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Physics-Based Aeroacoustic Modelling of Bluff-Bodies

by Edward Peers

In this work physics-based modelling of bluff-body noise was performed with application
to landing gear noise prediction. The landing gear is a primary contributor to airframe
noise during approach. Noise is primarily generated from the unsteady pressures result-
ing from the turbulent flow around various components. The research was initiated in
response to the need for an improved understanding of landing gear component noise
characteristics and to assist in the development of landing gear noise prediction tools. A
computational approach was adopted so that the noise generating physics of the prob-
lem could be captured. Governing laws were solved numerically to predict the noise
source characteristics and the resulting acoustic far-field. Three-dimensional compress-
ible Navier-Stokes simulations were performed to solve the unsteady turbulent near-field
flow and the acoustic analogy was used to predict the resulting far-field acoustic pres-
sure. The flow solver included a high-order computational aeroacoustics code adopting
large-eddy simulation, whilst a Ffowcs Williams and Hawkings solver was used for the
acoustic prediction. Circular cylinders in various configurations were selected to rep-
resent basic landing gear struts and results were used to form a modelling database.
Initially, cylinders at various Reynolds numbers were investigated in cross-flow to de-
termine the noise characteristics of a simple model strut. The work was extended to
investigate the effect of strut alignment to the flow by simulating cylinders in yaw. The
effect of yaw was shown to modify the peak level and frequency of far-field noise spectra.
Component interaction effects were then investigated by simulating cylinders in tandem
arrangements. The resulting aerodynamic and far-field noise characteristics were shown
to be complex and extremely sensitive to the separation distance between the cylin-
ders. Finally, a prediction model was developed and validated by comparing predictions
against theory and measurements of the noise radiated by a simple two-wheel landing
gear model. The results demonstrated the capability of the model to accurately predict
correct spectral and directivity characteristics.
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Chapter 1

Introduction

1.1 Outline

In this introductory chapter the research background and motivation are outlined and
the PhD objectives are stated. Finally an outline of the thesis structure is given.

1.2 Background and Motivation

The study of the noise radiated by civil aircraft landing gear has received a great deal of
attention in recent years from researchers and engineers in the civil aerospace industry.
This has been fuelled by plans to introduce more stringent legislation to monitor the
noise levels produced by civil aircraft upon take-off and landing [1].

Although during the take-off phase the majority of noise produced by an aircraft is
radiated by its engines, in the approach and landing phases airframe noise can dominate
the total noise [5]. The landing gear has been identified as a major contributor to
the overall airframe noise due to the highly separated and unsteady turbulent flow it
induces [9, 30]. Therefore the attenuation of landing gear noise is extremely valuable in
terms of reducing the overall aircraft landing noise.

In recent years the study of landing gear noise has become gradually more intense. Both
full-scale and model landing gears have been tested in wind tunnel and fly-over environ-
ments [9, 14, 39, 59, 76]. This has led to the identification and ranking of landing gear
noise sources. Although the basic noise mechanisms are understood well by classical the-
ory [11,49], work is required to investigate the impact of various geometrical parameters
on the far-field noise characteristics. The basic noise is a result of the fluctuating forces
and turbulent wakes produced by the unsteady flow around the various components.
These components vary in size and shape from wheels to pipes leading to noise spanning

1
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at least three decades in frequency. Therefore the landing gear generates noise that has
broadband spectral characteristics [9, 14, 59, 76]. Due to the close proximity between
components, the resulting flow field interaction can be extremely complex leading to
complex noise mechanisms [14,39,48,68].

Large civil aircraft may have several multiple-wheel landing gear bogies which are in-
herently noisy due to a design that is driven by structural considerations. In order that
the next generation of low-noise gear can be developed, low-noise must become a de-
sign driver. Currently, the assessment of the noise characteristics of landing gear designs
and low-noise treatments can only be achieved satisfactorily through experiments, which
tend to be both expensive and time-consuming [9, 15, 16]. The development of reliable
noise prediction tools is crucial to aid the design process of low-noise landing gears.
With such tools design iterations of new landing gear and noise reduction treatments
could be performed with noise control as a major driver.

A successful prediction tool must achieve high accuracy and must be convenient; however
the complexity of the landing gear geometry hampers the ability to predict the noise.
Therefore semi-empirical prediction methods have been adopted to date [25, 32, 71] to
help simplify the problem. Semi-empirical prediction schemes avoid a detailed break-
down of both the landing gear geometry and the description of the noise characteristics.
Therefore, their use as design tools is limited since the effect of many geometrical param-
eters cannot be predicted. Alternatively, in a physics-based approach governing laws are
solved and each noise source is modelled explicitly with an increased amount of detail
in the prediction. Such an approach could be extremely useful to aid the design process
of new landing gear and is an extension of component noise modelling investigations.

1.3 Research Objectives

The primary objective of this Ph.D project was to develop a physics-based aeroacoustic
model for the prediction of landing gear noise. The process involved investigating the
noise generating mechanisms of basic landing gear components in various configurations.
It was intended that the model could be used as an engineering tool to assess the noise
produced by a landing gear or to assess the effectiveness of noise reduction treatments.

Due to the complex nature of the problem, the aim of this research was to provide a
solid framework for a new model and demonstrate its capability to predict the noise
radiated by a simple landing gear. A validation case was selected for this purpose [39],
which consisted of noise measurements of a scale model two-wheel nose landing gear.
Although lacking features of modern operational landing gear, the model consisted of
simple struts in various configurations and was therefore deemed suitable to validate the
current work.
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1.4 Thesis Outline

The thesis is organised as follows: first an extensive literature review is provided in
Chapter 2. This includes a review of relevant research up to the present time. The
literature review is followed by a description of the new prediction approach in Chapter
3, and the computational methodology in Chapter 4. Next the component modelling
results are presented in Chapters 5, 6 and 7. Chapter 8 then focuses on a high-order
computation of tandem cylinder interaction. This is followed by validation of the new
prediction model in Chapter 9. Finally, conclusions are drawn and suggested future
work is outlined in Chapter 10.



Chapter 2

Literature Review

2.1 Overview

In this chapter a comprehensive review of literature relevant to the current research is
presented. This incorporates a large range of subjects including bluff-body and landing
gear aeroacoustic research. Various landing gear noise prediction methods are critically
reviewed along with numerical methods and studies pertinent to the current research.

2.2 Introduction

Early airframe noise experiments were performed in the early 1970’s [4,5,29,39] and these
indicated that landing gear noise can be a significant contributor to the overall airframe
noise. Landing gear noise research dates back to the early scale model experiments of
Heller and Dobrzynski in 1977 [39]. Little research was performed during the 1980’s
until the 1990’s, when airframe noise research was rejuvenated. Such research included
full-scale testing of landing gears [14] which resulted in more reliable results compared
to those obtained for low-fidelity scale models. In the early 21st century, computation
began to play a large role in the prediction of aerodynamic noise. In this chapter, landing
gear noise research along with other relevant research is summarised.

This chapter is organised as follows: First bluff-body noise studies are reviewed in
Section 2.3 followed by experimental landing gear noise research in Section 2.4. Various
landing gear noise prediction models are reviewed in Section 2.5.2. The second half of
the chapter focuses on numerical studies starting with issues and methods in Section
2.6, followed by bluff-body and landing gear computational aeroacoustics in Sections 2.7
and 2.8.

4
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Figure 2.1: Shadowgraph visualisation of the turbulent wake and vortex structure of
the flow around a circular cylinder, Van Dyke [19].

2.3 Bluff-Body Flows

A typical landing gear can be described as a collection of non-streamlined (bluff) bodies
of different shape, size, and alignment. Therefore an understanding of bluff-body noise
is extremely valuable to a fundamental investigation of landing gear noise sources. The
flows around all bluff-bodies have similarities. Such flows are characterised by large
regions of flow separation leading to high drag and significant flow unsteadiness. This
unsteadiness is manifested as fluctuating pressure on the surface of the body and in the
resulting wake. This unsteadiness is visualised in the shadowgraph obtained by Van
Dyke [19] shown in Figure 2.1. Often the fluctuations may be periodic, leading to an
Aeolian tone at the vortex shedding frequency [82].

