This chapter includes a general
explanation of aerodynamic noise generation, experimental and computational
techniques, an overview of cylinder flow and relevant studies on landing gears.
A research methodology inspired by literature is outlined in chapter 3. The wind-
tunnel models, test setups and measuring techniques are also discussed in this

chapter.

Chapters /4 to 6l discuss the experimental results of the various configurations. The
fairing-strut using the splitter plate will be discussed in chapter 4/ to be followed
by the results of the fairing-strut configuration using suction and blowing. The

results of the H-beam fitted with a splitter plate are discussed in chapter 6.

Conclusions and recommendations as well as proposals for future work are pre-

sented in chapter 7.

Appendix A describes the computational methodology including grid generation

boundary conditions which were used for the DES results used in chapter 4.



Chapter 2

A Review of Previous Work

2.1 Introduction

A number of theories have been developed to deal with the generation of sound
by flow and these are briefly presented in section 2.2. This background theory
has helped experimental and prediction techniques to be developed to effectively
understand the various noise mechanisms as well as the sources of noise on landing
gears. Sections 2.3 to 2.5 explain the main aspects of these techniques to give a
clearer idea of what is required in the development of methods to reduce noise.
A clear understanding of the effects suction and blowing have on the fairing is
needed. To do this effectively a very simple geometry (e.g. cylinder) is needed
that reduces the number of parameters that could have an effect on the generation
of sound. A simplified case consisting of a cylinder shielded by a half cylindrical
shell is being proposed in order to investigate the effect of suction and blowing
which requires some knowledge of the different flow regimes attributed to flow over
cylinders. Section 2.6/ gives a brief aerodynamic overview of the flow past cylinders

and methods with which vortex shedding could be controlled.

2.2 General Theory of Aerodynamic Noise Gen-

eration

An introduction to the basics of sound generated by aerodynamic flow is given in
this section. Lighthill [12] initially derived a theory that predicts the generation of
sound in unbounded flows (Section 2.2.1). Curle [13] extended Lighthill’s theory

4
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to incorporate the presence of boundaries in the flow region (Section 2.2.2). These
two theories are still not sufficient to predict noise of moving bodies. Ffowcs
Williams and Hawkings [14] developed a theory that incorporates the effect of the

motion of bodies on the generation of sound (Section 2.2.3).

2.2.1 Lighthill: unbounded flows

A theory of sound generated aerodynamically, simply as a byproduct of an airflow
was developed by Lighthill [12]. The method adopted was to firstly estimate the
details of the flow (density, velocity, pressure) and secondly to deduce the sound
field which avoids the effects of the back-reaction of the sound produced by the
flow field itself. It is argued that the sound produced is so weak in comparison
to the motion producing it that no significant back-reactions can be expected. In
this way quantitative estimates may be obtained only for sound radiated into free
space, hence neglecting effects of reflection, diffraction, absorption or scattering

by solid boundaries, hence unbounded flows.

In order to find the sound produced by unbounded flows, a fluctuating fluid flow
is assumed to occupy a small fraction of a very large volume of fluid where the
remainder of the fluid is at rest. The exact equations of motion which govern the
fluctuations in the real fluid are compared to the equations of a uniform acoustic
medium at rest which correspond to the wave propagation area. The difference
between these set of equations would be the effect of the fluctuating external force

field acting on the uniform acoustic medium at rest and hence radiating sound.

The exact equations of motion of a fluid ignoring external forces in tensor notation

are given by:

dp 0

ot * oz, (pus) =0, 2
0 0
a(pui) + a—xj(ﬂuiuj +7i5) = 0, (2.2)

where z; represent the Cartesian coordinates, p the density, u; the flow velocity

and 7;; is the stress tensor given by equation (2.3)

Tij = p(sm -+ 1% 8xj 835, + g (8—%) 5Z]:| 5 (23)
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where p is the pressure, p is the coefficient of dynamic viscosity and d;; is the

Kronecker delta function.

Now considering the governing equations of the propagation of sound in a uniform

medium without sources or external forces, we have,

dp 0

a T (pui) =0, (2.4)
0 2 0p
&(Puz) +ao o, 0, (2:5)

where ag is the speed of sound in the uniform medium. The linearised inviscid wave
equation (2.6) is obtained by taking the time derivative of (2.4) and subtracting
it from the spatial derivative of (2.5)

82
gr ao*V?p = 0, (2.6)

where V is the gradient operator.

The equations of an arbitrary fluid motion can now be rewritten to incorporate
the propagation of sound in a uniform medium at rest. Equation (2.2) may be
expressed in a similar form as equation (2.5) to give rise to equation (2.8), whilst

equation (2.9) is obtained in the same way equation (2.6) was derived.

dp
o + 8x-<pui> =0, (2.7)
9 2 0p 0T
g (m) + ag* = G 2.8)
0p 2772 0*T;
2 VP G 29)

where Tj; is the instantaneous applied stress or Lighthill stress tensor

Ty = puiu; + Tij — ag” poy;. (2.10)

In the medium outside the flow itself the stress system equation (2.10) may be
neglected meaning that equation (2.9) is the same as equation (2.6). This occurs
as the velocity u; relates to the small motions of sound propagation and as it also
appears in a quadratic form in equation (2.10) it can be neglected. The viscous

stresses in 7;; and the conduction of heat constitute small effects and therefore can
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also be neglected.

The instantaneous applied stress 7;; may be simplified further for most flows if
the viscous stresses are assumed to be negligible when compared to pu;u; and if at
low Mach numbers the difference in temperature between the flow and the outside
air is simply due to kinetic heating or cooling. Therefore using these assumptions

T;; may be approximated to:

Using Green’s functions, the acoustic perturbation at position x for the field of
a concentrated quadrupole at position y with tensor strength density 7;; can be

written as:

1 0? X — d
p-m= g [ T (v - EEY) (212)
%

B drag? Ox;0x; agp x —y|

When differentiating the integrand in equation 2.12/ with respect to x; for large
distances |z|, the spatial derivative of the term inversely proportional to |x — y]|

can be neglected.

To determine how the sound produced varies with the flow constants one may
assume that the frequencies are proportional to U/l. Using this assumption the
fluctuations in % are roughly proportional to (U/1)* poU? and the density vari-

ations in equation (2.12)) are proportional to the product

111 /U\? U\*
(p = po) x ——— (7> poU?l? = py <G—>

ap” T Qg 0

, (2.13)

[
x
where [ is a length scale and U is a velocity scale.

The intensity of sound at a point where the density is p is ag®/po times (p — po)?2.

Therefore the intensity may be written as:

CL03

I(x) = o (p = po)*. (2.14)

Thus the quadrupole sound intensity is seen to increase to the 8 power of the

flow velocity U as shown in equation (2.15)
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(= po)* o pj (%)8 (é)Q (2.15)

2.2.2 Curle: effect of solid boundaries

Lighthill [12] pointed out that solid boundaries may play an important role in
sound generation such as in the case of fluctuating lift on a rigid circular cylin-
der. Curle [13] extended Lighthill’s theory to take account of the presence of solid
boundaries. Physically the solid boundaries will have an effect on the sound gen-
erated as the quadrupole noise will be reflected and diffracted by the solid bound-
aries. Moreover the quadrupoles will not be distributed over the entire space,
instead they will be distributed only in regions external to the solid boundaries.
Due to the interaction of the forces present between the fluid and the solid bound-
aries, dipoles are likely to be present as they correspond to externally applied
forces. Curle modified equation (2.12) derived by Lighthill and added a surface
integral over all the solid boundaries equation (2.16). The addition of the surface
integral accounts for the impact of sound waves from the quadrupoles on the solid

surface and for the hydrodynamic flow itself.

1 0? Ix —y]| dy
= — | T [y, t—
p=r Amag? 0x;0x; /V ! (y ao x —y]| *

19 /SB (y’t_ !X—Y\) dS(y) (2.16)

dmay? Ox; ay Ix —y|’

where P; is the strength of the dipoles per unit area, S represents the surface of
the solid boundary, [; is the direction of the outward normal (towards the fluid)

on the surface.

Similar to the way Lighthill simplified the volume integral at large distances from
the flow the surface integral introduced in equation (2.16) may also be simplified

to give the density fluctuations due to the dipole term.

(0= pof? o 2 (9) (1) (2.13)

This illustrates that the sound field generated by the dipole term is larger then

that generated from the quadrupoles at low Mach numbers.
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2.2.3 Ffowcs Williams - Hawkings: effect of source motion

An extension to Lighthill-Curle’s theory was presented by Ffowces Williams and
Hawkings [14] to include the arbitrary convective motion. The FW-H equation is
a rearrangement of the Navier-Stokes equations and is appropriate for computing
the acoustic field when solid boundaries play a direct role in the generation of
sound. The forward motion of a source influences the radiation pattern of the
sound and must be accounted for as this would change what a distant observer

will perceive.

The FW-H equation deals with the motion of a surface by employing a Lagrangian

coordinate ( to the stationary surface.

(=y—Vi, (2.19)

where V’ is the velocity of the source.

1 0 / [P(Uz — Vi) + poVi
P — Po T
s

" Arag’ ot r|1 — M,|

1 9 pui(uj — Vi) — 7
Y , d
dmay? Oz, /Snj [ r|1 — M,| - S+

1 02 Ti;
2.2
dmag? 0x;0x; /V [r\l — ]\/[T\L* v{Q), (2.20)

where M, is the projection of the local Mach number M = V;/ag , r = |[x—y({, 7%)]

]T* dS(¢)+

and the notation [...].~ indicates the quantity enclosed within the brackets is to be

evaluated at position ¢ and a retarded time 7" =t — |x — y((, 7)|/ao.

The solution is made up of two surface integrals which represent the contributions
from monopole and dipole acoustic sources and partially from quadrupole sources
and a volume integral represents sources in the region outside the source surface.
The FW-H equation can be used both when the surface coincides with the solid

boundaries and also when the surface is off the body and permeable.

2.3 Experimental Techniques for Aeroacoustics

Experimental methods used to investigate the flow and acoustic properties play

an important role when simulating flows over complex geometries such as a land-
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ing gear (figure 2.1). Wind tunnel and flyover testing are two main methods to

experimentally test airframe noise.

2.3.1 Wind tunnel testing

A requirement of modern commercial aircraft is to have a high bypass ratio en-
gine/nacelle diameter whilst maintaining engine to ground clearance which results
in longer landing gears [6]. The increase in the length of the landing gear is a
major contributing factor to today’s landing gear noise, but it also poses another
problem: wind tunnel testing. The size of a wind tunnel test section restricts the
size of the model which makes most wind tunnels inadequate to accurately test
scale model landing gears due to the insufficient geometrical detail they contain.
Features such as hydraulic cables, dressings and bolts are responsible for high fre-
quency noise. Dobrzynski et al. [7] concluded that in order to capture the true
airframe noise of a landing gear full scale model testing was required. For this
wind tunnels such as the German-Dutch Wind Tunnel are needed which can be
operated in a free-jet configuration with a nozzle cross sectional area of 6 x 8m?

and still allow the landing gear to be within the core of the flow.
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FIGURE 2.1: Schematic representation of a landing gear
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2.3.1.1 Aerodynamic testing

Aeroacoustic noise is attributed to aerodynamic flow features such as vortex shed-
ding. Previously, much work was done to demonstrate that frequencies in a fluid
flow are equal to those of the noise generated [13]. Thus this underlying fact shows
that appropriate flow measurement techniques are required to aid in understand-
ing the noise generated by the flow. Measurement techniques such as hot wire
anemometry and pitot-static measurements were used by Horne et al. [15] to in-
vestigate the wake behind a landing gear. They were able to map out the wake
flow properties such as pressure, velocity and turbulence levels. Digital particle
image velocimetry (DPIV) was used to capture an image of the mean flow field.
Lazos [16] states that enough knowledge of the mean flow can be used to aid in

the determination of noise sources.

2.3.1.2 Acoustic testing

Aeroacoustic testing of components using stationary facilities can be challenging.
It would be ideal if full scale models could be tested at operating conditions to sat-
isfy the Reynolds number criteria, and the only noise measured by the equipment
is that of the model. This is not the case; stationary facilities generate their own
sound which can be defined as background noise. Tonal noise is also a problem as
was found in early stationary facility tests [1], in this case the tone was found to
be independent of flow velocity and was associated with cavity resonance. Tests
such as these were carried out in open section wind tunnels, with microphones

placed around the model and outside the core flow.

When the data is acquired outside the core flow the sound pressure levels must be
corrected for signal to noise ratio, for the effects of shear-layer refraction, for the

effect of convective amplification and for atmospheric absorption.

As sound waves pass through a shear-layer (caused by the open-jet flow and the
ambient air outside the test section) they exhibit a change in propagation direc-
tion and amplitude. A correction scheme from Amiet [17] was used and had been
validated in full scale landing gear experiments [7].Correction of convective am-
plification accounts for the fact that the noise radiation of a stationary source is
different to that in motion [18].

Anechoic test sections have been developed to reduce the effect of sound reflection

and to reduce background noise. More accurate sound measuring techniques were



Chapter 2 A Review of Previous Work 12

developed to measure and localise the sources of noise. An elliptical acoustic
mirror microphone system was used by Grosche et al. [8] to measure the noise
sources of a transport aircraft. The principle of such a system is to use a large
elliptical mirror which focuses the sound onto a microphone in front of it. The
mirror microphone unit can survey the sound sources by traversing the unit over

the object being tested giving an image of the noise sources.

Another method to measure and localise noise sources is the use of a phased micro-
phone array. This consists of a number of microphones at different planar (spiral,
cross or grid although the former two options are preferred as fewer microphones
are required) locations. Shifting the outputs of the microphones an amount equal
to their propagation delay and then summing them together, an image of noise
sources in a plane may be achieved [19]. Recent improvements to the microphone
array has led to it being implemented in hard walled wind tunnels. The micro-
phone array is recessed in a sidewall of the wind tunnel and is covered by a porous
cloth. The cloth isolates the microphones from direct contact with the turbulent
boundary layer which reduces background noise considerably [20]. Its implemen-
tation in hard walled wind tunnels creates the possibility for pressurised wind

tunnels to be used to increase the Reynolds number of the flow [4].

2.3.2 Flyover measurements

Tests to determine the noise level of an aircraft are carried out by actually ac-
quiring data from the ground whilst an aircraft is in landing approach. Flyover
measurements have been developed to predict the noise levels of an aircraft by
testing a scale model in a wind tunnel using a microphone array [7]. By using the
farfield noise level directivity measured in the wind tunnel tests the Effective Per-
ceived Noise Level (EPNL) can be determined. The EPNL is the metric for flyover
noise certification which correlates highly with human response to environmental
noise. However to do so, different transformations and level corrections must be
done [21].

Correction of Flow Velocity: -

The flow velocity around the landing gears on aircraft is lower then that of the
freestream velocity due to the circulation around the wings and fuselage. Previous

studies [7,22] have shown that the local velocity around a landing gear is about
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78% of the flight speed for a typical landing configuration, which corresponds to
a difference in noise of as much as 5.8dB according to the sixth power law [22].
Therefore corrections,depending on aircraft and the location of the landing gear,
need to be made to the testing flow velocities in the wind tunnel to simulate the

in flight flow velocities.

Correction for Convective Amplification: -

This effect is defined as the difference between sound propagation through a qui-
escent medium or a medium without zero mean flow or the difference between
a stationary source and one in motion. Observed sound waves for an approach-
ing source are compressed and expanded for a source moving away, resulting in a
Doppler shift of the frequency. The well known Doppler formula can be employed
to calculate the corrected frequency. Formulas for correcting the sound pressure,

dependent on source type (monopole, dipole or quadrupole), are presented in [18].

Correction for Atmospheric Absorption: -

A method presented by Bass et al. [23] corrects for the effect of the atmospheric
absorbtion of noise. As sound propagates through the atmosphere it is attenuated
by the environmental conditions such as air temperature and humidity. This effect

is dependent on the distance between the source and receiver.

2.4 Prediction Methods for Aeroacoustics

It is necessary to be able to predict the generation of noise early in the design
stages as to minimise design modifications at later stages. This section deals with
techniques to aid the prediction of noise generated by landing gears. Section 2.4.1
highlights empirical techniques that use simple analytic formulae. Computational
techniques that include the use of numerical solvers for both aerodynamic and

acoustic predictions are discussed in section 2.4.2.
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2.4.1 Empirical methods

Prediction tools for landing gears have been developed to predict noise generation.
Landing gear can be decomposed into three distinct component categories, the
wheels, the main struts and the small features [24]. Each of these categories is
responsible for different frequency domains. An early prediction model developed
by Fink [25] was not capable of predicting the noise at high frequency as the test
models considered to develop the prediction model only consisted of wheels and
main struts. This lack of detail leads to an under-prediction of the EPNL of about
8dB.

Smith et al. [26,27] developed a prediction model that uses a number of empiri-
cal constants to fit standard source characteristics to components such as struts,
wheels and small features. The characteristic shape of each spectrum is a haystack
with a peak centered at the natural vortex shedding frequency of the component.
Using the basic scaling law based on Curle’s equation [13] and a set of relation-
ships for the different components the overall level of the landing gear noise during
flyover could be determined. The prediction method was compared to wind tunnel
tests of different landing gear configurations and was found to agree closely with

the experimental measurements.

Since then more detailed models have been tested in wind tunnels leading to more
accurate prediction models. Guo et al. [22] decomposed the noise spectrum into
three frequency components, namely, low (wheels), mid (main struts) and high
frequency components (small features). Using wind tunnel data from a full-scale
landing gear it is shown that the low and mid frequencies scale well with the sixth
power law using the flow Mach number, whilst the high frequencies scale with
an eight power law (for overall sound level) which is typical of noise generated
by turbulent flows. The sound pressure level for each frequency is estimated by
addition of a frequency dependent function to the overall sound pressure level.
The overall sound pressure level (OASPL) is denoted as a function of velocity,
distance, a length scale (these vary according to the component), the number of
struts and wheels and a complexity factor. It is argued that for the individual
wheels and the struts (low and medium frequencies respectively) the noise can
be determined from incoherent energy addition (the total noise is proportional to
the number of gear components). On the other hand the addition of the high
frequencies is considered to be impractical, thus a complexity factor is used to
account for the high frequency noise generation. The complexity factor is also

linked to measurable parameters in the aircraft design to allow noise prediction of
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high frequencies feasible.

2.4.2 Computational techniques

Numerical investigations for low Reynolds numbers of roughly 200 have accurately
predicted the Strouhal number and mean drag over a cylinder when compared to
the existing experimental data [28,29]. However at higher Reynolds numbers
two-dimensional computations cannot accurately predict the drag and lift forces
due to the increasingly dominant effect of three-dimensional flow fields [30, 31]
although a two-dimensional setup would be possible to implement in a wind tunnel.
Szepessy and Bearman [32] describe how the use of end plates on the edges of a
circular cylinder can minimise the effect of three-dimensional flow in wind tunnel

experiments.

Several computational methods are available to solve such flows, such as Direct
Numerical Simulation (DNS), Large Eddy Simulation (LES) and Detached Eddy
Simulation (DES). DNS does not use turbulence models but solves the time de-
pendent Navier-Stokes equations and resolves all the relevant length scales of tur-
bulence. Unfortunately this makes it too costly at relevant Reynolds numbers as
very fine grids need to be used in order to capture the finest scales of motion.
On the other hand LES is often computationally more cost effective than DNS.
With LES, the large and medium eddies are captured whilst the small eddies,
which are simpler, are modelled using a subgrid scale model [33]. The down side
to LES is that it requires the eddies in the boundary layer to be resolved by the
grid. This makes LES computationally prohibitive for most geometries when the
boundary layers are turbulent [34]. A more interesting and cost effective approach
is DES; this can be described as a hybrid using both large eddy simulation and
Unsteady Reynolds Averaged Navier-Stokes [35]. The unsteady massively sepa-
rated regions of the flow are treated using LES. Since the mechanisms of the flow
such as vortex shedding involve length and time scales much larger than those of
the boundary layer turbulence, the boundary layer modeling relies on the RANS
equation without loss in the description [33]. The computational requirements
for DES are similar to Unsteady RANS, but the accuracy of the complete flow
field is potentially similar to LES. Reynolds-Averaging denotes averaging over a
time interval which is very long relative to the maximum period of the turbulent
velocity fluctuations, but shorter than the vortex shedding period [36]. Solving
of Unsteady Reynolds Averaged Navier-Stokes (URANS) equations is a typical

approach to simulating the unsteady flow around bluff bodies. The computing re-
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quirements of this model are manageable up to high Reynolds numbers. It implies
a separation of scales between coherent eddies, which will be resolved, and random
eddies, which will be modeled [33]. Due to the Reynolds stresses that arise from
the Reynolds averaging a turbulence model must be used. Shur et al. [37] state
that modeling the flow over a cylinder with URANS results in a periodic unsteadi-
ness and a two-dimensional solution with exaggerated vortex shedding rather then
the more realistic chaotic three-dimensional unsteadiness. This behaviour is found
also in the numerical investigation conducted by Mathelin et al. [38], who con-
cluded that the Strouhal value is found to be much higher than that obtained in
experiments and attribute this to the fact that three-dimensional modes present
in experiments extract energy from the field, and lead to lower Reynolds stresses

than in a purely two-dimensional configuration [30].

It is often not computationally feasible to resolve wave propagation from near-field
sources to far field observers, so integral techniques such as the Ffowcs Williams-
Hawking equation [14] are used to predict the acoustic signature at various loca-
tions using unsteady flow data from CFD calculations. The FW-H equation is an
exact rearrangement of the Navier-Stokes equation that allows the prediction of
acoustic signals at distant observer locations if the details of the source region are
already known. For this reason the Navier-Stokes equations are still needed to

solve the nonlinear and viscous effects [39].