Schewe [64] reviewed experiments carried out over a wide range of Reynolds numbers for
various bluff-body sections. In all cases the force coefficients and Strouhal numbers were
significantly affected by Reynolds number. Schewe also concluded that flows around 2-D
bodies are highly three-dimensional beyond very low Reynolds numbers.

The nature of the separated flow region is largely dictated by the location of transition
and boundary layer separation on the body surface. These factors are extremely sensitive
to the body shape and size, orientation, Reynolds number, the viscosity of the fluid, and
the freestream turbulence intensity. This makes bluff body aeroacoustics a particularly
challenging subject.

2.3.1 Circular Cylinder Noise

Many landing gear struts and components such as the main leg, wheels, axles and
piping, are circular in cross-section. The flow around a circular cylinder has been the
topic of extensive research for a number of years. However, it remains perhaps the most
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Figure 2.2: Relationship between Reynolds number and the Strouhal number of the
circular cylinder vortex shedding frequency, Blevins [3].

challenging of bluff body cross sections to study due to the sensitivity of the flow field
to relatively small changes to the incoming flow characteristics.

Amongst the most comprehensive collection of circular cylinder data is that published by
Zdravkovich [82] who provided a summary of research. Zdravkovich defined a number
of flow regimes delimited by the Reynolds number defined according to the location
of transition. The transition from laminar to turbulent flow has four distinct phases,
namely subcritical, critical, supercritical, and postcritical. In subcritical regimes, the
boundary layer remains laminar resulting in laminar separation (LS). The regime is
characterised by regular vortex shedding at a Strouhal number of around 0.2 for Reynolds
numbers between 200 and 105. The Strouhal number is defined as:

St =
fD

U∞
, (2.1)

where f is the shedding frequency, D is the cylinder diameter and U∞ is the freestream
velocity [82]. At Reynolds numbers beyond 105 up to 4 million, the boundary layer
becomes turbulent before the separation point, leading to turbulent separation (TS)
regimes, i.e. the critical, supercritical, and postcritcal regimes. These are challenging
regimes to investigate both experimentally and numerically due to the sensitivity of
the transition location. The boundary layer turbulence delays separation from about
θsep = 90 deg up to θsep = 115 deg measured clockwise from the front stagnation point,
and this marks the onset of the drag crisis. The drag crisis reflects the disparity between
the LS and TS regimes where delayed separation leads to a narrowing of the wake and
either a significant rise in the Strouhal number or a loss of periodic vortex shedding
altogether [82]. Additionally, the magnitude of the oscillating lift and drag forces on
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the cylinder are significantly reduced. In terms of sound generation, the tone generated
by periodic shedding may be lost and replaced by a broadened spectrum with a weaker
spectral peak. Due to the sensitivity of the transition mechanism to variations in the
freestream turbulence level or surface roughness, experiments performed at this range
of Reynolds number show wide variability [65]. Figure 2.2 illustrates the relationship
between Re and St and the variability that arises beyond Re = 105 [3].

The postcritical regime, which occurs above a Reynolds number of roughly 4 million,
is characterised by fully turbulent boundary layers. Periodic vortex shedding is re-
established at higher Strouhal numbers between St = 0.26 and St = 0.3 accompanied
by an increase in the RMS force coefficients [82]. In this regime, the strong relationship
between Re and St, amoung other parameters, is re-established.

The Reynolds number range at which each change in flow regime occurs is extremely
sensitive to disturbances such as freestream turbulence, surface roughness, oscillation,
and free ends [82]. The Re ranges specified by Zdravkovich are based upon ideal flow
conditions. Therefore, if the flow is disturbed in some way, then characteristics of higher
Reynolds number regimes may be experienced at a much lower Re. If the boundary
is “tripped”, for example, then higher Re regimes may be simulated at a much lower
Reynolds number. A number of these disturbances and geometrical features apply to
landing gear components, forcing boundary layer turbulence. Therefore the supercrit-
ical and postcritical regimes are of more interest to the understanding of landing gear
component flows.

It is well-known that the basic characteristic of cylinder noise is an Aeolian tone corre-
sponding to the Strouhal number of the shedding frequency and a dipole directivity field.
Stowell and Deming [77] were the first to measure the directivity of the noise radiated by
circular rods and demonstrated that the sound field has a dipole character with peaks
normal to the freestream flow direction and cylinder axis. Curle [11] found that when-
ever there is a fluctuating force between a fluid and a solid boundary, a dipole radiation
field may result. Curle’s dimensional analysis also showed that theoretically the sound
intensity scales with the sixth-power of the velocity. This was confirmed experimentally
by Schlinker et al. [65] in their experiments of vortex noise from cylinders in subcriti-
cal regimes. Schlinker et al. also took measurements at higher Reynolds numbers and
found that when the shedding mechanism broke down in the critical regime the resulting
spectrum became more broadband. The characteristics of the Aeolian tone produced
by a circular cylinder in a high Reynolds number flow were investigated experimentally
by Fujita and Suzuki [28] at Re = 2.5 × 105 − 2 × 106. They found that the Strouhal
number of the Aeolian tone jumped from 0.2 to 0.45 between Re = 3× 105 − 7.5× 105,
then returned to 0.2 at higher Re. The peak sound pressure level (SPL) appeared to
reduce beyond Re = 3× 105 up to Re = 4× 105 before it once again increased with the
mean velocity.
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Figure 2.3: Definition of yawed cylinder geometry and nomenclature, Ramberg [58].

Florence and Brooks [42] performed acoustic measurements on single rods to study the
effect of Reynolds number, surface roughness, and freestream turbulence on the radiated
noise. The Reynolds number of the experiments ranged between Re = 3.8 × 103 and
Re = 105. Directivity measurements for the high freestream turbulence level, 6.5% ≤
Ti ≤ 8.5%, cases were found to be in good agreement with the dipole assumption. High
freestream turbulence was shown to broaden the spectral shape and reduce the peak
SPL.

The nature of the wake and shedding clearly has a strong impact on the acoustic far-
field and the correct prediction of the near-field flow is crucial to capture the correct
far-field acoustic characteristics. It is possible that circular cylinders could be used to
model landing gear struts, but care must be taken to ensure the correct conditions are
modelled to represent realistic flow fields.

2.3.2 Cylinders in Yaw

The yaw angle, Λ, is defined as the angle between the cylinder axis and the normal
to the freestream velocity as sketched in Figure 2.3. In this respect most landing gear
struts are yawed to the incoming flow as their orientation is driven by structural and
mechanical considerations. The yaw angle has the following relationship with the angle
of incidence, α [83]:

Λ + α = 90 deg. (2.2)
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When a circular cylinder is yawed, its cross-section becomes elliptical in the x = 0 plane
and the freestream velocity has two components: one normal, Vn, and one parallel to
the cylinder axis, Vt. Figure 2.3 defines the yawed cylinder geometry and associated
nomenclature. As well as a reduced normal velocity, the effectively less bluff cross-
section in the direction of the freestream vector impacts the nature of the resulting wake
and vortex shedding [83].

Experiments have shown that yawed cylinder flows are heavily influenced by the cylinder
ends and by the cylinder aspect ratio [83]. These parameters disrupt the spanwise flow
near the extrema of the cylinder span, and experiments have also shown that the vortex
structures in the near wake of a cylinder in yaw initially align parallel to the cylinder axis
when observed far from the cylinder ends. Measurements have suggested that the forces
acting on the cylinder surface and the vortex shedding frequency are approximately the
same as for a cylinder in cross-flow if only the normal component of the freestream
velocity is used. This became known as the “Independence Principle” [83]. However,
early attempts to model the effect of yaw by replacing the freestream velocity by the
normal velocity Vn were only partially successful as the theory tended to break down for
large yaw angles and near the cylinder ends [83].