Computational aeroacoustic studies of landing gears are computationally expen-
sive due to the high resolution needed to accurately model the wave propagation
through a computational domain. A typical minimum of 6 to 8 cells per wave-
length are needed to resolve acoustic perturbations, increasing the spatial resolu-
tion needed due to smaller scales needed to solve the higher frequency pertuba-
tions. Lockard et al. [39] used a total of 13.3 million grid points for a simplified
landing gear although the same author used half the number of grid points in a
similar study [40]. Most of the time the major interest is in the far field noise
rather than the near-field. It is necessary that the numerical scheme does not nu-
merically disperse and dissipate the solution. Numerical dissipation will suppress
the amplitude of acoustic fluctuations, while dispersion tends to spread out a local
solution over a wider area. Low order interpolation schemes have a tendency to
be highly dissipative and should therefore be avoided during aeroacoustic simu-
lations [41]. High order numerical schemes are preferred to obtain the desired
accuracy. Computational aeroacoustics (CAA) is computationally expensive. For
landing gear applications, curved solid boundaries will result in highly stretched

grid cells instead of uniform cells necessary for resolving isotropic wave propaga-
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tion. Unstructured grids have an advantage over structured grids in terms of ease
of production, however it is questionable if wave propagation is properly resolved

along oblique cell boundaries.

Solid and permeable integration surfaces are two methods in which the noise is
predicting using the FW-H equation. Souliez et al. [42] performed FW-H pre-
dictions of landing gear noise using the two methods and found solutions to vary
in the near field but be nearly identical in the far field. Strong wakes passing
through the permeable surfaces seem to contaminate the solution and therefore
special care must be taken to position the permeable surface out of regions with

strong vorticity.

2.5 A Review of Relevant Studies on Landing

Gears

2.5.1 Noise sources

Several noise sources have been identified on a typical landing gear configuration.
The wheels and struts are responsible for low frequency noise whilst the smaller
details such as the hoses and dressings are responsible for the high frequency noise.
This wide frequency spectrum makes testing of detailed scaled models important
as the high frequencies are an important factor to the overall noise level as in

shown [7].

Early experiments [1] performed on a simple landing gear scale model in an open-
jet facility showed a haystack-shaped spectrum with a broad peak between a
Strouhal number of 0.8 and 8 (based on the freestream velocity and wheel di-
ameter). This peak depended on the dimension and configuration of the landing
gear. A normalised spectrum is shown in figure 2.2 where in an attempt to identify
the gear components that contribute substantially to the radiated noise, individ-
ual components were exposed to the flow. Although this was a coarse approach
neglecting interaction effects the results nonetheless indicate which components

are likely to be responsible for certain parts of the spectrum.

The noise generated by a landing gear is broadband in nature and normally does
not exhibit any tonal noise. Some studies have shown tonal noise due to cavity

resonance the causes of which are tube-type pins in various joints linking different
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FicURE 2.2: Normalised sideline spectra of nose gear model components
a=complete configuration; b=side support struts; c=lower drag brace actua-
tor; d=wheel; e=door (Us, = 100 m/s.) [1]

gear components [43], as well as tyre treads [20]. Nonetheless it seems that this
tonal noise is dependent on inflow velocity, turbulence and direction and so it is
impossible to predict whether these will manifest themselves during the approach

of an aircraft.

Flow interaction between different landing gear components can be a culprit in
increasing the noise generated. The interaction between the wake produced by
the upstream wheel when it collides with the wheel behind it seems to increase
the noise directed towards the ground [16]. Dobrzynski et al. [44] conducted a
study on the interaction of the flow between the nose landing gear and the main
landing gear. The small changes to the nose landing gear configuration did not
have much effect on the gear wake characteristics and no excess interaction noise

that is of any practical relevance was detected.

2.5.1.1 Spectrum characteristics

Spectral data is often non-dimensionalised in order to compare data at different
speeds and dimensions. This is done by converting frequency to a Strouhal num-
ber, hence normalising with freestream velocity and a characteristic length. To

characterise the frequency domain, it is often decomposed into a low, mid and



Chapter 2 A Review of Previous Work 19

high frequency range. There is no hard and fast rule to the limits of these ranges
but for the purpose of this study low frequencies are below f = 500 Hz, the mid
frequency ranges lie between f = 501 Hz and f = 5 kHz and high frequencies are
above f =5 kHz.

Scaling of the sound pressure level is achieved by adjusting the levels with a power
scaling law. Scaling using a 6" power of velocity was seen to collapse the data
taken at different flow velocities [7]. This indicated the noise produced by the gear
could have been associated with an acoustic dipole source (see equation (2.18)).
However, it has been argued that for high frequency noise an estimate based on the
quadrupole term is better suited to non-dimensionalise the spectra [22]. In the case
of a non-compact surface, where the frequency is high or the body dimension is
large, the surface contribution is comparable to that from turbulence quadrupoles

for a non-compact body [45].

The above is valid for landing gears tested in isolation. The unsteady flow gener-
ated by the landing gear suffers interference with the airframe components when
the landing gear is mounted to an aircraft. The noise is scattered at the doors
in the vicinity of the undercarriage legs and wing trailing edge. Scaling with
the 5" power of velocity is deemed to be more appropriate for the landing gear

configuration [46].

2.5.2 Noise directivity

Noise directivity is an important parameter as it illustrates the directional charac-
teristics of a sound source. Typical nose landing gear configurations show a more
pronounced directivity pattern than typical main landing gear configurations. The
former radiates more noise to the side owing to its vertical orientation, whilst the
main landing gear has a more uniformly distributed sound radiation with only a

slight predominance to the side [1].

A study on a four-wheel bogie gear [7] revealed that at low Strouhal numbers the
noise is almost omnidirectional whilst at higher Strouhal numbers a maximum is
seen at the rear and forward arc. If the aerodynamic noise of the landing gear
were dominated by large scale vortex shedding noise then it could be described
by a simple dipole type source. Following this it is expected that the maximum
noise levels should be perpendicular to the mean flow direction, which corresponds
to a position under the gear. The measurements showed the opposite for the

intermediate and high Strouhal numbers. As the scale of these Strouhal numbers
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compares well with that of dressings which are responsible for high frequency noise
it is thought that it is the local velocity which is responsible for this and not the
freestream velocity. The fact that the local flow is oblique to the undisturbed
inflow direction is one reason for this discrepancy, whilst another explanation is

the interaction of turbulent wake flows with downstream gear components.

2.5.3 Noise reduction

Several methods to reduce noise generated by landing gears have been studied and
tested. Dobrzynski et al. [47] presented several noise reduction improvements, they
achieved this by installing fairings on the tow bar and axle, covering the steering
column and the upper leg and applying a cap to the wheels and the steering
actuator. The installation of these components showed a potential noise reduction
of -2dB to -3dB (on the nose landing gear). The most effective devices for noise
reduction were the fairing and the steering system cover giving a noise reduction

of -2.7dB compared to the noise generated by the low noise configuration.

Most of the noise generated in the high frequency domain is caused by the small
scale components, an effective way to reduce this is to cover most of these com-
ponents behind a fairing. An unrealistic fairing setup showed a noise reduction
potential of about 10dB but due to retractability of the landing gear makes this
setup impossible to implement. A more realistic fairing setup showed a noise
reduction potential of about 3dB [43].

The fairing can cause high speed flow to be deflected on to other components which
are not covered by the fairing itself. As noise levels of landing gear components
increase with the 6" power of the locally incident flow velocity it is likely that the
total power output of the landing gear is proportional to the spatially averaged 6
power of flow velocity, < U® > [27]. If the fairing covers a portion, p, of the landing
gear components causing an increase in the flow over the remaining components
by a factor, f, where f =< US >'/6 /U, then the change in the sound power
output of the gear is given by AdB = 10logyo(1 — p) f¢. Thus it is easy to see how
the gain achieved by the fairing can easily be lost. Active flow control over the
outer surface of the fairing will help in reducing the effect of the deflection of the

flow.
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2.6 A Review of the Aerodynamic Flow Around
Cylinders

It is important to understand the direct implications and effects noise control
devices have on the noise produced by flow around a landing gear configuration.
It is clear that the flow around such intricate geometry is complex and too many
design parameters exist to be able to pinpoint the direct effects of a control system
such as suction and blowing around the fairing. The problem needs to be simplified
to be able to understand the basic physics. The landing gear can be thought of
as a series of cylinders, which is the reason for the proposed simplified model
outlined in section 3.2. The aerodynamic flow around a circular cylinder must be
considered as many flow regimes exist having different flow properties in terms of

boundary layers, vortex shedding and resultant forces.

The main flow regimes are discussed in section 2.6.1 outlining the different types of
flow at different Reynolds numbers whilst section 2.6.2/gives details of the effect the
Reynolds number has on shedding frequency. Sections 2.6.3), 2.6.4 and 2.6.5/ give
examples of previous studies using different control methods in order to modify
the vortex shedding frequency and the unsteady wake. It is important to note
that some of these methods are conducted at lower Reynolds numbers than the
ones of interest for this study. Nonetheless it is important to make note of these
control methods as none of the cited authors ruled out the effectiveness of their

methods at larger Reynolds numbers.

2.6.1 Flow regimes for a full cylinder in freestream

Flow around bluff bodies has been a subject of interest for many years and a vast
amount of work has been done to fully understand the flow physics which in turn
determines the aerodynamic performance of such bodies. Initial investigations
were carried out by Vincenc Strouhal [48]and Theodore von Kérmén [49] who
first observed vortex shedding from a cylinder. Zdravkovich [50] presents a full
and complete study investigating the related flow phenomena such as boundary
layer separation, re-attachment, shear layers, vortex shedding just to mention a
few. The canonical motion of the flow past a circular cylinder is relevant to
numerous flows found in industrial applications (the flow past moving vehicles,

aircraft components, buildings etc.).

For very low values of Rey (0 < Rey < 4) the flow is attached to the cylinder and
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the streamlines are almost symmetrical around the cylinder. The velocity is so low
that the inertia effects are extremely small. This regime of viscous flow is called
Stokes flow. As Rey is increased (4 < Req < 40) the flow separates at the back of
the cylinder. This increase causes the formation of two stationary stable vortices
(these remain behind the cylinder). Beyond the Re, value of 40 the flow behind
the cylinder becomes unstable. The two vortices that were behind the cylinder
are shed alternately and flow downstream. The alternate shedding vortices form
a Karman vortex street. The Karman vortex street starts to become turbulent at
large Rey numbers. The laminar boundary layer on the cylinder separates from the
surface of the cylinder at nearly the top and bottom of the cylinder. This region
corresponds to Reg values of 1 x 10? < Rey < 3 x 10° and in this region the value
of Cp is quasi constant. In the next regime the laminar boundary layer is still
separated but now the free shear layer over the separated region transitions into
a turbulent flow. This happens for Re; numbers of 3 x 10° < Rey < 3 x 10%. The
flow now reattaches to the back face of the cylinder due to the turbulent nature
of the flow, then separates again. The reattachment of the flow to the cylinder
causes a thinner wake which in turn reduces the drag on the cylinder, this explains
a sudden drop in Cp at the Rey number of 300,000 (see figure2.3). At numbers
larger then 3 x 10° the boundary layer turns fully turbulent and separates only
towards the back of the cylinder. The turbulent boundary layer increases the skin
friction which contributes to the increase again in Cp, but the biggest contribution
comes from the fact that as the Re; number increases further the separation point
moves towards the top and bottom of the cylinder creating a fatter wake behind

the cylinder which in turn increases Cp

2.6.2 Effect of Strouhal number with Reynolds number

The frequency with which the vortices are shed from the body can be made di-
mensionless with the flow velocity and the diameter of the circular body. This
parameter depends only on the Reynolds number and is called the Strouhal num-
ber (2.21).

fd
Applying blowing or suction may be interpreted as a decrease or increase, respec-

tively, of an effective Reynolds number (related to an effective diameter). Fransson

et al. [3] propose a relationship between the Strouhal number and the Reynolds
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FIGURE 2.3: Variation of drag versus Reynolds number [2] .
Range of Reynolds | Boundary Layer Details of the Flow
Number State
0< Reyg <4 Laminar Flow fully attached to the
cylinder (Stokes flow)
4 < Reg < 40 Laminar Flow starts to separate from
the back of the cylinder
40 < Reg < 1 x 103 Laminar Flow behind the cylinder

becomes unstable leading to
the formation of the Karman
vortex street.

1x10%° < Rey < 3x10° | Laminar/Turbulent | The laminar boundary layer
separates at the top and
bottom of the cylinder
resulting in a constant value

of CD

3x10° < Reg < 3x10° Turbulent The flow reattaches to the
back of the cylinder which

results in a sudden drop in
Cp at Re; of about 3 x 10°

Reyg > 3 x 10° Turbulent The boundary layer becomes
fully turbulent and C'p
increases due to an increase
in skin friction

TABLE 2.1: Summary of the flow regimes for a full cylinder in freestream
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number, which is essentially a curve fit of huge amount of data collected from
Norberg [51] and Zdravkovich [50]. They also formulated a relationship between
the Strouhal number and a parameter I'; this denotes a suction rate (negative
value) or a blowing rate (positive value). I' is defined as the ratio of the suction
or blowing velocity and the freestream velocity. The plots for empirical equations

derived for these relationships are shown in figures 2.4, 2.5 and 2.6.
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FIGURE 2.5: The effect of suction/blowing on the Strouhal number [3] .

2.6.3 Control of vortex shedding

A number of techniques have been developed to suppress vortex shedding or shift

the shedding frequency at low Reynolds numbers (< 300). Berger [52] showed
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FIGURE 2.6: The effective Reynolds number vs. T" [3] .

that one such method of control is to oscillate the cylinder in a rotary motion at
a suitable frequency and amplitude. Homescu et al. [53] used optimal control to
control the angular velocity of a rotating cylinder to suppress the Karmén vortex
shedding in the wake. Wang et al. [54] as well as Masouka et al. [55] heated the
cylinder which in turn changed the viscosity of the fluid close to the surface of the
cylinder, thereby changing the effective Reynolds number. Another approach is to
use feed back control, Roussopoulos [56] used a loudspeaker to acoustically induce
actuation in a wind tunnel setup and also used a vibrating cylinder in a water
channel. A numerical approach was investigated by Park et al. [57] where they
utilized blowing and suction slots on the rear part of a cylinder. At larger Reynolds
numbers different approaches to control the shedding could be attempted as cylin-
ders with larger diameters may be used. Roshko [58] [59] modified the geometry
of the cylinder setup in order to affect the vortex shedding. He achieved this by
adding a splitter plate on the centerline just behind the cylinder demonstrating
that with a suitable splitter plate length the flow behaviour can change from an
alternating shedding mode to a symmetrical mode with two closed recirculation
regions on either side of the plate. Takumaru and Dimotakis [60] performed ex-
periments on a circular cylinder subjecting it to forced rotary oscillations. They
showed a reduction in drag up to 80% at a Reynolds number of 15,000 for specific
ranges of frequencies and amplitudes. These experiments have been confirmed by
computational results, Shields and Leonard [61], and they also suggested that this

kind of control could be even more efficient at higher Reynolds numbers. Plasma
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actuation is a relatively new technology used to control the shedding frequency.
Thomas et al. [62] conducted both aerodynamic and aeroacoustic experiments us-
ing plasma actuators around a circular cylinder at a Reynolds number of 33,000.
An array of plasma actuators are capable of producing local tangential blowing
on the surface of the cylinder, this has been shown to produce up to 90% drag
reduction using steady blowing with two actuators on a cylinder in cross flow at
a Reynolds number of 12,000 [63]. Both unsteady and steady actuation could be
used showing that unsteady actuation is the most effective with total elimination
of Karman shedding, a significant reduction in the turbulence levels in the wake

and a reduction of 13.3dB in the near field sound pressure levels.

2.6.4 Porous surface using suction or blowing

A method which is more relevant to this study is to manipulate the flow by us-
ing suction or blowing through a porous surface as such a technology is easier to
implement than some of the other methods mentioned previously. Pankhurst and
Thwaites [64] carried out experiments on a porous cylinder using continuous suc-
tion as well as using suction together with a splitter plate positioned at different
angles. They demonstrated that if the splitter plate is placed at an appropriate
angle and if sufficient suction is applied, no separation occurs and the pressure
distribution over the cylinder is extremely close to the potential flow solution.
Further experiments were performed by Hurley and Thwaites [65] to investigate
the boundary layer using the same setup. They found a good correlation with lam-
inar boundary layer theory. Mathelin et al. [66] conducted experimental studies
using continuous blowing through the entire surface of a circular cylinder. They
used a cylinder with 30% porosity with an average pore diameter of 30um achieved
by using sintered stainless steel. They describe how blowing leads to the widen-
ing of the wake as well as a decrease in the Strouhal number. It is also shown
and interesting to note for this study that the Strouhal number is linear with the
blowing rate until saturation occurs. They also determined an analytical relation
to provide an equivalent Reynolds number of the flow which has the same be-
haviour as the case with blowing. This is relevant as a flow submitted to blowing
has the same characteristics in terms of instability as that of the flow at a lower
Reynolds number. An alternative type of blowing was investigated by Glezer and
Amitay [67]. They used synthetic jets at selected positions over the cylinder to
provide a localised addition of momentum through the surface. This setup pro-

duced a delay in separation for both laminar and turbulent boundary layers. This
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Method of Control | Reynolds| Change Type of Author
Number | in Drag Approach
(Req) Forces
Oscillatory rotary 77-300 N/A Experimental | Berger [52]
motion of cylinder
Optimal control to 60 - 1,000 —60% Numerical Homescu et
control angular al. [53]
velocity of a rotating
cylinder
Forced rotary 1.5 x 10% —80% Experimental | Takumaru and
oscillations to a Dimotakis [60]
circular cylinder
Heating of cylinder to 1x10° N/A Experimental | Wang et
change the viscosity of al. [54]
the fluid
Acoustic actuation 48 - 480 N/A Experimental | Roussopoulos
using a loudspeaker [56]
close to cylinder
Blowing and suction 100 N/A Numerical Park et al. [57]
slots on the rear part
of the cylinder
Use of a splitter plate 1 x 10 —71% Experimental | Roshko [58] [59]
on the centerline
behind the cylinder
Continuous blowing 3.9 x 103 +37% Numerical Mathelin et
around a circular al. [38]
cylinder
Continuous blowing 8.3 x 10° —70% Experimental | Fransson et
and suction around a (suction) al. (3]
circular cylinder
Plasma Actuators for 8.3 x 10° —90% Experimental | Thomas et
Landing Gear Noise (Plasma al. [63]
Control Blowing)

TABLE 2.2: Summary of the various vortex shedding methods: +wve values
denote an increase in drag and —wve values denote a decrease in drag.
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delay in separation was attributed to the increased mixing in the boundary layer

caused by the injection of the fluid.

Several studies have shown the effect of uniform suction and blowing over a circular
cylinder. Fransson et al. [3] experimentally studied the flow around a circular
cylinder for a Reynolds number of the order 10%, where the boundary layer is still
laminar. They show that strong enough suction moves the separation line to the
rear part of the cylinder in a similar way as it does when the cylinder boundary
layer becomes turbulent which in turn results in a narrower wake. This resulted
in a reduction in Cp of up to 70% above a specific value of suction. They also
showed that when blowing was applied the separation point moves to smaller angles
and the drag is shown to increase linearly with an increase in the magnitude of
blowing. They also show that the Strouhal number decreases with blowing whereas
suction has the opposite effect. Mathelin et al. [38] performed a numerical study
of blowing through the whole surface of a porous circular cylinder, showing a
similar decrease in the vortex shedding frequency with an increase in the blowing
as well as a strong increase in the pressure drag which leads to an increase in the
overall drag. Both Fransson et al. [3] and Mathelin et al. [38] show that suction or
blowing applied round the whole surface of a cylinder can effectively control the
wake structure but this can prove to be difficult to put into practice in a majority
of engineering applications. Suction and blowing through the surface of small
bodies is difficult or even impossible to implement due to physical restrictions, an
alternative solution is shrouding the small bodies with a larger bluff body, then
using suction or blowing to control the wake emitted by the shrouding. This setup
may have several engineering applications especially where the flow over small
components or grouped components needs to be controlled, such as when a fairing
is fitted in front of the landing gear components of a commercial aircraft in order

to reduce the aero acoustic noise during takeoff and landing.

2.6.5 Splitter plates

Investigations by various authors have shown that the separation of flow from
bluff bodies could be affected by placing a flat plate, splitter plate, behind the
body along the center line parallel to the freestream flow. Roshko [59] modified
the geometry of a cylinder setup by adding a splitter plate in its wake. The
experiment was carried out at a Reynolds number of 1.45 x 10* at which a regular
vortex street is shed from a stand alone circular cylinder. Roshko found that the

vortex shedding otherwise present on a circular cylinder was suppressed with a



Chapter 2 A Review of Previous Work 29

splitter plate length of 5D. This also caused the pressure drag to be reduced
by approximately 63%. A shorter splitter plate with a length of 1.14D did not
suppress the vortex shedding, instead the splitter plate caused a reduction in the
Strouhal number and an increase in the base pressure. Gerrard [68] focused on
splitter lengths up to 2D measuring the frequency of the vortex shedding from
a circular cylinder at a Reynolds number of 1.45 x 10*. The shedding frequency
decreased as the splitter length was increased to a length of 1D and then increased
again as the splitter length was increased to 2D. Apelt et al. [69] conducted
further studies at Reynolds numbers from 1 x 10% to 5 x 10* investigating cylinders
with splitter plates lengths of 5D — 7D. They observed that, as described in
Roshko’s paper the vortex shedding was suppressed with splitter plates of lengths
greater or equal to 5D. They reported that the flow reattaches to the plate at
approximately 5D downstream of the cylinder regardless of the splitter plate length
with reversed flow upstream of the reattachment line. However they also report
that a regular vortex street was observed at about 17D downstream from the
cylinder. Experiments at Reynolds numbers from 10° to 107 were also conducted
by Roshko [59] . The splitter plate length used was approximately 2.7D. Roshko
reported that the vortex shedding was suppressed although the decrease in the
coefficient of drag was only 10%, much smaller than the reduction achieved at

lower Reynolds Numbers.
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Research Methodology

This chapter discusses the methodology used in the research. Parameters that
became apparent during the literature review are discussed to aid in formulat-
ing a research plan used in the investigation. The three models used during the
research are discussed, highlighting their design and details of the experimental

arraignments for the models are given.

3.1 Influential Parameters

The literature review highlighted a number of parameters that may have a influ-
ence on this present research. As discussed earlier this study focused on three
different methods for landing gear noise reduction. Two of the methods focused
on improving the performance of a fairing as a noise reducing device. The first
was the use of a splitter plate in conjunction with the fairing and the second was
the use of suction or blowing on the flow facing surface of the fairing. Before any
of these technologies were investigated a number of parameters were chosen to

investigate the performance of a fairing as a baseline configuration.

Fairings fitted to landing gears can be problematic due to the size and weight
increase they incur. Also, landing gears have to be inspected and maintained
regularly. Fairings tightly fitted to landing gear components make these operations
labour intensive and time consuming. In light of these issues the fairing size and
its distance from the components it was shielding were varied to determine the

influence they have on the aerodynamics and acoustics of the set-up.

From literature the suction and blowing rates are seen to have an effect on the

30
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effective Reynolds number hence influencing the separation points and the nature
of the unsteady wake behind the bluff body. In addition to varying the flow rates
the porous material used on the fairing was an important parameter which cannot
be ignored. Flow through perforated material creates unwanted noise sources and
thus needed to be considered as any noise reduction obtained using suction or

blowing could have been eliminated by the introduction of this extra noise source.

As a natural progression from using splitter plates to reduce the fairing setup
and the need to achieve noise reductions in the most compact way possible an
alternative method was investigated which compromised using a splitter plate
fitted behind a bluff body. Literature showed that the splitter plate length was a
variable parameter which had an effect on the flow. The ratio of the splitter plate
to a characteristic length of the bluff body was shown to affect the way in which
the unsteady wake behaved [70]. Therefore, varying the splitter length aided in
outlining guidelines for its implementation on a landing gear as it was desirable

to have the smallest control device possible to achieve the best noise reductions.

3.2 Research Plan

The complex shape of a landing gear made the investigation of the physics of
the flow using experimental and computational techniques diffcult. The literature
review indicated that the computer resources needed to solve the flow and acoustics
of a detailed landing gear were prohibitive. Moreover experimental techniques
made the investigation of the flow field in enclosed areas (e.g. behind the fairing,
between the torque link and the main strut) difficult. The interaction effects
between the different landing gear components and a control device, such as a
fairing, would have made distinguishing and interpreting the effect of such devices

on the aeroacoustics complicated.

The first experiment proposed was to test a simplified fairing-strut configuration.
This was done to simplify the geometry to remain true to a fairing which shields
components, such as struts on a landing gear but to make the interrogation of
the total field around the fairing-strut configuration possible. The fairing-strut
configuration was used for both using a splitter plate with a fairing as well as
using suction or blowing on the fairing. The low complexity of this configuration
increased the signal to noise ratio between the various configurations and made it

less costly to investigate the effect of fairing size and fairing-strut spacing. The
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strategy to use a simplified configuration made it possible to conduct a computa-

tional study allowing a greater understanding of the flow field.

The second experiment proposed was to test a splitter plate fixed to the rear of
a stand alone bluff body. The chosen bluff body had a H-beam cross section for
reasons that will be discussed later on in this chapter. The splitter plate length

was varied to understand the effects of this on the noise produced by the model.

It was not expected that the findings from the studies would be directly applicable
to the landing gear at least in the sense of noise level reductions. The complex
flow around landing gear components together with interaction effects and inflow
conditions would not allow the direct comparison of the results obtained by the
proposed experiments. However, the experiments would aid in design guidelines to
outline the sensitivity of the various parameters as well as the control devices being
proposed. If the findings are considered on a local scale, it would be expected to
find localised noise reductions and hence noise reductions on a landing gear as a

whole.

The rest of the chapter is dedicated to the design of the models as well as the
experimental arrangements and test apparatus used during the course of these

studies.

3.3 Design of Experiment

3.3.1 The fairing-strut with splitter plate

The complexity of the flow around a landing gear makes a fundamental study
of the technology being discussed difficult. As explained in section 3.2 a simple
geometry was used instead to examine the flow characteristics and to highlight
different parameters that may be used to improve its performance when used on
the landing gear. The simplified model consisted of a thin walled half cylindrical
shell shielding a circular cylinder shown in figure 3.1. The shape of the fairing was
cylindrical in shape due to its known aerodynamic shape and its close association
with the actual fairings used on a landing gear (i.e. the articulation link fairing).
In practice the fairing would shield landing gear components which are generally
made up of various cylindrical struts. To mimic this effect during the experiments
a circular strut was placed aft of the fairing. The smooth circular struts used

in the experiments were void of small scale details, characteristic of landing gear
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components. After lessons learnt from the set-up employing the circular cylinder

a cylinder with a H-beam cross section was used as it has a richer noise signature.

As discussed earlier the size of the fairing with respect to the components it was
shielding was deemed to be an important parameter. To avoid changing the di-
ameter of the fairing hence minimising blockage effects during the experiments
the diameter of the struts was varied. Four different circular strut diameters
(Dstrur) were used; Dyt /Dspenn = 0.67, 0.76, 0.86 and 0.93. Another parameter
investigated was the separation distance between the shell and the strut. The
distance between the center of the shell and the strut center was varied between
1/4 < z./Dgspen < 2/3 (see figure 3.2)). Table [3.1] specifies the dimensions of the

different configurations.

Parameter ‘ Value for Experiments ‘ Remarks

Dgpey (mm) 150mm Shell Diameter
Dsyut/Dsnen | 0.67,0.76,0.86,0.93 | Strut Diameter
Linoder (mm) 500mm Length of model
Te/ Dshen 1/4,2/5,1/2,2/3 Strut center distance from
shell center
ty (mm) 2mm The thickness of the
trailing edge
Repg,. 1.75 x 10° — 4.0 x 10° | Range of Reynolds number
based on the shell diameter

TABLE 3.1: Main design parameters of the simplified wind tunnel model.

The control device was a splitter plate which was positioned between the shell
and the strut in the x — z plane at y = 0. The splitter plate consists of a rigid
steel plate, which was secured to prevent vibrations caused by flow perturbations.
The origin of the coordinate system was centered about the shell center and the
mid-span of the model. The x-coordinate was in the streamwise direction, the
y-coordinate was in the lateral direction and the z-coordinate was in the spanwise

direction.
Aerodynamic considerations

Wind tunnel blockage effects, the aspect ratio of the model, and Reynolds number
effects are key to the quality of the experimental results. This implies that the

wind tunnel model must be designed giving priority to these key effects.

Reynolds number effects: -
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D shell

F1GURE 3.1: Schematic of simplified model in Splt configuration.

COCOCOL

Dst'rut/D.shell = 0.67. Dstrut/Dshell = 0.76. Dstrut/DalLell = 0.86. Dstrut/D,shell = 0.93.

FIGURE 3.2: Schematics of the four different cylinder configurations.

In flight conditions the Reynolds number based on the dimension of the fairing
ranges between 1 x 10 —4 x 10°. If these Reynolds numbers were to be replicated
in the wind tunnels available this would mean that the diameter of the shell (which
represents the fairing) would have needed to be approximately 0.360m to achieve
the minimum Reynolds number of 1x10°. This diameter was too large and was not
adequate, the reasons for which will be discussed later. At these large Reynolds
numbers the boundary layer flow would have been turbulent. As discussed in
section 2.6.1] the flow regime would have had an effect on the drag as well as the
shedding frequency so it was important that the tests were done in the same flow
regime as the in flight conditions. For practical reasons the maximum Reynolds

number (based on the diameter of the shell, Rep for the model was of the

shell)
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order 10°. From the literature review it was seen that there was a drop in drag
for a circular cylinder at a Reynolds number of about 300,000 which indicated a
transition to turbulence in the boundary layer. This was still well below the in
flight conditions but a tripping device (e.g a roughness strip) was used to ensure
that the boundary layer transitions to a turbulent one. The roughness strips
consisted of 10mm wide 120 grit carborundum strips placed on the fairing at
0 = +45°. In addition to this point, one must note that the shell is half a cylinder.
This means that the separation point was fixed at the apex and hence the Reynolds

number effects will be diminished.

Blockage effect: -

As the wind tunnel test section was of a finite size, it imposed different conditions
to the flow field. The interaction of the flow between the model, its wake and
the wind tunnel wall would have caused an increase in the dynamic pressure and
therefore, the velocity field would have been different to a model placed in free
field. The blockage effect was simply the model projected frontal area to the
tunnel cross sectional area. A blockage ratio for a two-dimensional setup of up to
6% was found to be acceptable without any large pressure distribution variations
and nearly no appreciable changes in the Strouhal number [71]. Larger blockage
ratios would have resulted in uncorrectable flow measurements. The blockage
ratio dictated a physical constraint on the size of the model. To ensure a blockage
ratio of 6% or less in the 3’ x 2’ tunnel the diameter of the outer shell would
have needed to be 0.054m. This diameter was too small and posed a problem
as the Reynolds numbers achieved would have been too small. To be able to
accommodate the Reynolds number restriction a shell diameter of 0.15m had to
be used. The blockage ratio in the 3’ x 2’ tunnel would be 14%, whilst the ratio
in the 7 x 5 would be 2.5%. Even if the blockage in the smaller tunnel was
more than the acceptable value the nature of the tests was to compare different
configurations and did not need to be compared to similar experiments. During
the course of the experiments the blockage ratio was not changed as the diameter

of the fairing was kept constant.

Aspect Ratio: -

The experiments were be carried out in the critical regime using an aspect ratio

of L/Dgpen = 4.0 and roughening strips to trip the boundary layer. The aspect
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ratio was important to obtain a nominal two-dimensional flow configuration. Pre-
vious experiments conducted in this regime used an aspect ratio of 5 and yielded

acceptable experimental results [72].

3.3.2 The fairing-strut with suction and blowing

A brief description of the design of the simplified wind tunnel model, figure 3.3
with suction or blowing is given in this section. The model had to meet a number

of design criteria:

e The size of the model was restricted by the size of the smallest tunnel but the
diameter of the shell had to be large enough to ensure a suitable Reynolds

number.

e The trailing edge of the shell had to be as thin as possible to increase the
frequency of the trailing edge noise. The bluff body noise was expected to
be in the low to mid frequency range and hence by designing the model in
a way to allow the trailing edge noise to be in the higher frequency range

would allow easier analysis of the results.

e Stiffness of the model was important as unwanted vibrations could cause

additional noise and would have affected the flow around it.

e The flow distribution through the perforations had to be as uniform as pos-

sible along the length of the model.

e The noise generated by the suction/blowing had to be as low as possible.

The shell was a 20 mm thick hollow half cylinder. The excessive thickness was due
to the internal chambers needed for the suction/blowing system. The central part
of the shell (figure [3.4) was made up of eight individual chambers. These split up
the settling chamber to achieve a more uniform flow distribution. Each chamber
was fed by independent pipes which were linked up with the pump. The pipes
were uniformly perforated which was not ideal. The flow through each orifice of
the pipe was going to be different due to the varying pressure drop in the pipe
after each orifice. It would have been ideal to vary the diameter of each orifice to
allow the same mass flow rate through each hole. This kind of optimisation was

not possible as each suction or blowing flow rate would require a different hole



Chapter 3 Research Methodology 37

(@) (b)

(c)

FIGURE 3.3: Views of the simplified wind tunnel model using suction or blowing.
(a) front (b) back (c) left and (d) top.

(d)
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FIGURE 3.4: Detail showing the eight independent chambers.

diameter distribution. Changing the pipes for each flow rate was not an option as

this would have caused a lot of down time during testing.

Directly opposite each pipe a number of ports fed the chambers which sat directly
below the porous material (figure [3.5). The ports were chamfered to avoid sharp
corners which would otherwise generate noise. For practical reasons the porous
surface through which suction/blowing was applied cannot cover the whole surface
of the shell as the shell would have to be made thicker to accommodate the settling
chambers. The chosen position of the porous surface was located towards the
trailing edge of the shell as it was believed that most of the noise generated is
created in this area due to higher velocities, secondly the flow control would be
most effective towards the separation point. A summary of the model dimensions
are listed in table 3.2l

Parameter ‘ Value for Experiments ‘ Remarks

Dspen (mm) 127mm Shell Diameter
Dstrut (mm) 114mm Strut approx 90% of the
shell diameter
Linoder (mm) 500mm Length of model
ty (mm) 2mm The thickness of the
trailing edge
o (%) 31%, 30% Porosity of the perforated
and sintered plates
respectively
Repg,. 1.75 x 10° — 3.5 x 10° | Range of Reynolds number
based on the shell diameter

TABLE 3.2: Main design parameters of the simplified wind tunnel model with
suction or blowing.

Acoustic Considerations: -
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FIGURE 3.5: A view of the layout inside the model. (a) chamber pipe (b)
settling chamber (c) chamber ports (d)perforates.

The main problem was the noise generated by the suction/blowing system. The
flow through the entire system would have generated noise and this needed to be
reduced as much as possible. A compressor pump provided the necessary suction
and blowing rates. The pumps inherently generated noise, which traveled through
the pipes that fed the model. The noise generated was broadband in nature, so a
plenum chamber was introduced between the pump and the model to absorb noise

before it reached the model in the tunnel (see figure 13.6).

JF % I
Vacuum Pump
, Plenum /
L A Chamber Compressor

FIGURE 3.6: Schematic representation of the wind tunnel model.

The plenum chamber (see figure [3.7), was made up of a chamber with a large

volume and a large cross section between two smaller ducts which were located
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at opposite ends and were offset to minimize the direct transmission of sound.
The inside of the plenum chamber was lined with sound absorbing material that
absorbed a large amount of the sound energy as it was reflected around the internal

walls of the chamber.

The suppression of noise inside the internal chamber of the fairing and the flow
through the perforates was critical. Ideally the ducts inside the model would be
large in diameter to reduce the velocity of the flow as sound intensity scales with
the velocity of the flow. Although this would have been ideal, the thickness of the
shell restricted the size of the ducts.

Flow rate requirements

Preliminary calculations had to be done to determine the pump requirements
needed to achieve the desired flow rates. The pressures within the model plenum
chambers were assumed to be constant. The external pressure distribution around
the shell varied with angular position. The inviscid pressure distribution around

a circular cylinder is given by:

C, =1— 4sin®0 (3.1)

As the flow around the shell was expected to be turbulent in nature the peak nega-
tive pressure would have been less than that for the inviscid case. ESDU 81039 [73]
provided a semi-empirical method for estimating the pressure loss through perfo-

rated materials. The pressure loss across a perforated plate was given by:

1

where the subscript i refers to the injected fluid and K; is a constant dependent
on the porosity of the material and the ratio of the thickness of the plate to the
orifice diameter (t/dpe;f)-

The injected fluid was based on the pressure difference between the plenum pres-
sure and the pressure on the external surface of the perforated plate. A non-

dimensional relationship for the pressure difference can be written as:

Ap

10UZ

= (1 — 4sin*0) — Cp pienum (3.3)
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Using the two relationships shown in equations 3.2 and 3.3 a ratio between the

freestream velocity and the injected velocity can be derived:

(3.4)

v (1 = 4s5in20) — Cp1enum
Uso

— i

The angular position of the plenum was from 39° to 60°. Using the inviscid
pressure distribution, given in equation 3.1, the Cp at 60° was —2. If the pressure
coefficient in the plenum was less then —2 then reverse flow will occur through
the perforated case. This is valid for suction as the pressure within the chamber
had to be below atmospheric. To ensure that suction occurs along the whole of

the surface a sufficiently low pressure had to be ensured.

Two types of permeable materials were used in the tests. The first was a 1mm
perforated plate with a porosity o = 31% while the second was a sintered bronze
metal plate with a porosity of ¢ = 30% and a thickness of 2mm. Sintering is a
process where the raw powder material is subjected to heat and pressure which
bond the metal particles together. The result is a porous material with a very
small pore size (12 m). The pressure loss across the plate is higher than that for
the perforated plate, which results in less variation in the transpiration velocity

along the length of the plate.

An estimate of the required flow rates through the pump was made using the
perforated plate at a freestream velocity of 40m/s. From the relation given in
ESDU 81039 [73], K;=18.43. The limiting case was when the coefficient of pressure
inside the plenum had a pressure equivalent to C,, = —2, which corresponded to
a gauge pressure of 1960N/m?. To calculate the mass flux through the perforated

plate, the average transpiration velocity was needed:

02 Vi
Vi o, A0
— | =2 2= — (.18 3.5
(Uoo) [0 — 01] (3:5)

The limits of the integration used are 39° to 60° which corresponded to the angular

limits of the plenum chamber. The mass flow rate was given by:

where A was the open area. The suction and blowing coefficient were defined by:
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QmVi Vi\2/A
C, %pmvozs (Voo> 5 (3.7)

where S is the frontal area of the shell, which was equal to 0.0635m? and A was

the open area, which was equal to 6.3 x 10~%m?

Using these values and equation 3.7 the suction coefficient was calculated at 6.4 x
1073, This corresponded to a mass flow rate of 0.0454Kg/s

For blowing, a positive pressure coefficient always existed in the plenum and there-

fore the reverse flow consideration was not relevant.

3.3.3 Pump

The pump used was a variable speed side channel blower G200e by Rietschle. The
pump was capable of delivering a maximum flow rate of 0.078kg/s at 170mbar.
Both the flow rate and the pressure were larger than the minimum requirements
calculated above. This additional pressure was needed to achieve a suitable range
of mass flow rates and to overcome the additional pressure required when the

sintered plates were used.

The specifications of the pump state that the pump noise is 63dB(A) at a distance

of 1m and at an operating frequency of 50Hz.

3.3.4 Plenum chamber

As mentioned earlier, a plenum chamber could effectively attenuate noise produced
by the pump. Wells [74] derived a model to predict the transmission loss T'L inside
a lined plenum chamber. The attenuation of the lined plenum was given by the

following equation:

1—a cosp
TL = —10log {SE (aSW + 27Td2):| : (3.8)

where T'L was the transmission loss in dB, Sg was the plenum exit area, Sy, was
the total plenum wall area, o was the sound absorbing coefficient of the lining
material, d was the distance between the inlet and the outlet of the chamber

and 3 was the angle between the inlet and the outlet of the plenum chamber. A
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0.5m x 0.5m x 0.4m plenum box was designed and was lined with 25.4mm of open

celled polyurethane [3.7.

The plenum was also used to minimize the pressure loss in the piping used to
supply the model. The model inlet pipes had an internal diameter of 4mm which
would result in large losses if this pipe diameter was to be maintained all the way
up to the pump. Instead a 38.1mm pipe connected the plenum to the pump while
the plenum was placed as close as possible to the model. Eight 6mm pipes then
connected the plenum to the model. This configuration decreased the pressure

losses and maximized the mass flow rates.

3.3.4.1 H-beam with splitter plate

The use of splitter plates with the fairing strut configuration led to the idea of
splitter plates being used as a control device for a bluff body without using a
fairing. The advantage was that, as described earlier, a fairing added extra weight
to a landing gear and also led to complications during the retraction of the landing

gear. What was proposed was to place a splitter plate behind a bluff body, in
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the same way that splitter plates were used for the control of vortex shedding.
The argument discussed earlier with regards to using a simplified representative
case of landing gear components applied. A simple geometry was used instead to
examine the flow phenomena and to highlight different parameters that may be
used to improve its performance when used on the landing gear. A bluff body with
an H-beam cross section, (see figure [3.8) was used. This cross-section profile was
used as it produces noise over a broad range of the frequency spectrum as opposed

to a simple circular cylinder with noise over a much narrower frequency range.

Three different splitter plate lengths were positioned in the midplane behind the
H-beam. The lengths used where L/W =1, L/W =2 and L/W = 3 (L, being the
length of the splitter plate). The splitter plates were fastened securely to avoid
any structural vibrations which would influence the results. The origin of the
coordinate system was centered about the H-beam cross section and the mid-span
of the model. The x-coordinate was in the streamwise direction, the y-coordinate

was in the lateral direction and the z-coordinate was in the spanwise direction.

Parameter \ Value for Experiments \ Remarks

W (mm) 100mm Width of H-Beam
L/W 1,2,3 Length of splitter plates
Linoder (mm) 500mm Length of model

TABLE 3.3: Main design parameters of the H-beam with splitter plate model

FIGURE 3.8: Schematics of H-Beam model fitted with splitter plates.

3.3.5 Experimental setup

Three different facilities were used to conduct the aerodynamic and acoustic mea-
surements. The 3’ x 2’ wind tunnel was used for flow measurements, the 7/ x 5’

tunnel was used for acoustic measurements including on surface microphones and
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microphone array measurements. Force measurements were also performed using
an overhead balance fitted in the tunnel. An open-jet anechoic facility was used

to perform tests using free field microphones.

3.3.5.1 3’ x 2" wind tunnel

The 3’ x 2’ wind tunnel was a closed jet, open circuit suction tunnel. The tunnel
test section measures 0.6m x 0.9m x 2.4m and had perspex windows along its
vertical walls and optical access on its ceiling panels. The size of the tunnel
together with its favorable optical access made the tunnel easy to use and allowed
varied measurement techniques to be used including hot wire and PIV. As the
tunnel was a suction type, the static pressure within the tunnel was lower than
atmospheric pressure and therefore care was taken to ensure minimal leaks in the
tunnel. Another disadvantage of the tunnel was that it was noisy, which made
accurate acoustic measurements impractical. For this reason, this tunnel was only

used for aerodynamic and preliminary acoustic measurement.

In the commissioning of the tunnel, the flow direction was tested using woollen
tufts and showed satisfactory results [75]. A turbulence level of 0.2% was reported
in [76] for tunnel speeds between 15m/s and 30m/s. The average thickness of the

boundary layer was reported to be about 20mm [77] at the location of the model.

Flow velocity was set by a manual frequency controller varying the fan rotational
speed. The velocity in the test section was measured with a pitot tube located
upstream of the model. This was connected to a Furness Controls FC012 digital
micro manometer with a range of 199 + 0.5%mmH,0. An analogue to digital
converter was used to acquire the readings on computer. The readings could then

be corrected for changes in atmospheric temperature and pressure.