There is very limited published work on the aerodynamic noise generated by yawed
cylinders. Choi and Hong [8] performed an experimental study of yawed cylinders and
found that, as the yaw angle increased and Vn decreased, the unsteady lift fluctuation
along the cylinder span reduced, leading to a lower sound pressure level. Haramoto et
al. [33] performed experiments at Reynolds numbers of 1 × 104 and 2 × 104 with the
aim of investigating the effect of yaw angles ranging from Λ = 0 to Λ = 50 deg on
the far-field noise. They found that the peak SPL reduced with increasing yaw. The
shedding frequency also reduced with increasing yaw angle at the rate predicted using
the Independence Principle. There is however a lack of research that has focused on the
effect of yaw angle on the radiated noise at higher Reynolds numbers. Therefore further
investigation is required to determine if the same trends apply to turbulent separation
cases that could be used to model landing gear struts.

2.3.3 Cylinders in Tandem

Interaction mechanisms are a major complication to the understanding of landing gear
component noise. The close proximity between components results in interacting flow
fields and also acoustic shielding and scattering effects. For instance, wheel gap noise has
been identified as an important noise source [47], and interaction mechanisms between
struts have also been frequently identified [14,39,47]. The tandem cylinder arrangement
is representative of several component interactions on a real landing gear and is perhaps
the most fundamental geometry that can be used to model and understand the physical
mechanisms involved in component interaction noise.
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S/D Regime Notes
1.0− 1.3 Non-reattachment of free shear layers separated from up-

stream cylinder on downstream cylinder. Vortex street be-
hind downstream cylinder is formed by the free shear layers
from upstream cylinder.

1.1− 3.3 Free shear layers from upstream cylinder may reattach alter-
natively, permanently or intermittently onto the downstream
cylinder. No shedding in gap region.

3.0− 4.0 Intermittent shedding behind upstream cylinder.

3.8− 6.0 Pairing of eddies from the upstream and downstream cylin-
ders. Synchronisation of the two vortex streets in phase and
frequency.

> 5.0 Uncoupled vortex shedding behind both cylinders.

Table 2.1: Summary of tandem cylinder regimes.

Zdravkovich’s review on cylinders also included cylinders arranged in tandem. He di-
vided the tandem cylinder configuration into approximate regimes categorised by the
separation distance S/D [83], where S is the separation between cylinder centres, and
D is the cylinder diameter. The regimes are summarised in Table 2.1. Each regime
specifies the nature of the wake behind each cylinder and the way in which they inter-
act. At the smallest separation distances, the free shear layers which separate from the
upstream cylinder do not reattach onto the downstream cylinder, but rather enclose it.
As S/D is increased, the flow becomes unpredictable as the wake-body-wake interactions
intensify and the cylinders tend to have different shedding frequencies. At very large
separation distances, the flow around the upstream cylinder closely resembles that of a
single cylinder. There is an overlap in the specified S/D ranges due to Reynolds number
effects, indicating that the location of transition also plays an equally important role in
tandem cylinder flows.

Lin et al. [50] performed experiments using PIV techniques in an attempt to characterise
the flow features of two cylinders in tandem by controlling the separation distance. The
value of Re based on the cylinder diameter was 1×105. They found that in the gap region
between the cylinders, small-scale concentrations of vorticity formed in the separated
shear layers which buffeted the surface of the downstream cylinder. This influenced
the eventual shedding of large-scale vortices. The flow structure aft of the downstream
cylinder was seen to be substantially altered relative to the single cylinder case. A critical
separation distance was observed where no vortices were formed in the gap region, and
this distance was shown to be a function of the Reynolds number.

Experiments were performed by Jenkins et al. [43] to characterise the unsteady flow
structures around tandem cylinders with a separation of S/D = 1.435 and S/D = 3.7 at
Re = 1.66× 105. The boundary layer on the upstream cylinder was tripped to simulate
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a higher Reynolds number flow regime. It was observed in the S/D = 1.435 case the
cylinders together behaved much like a single bluff body, since no vortices were shed from
the upstream cylinder and the shear layer enclosed the gap region. In the S/D = 3.7
configuration, vortices were shed from the upstream cylinder in the gap region. These
vortices were shown to interact with the front surface of the downstream cylinder, leading
to higher pressure fluctuations on its surface. The span-wise correlation lengths in the
wake region of the tandem configurations were measured to be less than that of a single
cylinder at the same Reynolds number.

The noise generated by tandem cylinders was also investigated experimentally by Hutch-
eson and Brooks [42]. Several configurations were investigated such as in line cylinders
with equal and non-equal diameters at a range of separation distances. For equal diam-
eter cylinders, shifts in the Strouhal number and peak SPL were observed relative to a
single cylinder at separation distances between S/D = 1 and S/D = 4.5. At S/D = 1,
the spectra displayed a large tone at a frequency much higher than that of a single
cylinder, and at S/D = 2 and S/D = 3 the tone was lower in frequency than that of a
single cylinder. Finally, for S/D = 4.5 a large tone was produced at a frequency similar
to that of a single cylinder. Another important result was that the variation of St with
Re was approximately constant, indicating that Reynolds effects were negligible for this
configuration.

2.4 Experimental Landing Gear Noise Studies

2.4.1 Airframe Noise Studies

Blumenthal et al. [5] of Boeing reviewed aircraft environmental problems in the early
1970’s, of which the main focus was engine noise. However, due to the introduction of
quieter engines they noted “a new consideration or problem appears to be emerging for
future aircraft designers”. This was airframe noise. The Boeing Company conducted
early tests of airframe noise on Boeing 727 and 747 aircraft and it was demonstrated
that the aircraft noise levels asymptotically approached a limit as engine noise was
reduced. The asymptote itself represented non-engine noise, or airframe noise. It was
demonstrated that the flaps and landing gear could contribute as much as 10-12 dB to
the effective perceived noise level (EPNL) of the aircraft on approach.

Gibson investigated non-engine aerodynamic noise of a large aircraft [29]. It was found
that both the landing gear and the flaps generated significant low-frequency noise. The
effect of the landing gear and wheel wells were shown to be significant and responsible
for the largest noise increase between the “clean” and “dirty” configurations. The total
effect of the dirty configuration was an increase of roughly 4 dB to the overall sound
pressure level (OASPL) at an altitude of 27.7m and a velocity of 102.5m/s. Grosche
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et al. [30] conducted wind tunnel tests of a 1/10th scale Airbus A340 to identify noise
sources using a highly directional microphone array. Again the landing gear along with
the slats and flaps in their extended position were identified as the major noise sources.

Chow et al. [9] presented a summary of the comprehensive airframe noise work conducted
for the RAIN project. Landing gear and high lift devices were identified as the dominant
airframe noise sources. Their studies showed that landing gear noise dominated high-lift
device noise for larger, wide-body aircraft, whereas for medium size aircraft the noise
from the high lift devices dominated. Noise interaction effects between the flaps and the
landing gear were also identified.

The identification of landing gear noise as an important noise source led to research
efforts to investigate landing gear component noise in more detail.

2.4.2 Landing Gear Component Noise Studies

Heller and Dobryznski [39] performed early landing gear experiments in the 1970’s to
determine the noise radiation from landing-gear/wheel-well configurations of large com-
mercial aircraft. The wheels and doors were found to contribute very little to the overall
noise, with the dominant sources being the smaller features such as the struts and braces.
In the case of the four-wheel gear, the interaction between the wake produced by the
forward set of wheels and the rearward set of wheels was also identified as a dominant
noise source. The characteristic discrete tones produced by the empty wheel-well were
found to be severely damped out when the landing gear was installed. Such interaction
between components was shown to be significant, suggesting that noise sources do not
act independently. The data was used to acceptably predict the noise spectrum of full
scale landing gear from two aircraft, but for a third aircraft the spectrum was severely
over-predicted. The experimenters comment that this was due to the lack of fine detail
in the scale models that probably constituted rather important sound sources in the
medium to high frequency range.