In order to obtain a two-dimensional flow in the 3’ x 2’ wind tunnel the model
had to span the height of the test section. In order to obtain valid results the
model was placed in the core of the flow without interaction with the boundary
layers that develop on the tunnel walls. End plates were used, the size of which
were based on a study by Gerrard [78]. The model was placed on the longitudinal
center. The width normal to this center line was 7Dgpe; and the distance from
the center line of the shell to the trailing edge and leading edge of the plates is
4.5Dgpen and 3.5 Dgpep respectively. The leading edges of 10mm thick plates were
rounded and roughness strips of 80 grit Carborundum were placed 50mm from the

leading edge. The roughening strips This treatment ensured that the boundary
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layer would not separate. The thickness of the boundary layer at the end plate’s
leading edge location was approximately 20mm, while the end plates were located
40mm from the tunnel floor and ceiling keeping them clear of any interaction with
the tunnel’s developing boundary layer. The problem with having an end plate
located on the top part of the model was that this would have blocked optical
access which was necessary for PIV measurements. To circumvent this problem

the end plates where fabricated out of Perspex.

The origin of the coordinate system was centered about the shell center and the
mid-span of the model. The x-coordinate was in the streamwise direction, the
y-coordinate was in the lateral direction and the z-coordinate was in the spanwise

direction.

(a) side view (b) angled view

FIGURE 3.9: The model set up in the 3’ x 2’ wind tunnel.

3.3.5.2 7' x5 wind tunnel

The wind tunnel was a closed circuit tunnel with a high speed test section mea-
suring 2.1 x 1.7 m. The maximum flow speed capability was U,, = 45 m/s which
limited the maximum Reynolds number to Rep_,., = 4 x 10°. The reported tur-
bulence level was less than Tw = 0.1 when the tunnel was commissioned [79].
The first set of turning vanes after the test section produce a distinct tone at a
frequency of 1000 Hz at a velocity of Uy, = 30 m/s depending on atmospheric

conditions and model blockage.

The model was suspended horizontally in the middle of the test section between
two end plates using ceiling mounted struts to support the model. The set up is
shown in figure 3.10. The end plates measured 500 mm by 300 mm with a rounded

leading edge and tapered trailing edge. The endplates were much smaller than the
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(a) Microphone array placement (b) Suspension of model

FIGURE 3.10: The model set up in the 7/ x 5" wind tunnel.

ones used in the 3’ x 2" experiments as the larger endplates would interfere with
the microphone array measurements. The large end plates would prevent the free
propagation of sound to the microphones located at the edge of the array. Oil flow
was performed to ensure that the two-dimensionality of the flow was acceptable.
The model blockage ratio was 2.5%, based on the frontal area of the model over

the cross sectional area of the test section.

The coordinate system used was similar to that of the 3’ x 2’ tunnel. The flow
speed was measured by a pitot-static tube located upstream from the model. The
dynamic pressure was measured by a Setra Model 239 pressure transducer with a

range of 1.25 x 103 Pa with a quoted accuracy of 0.14%.

3.3.5.3 Open-jet anechoic facility

Farfield microphone measurements were performed in an anechoic chamber equipped
with an open-jet nozzle. The anechoic chamber measured 9.15 m x9.15 mx7.32 m
with glass-fibre wedges covering the walls, the floor and the ceiling giving a lower
threshold free field frequency of 80 Hz. The open-jet set-up consisted of a nozzle
connected to a high pressure source through a series of silencers [80]. A 10:1 con-
traction ratio nozzle with a rectangular exit of 0.35 m x 0.5 m (width x height)
was used in the tests, delivering a maximum freestream velocity of Uy, = 45 m/s

for about 30 seconds. A maximum speed of 40 m /s was used in these experiments.

The model was suspended horizontally on rigid struts which were bolted to the
floor of the chamber. Two end plates measuring 500 mm x 850 mm were flush
mounted to the sides of the nozzle to prevent the wake from spreading in the

spanwise direction. The span of the model had to be reduced to 350 mm due to
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the size restriction of the nozzle. Two holes were cut into the endplates to fit the
model between the endplates. The resulting gaps were sealed using aluminium
tape to ensure that air leakage did not occur. The coordinate system is similar
to the one used in the other tunnels. The x-coordinate was in the streamwise
direction, the y-coordinate was in the lateral direction and the z-coordinate was in

the spanwise direction. The freestream speed was controlled by a pitot static tube

(a) Suspension of model (b) Placement of microphone arc

FIGURE 3.13: The model set up in the anechoic open-jet tunnel.

which was located at the nozzle exit. The dynamic pressure was measured by a
Comark C9551 pressure meter with a range of 14000 Pa with an accuracy of 0.2%.

This equates to a maximum uncertainty in the freestream velocity of £0.125 %.

3 x 2" wind | 7 x 5 wind | Open-jet anechoic
tunnel tunnel facility
Oil flow v
Hotwire v
PIV v
Force balance v
Unsteady Pressure v
On-surface microphone v v v
Freefield microphone v
Microphone array v

TABLE 3.4: Testing facilities and apparatus matrix.
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3.4 Testing Apparatus

3.4.1 Oil flow visualisation

A liquid suspension of titanium dioxide, paraffin and oleic acid was applied to
the surfaces of the model. The liquid is transported along the surface streaklines
and when dry leaves a time-averaged flow pattern. The streakline pattern was

photographed with the model in the tunnel so as not to disturb the flow pattern.

3.4.2 Hotwire

Hotwire anemometry was used to investigate the unsteady flow field downstream
of the model. The probe was a 2.5 pm diameter platinum-plated tungsten single
wire sensor. The hot wire probe was attached to a traversing rod to allow the
position of the probe to be changed precisely. The device was connected to a
constant-temperature bridge circuit which in turn was linked to a data acquisition

computer via an analogue to digital converter.

Calibration of the hotwire probe was done by using a calibrated pitot tube as a
reference. The system was calibrated several times during a single experiment
to compensate the drift in the measurements. The probe was aligned in the z
direction, making it sensitive for capturing the x and y velocity components. The
power spectral density (PSD) of the velocity signal u(t) was obtained, by measuring

the energy contained in each frequency band by using:

_ FET(u®)Dl*

PSD(u(t)) (3.9)
The hotwire data was sampled at fogmpe = 10,000 Hz using a block size of n =
8192 and averaged over 50 blocks, giving a resolution of 1.22 Hz. The frequencies

in the PSD plots were non-dimensionalised using

fDshenr
Uso

Strshe” = (310)

Uncertainty: -

The uncertainties for the hotwire measurements were categorised as fixed and

variable errors [81]. The fixed error was introduced due to the accuracy of the
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pitot-static tube, which was used to calibrate the hot wire as well as the calibra-
tion process itself. This resulted in an error of 0.32m/s at 30m/s. The variable
error was estimated by comparing the mean values over the acquired blocks used
during one measurement set. The average standard deviation at 30m/s was of
0.07m/s. To combine the two errors the root-sum-square was applied to yield a
total uncertainty in the velocity measurements of 0.33m/s at 30m/s or 1.1% of
the freestream velocity. This was valid for the regions outside the reversed wake
and the shear layers where the velocities measured by a single hot wire were not
reflected accurately. The hot wire was only used to qualitatively compare the

energy spectra in the wake with a resolution of Af = 1.22H z.

3.4.3 Particle image velocimetry

Particle image velocimetry (PIV) was used to gain an insight into the flow around
the model and the wake directly behind it. The PIV images were acquired using
a Dantec Dynamics system with an 80C60 HiSense CCD camera with a pixel
resolution of 1280 x 1024 pixels and a New Wave Gemini 120mJ Nd:YAG dual
laser system. A Dantec Flowmap system was used to acquire and process the data.
The camera was mounted on the roof of the tunnel on a sliding traverse focusing
perpendicular to the laser sheet in the x — y plane located at the spanwise center
of the model. A 60 mm lens was used to focus in onto the plane of interest, giving

an image size of 100 mm x 125 mm.

Three traverse positions in the streamwise direction were performed to visualize
the areas of interest while overlapping the neighboring image by 15 mm. Measure-
ments were performed at 30 m/s using the pitot tube to measure the freestream
velocity. At each position 500 image pairs were recorded. The time per recording
image pair was kept constant at 0.5 seconds and the time between pulses was

varied depending on the freestream velocity.

The images were post-processed using adaptive correlation with 3 refinement steps
ending with an interrogation area size of 32 x 32 pixels using 75% overlap. Where
needed, range and peak validation were used to remove erroneous vectors. The
mean velocity field was obtained by averaging over the 500 instantaneous vector

maps.
Uncertainty: -

The accuracy of the instantaneous velocity field was estimated using the following
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relationship [82]:-

€ — anpc
“ At

(3.11)

Sy represented the scale factor which was fixed for all the tests. The correlation
peak p. was typically 0.1. The CCD resolution n was determined by the hardware

and was fixed and At was the time between the laser pulses.

Using this relationship the maximum error in the velocity was of 0.4m/s. Us-
ing error analysis for multi-sample experiments as described by Moffat [81], the
uncertainty in the time averaged vector was 0.02m/s or 0.06% of the freestream

velocity.

3.4.4 Force Balance

The 7" x 5" wind tunnel contained a three-component balance with a weigh-beam
design with stepper motor driven weights. Only the drag forces were recorded dur-
ing the experiments. The reference area used in the calculation of the coefficient of
drag was 0.075 m? (the diameter of the shell multiplied by the span of the model).
Tare corrections were made to the measurements to remove the contribution from
the endplates and the struts. The drag force data was averaged over three runs

and the repeatability for C; was within 1.7%.
Uncertainty: -

The free stream values of temperature, static pressure and velocity were averaged
from the values at the beginning and the end of each run. The average varia-
tions between the start and the end of the run were £0.3 °C for temperature,
+0.1 mmH,0 for pressure and +0.01 m/s for velocity. The resulting uncertainty

for the drag forces was 3%.

3.4.5 Unsteady pressure transducers

Pressure transducers were used to acquire the pressure distribution around the
strut. Twenty positions were recorded between 6 = 9° and 180° using five pressure
sensors. The strut was rotated four times during each configuration giving pressure
sensor data every 9°. The sensors used were 2.4 mm diameter Kulite type XCQ-

093 sensors with a range of 0.35 bar and a natural frequency of 150 kHz. They are
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powered by an 8 channel VISHAY model 2150 strain gauge amplifier. Analogue
to digital conversion was performed using a National Instruments PXI-4472 24 bit
data acquisition card, controlled by a PC using LabView software. To convert the
output voltage to pressure units, a calibration was performed using a Druck DPI
601-F pressure calibrator for each individual Kulite transducer, assuming a linear

relationship between voltage and pressure.

The pressures were presented as the normalised pressure coefficient:

_ P — Ds
10U

c, (3.12)

where p, was the static pressure inside the tunnel and p was calculated from the

barometer and temperature readings using the ideal gas law.

To minimize the influence of signal drifting of the signal, a zero run was performed
before each measurement, which was subtracted from the experimental measure-
ments before conversion the pressures were converted to C, values. The data was
sampled at fumpre = 10k Hz with a block size of n = 8192 and averaged over 100
blocks, giving a resolution of Af =1.22 Hz.

Uncertainty

The fixed error for the unsteady pressure measurements was comprised of the error
of the calibrator and the pressure transducers themselves. The calibrator used had
a quoted accuracy of +0.05% while the Kulites had a quoted accuracy of 0.1%.
The combined error adds up to C, = £0.07% at a freestream velocity of 30m/s.

By comparing the average values of the 100 blocks the variable error was calcu-
lated. The average standard deviation at U, = 30m/s was equal to 0.0054. The
total uncertainty at U, = 30m/s calculated using the root-sum-square was of
Cp = =40.07%.

3.4.6 Microphones

On-surface microphones: -

The microphones used for on-surface acoustic data were Panasonic omnidirectional
back electret condenser cartridges, type WM-61A. The electret microphones were
packaged in 6 mm cartridges and powered by a preamplifier which was built in-

house. The frequency response range of the microphones was 20 Hz to 20k H z,
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a sensitivity of —44 £ 5 dB and signal to noise ratio greater than 58 dB. The
frequency response curve supplied by the manufacturer showed that response was

constant over the frequency range of interest.

A microphone was flush mounted to the strut, at & = 180°. The data was sampled
at fsampre = 48k Hz with a block size of n = 16384 and averaged over 100 blocks,
giving a resolution of Af = 2.93 Hz.

Freefield microphones: -

Freefield acoustic data were acquired using Behringer ECM8000 omnidirectional
electret microphones. These are powered by using DIGIMAX FS preamplifiers by
Presonus. This setup had a frequency response range of 15 Hz to 20k Hz.

A total of 11 microphones were suspended on an arc above the model. The arc
was offset by 700 mm from the x — z plane. Metal tubes protruded from the arc
to align the microphones at z = 0 in the # —y plane. The angular positions of the
microphones spanned from 56° to 166° in the x — 2z plane, these are summarised
in table 3.5. The angles are defined from the front of the model in the clockwise
direction, where 90° is directly above the model. To be able to compare the data
between the microphones the distance was corrected to a distance of 2 m. This is
done by using the linear scaling law of acoustic pressure with distance. The data
was sampled at foumpre = 44.1k Hz with a block size of n = 8192 and averaged
over 100 blocks, giving a resolution of Af = 5.38 Hz.

Microphone number | Angle in x-z plane (°) | Distance from model center (mm)
1 o6 1800
2 76 1730
3 90 1820
4 101 1830
) 110 1980
6 120 2050
7 130 2170
8 139 2200
9 150 2300
10 156 2340
11 166 2420

TABLE 3.5: Position of free field microphones relative to the model center.

Both sets of microphones were calibrated using a B&K pistonphone which is cal-
ibrated to give a pure tone of 94 dB at 995 Hz. From the calibration values the
raw data in volts was converted to instantaneous sound pressure and converted to
SPL using
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FET(|p(t)])|?
SPL = 20l0g X EUBOD)] (3.13)
NPref

where p,.s is the reference pressure and is equal to 2 x 10° Pa.
Uncertainty

The microphone levels are compared between different configurations and hence
the fixed error is constant. The pistonphone used to calibrate the microphones
had an accuracy of +0.3dB. An additional source of error was introduced as the
Panasonic electret microphones did not have a perfect fit inside the calibrator. A
flat response was assumed over the frequency range of interest. This assumption
was deemed good enough after the sample of the electret microphones were tested
along side a 1/2” B&K microphone giving a coherence of 1 after being exposed to

white noise.

The variable error was estimated by comparing the values of the acquired blocks.
The error added up to 0.6 dB for both sets of microphones, approximately constant

up to the maximum frequency of interest.

3.4.7 Microphone array

A phased microphone array was used to localize noise sources on the model. The
1.2 m array consisted of 112 microphones which were recessed by 12.7 mm behind
a tensioned acoustically transparent cloth. The microphones used were 6 mm
Panasonic omnidirectional back electret condenser cartridges (WM-61A), with a
frequency response of 20 Hz to 20k Hz. The electret microphones were pream-
plified using purpose built preamplifiers with adjustable gain. The signals were
acquired using National Instruments PXI-4472 data acquisition cards. The mi-
crophones were calibrated against a 1/2” B&K microphone. Both microphones
were placed in proximity to each other and subjected to white noise. The co-
herence between the two microphones was approximately 1. The signals of the
microphones used in the array were corrected for magnitude and phase. Due to
the large data file sizes generated when using all 112 microphones, and the large
computing requirements needed to process the data, the sampling frequency was
set to foample = 48k Hz, block size n = 4096 and the data was averaged over 60

blocks. An in-house beamforming code written by Fenech [83] was used.

The scan plane used for these results was the x—z plane at y = 0. The microphone



Chapter 3 Research Methodology 56

array was therefore placed underneath the model on the tunnel floor. 1/3-octave
band averaged plots were calculated from 32 Hz to 20k Hz. The resolution of the
array below 2k Hz was poor and was not capable of accurately localizing noise
sources although the sound pressure levels from plots below this frequency could
still be used. Several 1/3-octave frequency spectra presented in this work were
obtained by integrating the beamforming plots. This was done by summing the
beamforming levels over the model area for each 1/3-octave frequency band. The
absolute levels of these plots were not physical, however the difference in the levels

was significant.
Uncertainty

The microphone array data was used to compare different configurations and not
for absolute levels, making fixed errors irrelevant. The variable error was calculated
by comparing two runs using the same configurations. The maximum error for the
beamforming plot was 1.3 dB, taken at various points in the scan plane and at

different frequencies.



Chapter 4

Experimental Results for
Fairing-Strut with Splitter Plate

Aerodynamics and acoustics of the fairing (shell)-strut configuration using a split-
ter plate as a control device are discussed in this chapter. The flowfield around
the model is discussed by presenting the time-averaged flow features. Following
the research on the mean flow behaviour, the influence the strut diameter, strut
location and splitter plate have on the vortex shedding and the overall noise level
are presented. Finally the aerodynamic and acoustic results for the fairing-H-beam

configuration are discussed.

4.1 Time-averaged Flow Features

4.1.1 On-surface Flow
4.1.1.1 Effect of strut diameter

An oil flow visualisation was carried out as explained in section 3.4.1/ and will
be discussed to start building up a clear picture of the flow physics around the
model. The oil flow was done on two of the configurations, Dgyi/Dspen = 0.67
and Dgyput/Dspen = 0.93. The surface of the model was kept as clean as possible
but due to holes used for the on-surface microphones some distortion appeared,

therefore flow visualisation on the strut should be interpreted with care.

Oil flow visualisation pictures of the rear of the strut are shown in figure 4.1. The

o7
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FIGURE 4.1: Oil flow visualisation on the rear of the strut in the Dt/ Dspenr =
0.93 case. Flow out of page.

views reveal broadly two-dimensional flow behaviour over the model. This was
discussed in section 3.3.5 which highlighted the importance of appropriate sized
end plates to achieve nominal two-dimensional flow. However, some spanwise
directed streaklines are visible close to the ends of the model which is caused by

junction flow phenomena (horseshoe vortex).

Figures 4.2/ and 4.3 show detailed visualisations of the oil flow patterns on the
Dgtrut/ Dshen = 0.67 and Digypys / Dspenn = 0.93 cases respectively. In both cases the
flow separated at the trailing edge of the shell and was reasonably uniform in the
spanwise direction. Neither the presence of the strut nor its size had an effect
on the separation location which was important when comparing the two cases to
each other. The flow pattern on the rear of the strut for both cases (see figures/4.2c
and [4.3c) showed two-dimensional streaklines, uniform in the spanswise direction.
A strong vortex shedding mechanism with reversed flow velocities on the rear of

the strut could explain this pattern.

The difference between the two cases were seen when the side view of the strut
was inspected (see figures/4.2b and 4.3b). In both images an impingement or reat-
tachment line was observed along the entire span of the model. This reattachment
indicated that the flow which separated off the trailing edge of the shell impinged
on the strut. To either side of the reattachment point the time-averaged streak-
lines indicated the flow flowed in opposite directions. Upstream of the impingement
point the flow direction was inside the shell-strut cavity while downstream of the
impingement line the flow moved to the rear of the strut. The oil flow pattern to
the upstream of the impingement line differs between the two cases. The streak-
lines downstream of the impingement line for the Dt/ Dspen = 0.93 case were

better defined. The streaklines stopped resulting in a darker line along the span
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FIGURE 4.2: Oil flow visualisation of Dggyyt/Dspenn = 0.67 case. Us, = 30 m/s.
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FIGURE 4.3: Oil flow visualisation of Dgyyi/Dsperr = 0.93 case. Uso = 30 m/s.
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FIGURE 4.4: Pressure distribution around the strut. z./Dgspeyp = 1/2. Uso =
30 m/s.

of the strut which was believed to be the point at which flow separated to then
produce the vortex shedding described earlier. This pattern was not seen for the
Dgirut/ Dspen = 0.67 case.

Pressure measurements around the strut were recorded in order to understand
the flow physics over the strut and what effect the strut diameter had on the
overall flow. From the oil flow visualisations it was determined that the flow
around the different sized struts behaved differently. Figure /4.4 shows the pressure
distributions around the struts of the Dyyi/Dspeny = 0.67 and Dy / Dspeny = 0.93

cases. In both cases the struts were located at z./Dgpey = 1/2.

The Dgyut/Dshen = 0.67 pressure distribution shows low C), values in the shell
strut cavity region which increases to a value of ), = —0.8 at ¢ = 72°. This
point corresponded approximately to the location described previously where the
shear layer coming off the shell impinged on the strut. Between # = 72° and
8 = 153° C, did not vary considerably although it dipped at ¢ = 108°. The
pressure distribution for the strut in the Dy /Dspen = 0.93 case showed that the
flow around the strut differed to that of the smaller strut. The distribution in the
cavity region was similar to that of the Dgyi/Dspen = 0.67 case which showed that
the shear layer impinged on the strut at approximately § = 72°. The C,, dropped
sharply to a value of ), = —1.95 at 6 = 100°. This location corresponded to
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the approximate location where the streaklines present after the impingement line
stopped in the oil flow images. This sharp drop indicated that higher velocity flow

was present in that region when compared to the smaller strut.

4.1.1.2 Effects of strut location

This section deals with the effects the strut location has on the time averaged
on-surface flow. Again the two cases Dgyut/Dspen = 0.67 and Dyt / Dspen = 0.93
were used to highlight the difference each using three strut locations. The strut
for the Dgyut/Dspen = 0.67 case was positioned at x./Dgpey = 1/4, 2/5 and 1/2
whilst the Dgpue/Dsnen = 0.93 case used x./Dgpen = 2/5, 1/2 and 2/3 for the strut
location. It was not possible to position the larger strut closer to the shell due
to physical constraints, nonetheless the three locations used showed a trend and

some conclusions could be drawn from them.