Such scaling of models was identified as a fundamental problem in other studies. Tests
conducted on a 4.7% scale DC-10 model by Hayes et al. [37] showed that as a result
of the severe scaling and lack of model detail the landing gear was found to make
little contribution to the overall broadband spectrum, contradicting full-scale test data.
Stoker [76] compared the aeroacoustic measurements of a Boeing 777 in flight against
results from previous scale model tests. Analysis of phased array data revealed that the
apparent major noise sources were dependent on the scale of the model. There is clearly
some doubt toward the dependability of scale model tests.

Ravetta et al. [59] tested a high fidelity model of a 26% scale Boeing 777 main landing
gear. A phased array was used to identify and rank the noise sources. It was found
that the back brace, rear truck, rear rock-guard sub-assemblies, torque link, front cable
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harness, and wheel hubs were the main contributors to the low frequency noise. At
medium frequencies, the major noise sources were found to be the strut-wind tunnel
interface, the brakes and axles, and the hydraulic cylinder. While at high frequencies,
the strongest sources were the brakes and axles, the rear lock link, and the main strut
cables sub-assembly. The high level of detail in the model enabled a far more thorough
analysis of the noise sources compared to the early scale model tests.

The first tests on a full-scale landing gear were performed by Dobryznski et al. [14] in
the German-Dutch Wind Tunnel. Various configurations were tested to identify the
noise contribution of various components to the overall spectrum. An operational, fully
dressed gear was progressively covered with fairings to achieve low noise configurations.
It was noted that the local flow velocities at the position of the landing gear may be less
than the flight speed. Previous studies had revealed that for the not dissimilar A319
aircraft at a typical angle of attack of α = 5 deg the local Mach number was only 78%
of the flight speed. Subsequently, it was emphasised that for the purpose of comparing
with flyover data, or developing a noise prediction scheme, the true relation between
flight speed and local airspeed should be understood.

The aerodynamic noise signature of the landing gear was found to be broadband in
nature with constant levels up to several kHz, and not predominantly low frequency
as earlier studies lead to believe [29]. The sound energy was shown to increase with
the sixth-power of the flow velocity, except for the noise radiated into the forward arc,
which was more related to the seventh-power of the flow velocity. It was shown that
the polar radiation directivity was almost omni-directional at low Strouhal numbers,
but had weak maxima in the forward and rearward arc at higher Strouhal numbers. It
was thought that noise was also produced by the interaction of turbulent wake flows
with the downstream gear components. This was supported by the increased omni-
directivity at intermediate Strouhal numbers of the low noise configuration compared to
the operational configuration.

The sound distribution of a four-wheel bogie with brakes exposed showed that noise
from tyre-wake-tyre interaction effects, although present, were much lower than the
noise radiating from other local noise sources. However, the tyre-wake-tyre interaction
effects were shown to be enhanced when the brake fairings were applied, which is likely
to be a result of the increased local flow velocity due to the volume displacement of the
fairing.

The EPNL of the landing gear was calculated so that operational and low noise config-
urations could be compared. The results showed that, for a twin-wheel gear potential
noise reduction was in the region of 8 EPNL dB, and 3 EPNL dB for the four-wheel
bogie. This difference was partly attributed to be due to the tyre-wake-tyre interaction
effects of four-wheeled bogies, which if eliminated could lead to a further 3 EPNL dB
reduction.
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More recently, Airbus performed tests on a full scale A340 nose and main gear, includ-
ing a 6-wheel mock-up configuration [15]. Some basic noise reduction concepts were
tested and their effectiveness identified. The tests revealed that the flow excited cavity
resonances in tube-type pins in various joints linking the gear components, particularly
in the cavity of the pin linking the brakes and the brake rods. The tones were more
pronounced at low flow velocities and were nearly undetectable at 78 m/s and highly
dependent on the inflow velocity, turbulence level and direction of the inflow. The di-
rectivity of all gears was practically omni-directional for the range of Strouhal numbers
with only very weak maxima in the forward and rearward arcs, consistently with the
previous tests [14].

To accompany the full scale A340 and A320 landing gear wind tunnel tests, full flight
tests of an A340 were completed [9,16]. It was found that, for this aircraft, the landing
gear noise dominated the noise produced by the high-lift devices and that the landing
gear noise radiated predominantly in the forward and rearward arcs. The broadband
noise signature of the landing gear was shown to increase with the sixth-power of velocity,
indicating a predominant dipole-type source.

Lazos [47] conducted particle image velocimetry (PIV) experiments on a four-wheeled
Boeing 757 model to examine the mean flow features with emphasis in the gap between
the forward and aft wheels. The PIV results highlighted a vortex that persisted in the
gap which was thought to cause noise by scrubbing turbulent eddies against the wheel
surface. Another type of landing gear interaction noise was investigated by Dobrzynski
et al. [17] who studied the effect of the arrangement between the main landing gear and
the centre landing gear of larger wide-body aircraft, such as the Airbus A340. In contrast
to what was expected, the interaction between the turbulent wake from the upstream
centre landing gear and the main landing gear did not cause excessive interaction noise,
independent of the gear arrangement. This was likely due to the large and off-centre
separation of the gear which is likely to have minimised any wake-gear interaction.

This section has reviewed important landing gear experimental research, and local land-
ing gear noise sources have been identified that would need to be considered in a pre-
diction approach. There have been several attempts to predict landing gear noise using
semi-empirical and statistical-based approaches. These are reviewed in the next section.

2.5 Landing Gear Noise Prediction

2.5.1 Airframe Noise Prediction

Possible methods for the prediction of airframe noise were considered in the early 1970’s
[35,60]. Hardin et al. [35] discussed two possible approaches for the prediction of airframe
noise. The first was to consider the aircraft as a whole, employing empirical relations
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derived from experimental data for prediction. The second method was to consider the
components of the aircraft separately to obtain an understanding of their individual
noise generation characteristics, then to sum their contributions. These methods were
also discussed by Revell [60].

Fink published work outlining a noise component method for airframe noise [25, 26].
Fink used scaling laws to predict the component noise of the clean wing, horizontal
tail, vertical tail, landing gear, leading edge slats and flaps, and trailing edge flaps.
Fink’s assumption was that these components do not interact, but that the sum of the
individual components defined the total airframe noise. For the landing gear component,
Fink’s model consisted of simply fitting empirical equations to the previous two-wheel
and four-wheel data of Heller and Dobrzynski [39]. Fink’s model was frequently used to
compare predictions with flight test data and consistently led to poor noise predictions,
particularly in directivity [31, 66]. Fink’s model was later modified by ESDU [41] who
made changes to the directivity and spectral functions based on more recent data.

Fink also studied noise interaction effects between the major components for a landing
configured aircraft [27]. The study revealed that such effects were small and within the
accuracy of the noise prediction of the separate components. However, some interactions
significantly redistributed the local noise source strengths by changing the flow velocities
and turbulence levels. It was shown that in some cases interaction effects were favourable,
leading to a reduction in the noise source strength.

Hardin [34] outlined methods for the prediction of airframe noise and argued that, for
an aircraft in its approach regime, one must consider the components as a system and
not in isolation. Block also showed that there are significant interaction effects between
the landing gear and the trailing edge flaps [4]. Hardin suggested that the development
of airframe noise prediction schemes should be approached by considering a landing
configured aircraft in its entirety. In the case of the landing gear noise prediction, for
example, the local flow velocities, and not the freestream velocity should be considered.
The local velocities will differ from the freestream velocity due to the installation effect
of the wing and flow deflection from the fuselage.

It is clear that interaction effects between the various airframe components are impor-
tant. Such effects will determine the oncoming flow parameters to the landing gear,
such as the velocity profile and the turbulence level. For the landing gear, interactions
between the individual components can be extremely influential on the radiated noise
and these must be considered in a successful prediction scheme.

2.5.2 Landing Gear Component Noise Prediction

The comprehensive array of landing gear noise test data obtained for Airbus aircraft [14]
was used by Smith and Chow [71] to develop a landing gear noise prediction model. It
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was thought that landing gear noise mechanisms were too complex to be handled by the
then state of computational power, so that the most practical way to predict landing
gear noise was to develop a semi-empirical prediction scheme.

The basis of the model was to use a number of empirical constants to fit standard source
characteristics to particular components. Using the numerous landing gear configura-
tions studied by Heller and Dobrzynski [39], it was possible to identify the contributions
of four fundamental sources corresponding to the fairings and struts, wheels, dressings,
and the tyre-wake interaction. Scaling laws were adopted to normalise the noise data so
that it could be used for noise source modelling.

The scaling laws for each component group were based upon the basic scaling law for the
acoustic intensity of acoustically compact sources derived by Curle [11]. This scaling law
was used as a basis to derive expressions for the mean square far-field pressure consisting
of a non-dimensional and empirical spectrum function, and a directivity function. The
characteristic shape of each spectrum produced by the component groups was a simple
“haystack”, with a peak centred at the expected vortex shedding frequency of the com-
ponent. The breadth of the haystack was one of the parameters fitted in the model.
However, the spectrum is not a function of the observer angle and the model does not
account for whether the component is in clean or turbulent flow, its cross-section, or
flow inclination. Assumptions were made so that the wind tunnel data could be used to
model real flight conditions. The prediction method was used to predict flyover data rea-
sonably well with the exception of a discrepancy in directivity that was shown between
the wind tunnel and the flyover data.

The initial model was later improved and validation results were published [72]. The
model was used to predict the noise of various low-noise configurations of a full scale A340
model and results were compared against wind tunnel data [15]. The model predicted the
low noise configuration of the A340 nose gear to yield a reduction of -3.1 dB(A) compared
to the measured value of -2.4 dB(A). The model also showed reasonable agreement when
used to predict the noise reduction of intermediate builds. Some adjustments were made
to account for the effects the add-on fairings made to the flow field, such as increased
local velocities. Similar results were found for the main four-wheel landing gear.

Boeing presented work on landing gear noise research based on scaled and full-scale
landing gear models [32, 66]. Guo and Yamamoto [32] developed an empirical landing
gear prediction model based upon systematic testing and data analysis of full scale
Boeing 737 landing gear. The analysis resulted in grouping the landing gear components
according to the characteristics of their noise using data of progressively dressed landing
gears in a similar fashion to Smith and Chow [71]. The component groups were identified
as the wheels, the main struts, and the small details; each contributing to different parts
of the frequency domain.
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The analysis indicated that low and medium frequency noise scaled with the sixth-power
of the Mach number, but that high frequency noise scale with the seventh power. The
latter result was thought to be typical of noise generated by turbulent flows, and not by
unsteady forces on the surfaces of the components. This was explained by the fact that
high frequency noise sources are not generally compact. Analysis of phased microphone
array data supported this result, since high frequency noise sources were shown to be
associated with the wake where there are no gear components.

For each of the frequency domains, empirical formulae were derived for the sound pres-
sure as a function of the flow conditions, gear geometry, and microphone locations. For
the low and medium frequencies, parameters such as the number of struts and wheels
were variables in the formulae. Due to the arbitrary nature of the small details, a com-
plexity factor was introduced to represent the aggregate effect of all the small features.
This complexity factor was related to gross aircraft parameters such as maximum take-
off weight, as it was assumed that larger aircraft have more complex landing gears.
Comparison against Fink’s model [25] revealed that the models agreed fairly well at low
frequencies, but Fink’s model showed a faster roll-off at higher frequencies leading to a
significant noise under-prediction.

Details of another empirical model were published in the form of an updated sub-
component airframe noise prediction method [66]. The major part of this work was
an empirical landing gear noise prediction scheme based upon experiments of full-scale
Boeing 737 landing gears [66] in the Boeing Low Speed Aeroacoustic Facility (BLSAF).

Analysis of free-field microphone and phased array data showed that the gear noise
could be separated into four major noise components, namely the low frequency, medium
frequency, high frequency, and tyre noise components. Local flow velocities under the
wing were obtained using panel code applied to a B737-400 in approach configuration,
and the local flow Mach number in this study was assumed to be 83% of freestream
velocity.

The prediction scheme was compared with selected runs of B737 data. The comparisons
showed strong agreement between prediction and measured data at high frequencies,
but some disagreement at the mid and low frequencies. The discrepancy was assumed
to be caused by a poor collapse of spectra for the tyre and mid frequency components.
Comparisons made with Fink’s code [25] indicated that Fink’s model tended to predict
a faster roll-off at high frequencies, leading to under-prediction. The lack of full-scale
noise data meant that these empirical noise models developed by Boeing could not be
tested satisfactorily.

The experimental studies performed by Dobrzynski et al. [15], showed that a reliable
landing gear noise prediction scheme should account for the contribution of individual
components. The empirical models reviewed here all involve a rather coarse component
breakdown and many assumptions in an attempt to simplify the complex geometry. Due
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to the empirical nature of these models, a detailed physical understanding of the noise
source mechanisms cannot be obtained and their use is somewhat limited to geometri-
cally similar landing gears. The limitations of these highly empirical models could be
overcome by introducing an increased level of physics into the prediction and incorpo-
rate an improved level of detail in the modelling and description of the noise source
characteristics.

Guo [31] developed an outline for a statistical model of landing gear noise prediction.
The basis of the model was a decomposition of the landing gear into three spectral
components, in a similar fashion to the empirical models [32,66]. Guo derived asymptotic
results for each of the frequency domains, leading to explicit analytical equations for the
far-field noise.

The very low frequency noise was thought to be associated with the very large compo-
nents and therefore it was suggested a numerical simulation of a simplified gear could
be a feasible means of prediction. For low frequencies, it was proposed that the noise
could be calculated by integrating the pressures on the component surfaces, and it was
suggested that numerical simulations were again feasible, but this time on a compo-
nent basis. High frequency noise was assumed to be generated by components with
small length scales. Due to the rapid phase variations of the sources, it was suggested
that they tend to cancel each other out so that only sources with a phase variation of
zero contribute to the far-field noise. Therefore, it was thought that surface pressures
are needed at only a few locations on the gear, which could be derived empirically or
numerically.

This decomposition resulted in simple analytical expressions that are trivial to solve.
However, these expressions require statistical data of the surface pressure fluctuations,
which are difficult to obtain. However, the model outlined a sensible step forward by
incorporating more flow physics into landing gear noise predictions.

Lopes et al. [56] presented progress on the development of a landing gear prediction
model using an acoustic “toolkit”. Ambitious plans were outlined to develop a model
that could predict the noise generated by complex landing gears by dividing the gear
into a number of elements or objects, each of which is described by a simple acoustic
model. Each acoustic element in the toolbox has three attributes; an upstream envi-
ronment, a downstream environment, and the element geometry. The upstream and
downstream environments included local flow velocity, incoming turbulence level, and
incident acoustic field, which accounts for shielding and scattering/diffraction effects. In
this way components are allowed to interact.

However, in the published work it was assumed that all components of the landing gear
could be represented by a very simple empirical spectrum. Additionally, and interaction
effects were ignored and turbulence levels and local velocities were not specified. The
wheels were represented rather crudely by a cylindrical ring broken up into a number of
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circular cylinder segments. Some initial predictions were made, but due to the state of
the model, these showed a large deficiency and only served the purpose of identifying the
shortcomings of the model. However, the model methodology is a sensible suggestion
towards an improved modelling approach.