Pressure distributions around the strut for the Dyt / Dspen = 0.67 case were taken
at three different strut locations, x./Dgpen = 1/4, 2/5 and 1/2 (see figure 4.5a).
The pressures around all three cases did not vary greatly between § = 0° and
0 = 45°, inside the cavity region. The strut locations x./Dgpen = 2/5, 1/2 showed
that the flow separating off the shell impinged on the strut. This position varied
between the two strut locations, the further away the strut was situated the closer
the impingement line was to the front of the strut. The z./Dgpey = 1/4 case did
not manifest a clear impingement line but instead showed lower C,, values up to
0 = 108° when compared to the other two strut locations. It was believed that due
to the closer proximity of the strut to the shell the shear layer off the shell did not
impinge on the strut, hence the strut was in the shell’s wake. The x./Dgpey = 1/4
case also exhibited the lowest base pressure with a difference of AC, = 0.36 when

compared to x./Dgpey = 1/2.

The pressure distributions around the strut for the Dgy.i/Dspen = 0.93 are shown
in figure'4.5b. The pressure around the strut in the cavity region for the x./Dgpey =
2/5 case showed lower C), values when compared to the other two strut locations.
Unlike the Dyt /Dsnen = 0.67 case the location where the shear layer impinged
on the strut was approximately at § = 72° for all three configurations, not vary-
ing with the strut location. This result was not conclusive as the resolution of
the pressure points was not adequate to locate the exact point of impingement
although the location of the strut in this case had less of an effect on this position.

The x./Dgpen = 2/3 case showed the highest base pressure when compared to
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FIGURE 4.5: Pressure distribution around the strut. U, = 30 m/s.
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the other two strut locations with an increase of AC, = 0.3 when compared to

Ze/ Dspenr = 2/5 which had the lowest base pressure.

4.1.1.3 Effect of splitter plate

The effect of introducing a splitter plate between the shell and the strut is presented
in this section. The on-surface flow is discussed for the the Dgyyi/Dgpeny = 0.67
and Dy /Dsnen = 0.93 cases both fitted with a splitter plate denoted by the
abbreviation Splt. In both cases the location of the strut was fixed at x./Dgpeyy =
1/2.

Figures 4.6/ and 4.7 show detailed visualisations of the oil flow patterns on the
Dgtrut/ Dshen = 0.67Splt and Dyt / Dspen = 0.93Splt configurations respectively.
In both cases the flow separated at the trailing edge of the shell and were uniform
in the spanwise direction. Neither the presence of the strut nor its size had an
effect on the separation location which was important when comparing the two

cases to each other.

The flow around the strut showed different behaviours for the two configura-
tions being investigated. Figure 4.6b shows the side view oil flow pattern on
the Dgiput/Dsnen = 0.67Splt strut. The pattern does not reveal a flow impinge-
ment line as was apparent in the NoSplt configuration. The flow pattern between
2/ Dgpen = 0.2 and 0.4 was not well defined and was devoid of streaklines. A pos-
sible explanation was that the velocity of the flow in the cavity region was greatly
reduced due to the splitter plate. The streaklines between x/Dgpep = 0.2 and 0.87
showed that the flow in this region was moving in the upstream direction indicating
that the flow was recirculating in this region. This hypothesis was strengthened
when the rear of the strut was analysed showing that two symmetric recirculation
regions on either side of the strut were present. The downward direction of the
streaklines was thought to be due to the low recirculating velocity making the oil

more susceptible to gravity.

Figure [4.7b shows the side view oil flow pattern on the strut for the Dyt / Dspen =
0.93S5plt configuration. Two clear separation lines were present on either side of
an impingement line. The impingement line was located further upstream when
compared to the NoSplt configuration. As was described previously there was no
clear oil flow pattern within the cavity region due to the presence of the splitter
plate. The separation line upstream of the impingement line indicated the presence

of a recirculation bubble between the separated shear layers off the shell and
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FIGURE 4.6: Oil flow visualisation of Dgyryt/Dspery = 0.67Splt configuration.
Uso =30 m/s.
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FIGURE 4.7: Oil flow visualisation of Dgyyt/Dspery = 0.93Splt configuration.
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Chapter 4 Experimental Results for Fairing-Strut with Splitter Plate

0 —
-05F
1k
a B
®) B
15
2k
B ——— D, /D= 0.67NoSplt
i —=&— D, /D, ,=0.67Splt
_257\\\|\\\I\\\I\\\I\\\I\\\I\\\I\\\I\\\I
' 20 40 60 80 100 120 140 160 180
0
(a) Dstrut/Dshell = 0.67.
O
-05pF
=
o |
15
2k
B —&—— D, /Dy 4=0.93NoSplt
: —&— D, /Dy,=0.93%lt
_ 7\\\|\\\|\\\|\\\|\\\l\\\l\\\l\\\l\\\l
2.50

20 40 60 80 100 120 140 160 180
0

(b) DstTut/Dshell = 0.93.

FIGURE 4.8: Pressure distribution around the strut. Uy, = 30 m/s.
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the strut. The strong separation line downstream of the impingement line and
the chaotic non-symmetrical flow structure observed on the rear of the strut (see
figure [4.7c) were thought to be caused by a near wake with low velocities without
spanwise coherence. Again the low velocities present caused the oil to accumulate

and dribble down due to gravity.

Figure 4.8 compares the pressure distributions around the strut for the NoSplt and
the Splt configurations. The splitter plate in the Dy / Dspeny = 0.67 configuration
showed higher C), values around the strut in the cavity region. As was seen in the
oil flow visualisation the recirculation velocities inside the cavity were reduced
due to the splitter plate blocking the interaction of the shear layers in the cavity.
Interestingly the C), values in the cavity region for the Dgyut/Dspen = 0.93 did not
differ in the same way when the splitter plate was used. Whereas the shear layer
impinged on the strut in the Nosplt configuration, showing up as a higher value
of C), at 0 = 72°, for the Splt configuration the shear layer attached to the strut
at @ = 81° and then separated at # = 108°. The base pressure was for the Splt

case which resulted in a difference of the base pressure of AC, = 1.

4.1.2 Off-surface Flow
4.1.2.1 Effect of strut diameter

The time averaged velocity contours using PIV are shown in figure 4.9. These

measurements were taken in the x — y plane at z/Dgpe = 0.

From the time averaged contours the differences between the two smaller struts
and the two larger ones could be seen. Aft of the shell trailing edge the thin
high gradient shear layer impinged on to the struts. The streamlines showed that
the flow upstream of the impingement point recirculated inside the strut shell
cavity for all four cases. Figure 4.10a shows velocity profiles for the four cases
extracted from the PIV data at a streamwise location of x/Dgpey = 0.7. This
location corresponds to a position just aft of the point where the flow impinges
on the struts. The velocity flow aft of the impingement point in the vicinity of
the strut for the Dgyyi/Dspenr = 0.86 and Dgyryy/Dspeny = 0.93 are higher than
that of the the two smaller strut cases. This ties in with the hypothesis made in
sections 4.1.1.1/ which indicated that the flow was accelerated further round the
two larger struts. It was also apparent that the deflected velocities in the lateral

direction were higher with an increase of 8% in the maximum velocity for the
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Dstrut/Dshell = 0.86 and Dstrut/Dshell = 0.93 cases.

Velocity profile data in the wake of the four cases are shown in figure 4.10b. At
y/ Dsnenn = 0 the velocities for the two smaller struts are 50% less than those of the
other two cases. The Dgyyi/Dspeny = 0.86 and Dgypus/ Dspen = 0.93 cases showed

wider wakes with the larger strut case having the widest wake.

Figure 4.11a shows the mean coefficients of drag, C, for the different struts. The
drag increased as the strut diameter increased. The drag increased by AC; = 0.24
between the smallest and the largest strut. This increase in drag was attributed
to the lower base pressure behind the strut for Dy /Dspeny = 0.93 configuration
and the wider wake produced by the model.

4.1.2.2 Effect of strut location

From the results discussed in section 4.1.1.2 the effect of the strut location on the
off-surface flow can be deduced. The pressure distribution showed that the flow
around the strut did not vary with strut location except for the Dyt /Dspeny = 0.67
case when the strut was located at x./Dgpeyy = 1/4. At this position the pressure
distribution around the strut showed that the flow off the shell did not impinge

on the strut and that the strut was entirely in the wake of the shell.

From the drag measurements for the Dgypi/Dspen = 0.67 case (see figure 4.11b),
Zef/Dgpeny = 1/4 resulted in the largest drag with a drag increase of 18% when
compared to the z./Dgpen = 2/5 case. The difference between x./Dgpep = 0.4 and
Ze/ Dspeny = 0.5 was less with a drag reduction of 9%.

The mean drag for the Dgyyi/Dspen = 0.93 case showed similar behaviour to
the Dgiput/Dsnen = 0.67 case where the drag decreased by 12% as the strut was
positioned further away from the shell(see figure 4.11b).

4.1.2.3 Effect of splitter plate

The time averaged velocity contours of the four cases, Dgyui/Dsnen = 0.67Splt,
0.76Splt, 0.86Splt and 0.93Splt with the splitter plate fitted between the shell and
strut are shown in figure 4.12. The Splt configurations, when compared to those
in figure 4.9 showed the effect of the splitter plate on the overall flow around the
model. In the first two configurations, Dgy/Dspen = 0.67Splt and 0.76Splt, the

shear layer aft of the trailing edge did not interact with the strut. Furthermore
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the presence of the splitter plate did not allow the shear layers to roll-up inside the
cavity. The Dgpyi/ Dspen = 0.86Splt and 0.93Splt configurations showed a different
flow structure. The shear layer attached to the strut but the overall effect was
still different to the NoSplt case as no apparent oscillatory flow featured within
the cavity. As the shear layers did not roll-up in the cavity and therefore did not
accelerate the flow further around the shell the local velocity of the flow at the

trailing edge of the shell was reduced when the splitter plate was introduced.

Velocity profiles plotted at x./Dgpey = 0.7 presented in figure 4.13 shows that
even if the deflected velocity at the trailing edge of the shell was reduced with
the introduction of the splitter plate the velocity at x/Dgpey = 0.7, y/Dgpen =
0.8 was AU/U,, = 0.12 greater for the Dgyyi/Dspeny = 0.67Splt when compared
to the NoSplt configuration. In the case of the Dyyi/Dspen = 0.93Splt the
velocities were similar in magnitude to those of the NoSplt configurations. For
the Dyt / Dspen = 0.67Splt and 0.76Splt configurations the wake width increased
in comparison to the Nosplt configurations. This increase in width was attributed
to the shear layers not diffusing and not impinging on the strut and hence widening
the wake as this convected downstream. In the case of the Dt/ Dspen = 0.93Splt
configuration the wake was narrower than that for the NoSplt configurations. The
attachment and subsequently the separation of the flow off the rear of the strut
reduced the width of the wake.

The dimensions of the strut and its distance from the shell were shown to affect
the mean drag. Figure 4.14a shows the mean drag versus the strut diameter
when the splitter plate was used and figure 4.14b shows the mean drag versus the
strut location for Dgpyi/Dspeny = 0.93Splt. The mean drag for the Dgyyi/Dspeny =
0.67Splt and 0.76Splt cases were 24% and 7%, respectively, larger than their
respective Nosplt configurations. The displacement of the shear layer from the
strut caused the strut to be entirely in the wake of the shell leading to lower
pressures around the back face of the strut, thus increasing the pressure drag.
The drag was decreased by a maximum AC,; = 0.5 when the splitter plate was
used on the Dgyyi/Dspeny = 0.865plt and 0.93Splt. As was the case for the Nosplt
configurations the Splt configurations showed the same trend when the strut was

located further away from the shell, i.e. the mean drag decreased (see figure'4.14b).
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FIGURE 4.12: Time-averaged velocity contours and streamlines. Uy, = 30 m/s.
Flow from left to right.
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4.2 Vortex Shedding

In the previous section the time averaged results were presented and showed the
overall mean flow around the model. Although this information was useful to high-
light the differences between the uses of the different struts sizes, strut locations
and the use of the splitter plate it did not include the unsteady aerodynamics

which was important to understand how the model generated aerodynamic noise.

4.2.1 Effect of strut diameter

In order to understand how the flow was behaving instantaneous vorticity maps
were studied. It could be argued that the images presented in figures 4.15 and
4.16/ are not representative of the flow field as they are composed of two image
planes taken at different points n times. The figures are used to aid in explaining
what the author observed over the course of the study both in the experiments,

using a smoke wand and in the computational work.
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FIGURE 4.15: Instantaneous vorticity contours and streamlines Dyt / Dspenn =
0.67. Uso = 30 m/s. Flow from left to right.

Figures/4.15 and 4.16 shows two pairs of images displaying the flow at two different
arbitrary points in time, ¢t = t; and ¢ = t5. At t; the shear layer aft of the fairing’s
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FIGURE 4.16: Instantaneous vorticity contours and streamlines.

Dstrut/Dsperr = 0.93. Ux, = 30 m/s. Flow from left to right.

trailing edge impinged onto the downstream strut. The open cavity between the
shell and the strut allowed the interaction between the two opposing shear layers
causing the shear layer to roll-up within the shell-strut cavity. The roll-up of the
shear layer inside the cavity cut off the circulation to the rear of the strut which
caused the flow to remain attached around the rear face of the strut. At this stage
the recirculating flow continued to grow, fed by the circulation from its connected
shear layer, until it was strong enough to draw the other shear layer into the cavity.
The approach of the oppositely-signed vorticity cut off the circulation to the first
vortex which ceased to increase in strength. At ¢ = t, the weakening first vortex
inside the cavity was expelled out of the cavity which caused the shear layer not to
remain attached to the strut but instead convect downstream where it developed
into a vortex as the shear layers of opposite vorticity present behind the strut

interacted.

For Dgtryi/ Dsnenn = 0.93 the shear layer at ¢ = t5 was closer to the strut than in the
Dgtrut/ Dsnen = 0.67 which affected the local flow around the strut. The proximity
of the shear layer to the strut explained the increase in the velocity of the flow

downstream of the impingement point.

Vorticity magnitude contours from the DES simulation for the Dyt / Dspeny = 0.93
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configuration are shown in figure 4.17. The contours clearly showed the behaviour
of the vortex inside the cavity as previously described and also demonstrated that
the formation of the vortex inside the cavity developed out of phase with the

formation of the vortex aft of the strut.

Turbulence statistics in the form of standard deviation of velocity in the y-direction
are shown in figure 4.18| for the Dyt / Dspeny = 0.67 and Dyt / Dspenr = 0.93 cases.
The two opposing shear layers at the rear of the strut interacted and rolled up
to result in high amplitude velocity fluctuation in the y-direction peaking at the
centerline of the wake (y/Dgspey = 0). There were marginal differences in the
maxima between the two cases but what emerged was that the formation of the
vortex shedding was independent of the size of the strut although its frequency

and magnitude were affected.

Spectral analysis was performed on the signal recorded by the hotwire probe po-
sitioned outside the wake. In figure 4.19a the power spectral density was plotted

against the non dimensional frequency Strp for the four different struts at

shell
2/Dgpen = 1, y/Dspeny = 1.3 and z/Dgpeyy = 0. The spectral shapes were simi-
lar for the four different cases with more energy in frequencies near the shedding
frequency. These spectral peaks were associated with vortex shedding behind the
model, the center frequency of this peak scaled linearly with the freestream veloc-
ity which confirmed the hypothesized nature of the fluctuation. The set of spectra
can be paired up between the two smaller struts and the two larger ones. The two
larger strut cases showed higher energy levels before and after the spectral peak.
e = 0.26 to Strp_, , = 0.22
with an increase in the strut diameter (see figure 4.19b). Roshko [70] defines the

non-dimensional frequency to be a function of wake width, frequency and the wake

The shedding Strouhal number decreased from Strp hell

velocity related to the base pressure. Using this analogy the shedding frequency
would in fact decrease with an increase in the width of the wake as was seen in

these results.

The effect of the vortex shedding on the aerodynamic noise was investigated us-
ing the on-surface microphones and the freefield measurement measured in the
anechoic facility. The spectra presented in figure 4.20a show distinct peaks at
Strouhal numbers approximately equal to those discussed above, these also scaled

with velocity. The difference in the Strp opposed to the dominant frequency

shell
of the velocity fluctuations from the hotwire measurements was attributed to the
larger blockage in the 3’ x 2’ wind tunnel and to the change in the aspect ratio of

the model. The measured spectra were 20 dB above the background noise of the
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FIGURE 4.17: Instantaneous vorticity contours and streamlines.
Datrut/ Dsheny = 0.93 (DES). At = 2.25 x 1073 between images. Uy, = 40 m/s.
Flow from left to right.



Chapter 4 Experimental Results for Fairing-Strut with Splitter Plate 81

0.8 Vs (ms): 0 3 6 10 13 16 19 22 25

Y. /D shell

o 05 1 15
X/Dshell

(a) Dstrut/Dshell = 0.67.

Ve (m/s): 0 3 6 10 13 16 19 22 25

0.8
0.6

0.4

). / D shell

0.2

L L L L 1 L L L L
0 0.5 1
x'D shell

(b) Dstrut/Dshell =0.93.

FIGURE 4.18: Standard deviation of velocity in the y-direction. Uy, = 30 m/s.
Flow from left to right.

empty chamber across the entire frequency range.

Consistent with the anechoic freefield measurements were the noise spectra of the
on-surface microphone shown in figure 4.20b. The distinct peaks present in the
spectra were at the double the frequency of their respective cases. The doubling of
the frequency was believed to be due to the position of the microphone at the rear
of the strut where it was subjected to the alternating shedding from both sides of
the model. The difference in levels between the cases was caused by the difference

in the local flow over the microphones.
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FIGURE 4.20: Acoustic measurements for effect of strut diameter.
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4.2.2 Effect of strut location

The spectral shape measured at ©/Dgpeyy = 1, ¥/ Dspen = 1.3 and z/Dgpeyy = 0 for
Dgirut/ Dspen = 0.67 shown in figure 4.21a are similar to those discussed earlier in
section 4.2.1), a strong peak was centered around the shedding frequency. The strut
located at x./Dgpen = 1/4 had a shedding frequency of Strp,, ,, = 0.2, which was
less than those for the other two locations. This was also observed in the freefield
microphone measurements shown in figure 4.22a. Apart from the strut location
affecting the shedding frequency it did not affect the noise produced by the model
as there were no significant changes in the SPL levels of the dominant peak. The
hotwire measurements D/ Dspenr = 0.93 case seen in figure 4.21b showed that
the shedding frequency decreased with an increase in x./Dgpey. This shift was not
seen for the freefield microphone measurements, possibly caused by the change in

the aspect ratio of the model due to the size restriction of the open-jet nozzle.

4.2.3 Effect of splitter plate

Vorticity magnitude contours from the DES simulation for the Dyt /Dspen = 0.93
configuration with the splitter plate are shown in figure 4.23. As opposed to the
vorticity magnitude contours for the Nosplt configuration, figure 4.17, the presence
of the splitter plate blocked the interaction between the separated shear layers aft
of the trailing edges of the shell. As a result no alternating vortex occurred in the
cavity and instead the shear layers impinged on the strut with no noticeable change
in the location of impingement. The contours also showed that the separation point
on the rear of the strut remained constant and that the separated flow developed
in a less distinct form of shedding when compared to the NoSplt configuration,

as noted for supercritical cylinder flow [50].

Standard velocity deviations in the y-direction for the Dgyy/Dspen = 0.67Splt
and 0.93S5plt configurations are shown in figure |4.24. The respective Nosplt con-
figurations exhibited higher RMS velocities (see figure 4.18) in the proximity of
the strut, when compared to the Splt configuration. In the case of the Nosplt con-
figurations the unsteadiness was concentrated around the strut with the highest
velocity fluctuations just aft of the strut. In the Splt configuration the unsteadi-
ness moved further downstream and away from the model for the two cases. The
amplitude of the velocity fluctuations in the Dgpey/Dsgrue = 0.93Splt were 50%
lower than those of the smaller strut with the maxima at y/Dgpey = 0 further

downstream of the strut.
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FIGURE 4.21: Frequency spectra (PSD) measured using hotwire. Uy, = 30 m/s.
(#/Dshen = 1, y/Dshent = 1.33, 2/Dspent = 0.)
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FIGURE 4.22: Freefield acoustics measured in the anechoic chamber (averaged
over microphone 1-8, d = 2 m). Effect of strut location. Uy = 40m/s.
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FIGURE 4.23: Instantaneous vorticity contours and streamlines.
Datrut/ Dsheny = 0.93 (DES). At = 2.25 x 1073 between images. Uy, = 40 m/s.
Flow from left to right.
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FIGURE 4.24: Standard deviation of velocity in y-direction. U, = 30m/s.
Flow from left to right.

Figure4.25/displays the hotwire measurements for the Dyt / Dspen = 0.67Splt and
0.93Splt configurations. As was previously seen, when the splitter plate was intro-
duced the two smaller strut cases exhibited different flow physics from those with
the larger struts. This was also seen in the measured hotwire spectra. The spectral
levels for the 0.67Splt showed an increase in the PSD levels up to Strpg, , = 0.2,
when compared to the Nosplt configuration. It was possible that this increase was
due to the fact that a wider wake is created by the shear layers aft of the trailing
edge of the shell not impinging on the downstream strut. The shear layer did not
break down, entraining the wake further downstream while still spreading. The
shedding frequencies remained relatively unchanged although the strength of the

shedding peak was reduced by nearly two orders of magnitude (see figure 4.25a).
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FIGURE 4.25: Frequency spectra (PSD) measured using hotwire. Uy, = 30m/s.
(z/Dsheut = 1, Y/ Dshen = 1.33, 2/ Dspen = 0.)
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FIGURE 4.26: Acoustic measurements for effect of splitter plate. Uy, = 40m/s.
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A peak at Strp_, , = 0.37 was present for the Dgyye/Dspen = 0.93Splt configura-
tion (see figure 4.25b). The strong shedding peak at Strp_, , = 0.22 created in the
Nosplt case was eliminated when the splitter plate was used. As shown before,
the shear layers attached to the downstream strut and separated towards the back

face of the strut which subsequently had an effect on the shedding frequency.

For the effect of the splitter plate on the acoustics, figure [4.26/ presents the noise
generated by the Dgyi/Dspenn = 0.67Splt and 0.93Splt configurations measured

by the freefield microphones and the on-surface microphones.