There appears to be a need for a new generation of landing gear noise prediction models
that incorporates more physics in to the noise prediction, negating the need to rely
upon empirical constants. This will help to increase the fidelity of predictions so that
the prediction model can be used as a design tool. Current semi-empirical models rely
upon calibration of experimental results and are likely not to be applicable to new
landing gear designs and configurations. There also appears to be a lack of detail in
predictions and an often poor breakdown of noise sources.

2.6 Numerical Aeroacoustics

2.6.1 Issues and Methods

The aim of computational aeroacoustics (CAA) is to predict aerodynamically generated
noise and its propagation and characteristics using numerical methods. The governing
equations, to be solved numerically, are the Navier-Stokes equations. These are derived
from the equations of conservation of mass, momentum, and energy.

Computational fluid dynamics (CFD) has been successfully applied to many aeronautical
applications in recent years. However, an aeroacoustic problem is not easily solved
directly using existing CFD codes to solve the unsteady Navier-Stokes equations from
the noise source up to a far-field observer location, due to the limits in computational
power.

Tam [78] stated that “one must recognise that the nature, characteristics, and objectives
of aeroacoustics problems are distinctly different from those commonly encountered in
aerodynamics”. Aeroacoustic problems by definition are dependent on time, whereas
many aerodynamic problems are time-independent, and this introduces the first major
difference between the two disciplines of CFD and CAA. Combined with the fact that
high frequency noise associated with short wavelengths and length scales is of importance
to aircraft noise, the discipline of aeroacoustics introduces unique computational issues.

The noise from landing gear is broadband across a large frequency range. High-frequency
noise is generally caused by small details on the landing gear and is non-trivial. Tam [78]
suggested that typically a minimum of six to eight grid points per wavelength is required
for proper resolution. Therefore, the spatial resolution of the grid is determined by the
smallest wavelength or highest frequency to be resolved. This leads to a large number
of grid points to obtain correctly resolved waves.
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The large disparity between the freestream flow velocity and the RMS velocity fluc-
tuation presents a big challenge to direct numerical simulation. Numerical procedures
are required to have a very high accuracy to limit numerical noise. Roe [62] stated
that “there is a fear among investigators that the acoustic solutions may be hopelessly
corrupted by computational noise”.

Tam also recognised the disparity between length scales as a problem [78]. This makes
the spatial resolution of a direct numerical simulation (DNS) very important. Excessive
CPU time is a result of the computational time step dictated by the finest mesh. In
aerodynamic problems, it is the near-field around the body of interest that is important.
In aeroacoustic problems, it is the directivity and spectrum of the radiated sound at
the far-field that is important. Therefore the spatial resolutions requirements are very
high throughout the domain. The distance to the far-field is normally very long and this
requires the numerical scheme to be free of excessive numerical dispersion, dissipation,
and anisotropy. This becomes very difficult to achieve when the number of mesh points
per wavelength is severely limited by the available computational power. Alternative
approaches are required to make numerical aeroacoustics more feasible.

2.6.2 Acoustic Analogies

Acoustic analogies essentially decouple the propagation of sound waves from their gen-
eration. This is because of the fundamental assumption of a one-way coupling between
flow and sound, that is that the sound is generated by flow inhomogeneities but the flow
itself is not influenced by the acoustic field. Methods based on the acoustic analogy
pioneered by Lighthill [49] and extended by others [11, 24] require only near-field flow
information, providing a cost-effective alternative to solving the acoustic waves up to the
far-field. Details of the near-field flow can be obtained computationally using traditional
CFD techniques and this information can then be used to carry out acoustic analysis to
predict the propagation of sound.

In 1952, Lighthill [49] published a pioneering paper establishing the theory of sound
generated aerodynamically. Lighthill’s theory was based upon the rearrangement of the
Navier-Stokes equations showing how the source of aerodynamic noise could be obtained
from exact time-accurate calculations or experiment. The result was a wave equation
including a source term. Lighthill’s inhomogeneous wave equation is:

[
∂2

∂t2
− c2

0∇2

]
ρ′ =

∂2Tij
∂xi∂xj

. (2.3)
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The left-hand side of Equation 2.3 is the linear wave equation and the right-hand side
represents a quadrupole distribution. Tij is the Lighthill stress tensor

Tij = ρuiuj + Pij − c2
0ρ
′δij , (2.4)

where Pij is the compressive stress tensor

Pij = pδij − µ
{
∂ui
∂xj

+
∂uj
∂xi
− 2

3

(
∂uk
∂xk

)
δij

}
. (2.5)

Lighthill’s general theory was later extended by Curle in 1955 [11] to incorporate the
influence of solid boundaries upon the sound field. The results indicated that in ad-
dition to reflecting and diffracting any sound which may already be present, the solid
boundaries introduce a resultant dipole field across their surface. The far-field sound
pressure generated by this additional mechanism is related to the fluctuating force acting
on the surface and its intensity depends upon a characteristic velocity over the surface
to approximately the sixth-power. The Lighthill-Curle inhomogeneous wave equation is

[
∂2

∂t2
− c2

0∇2

]
ρ′ =

∂2Tij
∂xi∂xj

− ∂

∂xi

[
Pijδ(f)

∂f

∂xi

]
. (2.6)

where f is the geometric function of the closed-surface solid boundary.

The work of both Lighthill and Curle was extended in 1969 by Ffowcs Williams and
Hawkings (FW-H) [24] to include arbitrary convective motion of the source. The FW-
H formulation embodies the most general form of the acoustic analogy, and is an exact
rearrangement of the Navier-Stokes equations that yields the acoustic signal at a far-field
observer location if the details of the source in the near field are known. It allows to take
not only impermeable walls, but also permeable interior surfaces as integration surfaces,
even if the surface lies in the non-linear region - unlike the Kirchhoff method [57]. It is
not only restricted to stationary surfaces, but is also applicable to moving surfaces as
well. The FW-H formulation has also been found to be both analytically and numerically
superior to Kirchhoff’s integral formulation [6] over a range of applications. The FW-H
equation can be written in differential form as:(

∂2

∂t2
− c2

0

∂2

∂xi∂xj

)(
H(fs)ρ′

)
=

∂2

∂xi∂xj

(
TijH(fs)

)

− ∂

∂xi

(
Fiδ(fs)

)
+
∂

∂t

(
Qδ(fs)

)
, (2.7)
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where

Fi =
(
Pij + ρui (uj − vj)

)
∂fs
∂xj

,

Q =
(
ρ0vi + ρ (ui − vi)

)
∂fs
∂xi

.

The contribution of the Lighthill stress tensor, Tij , to the right-hand side of equation
2.7 is known as the quadrupole term. This is followed by the dipole term Fi, involving
an unsteady force, and Q represents a monopole-type term. The function fs defines
the integration surface moving at speed vj and is a function of time so that it always
surrounds a moving source region of interest. The FW-H equation is typically solved
using a Green function technique. Lockard [51] provided a comparison between FW-H
solvers for airframe noise applications.

The quadrupole term is often dropped from the FW-H equation since for low Mach
number flows the contribution to the sound field from the dipoles should be greater
than that for the quadruples for which, I ∝ [Mc]5, whereas for the surface dipoles
I ∝ [Mc]3. Formulation 1A of Farrassat [22] is one such example.

Acoustic analogies are far less computationally expensive than resolving directly the
acoustic wave propagation to the far-field. It is for this reason that all previous numerical
landing gear noise prediction studies make use of the acoustic analogy in the form of the
FW-H equation [53,73].

2.6.3 Turbulence Modelling

Due to the high-Reynolds numbers associated with landing gear components, direct
numerical simulation (DNS) of all turbulent scales was considered far too impractical
as the cost required to resolve the entire range of scales is proportional to Re3

t , where
Ret is the turbulent Reynolds number. There are two alternative methods that can be
adopted to predict the effect of turbulence on the mean flow at lower computational cost:
Reynolds-averaging (or ensemble-averaging) and filtering. However, both approaches
introduce additional terms in the governing equations that need to be modelled in order
to close the full set of equations.

The additional terms in the Reynolds-averaged Navier Stokes (RANS) equations are
the so-called Reynolds stresses. The most common method of modelling the Reynolds
stresses uses the Boussinesq hypothesis which relates the Reynolds stresses to the mean
velocity gradient and the turbulent viscosity, µt. Turbulence models that use the Boussi-
nesq hypothesis are termed RANS turbulence models. From a computational standpoint
the use of RANS models is cheap, but since all turbulent scales are modelled some error
is introduced into the solution.
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The Large-Eddy Simulation (LES) approach reduces the modelling error associated with
RANS methods by explicitly solving the larger turbulent eddies using a time-dependent
simulation of the “filtered” Navier-Stokes equations. Usually, the filter removes eddies
that are smaller than the grid size and these are modelled using a sub-grid model.
However, LES requires a fine grid, especially in the near wall region, so that the turbulent
eddies can be simulated accurately in both time and space, and as a result, LES is still
impractical for high Reynolds number flows.

Detached-Eddy Simulation (DES) is a LES/RANS coupling approach and offers a prac-
tical alternative to LES. The method combines a RANS turbulence model with a filtered
version of the same model to create two separate regions inside the flow domain. The
RANS model models the full spectrum of turbulence in the near-wall region, whilst away
from the wall, the pure LES model is recovered to resolve the larger turbulent scales.
The result is that the grid resolution can be relieved in the near-wall RANS region
making DES more cost efficient than LES.

2.7 Numerical Bluff-Body Aeroacoustics

2.7.1 Circular Cylinders

The first step toward the accurate prediction of cylinder noise using numerical tools is
the near-field prediction of the noise source. Cox [10] investigated the vortex shedding
noise for cylinders at subcritical and supercritical Reynolds numbers. He first used 2-D
unsteady RANS (URANS) simulations of the flow field. The near-field results were used
to predict the far-field acoustic pressure by solving the FW-H equation. The acoustic
results were compared with the experiment of Revell at Re = 9×104 [60] and showed an
over-prediction of the shedding frequency and the peak and overall sound pressure levels.
Cox concluded that 2-D simulations led to an over prediction of both noise amplitude
and frequency due to high three-dimensionality of the real flow. Three-dimensional
results showed much better agreement with experiment, which used periodic boundary
conditions at the cylinder ends to model a infinite span.

Travin et al. [79] used DES to simulate the flow over cylinders at a range Reynolds
numbers between 5 × 104 and 3 × 106. Both laminar and turbulent separation cases
where simulated. Turbulent separation was forced so that the numerical results could be
compared to experimental results at very high Reynolds numbers. To achieve turbulent
separation in the computations, the turbulent viscosity, µt, was defined a number of
times higher than the molecular viscosity, µ. The TS cases were found to be relatively
insensitive to the Reynolds number. Agreement for drag, shedding frequency, pressure,
and skin friction was reasonable, and there was a definite improvement over RANS
modelling results. Similar results were found by Vatsa and Singer [80] who set µt at
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5 times the molecular viscosity to achieve turbulent separation at critical Reynolds
numbers.

Seo et al. [67] predicted the noise for long-span bodies using results from short span
computations. The spanwise correlation of the vortex shedding can often be greater than
the span used in a CFD simulation, especially for turbulent flow at low Mach numbers,
making the prediction of long-span cylinders challenging. They used results from an
LES simulation coupled with an FW-H solver and a new method of compensating for a
short simulation span and obtained good agreement with experiment.

2.7.2 Yawed Cylinders

Alongside their experimental effort, Haramoto et al. [33] performed computations of
inclined cylinders at yaw angles of Λ = 0 deg and Λ = 20 deg at Reynolds numbers of
1 × 104 and 2 × 104. Their results showed mixed agreement with the trends expected
from the literature [82] and their experiments. In one case, the peak SPL was higher
for the yawed cylinder compared to the cylinder in cross-flow. It was concluded that
the spanwise grid resolution and long spanwise correlation length expected for the low
Reynolds number flow was responsible for this discordance with the established trend.

2.7.3 Tandem Cylinders

One advantage of investigating tandem cylinders numerically is the ability to assess
the self-noise of each cylinder and any additional noise by specifying multiple FW-H
integration surfaces. In this way, the directivity and spectra for each cylinder can be
identified and predicted separately.

Khorrami et al. [44] performed 2-D simulations of tandem cylinders using URANS tur-
bulence modelling. Numerical results were compared with the results of a parallel experi-
mental effort [43] for S/D = 1.435 and S/D = 3.7. It was found that for the S/D = 1.435
case the computations were unable to sustain the initial flow unsteadiness, which lead
to damping of the fluctuations over time. The predicted shedding frequency for the
S/D = 3.7 case was close to the experimental value, however the turbulence modelling
was incapable of capturing the full wake dynamics observed in the experimental PIV
snapshots. This work was extended to 3-D computations using a zonal approach where
the flow field was assumed to be quasi-laminar, except for a narrow strip surrounding
the cylinder surfaces [45]. The results highlighted the sensitivity of the solution to the
turbulence model and the grid resolution. The results for the larger separation cases
were in better agreement with experiment than at shorter separation distances.

Further work was completed focusing on the S/D = 3.7 case and this time including far-
field acoustic predictions using FW-H solvers [55]. The agreement with experiment was
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generally quite good. It was found that the downstream cylinder dominated the far-field
acoustic spectrum due to the larger pressure fluctuations on the cylinder surface. The
unsteady pressure fluctuation on the downstream cylinder was some 10-15 dB higher
than that on the upstream cylinder. The calculated directivity pattern was similar to
that of a single cylinder with the primary noise radiation direction slightly downstream.
The influence of FW-H integration surface location was made by comparing results using
on-body surfaces to off-body surfaces up to several cylinder diameters away. Only minor
differences were seen between results, indicating that the surface pressure fluctuations
dominated the noise production process.

2.8 Numerical Landing Gear Aeroacoustics

2.8.1 Simulation of Landing Gear Flow Fields

Only in recent years the available computational resources and performance has allowed
CFD to be applied to full landing gear geometries [38, 48, 54]. However, due to compu-
tational constraints, landing gear geometries must usually be heavily simplified.

CFD of a simplified landing gear was presented by Hedges et al. [38]. Calculations were
performed using DES and URANS methods, and a comparison was made against the
experimental results of Lazos [47]. A structured grid consisting of roughly 2.5 million
points was generated around a highly simplified B757 main landing gear. The simula-
tions predicted the pressure over the surface of the wheels with good agreement with
experiment. The same could be said for the gross flow features and surface pressures.
However, the comparison of drag was poor, especially for the aft wheel. Although the
predicted flow fields of URANS and DES results were similar, DES performed con-
sistently better. Due to the lack of unsteady experimental data, the accuracy of the
prediction could not be properly evaluated.

Results of URANS simulations of a landing gear flow field using the k − ω turbulence
model of Menter was presented by Li et al. [48]. The model geometry in this case was
more realistic and included several finer details such as yokes, pins, and part of the door.
A structured grid was utilised consisting of 13.3 million grid points. The results show
that the presence of the diagonal struts and the door significantly influenced the flow
field. Vortex shedding at a frequency of approximately 800 Hz occurred off the right
rear wheel on the side of the diagonal strut, but not on the other rear wheel, indicating
strong interaction mechanisms between components. Vortex shedding at about 600 Hz
also occurred from the downstream strut, and streamwise vortices originated from the
top and bottom upstream corners of the door. Pressure fluctuations with a frequency
of about 24 kHz were found behind the mid portion of the main leg and flow separation
occurred at the leading edge of the door, which never reattached. The flow oscillated
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strongly over the right front wheel only. The asymmetry of the solution inferred strong
interactions between the various parts of the gear assembly.