The freefield data revealed the same trend as was seen in the hotwire measure-
ments. The Dgyyi/Dspeny = 0.67Splt case showed a distinet peak at approximately
the shedding frequency viewed earlier, the difference was again attributed to the
blockage in the 3’ x 2’ tunnel where the hotwire measurements were taken. The

on-surface microphone showed a peak at Strp = 0.42, doubling the frequency

shell
observed by the freefield microphone. As explained earlier the location of the mi-
crophone was at # = 180° on the strut and hence the microphone was subjected to
the alternate shedding from both sides of the model. For Dyt /Dspeny = 0.93S5plt
the dominant peak was 10 dB lower than the magnitude of the peak of the smaller
strut. The on-surface microphone located at 6§ = 180° on the strut shown in fig-
ure 4.20b did not reveal the doubling in the frequency of the dominant peak. The
oil flow pattern showed a chaotic pattern on the rear of the strut which indicated
that the shear layers were breaking down in a shedding wake downstream of the
strut, hence the microphone was not subjected to alternating shedding as seen for

Dstrut/Dshell = 067Splt

4.2.4 Reynolds number effect

The effect of the Reynolds number on the flow around two-dimensional bodies is
often compared to cylinder flow which is well documented [50] and was discussed
in section 2.6, The maximum Reynolds number based on the diameter of the shell

achieved was Rep = 4 x 10°. This was limited by the maximum velocity of

shell
40 m/s achieved in the testing facilities. The in-flight Reynolds number would be
approximately twice that tested and in the case of a cylinder in the supercritical
regime. The Reynolds number achieved means that the flow tested was in the
proximity of the critical Reynolds number and hence necessitated a sensitivity

study on the Reynolds number effects.
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4.2.4.1 Shell with strut

The half-cylindrical shell had a fixed trailing edge and from the oil flow visuali-
sation showed a fixed separation point at the trailing edge at different freestream
velocities (Us, = 20 m/s and Uy, = 30 m/s). Even if this was the case it was still
not certain how the unsteady flow and the noise would be affected with a change
in the Reynolds number. Figure 4.27 shows the energy spectra measured by the
hotwire and the noise measured with the freefield microphones in the anechoic

chamber at different freestream velocities.

The data showed that the flow over the model was insensitive to the change in the
Reynolds number. The distinct shedding peak scaled with velocity in both the
aerodynamic and the acoustic results, increasing in amplitude with an increase in
freestream velocity. Although the model was insensitive to Reynolds number over
the tested range, it was expected that the shedding phenomenon will become less
distinct for high Reynolds numbers (Rep_, ., > 10°) as is the case for supercritical
cylinder flow [50].

4.3 Broadband Noise

The noise of the model was shown to be dominated by vortex shedding at lower
frequencies and the size of the strut, its location and the splitter plate were shown
to have an effect on the frequency and the magnitude of the shedding. In engi-
neering applications it is also important to achieve broadband reductions to make
the technology attractive for use on the aircraft. The next section will deal with
the effect of the strut size, strut location and the effect of the splitter plate on the

broadband noise.

4.3.1 Effect of strut diameter

The ASPL levels for the four different strut diameters are displayed in figure 4.28.
The baseline configuration used was the isolated strut with its diameter equal to
the one used for the D/ Dspen = 0.93 case. All four cases showed higher noise
levels than the strut over the entire frequency range. This result does not invalidate
the use of fairings as noise reduction devices as the strut was clean and did not have

any hoses, dressings and other small details which would otherwise make it noisier.
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(b) Freefield acoustics measured in the anechoic chamber (averaged over mi-
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FIGURE 4.27: Hotwire and freefield microphone measurements
Dstrut/Dshell = 0.76.
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FIGURE 4.28: ASPL of 1/3 octave band averaged freefield spectra for effect of
strut diameter, (strut used as a baseline). Uy, = 40 m/s.

The differences in the noise levels of the shedding peak for the different cases were
already discussed in section [4.2.1/ with the smallest strut having the lowest SPL
level. At higher frequencies (Strp,,., = 1.3) the cases Dgyut/Dspen = 0.86 and
Dgirut/Dsnen = 0.93 had noise levels 4dB lower than the smaller struts up to
Strp =11.

shell

4.3.2 Effect of strut location

The effect of the strut location on the noise produced by the different cases is
displayed in figure 4.29. For the Dgyui/Dspen = 0.67 case the strut location
Ze/Dspenn = 1/4 was used as the baseline. The cases x./Dgpeyy = 2/5 and 1/2
showed higher noise levels than the baseline case over the entire frequency range.
This demonstrated that the smaller the separation distance between the shell and
the strut for the Dgyut/Dsnen = 0.67 the lower the noise produced by the model.
From the time-averaged flow the strut in the Dyt /Dspeny = 0.67, 2o/ Dgpeyy = 1/4
case was in the wake of the shell and the separated flow off the shell did not
impinge on the strut. This would result in a reduction of the unsteady pressure
perturbations around the strut and could explain the lower noise generated at this

strut location.
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The Dgprui/Dsnenn = 0.93 case showed a different picture as seen in figure 4.29b.
The baseline used was the strut with the same diameter as was used in the
Dgtrut/Dsnen = 0.93 case. Here the loudest strut location was x./Dgpeny = 2/5
from Strp,, ., = 1 all the way up to the higher frequencies. In this case the

increase in separation distance produced noise levels approximately 3dB lower.

4.3.3 Effect of splitter plate

The splitter plate was shown to be effective in reducing the strength of the shed-
ding tone by as much as 15dB. The splitter plate also showed to reduce the
broadband noise displayed in figure 4.30a. The figure shows the ASPL levels
for the Dgyryi/Dspeny = 0.67Splt and the Dy /Dspen = 0.93Splt configurations
which are compared to their respective NoSplt configurations. Both configurations
= 1. Figure 4.30b
compares the narrow band spectra measured by the freefield microphones for the
Dgtrut/ Dshen = 0.67Splt and 0.93Splt configurations. The configuration with the

larger strut showed lower absolute levels when compared to the smaller strut. The

showed a noise reduction of approximately 5dB above Strp_, ,

results shown in figure 4.24/ show that the flow around the models was different
with the Dgyui/Dspen = 0.93Splt having lower levels of fluctuating velocities in
the vicinity of the strut.

Source localisation was performed using the microphone array. Beamforming plots
at Strp,,., = 9.4 for the Dgpryt/Dspen = 0.93 without and with the splitter plate
are shown in figures'4.31a and 4.32a respectively. Meaningful beamforming results
at low Strouhal numbers were not possible and hence it was not possible to localize
at the dominant tonal frequencies. The parallel horizontal lines in the figure
represent the end-plates while the two rectangular blocks represent the shell and
the cylindrical strut. The flow is from left to right. The comparison between
the two plots shows that in the Nosplt configuration a dominant noise source is

located towards the leading edge of the strut.

Using the CFD simulation the magnitude of the on-surface dipole term is shown on
the shell and the strut together with the vorticity magnitude contours at z/Dgpe =
0 in figures 4.31b and 4.32b. The magnitude of the dipole term in the FWH
equation is proportional to the Root Mean Square (RMS) of the on-surface pressure

fluctuations with time,
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(b) Freefield acoustics measured in the anechoic chamber (averaged over mi-
crophone 1-8, d = 2 m).

FIGURE 4.30: Acoustic measurements for effect of splitter plate. Uy, = 40m/s.
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FIGURE 4.31: Dsrut/Dspenn = 0.93Nosplt. Uy, = 40 m/s. Flow from left to
right.
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Chapter 4 Experimental Results for Fairing-Strut with Splitter Plate 100

1 L op 2
\/TQ_Tl /T (E) dt. (A1)

The highest acoustic source on the strut of the Nosplt configuration was where

the shear layer aft of the shell’s trailing edge impinged on the strut. The unsteady
pressure perturbations from the shear layer layer interacted with the strut and
were radiated as sound. The beamforming plots and the CFD simulations confirm
that the presence of the splitter plate reduces the acoustic source on the strut as it
reduces the pressure perturbations caused by the separated shear layer. Instead an
off surface noise source is distinguishable at approximately x/Dgpey = 1.5 which
corresponds to the location of the formation of the vortex shedding as shown in
the CFD plot.

4.4 Fairing with H-beam

The following section deals with replacing the strut used so far with an H-beam.
From the results discussed so far the strut was dominated by shedding at low
frequencies and was relatively quiet at higher frequencies. On landing gears, the
components the fairings would be shielding have small scale details (i.e. hoses)
that would make the struts louder then if they were clean. The H-beam was chosen
as it features sharp edges, which is true for components on the landing gear, such

as the articulation links.

4.4.1 Time-averaged flow features

The time averaged velocity contours using PIV are shown in figure 4.33. These

measurements were taken in the = — y plane at z/Dgpe = 0.

The configuration without the splitter plate shows a thin high gradient shear layer
aft of the shell trailing edge. The shear layer diffuses aft of the H-beam shortening
the length of the wake downstream of the model. For the configuration with
the splitter plate the same high gradient shear layer is observed aft of the shell
trailing edge but due to the presence of the splitter plate the shear layer is displaced
further away from the H-beam. More importantly it moves the shear layer away
from the sharp edge of the H-beam at /Dy = 0.95, which was potentially a

source of noise. Due to the shear layer not diffusing so readily as in the case of
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FIGURE 4.33: Time-averaged velocity contours and streamlines. Uy, = 30 m/s.
Flow from left to right.

the Nosplt configuration the wake is extended further downstream as well as the

higher velocity deflected flow.

4.4.2 Vortex shedding

Turbulence statistics in the form of standard deviation of velocity in the y-direction
are shown in figure 4.34 for both the Splt and Nosplt configurations. Similar to
what was shown in section 4.2.3/the splitter plate affected the velocity fluctuations.
The maximum at y/Dgpep = 0 moved further downstream and away from the rear
of the H-beam in the case of the Splt configuration. Moreover the amplitude of
the velocity fluctuations was 50% less than the values obtained for the Nosplt

configuration.

To investigate the spectral content of the unsteadiness, the results obtained from
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FIGURE 4.34: Standard deviation of velocity in the y-direction. Uy = 30 m/s.
Flow from left to right.

the hotwire measurements are presented in figure 4.35a. Three configurations
were tested, the isolated H-beam, and the shell with the H-beam in the Nosplt
and Splt configuration. The isolated H-beam was dominated by a shedding peak
at Strp,,., = 0.21 that scaled with velocity, the second peak at the Strp,_, , = 0.42
was thought to be the harmonic of the first peak, this also scaled with velocity.

shell

Both the Nosplt and Splt configuration were dominated by a shedding peak at
Strp,,., = 0.27. This frequency was approximately equal to that seen in the
Dgtrut/ Dshen = 0.67 case where the diameter of the strut was equal to length and
width of the H-beam. This lead to the conclusion that in this case the shell was
responsible for the large scale vortex shedding, independent of the shielded object.

The levels of aerodynamic noise produced by the models are shown in figure
using freefield microphones in the anechoic chamber. The isolated H-beam showed
wen = 0.19 and Strp,, , = 1.2 that scaled
= 1.2 was not picked up with the hotwire

two dominant spectral peaks at Strp hell

with velocity. The peak at Strp

shell
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(b) Freefield acoustics measured in the anechoic chamber (averaged over mi-
crophone 1-8, d = 2 m). Uss = 40m/s.

FI1GURE 4.35: Hotwire and freefield microphone measurements.
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FIGURE 4.36: ASPL for shell+H-beam in Nosplt and Splt configurations (iso-
lated H-beam is used as a baseline). Uy, = 40 m/s.

shown in figure [4.35a. The reason for this was that noise responsible for this
peak was located on the model, possibly the H-beam cavity as this did not show
up in the wake spectra. Similar to hotwire measurements the Nosplt and Splt
= 0.24, the difference in the
Strouhal number was attributed to the blockage in the 3’ x 2’ tunnel. The peak

configurations showed a spectral peak at Strp,, ,
for the Splt configuration was 8 dB lower then that of the Nosplt configuration

while the peak at Strp , = 1.2 was attenuated.

shell

4.4.3 Broadband noise

Finally the overall reductions achieved by using the splitter plate on the shell
shielding the H-beam are discussed. Figure |4.36/ displays the ASPL levels for the
different configurations, the baseline configuration is the isolated H-beam. Shield-
ing the H-beam with the shell showed an effective way of reducing the broadband
= 4 and 26. Larger

noise reductions were seen in the Splt configuration. A reduction of more than

noise, with approximately 4 dB reduction between Strp,,_,

10 dB was seen between Strp_, , = 1 and 10 which then reduced to approximately
5 dB between Strp,, ., = 12 and 42.
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4.5 Summary

Experiments with a fairing-strut model have been performed to investigate the
effect the strut diameter and the strut location have on the noise generated by the
model. As a means of passive noise control, a splitter plate placed between the
shell and the strut, was used. Both aerodynamics and the related acoustics were
studied employing two different wind tunnels and an open-jet anechoic chamber

facility.

Four different sizes of struts were used to investigate the possibility of reducing
the size of the shell with respect to the strut. The strut location was kept con-
stant at x./Dgpey = 1/2. An increase in the strut diameter increases the deflected
velocities. The wake width was also affected, the larger struts resulted in wider
wakes. The increase in the width of the wake together with the larger strut having
a lower base pressure affected the mean drag measurements. The drag increased
with an increase in the strut diameter with the largest strut being ACy; = 0.24
higher than the smallest strut tested. The hotwire measurements revealed that the
wake was dominated by vortex shedding. The frequency of the shedding varied
as a consequence of the change in the strut diameter. The shedding frequency
=0.26

= 0.22 for the largest strut. The acoustic mea-

decreased with an increase in the strut diameter, decreasing from Strp_, ,

for the smallest strut to Strp,, ,
surements were consistent with the aerodynamic results, with the vortex shedding
manifesting itself as a spectral peak. The absolute noise level of the smaller struts
was approximately 10 dB less than the larger struts although the larger struts

showed a 4 dB reduction between Strp_, , = 1.3 and 11.

The effect of the strut location on the aerodynamics and the acoustics was also
investigated. Two different strut diameters were used for this investigation, vary-
ing the respective strut locations for each case. The first, Dgyui/Dspen = 0.67
showed small or no effects for two of the strut locations for both the aerody-
namic and the acoustic results. The freefield measurements also revealed that
the strut in the location x./Dgpey = 1/4 generated 4 dB less noise. The second
case, Dgyrut/Dsnen = 0.93 showed an opposite effect with a decrease in noise of

approximately 3 dB for the struts located further away from the shell.

The splitter plate modified the flow around the model. Again the Dgpyi/Dspen =
0.67 and 0.93 cases were used as they showed very different flow features when
the splitter plate was used. For the Dgyyi/Dspenn = 0.67Splt cases the splitter
plate blocked the interaction of the shear layers which separated off the shell.
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This resulted in an increase of 10% in the deflected velocity and the widening of
the wake. As a consequence of this the drag increased by 24% when compared
to the Nosplt configuration. The low frequency noise was dominated by a vortex
shedding peak at the same frequency as for the Nosplt configuration but was 12 dB
less. The Dgyryi/ Dspenn = 0.935plt showed a narrowing of the wake and a reduction
in the drag of ACy; = 0.5 when compared to the Nosplt configuration. The
Dgtrut/ Dshen = 0.93Splt case suppressed the vortex shedding experienced when
the splitter plate was not used. Another peak was observed which was 15 dB lower
than the peak of the uncontrolled configuration. Both the Dt/ Dspen = 0.67Splt
and the 0.935plt showed broadband reductions with the larger strut resulting to
be the quieter.

Finally the circular strut was replaced by an H-beam. Freefield acoustic measure-
ments revealed that the isolated H-beam had two spectral peaks at Strp,, , = 0.18
and 1.2. By shielding the H-beam with the shell the peak at Strp_, , = 0.18 shifted
to 0.24, similar to the frequencies seen for the shell shielding the strut. Shielding
the H-beam also resulted in a broadband reduction of 4 dB between Strp,, , = 4
and 26. The addition of the splitter plate reduced the broadband noise further,
more than 10 dB between Strp_, , = 1 and 10 and approximately 5 dB between
Strp =12 and 42.

shell



Chapter 5

Experimental Results for
Fairing-Strut with Suction or

Blowing

This chapter will discuss another method which was employed to reduce the noise
generated by the fairing-strut configuration which was introduced in chapter 4.
As described in section [3.3.2/ flow control was applied to the surface of the fairing
through which suction and blowing at different flow rates were applied. The flow
around the model was similar to the one discussed in chapter |4 and only the
effects of the flow control will be presented in this chapter. Two types of porous
materials were investigated, a perforated (Per f) and sintered (Sint) plate. Firstly,
the results of the effect the porous materials had on the noise generated by the
model will be discussed. This will be followed by the effects of suction and blowing.
The notation for the flow rates is a positive volume flow rate for blowing and a

negative volume flow rate for suction.

5.1 Effect of the Porous Material

The two porous materials used in the investigation were a perforated plate and
a sintered plate, details of which were listed in section 3.3.2. This section will
concentrate on the noise generated by the flow through the porous material and
will quantify and justify the use of the sintered plate throughout the investigation.
The strut dimension used was Dgyyui/Dspenn = 0.9 and the separation distance
between the shell and the strut was z./Dgpen = 1/2.

107
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FIGURE 5.1: Measured acoustics, comparing the noise due to porous materials.
Uso =40 m/s.

Figure /5.1 shows the noise levels obtained from the microphone array measure-
ments and from an on-surface microphone located at # = 180°, the rear of the
strut. The flow control was off and the freestream velocity was Uy, = 40 m/s.
The on-surface microphone shows a clear peak at Strp_, , = 0.2 for the Sint case
and a peak at Strp,, , = 0.18 for the Perf case. The peaks at double these

frequencies seen in the plot were due to the microphone measuring the alternating
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FIGURE 5.2: Beamforming plot at Strp,, , = 20 for the Perf case. Q =
0m3/s, Uy, = 40 m/s.

shedding from either side of the model. These were attributed to vortex shedding
behind the model as the flow was expected to be similar to the flow discussed in
the chapter 4. Figure 5.1b shows the 1/3 Octave band averaged spectra obtained
from integrated microphone array beamforming plots as explained in section 3.4.7.
Consistent with the on-surface microphone the vortex shedding peaks appear at

the same Strouhal numbers. Above Strp, = 10 the Perf case showed increased

shell
noise levels when compared to the Sint case which did not show any high frequency

noise sources.

Source localisation was performed using the microphone array to identify the high
frequency noise source seen in figure 5.1. Figure 5.2 shows the beamforming plot
= 20 for the shell fitted with the perforated plate. A noise
source generated by the perforated plate showed that the high frequency noise

centered at Strp,, ,
observed was originating from the perforate holes. These observations feed the
hypothesis that the high frequency peak was related to flow resonance of the
perforate. Grazing flow past edges is known to create an edge tone type noise [84,
85]. By comparing Uy, = 40 m/s, Ux, = 30 m/s and Uy, = 20 m/s data sets the
spectral peak was seen to scale with velocity centered about Strp_, , = 25, shown
in figure 5.3. From the spectra it appears that the phenomenon was not purely

tonal, which can be explained by the varying velocity magnitude around the shell.
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FicURE 5.3: High frequency noise for Perf at varying freestream velocities.
Floor microphone located at x/Dgpeyp = 0, y/Dspeny = 5.9 and z/Dgpep = 0.
Q =0m3/s.

Another contributor to the broadband feature was the fluctuation originated from
the turbulent boundary layer passing over the perforated sheet which was known

to create broadband type noise [86].

The noise of the blowing system was measured with wind off, U,, = 0 m/s and
was compared to a case where the flow control system was turned off to estimate
the system noise as shown in figure 5.4. The results were averaged over one-third
octave bands and subtracted to determine the change in sound pressure level due
to the flow control system. The blowing system noise was apparent for both the
Perf and the Sint cases although the Sint case was approximately 20 dB quieter,

the flow rates were identical in both cases.

Two test cases were compared in figure 5.5 at different freestream velocities, one
with the perforated plate and the other with the sintered metal plate. In both
cases the blowing flow rate was Q = 9 x 1072 m3/s and the configuration of the
model was identical. The test cases were compared to a hard walled case. As was
seen in figure 5.4/ the Per f case showed higher noise levels than the Sint case, true
for all the freestream velocities. However additional noise created by the blowing
system became less with an increase in the freestream velocities. This was due

to the hard walled case noise increasing with the freestream velocity, becoming
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more broadband in nature and therefore the additional noise at higher frequencies
becoming less significant. For the Sint case at Uy, = 40 m/s the noise generated

by the blowing system did not exceed the noise created by the hard wall case.

From the results presented so far the noise generated by the injected flow through

the sintered metal plate was less prominent, making it a more attractive option.

5.2 Effect of Suction

This section will investigate the effect suction had on the noise generated by the
model. In section 2.6.4, discussed literature showed the effect suction had on the
flow around a circular cylinder. From this information the influence of suction
on the flow around the model being investigated may be deduced. Suction on
the surface of a circular cylinder in flow moved the separation point further to-
wards the rear of the cylinder, narrowing the wake and increasing the shedding
frequency [3]. However the effect of suction on the present model was thought to
be less significant. In section 4.1.1.1 the separation point was shown to be fixed
at the trailing edge of the shell and did not vary with Reynolds number. Even if
the suction would increase the effective Reynolds number at the trailing edge of

the shell the separation point will remain unchanged.

The on-surface microphones located at # = 180° shown in figure [5.10/ showed that
the shedding frequency did not vary with suction applied through the sintered
metal plate, remaining fixed at Strp_, , = 0.2. In figure 5.7, the flow rate is kept
constant and three different freestream velocities are compared. The shedding fre-
quency scaled with velocity resulting in the shedding peak remaining unchanged
at Strp

mained fixed at the trailing edge of the shell and hence did not vary the separation

ey = 0.2. These results fed the hypothesis that the separation point re-
distance between the separated shear layers which in turn would have had an effect

on the shedding frequency.

The ASPL at Uy, = 20 m/s with varying suction flow rates is shown in fig-
ures 5.8-5.10. Three different model configurations were tested to investigate the
effect the strut diameter and its location had on the generation of sound when
suction was applied to the shell. All three configurations used the sintered metal
plate. Common to all three configurations was a noise reduction observed between
Strp,,.., = 5.7 and Strp_, ,, = 35.7 peaking at Strp,, , = 20 with the reduction

increasing with an increase in the suction flow rate. The ASPL levels for the shell
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FIGURE 5.6: On-surface microphone measurement on the rear of the strut
located at § = 180°. Sint case with suction. Us, = 40 m/s.

without a downstream strut is shown in figure 5.11. An increase in suction flow
rates resulted in increased noise reductions. The reductions were observed at the
same frequencies as was seen for the configuration with the strut. This indicated
that the self noise of the shell was reduced by applying suction to the surface of
the shell. In the configuration where the strut was located at z./Dgpey = 1/2,
the noise reduction was less pronounced. As shown in section 4.3.2] the noise
generated by the configuration is greater the further downstream the strut is lo-
cated. Figure [5.12/ shows the effect of the Reynolds number on the maximum
reduction obtained at Strp, , = 15. The curves are all at a constant flow rate
of @ = —9.6 x 1073 m?®/s. The peak reduction decreases with an increase in the
free stream velocity. The effect of suction becomes less pronounced indicating that
larger suction rates were required to obtain reductions at higher Reynolds num-
ber. The C, as defined in equation 5.1/ is valid for a circular cylinder with some

dependency on the Reynolds number for the separated region.

P~ Po
C,=+——. (5.1)
T U
As the freestream velocity increased the pressure difference in the numerator of

equation (5.1) also increased. As the atmospheric pressure was constant the low
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FIGURE 5.7: On-surface microphone measurement on the rear of the strut
located at § = 180°. Sint case with suction. Uy, = 40 m/s.
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FIGURE 5.8: ASPL of integrated 1/3 octave band averaged beamforming plots
for varying suction flow rates. Dgyut/Dshenr = 0.9, 2o/ Dspenn = 1/2 configura-

FIGURE 5.9: ASPL of integrated 1/3 octave band averaged beamforming plots
for varying suction flow rates. Dgput/Dspenn = 0.9, @¢/Dgpen = 1/4 configura-
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FIGURE 5.10: ASPL of integrated 1/3 octave band averaged beamforming
plots for varying suction flow rates. Dgyut/Dshenr = 0.78, z¢/Dspeny = 1/4
configuration. Us, = 20 m/s.
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FIGURE 5.11: ASPL of integrated 1/3 octave band averaged beamforming
plots for varying suction flow rates. Isolated shell configuration. Uy, = 20 m/s.
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FIGURE 5.12: ASPL of integrated 1/3 octave band averaged beamforming
plots for varying freestream velocities. Dggpyt/Dsher = 0.9, xe/Dgpen = 1/4
configuration. @ = —9.6 x 1072 m3/s.

pressure over the shell decreased as the freestream velocity increased. This de-
creased the pressure differential across the sintered metal plate, scaling with UZ .
This could lead to large amounts of suction flow rates being required for in flight
conditions where the local freestream velocities around the landing gear are about
80 m/s.

5.3 Effect of Blowing

This next section will discuss the effect blowing had on the sound generated by
the model. Blowing on the surface of a circular cylinder was shown to increase the
shedding frequency by blowing normal to the surface of a cylinder [3,66]. The blow-
ing promoted earlier separation compared to an uncontrolled case; this increased
the distance between the separated shear layers hence reducing the frequency of

the shedding. This also led to an increase in the mean drag.

Blowing at different flow rates was applied through the sintered metal and resulted
in the shedding frequency being modified. Figure [5.13/ shows the data measured
by the on-surface microphone located at # = 180°, the rear of the strut. The
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FIGURE 5.13: On-surface microphone measurement on the rear of the strut
located at § = 180°. Sint case with blowing. Uy = 40 m/s.

hard walled case had a shedding peak at Strp_, ., = 0.2 which decreased with
increasing blowing flow rates. This behaviour was similar to what was seen for
normal blowing on a circular cylinder [3]. The decrease in the Strouhal number
indicated that the flow separated before the trailing edge of the shell, displacing
the shear layers further away from each other which resulted in a decrease in the

shedding frequency [70].

The ASPL levels with varying blowing flow rates are shown in figures [5.14- 5.17.
Similar to suction cases, three different model configurations were tested. For all
the three configurations as well as the isolated shell in figure 5.17 noise reductions
=10 and Strp = 25.

The greatest reductions were observed for the two configurations where the strut

were observed between Strp = 40 peaking at Strp

shell shell shell

was located at z./Dgpey = 1/4. Similar to what was seen when suction was
applied, the isolated shell showed noise reductions in the same frequency range as
for the configurations with the strut. Similar to the suction case when the strut

was located further downstream the reduction in noise decreased.

Figure 5.18 shows the effect the Reynolds number had on the noise reductions
obtained using blowing. The peak reductions decrease with an increase in the
freestream velocity. This would indicate that at higher Reynolds numbers larger

blowing flow rates were required to achieve more significant noise reductions.
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FIGURE 5.14: ASPL of integrated 1/3 octave band averaged beamforming
plots for varying blowing flow rates. Dsgiut/Dshen = 0.90, xc/Dgpeny = 1/2
configuration. Us, = 20 m/s.
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FIGURE 5.15: ASPL of integrated 1/3 octave band averaged beamforming
plots for varying blowing flow rates. Dgyut/Dspen = 0.90, x./Dgspeyy = 1/4
configuration. Us, = 20 m/s.
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FIGURE 5.16: ASPL of integrated 1/3 octave band averaged beamforming
plots for varying blowing flow rates. Dgiyui/Dspen = 0.78, xc/Dgpeny = 1/4
configuration. Us, = 20 m/s.
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FIGURE 5.17: ASPL of integrated 1/3 octave band averaged beamforming
plots for varying blowing flow rates. Isolated shell configuration. Uy = 20 m/s.
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FIGURE 5.18: ASPL of integrated 1/3 octave band averaged beamforming
plots for varying freestream velocities. Dggpyt/Dsher = 0.9, xe/Dgpen = 1/4
configuration. Q = 9.1 x 1073 m3/s.

5.4 Summary

Experiments were conducted to investigate applying suction or blowing to the
surface of the shell to reduce the noise produced by the shell-strut configuration.
Acoustics measurements were performed using on-surface microphones and a mi-

crophone array.

Two porous materials were investigated, a perforated plate and a sintered metal
plate. With no flow applied the perforated plate increased the noise produced by
the model at high frequencies, above Strp_, ,, = 10 when compared to the sintered
metal plate. This was thought to be caused by a turbulent boundary layer passing
over the perforated sheet. The perforated sheet also shows noise levels increased
by as much as 20 dB when blowing and suction system were used and compared to
the sintered metal case. Due to the increased noise levels seen for the perforated
case the sintered metal was used to present the results for the effect of suction and

blowing.

Suction did not have an effect on the shedding frequency, whilst the shedding
frequency decreased with an increase in blowing flow rates. In the case of suction

the separation remained fixed at the trailing edge of the shell. Blowing caused
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the flow on the shell to separate earlier and hence decrease the frequency of the
shedding.

Both suction and blowing showed noise reductions of as much as 5 dB between
Strp.,., = 9.7 and Strp,_,_, = 35 for suction and Strp, , = 10 and Strp_, , = 40

for blowing at U, = 20 m/s. For both suction and blowing the peak reductions

shell

were reduced with an increase in the Reynolds number, reducing the reduction
to about 1 dB which is at the limit of the accuracy of the system. In the case
of blowing the frequency range over which the reduction was observed was also

reduced with an increase in the Reynolds number.



Chapter 6

Experimental Results for H-Beam
with Splitter Plate

Using a splitter plate on a bluff body without a fairing was investigated in this
chapter. Chapter 4 presented the results of a fairing shielding a bluff body and
using a splitter plate as a passive noise reduction device. This proved to be effec-
tive at attenuating broadband noise, but fairings have a disadvantage when used
on landing gears. The weight penalty, the increased complexity required to retract
the landing gear and the shielding of landing gear components which need to be
inspected and maintained regularly make the fairing less attractive. Past research
has shown that splitter plates mounted behind bluff bodies were effective at sup-
pressing vortex shedding and displacing the shedding process away from the bluff
body surface [69], which was desirable for the reduction of noise. In this work, a
H-beam was selected as a test case and three different splitter plate lengths were
used. Aerodynamic and acoustic measurements were performed to investigate the

effect of the splitter plate on the noise generated by the model.

6.1 Time-averaged Flow features

The time-averaged velocity contours using PIV are shown in figure 6.1. Four
configurations were tested, the isolated H-beam, L/W = 0, and the H-beam with
the splitter plate lengths, L/W =1, L/W = 2 and L/W = 3. These measurements

were taken in the x — y plane at z/Dgpe = 0.

The time-averaged flow for the isolated H-beam showed a thin shear layer with

123
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FIGURE 6.1: Time-averaged velocity contours and streamlines. Uy, = 30 m/s.
Flow from left to right.
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FIGURE 6.2: Non-dimensional velocity profiles from PIV data at two different
x /W positions and z/Dgpeyp = 0. Uso = 30 m/s.

high velocity gradient at =/W = 0, y/W = 1.7. Velocity contours over the front
of the H-beam were not available however it was safe to assume that the flow
separated off the front of the H-beam, similar to the way flow would separate off

the edges of a flat plate placed normal to the flow.

For the L/W =1, L/W = 2 and L/W = 3 configurations the flow was believed to
separate off the front of the H-beam, similar to that seen for L/WW = (0. Therefore
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the splitter plates did not influence the separation point, this was dictated entirely
by the sharp edges at the leading edges of the H-beam. The presence of the
splitter plate aft of the H-beam impeded the shear layer from diffusing, instead the
shear layer was deflected further away from the H-beam. Non-dimensional velocity
profiles extracted from the PIV data at /W = 0.5 are shown in figure 6.2a.
This streamwise location corresponds to the rear edge of the H-beam. The shear
layer was deflected by approximately Ay/W = 0.2 further away in the lateral
direction for the splitter plate configurations when compared to the L/W = 0
configuration but at this location no variation was observed between the splitter
plate configurations. Figure [6.2b shows the non-dimensional velocity profiles in
the wake for all four configurations. The profiles were measured at a streamwise
location of /W = 1 downstream of the rear of the H-beam for L/W = 0 and of
x/W =1 downstream from the trailing edge of the splitter plate for the L/W =1,
L/W = 2 and L/W = 3. For L/W = 0, the low velocity region of the wake
is shorter and narrower than for the splitter plate configurations. The splitter
plates caused the deflected shear layers to spread in the y-direction which led to
widening of the wake. The L/W =1 case showed a different flow structure in the
wake to the other two splitter plate configurations L/W = 2 and L/W = 3. From
the time-averaged streamlines shown in figure 6.1 a recirculation region was seen
downstream of the trailing edge of the splitter plate for L/WW = 1 while the longer
splitter plates showed a recirculation region over the splitter plate. Experiments
for a circular cylinder with splitter plates of varying lengths showed that the longer
splitter plates had reversed flow region over the splitter plates while for the shorter
splitter the reversed flow extended beyond the splitter plate and into the wake [69].
This is also evident in the velocity profiles shown in figure [6.2b, the configurations
L/W =2 and L/W = 3 showed similar profiles.

The variations in the drag coefficient C; with splitter length are shown for the
H-beam in figure 6.3. An increase in splitter length resulted in a reduction in
the mean drag. The largest drop of Cy = 0.7 was seen between L/W = 0 and
L/W = 3.

6.2 Vortex Shedding

Turbulence statistics in the form of standard deviation of velocity in the y-direction
are shown in figure 6.4/ for the L/W =0, L/W =1 and L/W = 2 configurations.

For the L/W = 0 configuration, the two opposing shear layers interact and roll-
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FIGURE 6.3: Coefficient of drag for different splitter plate lengths. Cy vs L/W.
Uso =40 m/s.

up to result in high amplitude transverse velocity fluctuations peaking on the
centerline of the wake (y/W = 0). The effect of splitter plate was seen in the
standard deviation of velocity in the y-direction for the L/W =1 and L/W = 2
configurations and as was seen in the time-averaged flow there was a difference
in the flow between the two configurations. For the L/W = 1 configuration the
splitter plate blocked the interaction between the shear layers on either side of the
model until aft of the trailing edge of the splitter plate. This resulted in the velocity
fluctuation being displaced further downstream of the H-beam and the amplitude
of the maximum was reduced by 40% when compared to L/W = 0. The L/W = 2
configuration showed the amplitude of the velocity fluctuation maximum was also
reduced by 40%, but in this configuration the maximum was located closer to the
trailing edge of the splitter plate. The use of the splitter plate had an important
effect on the velocity fluctuation around the sharp edge at the rear of the H-beam
(x/W = 0.5, y/W = 0.5). Figure 6.5/ shows the standard deviation of velocity
in the y-direction just above the sharp edge. At /W = 0.5 and y/W = 0.5
the velocity fluctuation was 77% and 67% less than the L/W = 0 configuration,
for the L/W = 1 and the L/W = 2 respectively. This was an important result
coupled with the reduction in the local velocity at this location (figure 6.2) for the
generation of sound. Sound generated from dipole and quadrupole sources close

to a sharp edge follows a scaling law of U2 . In the absence of a sharp edge the
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sources radiate proportional to US and US respectively [45].

Spectral analysis was performed on the signal recorded by the hotwire probe.

Figure shows the hotwire measurements at Az/W = 1.5 from rear of the

respective models and at two lateral positions y/WW =0 and y/W = 2.

The spectra are characterised by large scale velocity fluctuations associated with

vortex shedding. Distinct peaks arise at different frequencies depending on the
length of the splitter plate. The peak for the isolated H-beam, L/W = 0, was
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FIGURE 6.5: Profiles of the standard deviation in the y-direction from PIV data
(.T/W = 0.5, Z/Dshell = 0) Uoo =30 m/s.

at Stryy = 0.3 at y/W = 0 and Stry, = 0.15 at y/W = 2. The doubling of the
frequency at y/W = 0 was thought to be the effect of the vortices being shed
from both sides of the H-beam. Similar Strouhal numbers were reported for flat
plates normal to the flow [69], this is possibly due to the similar way in which
the flow separated off the sharp edges at the leading edge of the H-beam resulting
in a comparable separation distance between the shear layers. The splitter plates
progressively modified the shedding in the wake. With an increase in L/W, the
shedding frequency decreased, agreeing with the observations for a flat plate with
splitter plates [69].

The aerodynamic noise was investigated using on-surface microphones and freefield
microphones. Figure 6.7 displays the on-surface microphone data, where the mi-
crophone was located at y/W = 0,z/W = 0 at the rear of the H-beam. The
isolated H-beam, L/W = 0, showed a dominant spectral peak at Stry, = 0.28
similar to the hotwire measurements measured at y/W = 0. The splitter plate
configurations showed the same reduction in the shedding frequency shown for the
hotwire data. The shedding for L/W = 3 configuration did not feature as this
was below Stry, = 0.05, which corresponds to f = 20 Hz (the lowest audible
frequency) based on W and the freestream velocity. The SPLs for the on-surface

microphone were dominated by the local flow over the microphones.



Chapter 6 Experimental Results for H-Beam with Splitter Plate

130

PSD

FIGURE 6.6: Frequency spectra (PSD). Uy, = 25 m/s

10°

10™

) —a— L/W=0
107
= —a— L/W=1
- —— L/W=2
= — e LW=3
10° |
R N | Ll A |
107 10 10° 10
Stry,

(a) z/W = 1.5 aft of model,y/W =0 and z/W = 0.

10"

10°

10*

10™

o
[N
=
o
=
o
=
o

10

(b) /W = 1.5 aft of model,y/W = 2 and z/W = 0.

The freefield microphone measurements are shown in figure 6.8a and 6.8b which

correspond to two microphones at angular positions # = 90° and 6§ = 120° re-

spectively. The L/W = 0 configurations showed two peaks at Stry = 0.12 and
Stry, = 0.78 for both the freefield microphones, these scaled with velocity. The
peak at Stry, = 0.78 was not picked up with the hotwire shown in figure 6.6. A
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FIGURE 6.7: On-surface microphone. Uy, = 40 m/s.

possible reason for this was that noise source responsible for this peak was located

on the model as this did not show up in the wake spectra.

Distinct peaks were not observed for the splitter plate configurations. For the
freefield microphone at § = 90° the peaks present for the L/W = 0 configurations
were completely suppressed. The freefield microphone at 8 = 120° showed that the
splitter plate configurations had higher SPLs at frequencies lower than Stry, = 0.1
but still did not manifest distinct peak. This increase in level was seen in all the
microphones located at an angular position larger than § = 90°. From the standard
deviation contours shown in figure 6.4/ the maximum velocity fluctuations, caused
by the shedding wake, for the L/WW = 0 configuration were in the proximity of
the H-beam causing the sound at the shedding frequency to be radiated as would
be expected by a dipole source. In the case of the splitter plate configurations
the wake started to shed downstream of the H-beam and hence the shedding
perturbations around the H-beam were reduced causing the peak associated with

shedding to be suppressed.
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6.3 Broadband Noise

The overall noise reductions achieved by using splitter plates at the rear of a

H-beam are discussed.

Figure 6.9 displays ASPL for the different configurations for two freefield micro-
phones at different angular positions, # = 90° and # = 120°, the baseline config-
uration was the isolated H-beam. At 6 = 90° all three splitter lengths showed
broadband reductions across the entire frequency range, but did not show vari-
ations in the sound pressure levels between Stry, = 0.05 and Stry, = 21 when
compared to each other. Above Stry, = 21 the L/W = 2 configuration was A3 dB
quieter than the L/W = 3, which showed the least reduction above this Strouhal
number when compared to the L/ = 0 configuration. The noise source localisa-
tion maps measured with the microphone array did not pick up any noise sources
at these frequencies and therefore makes it difficult to come to a conclusion as to
why the L/W = 2 configuration had lower noise levels above Stry, = 21. The
results from the freefield microphone located at § = 120° resulted in the three
spitter plate configurations showing an increase of 20 dB for frequencies below
Stry = 0.1. This observation was discussed in the section 6.2. Above Stry, = 0.1
the broadband noise reductions were observed even if the ASpl levels were approx-
imately 5 dB higher between Stry, = 0.5 and Stry, = 3.5 when compared to the
results at # = 90°. This confirmed the hypothesis that the splitter plate configu-
rations radiated more noise towards the rearward arc of the model. It is difficult
to determine, but a possible explanation was that this was due to the scattering
of noise from the trailing edge of the splitter plate due to the unsteadiness being

concentrated in that region.

6.4 Summary

Experiments were conducted to investigate the potential of using a splitter plate
placed at the rear of a bluff body as a means of noise reduction. The bluff body
profile used was a H-beam. This featured sharp edges which was true for compo-
nents on the landing gear, such as the articulation link. Three different splitter
plate lengths were used as the literature review revealed that the splitter plate
length had an influence on the near wake characteristics. Both aerodynamic and
the related acoustics were studied employing two different wind tunnels and an

open-jet anechoic chamber facility.
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The application of the splitter plates had an effect on the wake, deflecting the
shear layers in the lateral direction and impeding the vortex shedding until aft
of the trailing edge of the splitter plates. The splitter plates also modified the
drag and the shedding frequency, both decreasing with an increase in the splitter
length. The largest drop of ACy; = 0.7 was seen between L/W =0 and L/W = 3.

The velocity fluctuations in the y-direction at the trailing edge of the H-beam
were reduced by as much as 77% when the splitter plate was used translating into
noise reductions over the entire frequency range. The freefield microphones did not
reveal spectral peaks associated with vortex shedding; these were suppressed due
to the maximum unsteadiness being displaced away from the solid surface of the
H-beam and hence the sound radiated at these frequencies was greatly reduced.
The reduction obtained with the splitter plate configurations was reduced in the
rearward arc possibly due to the scattering of sound off the trailing edge of the

splitter plates.
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FIGURE 6.8: Freefield microphone spectra measured in the anechoic chamber.
Uso =40 m/s.
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Chapter 7

Conclusions and

Recommendations

The main aim of this study was to investigate noise reduction techniques for bluff
body noise. Three methods were investigated, using a splitter plate on a fairing-
strut configuration, applying flow control to the surface of a fairing and fitting a
splitter plate behind an isolated bluff body. The complex flow around landing gear
necessitated the studies to be more fundamental to enable a better understanding
of the noise generating mechanisms. Conclusions that may be drawn for each
method are presented, followed by recommendations as to how they may be applied

to landing gears.

7.1 Fairing-Strut with Splitter Plate

Wind tunnel tests of fairing-strut configurations were conducted to investigate the
effect the strut diameter and the strut location have on the noise generated by the
configuration. As a means of passive noise control, a splitter plate placed between
the shell and the strut was used. Both aerodynamic and acoustic measurements
were performed employing two different wind tunnels and a open-jet anechoic

chamber.

7.1.1 Effect of strut diameter

e Time-averaged flow

136
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An increase in the strut diameter increases the deflected velocities. The
width of the wake was also affected, the larger struts resulted in wider wakes.
The increase in the width of the wake together with the larger strut having
a lower base pressure affected the mean drag measurements. The drag in-
creased with an increase in the strut diameter with the largest strut having
ACy = 0.24 higher than the smallest strut tested.

e Vortex shedding

The hotwire measurements revealed that the wake was dominated by vor-
tex shedding. The frequency of the shedding varied as a consequence of
the change in the strut diameter. The shedding frequency decreased with
an increase in the strut diameter, decreasing from Strp,, , = 0.26 for the

smallest strut to Strp_, , = 0.22 for the largest strut.

e Acoustics

The acoustic measurements were consistent with the aerodynamic results,
with the vortex shedding manifesting itself as a spectral peak. The absolute
noise level of the spectral peak associated with the vortex shedding was
approximately 10 dB less for the smaller strut when compared to the larger
strut. Although the smaller struts showed lower noise levels at the shedding
frequency the larger struts showed a 4 dB broadband reduction between
Strp,,., = 1.3 and 11.

7.1.2 Effect of strut location

e Vortex shedding

The Dgprus/Dsnen = 0.67 case showed small or no effects for two of the
strut locations for both the aerodynamic and the acoustic results. However
the strut location which was closest to the shell, z./Dgpey = 1/4 showed a
reduction in the shedding frequency of Strp,, , = 0.02 when compared to

the other two locations.

e Acoustics

The freefield measurements revealed for the Dgpyi/Dspenn = 0.67 case that
the noise level for a strut in the location x./Dgpey = 1/4 was 4 dB less
when compared to the struts positioned further away from the shell. The
Dgtrut/ Dshen = 0.93 case showed an opposite effect with a decrease in noise

of approximately 3 dB for the struts located further away from the shell.
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7.1.3 Effect of splitter plate

e Time-averaged flow features

For the Dt/ Dsnen = 0.67Splt case the splitter plate blocked the interac-
tion of the shear layers which separated off the shell. This resulted in an
increase of 10% in the deflected velocity and the widening of the wake. As a
consequence of this the drag increased by 24% when compared to the Nosplt
configuration. The Dgpyi/Dspenr = 0.93Splt case showed a narrowing of the
wake and a reduction in drag of ACy; = 0.5 when compared to the Nosplt

configuration.

e Vortex shedding and acoustics

For Dgyrut/Dsnen = 0.67Splt configuration the low frequency noise was dom-
inated by a vortex shedding peak at the same frequency as for the Nosplt
configuration but was 12 dB less. The Dgyut/Dspeny = 0.93Splt case sup-
pressed the vortex shedding experienced when the splitter plate was not
used. Another peak was observed which was 15 dB lower than the peak
of the uncontrolled configuration. Both the Dgy.i/Dspeny = 0.67Splt and
the 0.935plt showed broadband reductions with the latter being the most

effective at reducing noise.

7.1.4 Fairing with H-beam

The circular strut was replaced by an H-beam. Freefield acoustic measurements
revealed that the isolated H-beam had two spectral peaks at Strp_, , = 0.18 and
1.2. By shielding the H-beam with the shell the peak at Strp_, , = 0.18 shifted
to 0.24, similar to the frequencies seen for the shell shielding the strut. Shielding
the H-beam also resulted in a broadband reduction of 4 dB between Strp,, , = 4
and 26. The addition of the splitter plate reduced the broadband noise further,
more than 10 dB between Strp
Strp =12 and 42.

=1 and 10 and approximately 5 dB between

shell

shell
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7.2 Fairing-Strut with Suction or Blowing

7.2.1 Effect of porous material

Two porous materials were investigated, a perforated plate and a sintered metal
plate. With no flow rates applied the perforated plate increased the noise produced
by the model at high frequencies, above Strp,, , = 10 when compared to the
sintered metal plate. This was thought to be caused by a turbulent boundary
layer passing over the perforated sheet. The perforated sheet also showed noise
levels increased by as much as 20 dB when the blowing and suction system were
used and compared to the sintered metal case. Due to the increased noise levels
seen for the perforated case the sintered metal was used to generate the results for

the effect of suction and blowing.

7.2.2 Effect of suction and blowing

Suction did not have an effect on the shedding frequency, whilst the shedding
frequency decreased with an increase in blowing flow rates. In the case of suction
the separation remained fixed at the trailing edge of the shell. Blowing caused the

flow on the shell to separate earlier and hence decrease the frequency of shedding.

Both suction and blowing showed reductions of as much as 5 dB between Strp_, , =
5.7 and Strp =10 and Strp

at Uy, = 20 m/s. For both suction and blowing the peak reductions were reduced

= 35 for suction and Strp = 40 for blowing

shell shell shell

with an increase in the Reynolds number, reducing the reduction to about 1 dB

which is at the limit of the accuracy of the system.

7.3 H-Beam with Splitter Plate

The application of the splitter plates had an effect on the wake, deflecting the shear
layers in the lateral direction and impeding the formation of vortex shedding until
aft of the trailing edge of the splitter plates. The splitter plates also modified the
drag and the shedding frequency, both decreasing with an increase in the splitter
length. The largest drop of ACy; = 0.7 was seen between L/W =0 and L/W = 3.

The velocity fluctuations in the y-direction at the trailing edge of the H-beam

were reduced by as much as 77% when the splitter plate was used, translating into
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noise reductions over the entire frequency range. The freefield microphones did not
reveal spectral peaks associated with vortex shedding, these were suppressed due
to the maximum unsteadiness being displaced away from the solid surface of the
H-beam and hence the sound radiated at these frequencies was greatly reduced.
The reduction obtained with the splitter plate configurations was reduced in the
rearward arc possibly due to the scattering of sound off the trailing edge of the

splitter plates.

7.4 Recommendations

The recommendations for the application of the technologies investigated in the
study on landing gear are highlighted followed by recommendations for future

work.

7.4.1 Application on landing gears

The section summarises how the findings from the discussed studies could be
applied to the landing gear and its fairing. As the investigations were fundamental
studies care should be taken in applying the findings directly to the landing gear.

Certain flow features are considered to be specific to the model geometry.

e Fairing size and location

The efficiency of the fairing may be increased by using fairings which are
not much larger then the component they are shielding. Small differences in
the noise levels were seen when the ratio of the fairing diameter to the strut
diameter was varied. Weight saving and easier landing gear retractability

are advantages of having smaller fairings.

Fairings have the disadvantage of making routine maintenance and landing
gear inspections difficult. The findings showed that the variation in noise
levels was small when the fairing-strut separation distance was varied. This
could allow the fairings to be placed further away from the shielded com-
ponents and thus improve accessibility. These recommendations are valid

when the component being shielded is cylindrical in cross section.

e Splitter plate.
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Splitter plates were shown to be effective in reducing the broadband noise
both when fitted to the fairing and when used behind a bluff body.

Potentially the splitter plates may be used coupled to small, localised fairings
on the landing gear. Examples of these locations could include the articu-
lation link, drag arm, bogie beam and main strut. This could reduce the
noise generated by these individual components which would have an effect
on the global noise generated by the landing gear. Nonetheless care must be
taken as the interaction of the deflected flow onto downstream components

may cancel out the reductions achieved by using the splitter plate.

Findings have shown that splitter plates located behind bluff bodies of rel-
atively short length have the potential to reduce broadband noise. Short
splitter plates would not have a significant effect on added weight and could
be small enough to make landing gear retraction possible. Splitter plates
placed behind individual components such as the main strut and the bogie

beam would be recommended.

e Flow Control

The flow control reduced the self noise of the fairing which was desirable.
The largest reduction was seen at low Reynolds numbers as the flow rates
required to achieve similar reductions at high Reynolds numbers were large.
Flow control placed towards the trailing edge of the fairings seemed to be
effective although the flow rates required in flight conditions would need to

be high, requiring a lot of energy from the aircraft systems.

7.4.2 Future work

e The splitter plate was only used on a single bluff body. Applying this to bluff
bodies in tandem would be beneficial. The wake of the upstream bluff body
interacts with the downstream body causing an increase in the generation
of noise. Splitter plates placed between the tandem bluff bodies, behind the
downstream bluff body or a combination of both could be possible configu-

rations.

e As the study was restricted to generic models, future work would comprise
performing aerodynamic and acoustic tests of the different technologies on

the landing gear.
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Numerical Models

A.1 Governing Equations

The unsteady, compressible Navier-Stokes equations were used to solve the flow.

For a turbulent flow the instantaneous value of velocity, density etc is equal to

the sum of the ensemble-averaged component and the fl
u; = u; + u,. In addition to the velocity and pressure
sity and temperature fluctuations must also be accounted
is a compressible fluid. The Favre-averaged Navier-Stokes

density flow were used and are given in equations A.1-/A.3.

uctuating component,
fluctuations, the den-
for when the medium

equations for variable

op . Opu;
o om Y (A1)
opu;  Opwu; I D ——
ot Ovj — Ox; Oz (=i + 7). (A.2)
OpE 0 ,,_ - 9 _
o + ot ((PE —|—P) uj) = _a_xj (C]j + puje)
a u; (T, " i vy 1 I gl ol
+ 8_1:3 (@ (74 — Puiug')) + oz, (mui + 2pujuiui) : (A.3)

The unresolved turbulent fluctuations in the velocity and s

pecific internal energy

are given by u; and €’ respectively. The two additional terms compared to the

instantaneous Navier-Stokes equations are puju’

142

and puje’, the Reynolds stress
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tensor and the turbulent heat flux respectively. The heat flux vector is given by

equationA.4:

_ % Mt 6T
R T —_ A4
4 (Pr + Prt) Cpf)xj’ (A4)
where Pr; is the turbulent Prandtl number which defines the ratio of viscous

diffusion to thermal diffusion and p, is the turbulent viscosity.

The Favre-averaged total energy is given in equation |A.5.

_ 1 1—
pE =p <é + 5117@@) + §pu;u; (A.5)
The Favre-averaged specific energy is denoted by €. The Boussinesq assumption

was employed to relate the Reynolds stresses to the mean velocity gradient result-

ing in the following viscous stress tensor.

u; 8ui) 2 Oy,

T = () K(‘)xz - dr;) 30wy %} ’ (A.6)

!/ ool
The terms 7;;u; and puluzu;

‘u; in equation A.3l which correspond to the molecu-

lar diffusion and the turbulent transport of the turbulent kinetic energy were
ignored [87]. The turbulent fluctuation terms in the total energy equation A.5
were ignored. Also the viscous terms involving fluctuating terms were also ignored

in the stress tensor.

A.2 Solver

The solver was a cell-centered, finite volume commercial CFD code, Fluent. The
governing equations were solved using a pressure-velocity correction approach. To
enforce mass conservation and to obtain the pressure field the pressure-velocity
algorithm used was SIMPLE. The pressure, energy and density discretisation
schemes used were second order upwind, while the momentum and modified tur-
bulent viscosity discretisation schemes used central differencing. The time scheme

was an implicit second-order time scheme with dual time stepping.

The computations were performed on a Linux cluster hence allowing the solution

to be computed in parallel on a different nodes. The grid was partitioned into
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equal size subdomains.

A.3 Turbulence Model

A Detached-Eddy simulation (DES) model was employed as a turulence model.
This approach combined RANS modeling with LES for applications in which clas-
sical LES is not affordable (e.g. high-Re external aerodynamics simulations). The
DES model is based on the one-equation Spalart-Allmaras (SA) turbulence model
with a modified length scale.

The SA model is a one equation model which solves the transport equation for the

modified turbulent viscosity, 7. The transport equation is defined by,

DV V) = 0,85+ [V (04 7)) + o, (VF) - (V7))

ot
— Cor fu - (g) , (A.7)

Vg = val- (A8)

The modified turbulent viscosity, v is related to the eddy viscosity, v; by equation
A.8.

The vorticity/strain relationship [88] was used for the production term S. This
was done to take into account the effect of the mean strain on the turbulence

production. The modified production term is given by equation |A.9

S = |Qij| + Cproamin (0, [Si;| — |24;1) , (A.9)

where [€;;] is the magnitude of vorticity, |S;;| is the magnitude of the strain tensor
and Cproq = 2.

From equation [A.7 the wall destruction term is proportional to (9)2. When the
destruction term is equal to the production term the eddy viscosity is proportional
to Sdy, where S is the strain rate. In large-eddy simulations (LES) a sub-grid
model is used to solve the turbulent stresses that are not directly resolved. In

the Smagorinski sub-grid scale model the eddy viscosity is proportional to SA2?,
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where A = max (Az, Ay, Az). By using the distance to the nearest wall in the
SA model (d) instead of A then the SA model can be coupled to the LES model

A

and replace the Smagorinski sub-grid model. The length scale (d) in equation A.7

is replaced by a modified length scale (d).

d = min (d, C’DESA> (A.10)

where Cpgg is a constant.

When the distance to the nearest wall is smaller than C'pgsA the turbulence model

will use the SA model to compute the flow while if greater, the LES model is used.

A.4 Computational grid

A three-dimensional structured grid was used for the CFD solution. The geometry
used was the fairing-strut configuration to investigate the effect of the splitter
plate. The strut used in the computation had a diameter of Dgyy/Dspeny = 0.93
at a streamwise location of z/Dgpey = 1/2. A C-mesh type grid was used with
the domain extending a minimum of 20Dg,.; from the model [89]. The span
of the computational model was 2D,.;. The reduction in spanwise length was
done to improve the quality and number of spanwise cells, crucial in providing
adequate resolution in a DES computation. The value of 2D.; was chosen based
on previous DES computational studies on circular cylinders at similar Reynolds

numbers [90].

The grid consisted of 5.4 x 10° structured cells and 50 blocks. The viscous RANS
region for the attached boundary layer had a first wall cell spacing of y* = 1 and
a stretching ratio of 1.2 [91] with at least the first 15 cells in the boundary layer.
To reduce the number of grid cells patching was used. A fine cubic cell grid was
maintained around the solid walls and in the downstream wake region as these
contain all the turbulence and vorticity generated by the solid body. The outer
region used a coarser grid in all three directions which helped to reduce the grid

count. Figures of the grid are illustrated in figures A.1-A.4.
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FIGURE A.1: On-surface grid around the model
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FIGURE A.2: Overview of a slice through the grid.
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F1GURE A.3: Detail of the patched grid.
A.5 Boundary Conditions

Pressure farfield boundary condition

The pressure farfield boundary condition was a non-reflective boundary based on
the introduction of the Riemann invariants for a one-dimensional flow normal to
the boundary [92]. There are two Riemann invariants that correspond to the

incoming and outgoing waves.

(A.11)

and

2a;
Ri:un- ?

where u,, is the velocity normal to the boundary, a is the local speed of sound and ~

is the specific heat ratio for an ideal gas. The subscript oo refers to the conditions
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F1GURE A.4: Detail of the grid around the model

being applied at infinity and i refers to the condition in the cell adjacent to the
boundary face. Equations 2.13 and 2.14 may be added and subtracted to obtain

the following two relationships:

(Ri+ R) (A.13)

1
Uy = =
2

1
a= 77 (Ri — Ro), (A.14)

where u,, and a are the values applied on the boundary. At a face through which
flow exits, the tangential velocity components and entropy are extrapolated from
the interior whilst at an inflow face, these are specified as having free-stream
values. Using the values for the velocity normal to the boundary, the speed of
sound, the tangential velocity components, and entropy the values of density,

velocity, temperature, and pressure at the boundary face can be calculated.

The spanwise computational extents were modelled using periodic boundary con-

ditions. A pressure drop is allowed to occur across the translationally periodic
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boundaries, enabling the modeling of ”fully-developed” periodic flows [92]. The
wall boundary condition was a non-slip boundary condition while the density was
calculated using the ideal gas law. The positions of the boundary conditions are
sketched in figureA.5

Pressure farfield BC

Periodic BC
Periodic BC

Model (No-slip wall BC)

F1GURE A.5: Sketch of boundary conditions

A.6 Convergence Criteria

A physical time step of 2.5 x 1075 s which corresponds to a sampling frequency
of 40k Hz was used. Based on this the highest frequency resolved was 20k Hz
according to the Nyquist criteria. The timestep corresponded to a non-dimensional
timestep of 6.7, normalised with inflow velocity and the fairing diameter. About
700 timesteps per shedding period were employed, well above the suggested value
of 500 suggested by Rumsey [89] for circular cylinders. The solution was run for
70 time units before time-averaging and acoustic data was acquired. This ensured
that the values of drag and lift were stable and the residuals fell by three-four

orders of magnitude and levelled off.
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A.7 Validation

The validation process of the three-dimensional grid used in the investigation was
conducted by performing a grid convergence study on three two-dimensional grids
of different grid densities. Once results and flow physics of the two-dimensional
grids were demonstrated to be grid independent the grid of a medium grid den-
sity was extruded to construct the three-dimensional grid. The results of the
three-dimensional grid were validated further by comparing the computational

aerodynamic and acoustic results with experimental results.

A.7.1 Two-dimensional grid convergence study

The two-dimensional grids were solved using an Unsteady Reynolds Averaged
Navier Stokes (URANS) code in order to solve the unsteady nature of of the flow

physics around the model geometry being investigated.

The turbulence models considered to solve the turbulent fluctuations in the two-
dimensional calculations were linear viscosity models. These models are based
on the statistics at a single point where the Reynolds Stresses are determined
using the Boussinesq approximation, which is used to compute the Reynolds stress
tensor as a product of an eddy viscosity and the mean strain-rate tensor. The four
turbulent models were the Spalart-Allmares (SA) one equation model, the two
equation model k£ — ¢ and k —w model, and the shear stress transport (SST) two

equation k — w model of Menter.

The Spalart-Allmaras turbulence model is a one equation model which directly
solves a differential equation for eddy viscosity at a point in the flow field. It was
designed to perform well in wall bounded, attached flow but is known to be over
dissipative. The k — & model solves two equations for the turbulent kinetic energy
k and the rate at which turbulent energy is dissipated to smaller eddies €. This is
a very robust model for a large variety of flows, however it performs poorly when
faced with separation, it has a tendency to predict the onset of separation too
late and to under predict the amount of separation, it is often also inadequate for
adverse pressure gradients. The & — w model solves the turbulent kinetic energy
k and w the frequency of the large eddies (specific dissipation rate). The model
performs well close to the walls in boundary layer flows, particularly under strong
adverse pressure gradients. However it is sensitive to the free stream value of w.

The Shear Stress Transport turbulence model is a blend of both the k — & model
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and the £ — w model. This model functions by solving the turbulent-frequency
model near the wall and the model in the bulk of the flow making the model
perform well in non-equilibrium boundary layer regions, however it fares poorly
when predicting the flow recovery following reattachment. Previous research on
bluff bodies at a similar Reynolds number has shown the SST k — w model yields
computational results which conform with experimental results [36]. The SST

k — w model was used as the turbulence model for the two-dimensional grids.

A grid convergence study was carried out to determine whether the grid was
fine enough to capture the flow physics and to ensure that the solution of the
computation was grid independent. The Dt/ Dspen = 0.93Nosplt configuration
was used and three grids, coarse, medium and fine grids were constructed. The
two-dimensional grids were constructed as described in section A.4/ and the grid

spacing details are summarised in Table A.1.

Total No. of Cells | No. of cells around shell | No. of cells around cylinder
Coarse 26,432 113 197
Medium 73,356 226 395
Fine 156,874 452 789

TABLE A.1: Details of two-dimensional grids.

The number of cells on each edge around the strut and the shell were doubled per
refinement step resulting in 26,432, 73,356 and 156,874 for the coarse, medium
and fine grids respectively. A patched grid for the two-dimensional grids was used
to reduce the eventual grid size of the three-dimensional grid with more and finer

grid cells around the solid walls and the near wake.

Previous studies on cylinder flow suggest that to ensure adequate temporal reso-
lution 300 time steps per shedding cycle are necessary [36]. Based on the shedding
frequency from the experimental observations a time step size of At = 5 x 1075
was used. The sub iterations per time step were fixed at 20 as it was sufficient for

the residuals to drop by three orders of magnitude per time step.

[terative convergence is assessed using the non dimensional time

tU
tp = —=. A.15
7 Dopen ( )

The physical meaning of equation |A.15 is the number of characteristic lengths i.e.

shell diameter, that travel through the computational domain. In order to achieve
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iterative convergence (dynamic steady state) the computation was run to allow the
characteristic length to travel once through plus an additional 20 non dimensional

time steps resulting in tp = 60.
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Ficure A.6: Grid convergence; Time-averaged pressure distribution around
the strut for the two-dimensional grids.

Time averaged pressure distributions were monitored around the strut shown in
figure [A.6. The grid refinement from the coarse grid yielded a variation of ap-
proximately 7% in the base pressure of the strut when compared to the medium
grid. The variation between the medium and fine grids was approximately 1.5%.
The flow physics was consistent for all three grids indicating that the CFD so-
lution was not grid dependent. The variations in the qualitative solutions of the
grid would have warranted a finer grid to achieve a better two-dimensional CFD
solution, however this exercise was carried out as a grid stability study for the
three-dimensional grid and hence a finer grid would have resulted in being com-

putationally expensive.

A.7.2 Three-dimensional grid validation

The next section deals with comparisons between the experimental and the three-

dimensional DES results in order to validate the numerical simulations.

The pressure distributions around the strut for the Splt and Nosplt configurations
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are shown in figures /A.7 and |A.8. For the Splt configuration the impingement and
separation locations agreed well between the experimental and numerical results
however AC), ~ 0.72 was observed at the separation point at # = 100°. A possible
explanation for this is the dissipative nature of the computational model as well
as that the strut, around which the pressure distribution was compared, is in the
separated wake of the shell. The experimental results of Nosplt configuration did
not compare as well with the numerical results. The reattachment and separation
locations were under predicted by Af =~ 5°. Although the numerical solution
over-predicted the value of C}, for both configurations the numerical simulation

was deemed to have adequately captured the physical flow.
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Ficure A.7: Comparison of experimental and computational distribution
around the strut. Nosplt configuration.

The coefficient of drag, Cp was compared and for the Nosplt configuration yielded
a ACp = 0.01 whilst the Splt configuration yielded a larger discrepancy of ACp =
0.029. The comparison between the pressure distributions showed that there was
a larger difference in the base pressure of the strut for the Splt configuration which

was thought to have led to the larger difference in the coefficient of drag.

Figure A.9 shows the acoustic spectra obtained from the numerical simulations
for both the Nosplt and Splt configurations. The results were dominated by the
shedding wake which is what was demonstrated in the experimental tests. The

frequencies at which the shedding peak occurred agreed well with the experimental
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FicUure A.8: Comparison of experimental and computational distribution
around the strut. Splt configuration.
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F1GURE A.9: Farfield acoustic computational results. § = 90° and r = 100m.
Uso = 40m/s.
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results.

Figure |A.10 shows the standard deviation of the velocity in the y-direction com-
puted from the numerical simulation. The figure may be compared to figures 4.18b
and 4.24b for the Nosplt and the Splt configurations respectively. As was observed
experimentally the maxima were just aft of the strut in the Nosplt configuration
but were displaced further downstream from the strut when the splitter plate was

used.
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Appendix B Technical Drawings of Fairing-Strut Model
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