2.8.2 Landing Gear Aeroacoustic Prediction

Souliez et al. [73] performed computations of aerodynamic noise from a landing gear in
a uniform flow using the FW-H equation. The FW-H equation was solved using surface
integrals over both the landing gear surface and a permeable surface away from the
landing gear. Computational unstructured grids were constructed for two four-wheeled
landing gear models with and without diagonal struts. The results for the porous FW-H
surface predictions showed better agreement with experiment, whereas the solid FW-
H surface missed by more than 50% some of the pressure fluctuations. Thus it was
suggested that quadrupole effects may represent a significant contribution to the overall
near-field sound level. It was shown that the diagonal struts significantly increased the
sound intensity in the streamwise direction, and interfered with the vortex shedding
from the gear leg.

An aeroacoustic analysis of a simplified Boeing 757 gear was performed by Lockard et
al. [53] based upon the URANS simulations provided by Li et al. [48]. The medium
resolution structured grid consisted of 1.8 million grid points. The simulations showed
surface pressure distributions suggesting highly non-linear and interactive near-field flow
dynamics. High frequency sources could not be captured by the coarse grid. The
gear boxes and connectors were shown to be primarily responsible for the broadband
component of the noise, and also a variety of tones. The wheels were identified as
the primary noise radiators, with hub caps bearing no significance. The main leg was
responsible for two loud tones and their harmonics. The region around the door and
main leg led to complicated flow physics and a more detailed simulation would have
been required to better understand the mechanisms involved.

The work by Lockard et al. [53] was extended by implementing a denser grid of 13
million grid points over the same simplified geometry including a comparison between
turbulence models [54]. URANS employing the SST k − ω turbulence model was com-
pared against DES. The DES calculations were more consistent with the anticipated
physics. In all cases the DES predictions exhibited much higher levels of flow detail for
the sub-components. Analysis of the directivity predicted by the two models showed
large differences. The DES model showed a larger variation in directivity and predicted
the strongest radiation behind the gear, and to the sides, especially behind the door,
with a minimum directly below the gear. Porous surface predictions which enclosed
the gear predicted considerably higher noise levels than the predictions obtained from
the solid integration surfaces. This was thought to be due to errors caused by vortices
passing through the permeable surfaces. The differences between the models suggest
that further validation was needed. The work showed that numerical noise predictions



Chapter 2 Literature Review 27

of a landing gear are possible, but are too computationally expensive even for simplified
geometries.

The state-of-the-art suggests that there is much to improve before a numerical prediction
of complex landing gear configurations is possible. Numerical methods are still too
computationally expensive, limiting the fidelity of the models and leading to excessively
long computation times. Such simplified geometries do not represent operational landing
gears and so their analysis can be misleading. Therefore, a component-based approach
may be more suitable for numerical landing gear noise prediction.



Chapter 3

Modelling Methodology

3.1 Outline

In this chapter, the methodology of the new physics-based prediction scheme is pre-
sented. A component-based approach was adopted to simplify the complexity of a
typical landing gear. In this way the landing gear geometry can be decomposed and
modelled using a set of representative components. The noise radiated by the compo-
nents can then be predicted by solving the governing equations of fluid motion using a
numerical method. The total noise is calculated from the aggregate of the individual
source contributions with consideration of interaction mechanisms between components.

3.2 Physics-Based Approach

It was important that the prediction scheme incorporated as much of the noise generating
physics and geometrical complexity of the landing gear into the noise prediction as
possible. Hence a “physics-based” approach was required rather than a statistical or
empirical-based approach [25, 32, 71]. This ensured that the model was sensitive to
the geometrical parameters and flow variables and that the predictions are not limited
by the constraints of experimental techniques and databases. Therefore the effect of
small changes, or “deltas”, to the geometry or the local environment could be predicted.
The aim was that the new prediction model would provide high-fidelity predictions based
upon a good understanding of the noise generating mechanisms and noise characteristics
of the individual components, leading to low-noise design guidelines.

28
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3.2.1 Computational Approach

It has been shown that the noise generating physics of landing gear noise sources can be
captured numerically by solving the governing equations of fluid dynamics using com-
putational techniques [53,54,73]. A computational approach has many advantages over
empirical approaches that rely on experimental databases that are limited by practical
constraints, such as the wind tunnel environment and the available measurement tech-
niques. For example, it is extremely difficult to obtain a full three-dimensional directivity
information for a particular geometry.

The first step to obtaining a prediction is to predict the unsteady turbulent near-field
around the body, from then to calculate how the near-field perturbations are radiated
into the far-field and perceived as noise to the observer. Chapter 2 indicated that the
use of conventional CFD coupled with the solution of the FW-H equation is a method
that has been successfully used to predict the far-field acoustic pressure, given initial
flow conditions and a geometry [10, 55, 67]. This is known as a “two-step” approach,
since the prediction of the near-field acoustic source and of the far-field acoustic pressure
are separate. Once a solution for the far-field acoustic pressure is obtained in the form
of a time-history at discrete observer locations, it can be processed to yield the acoustic
spectra and directivity information, which describe the characteristics of the far-field
noise. Full details of the computational methodology are provided in Chapter 4.

3.2.2 Component-Based Approach

The literature review indicated that full-blown high-fidelity landing gear computations
will not be achievable for some time [38, 48, 54, 73]. The alternative to performing full
landing gear simulations is to employ a component-based approach. In this approach
the detailed landing gear geometry is decomposed into individual components so that
numerical prediction becomes feasible. Complex components may be broken down in
several stages and modelled by multiple components if required. The various landing
gear struts are described in Figure 3.1, which serves to illustrate how the landing gear
can be decomposed.

In this component-based approach, the total landing gear noise is calculated as the
aggregate of the individual sources. However, strong interaction effects often exist be-
tween components. These interactions can have a large impact on the noise generating
mechanisms [14,39,48,68]. These interactions usually take the form of body-wake-body
interference and of acoustic scattering and shielding. Therefore the component-based
method must incorporate interaction effects rather than assume a collection of non-
interacting bodies.

The total landing gear noise must be calculated outside of the non-linear near-field re-
gion, so that the super-position principle can be applied to the acoustic waves. The
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Figure 3.1: Description of a typical main landing gear in the absence of wheels and
dressings (courtesy of Airbus).

superposition principle states that, for a linear homogeneous system, any linear combi-
nation of solutions to the system is also a solution to the same system:

IF 0 = F (x1) = F (x2) = · · · , THEN F

(
n∑
i=1

αixi

)
= 0. (3.1)

Thus the total noise is deduced by aggregating the contributions of the predicted mean-
square far-field acoustic pressure, p′2, for each individual component at each discrete
observer location. The mean-square far-field acoustic pressure for the total geometry
can then be expressed as

p′2total =
ns∑
j=1

[
p′2j

]
s

+
nw∑
j=1

[
p′2j

]
w

+
no∑
j=1

[
p′2j

]
o

+ Π (3.2)

where

n = number of components
[]s = contribution from strut components
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Figure 3.2: Operational Airbus A340 main landing gear.

[]w = contribution from wheels
[]o = contribution from other components; e.g. doors, fittings
Π = contribution from acoustic interaction effects

The component groups in Equation 3.2 should accommodate any external component
that is exposed to the flow field. The term Π includes a complex array of acoustic
interaction effects such as scattering, shielding, and refraction of the acoustic waves
radiating from the various sources, which should be included for accuracy. Aerodynamic
interaction effects are of equal importance as they play a major role in determining
the far-field noise characteristics. Simulations to obtain p′2j for each component should
include consideration of any aerodynamic interactions. In this work, an effort is made
to consider the aerodynamic interaction between struts in a tandem arrangement.

3.2.3 Representative Geometries

The complexity of the landing gear geometry and the geometrical disparity between
components is clearly illustrated in Figures 3.2 and 3.1. It is infeasible to explicitly
model each component. Instead the landing gear geometry can be described using a
limited number of components that are representative of the real components. These
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can be grouped together into similar groups such as “circular struts”, “H-beam sec-
tions”, “wheels”, and so on to form a modelling database. Therefore some simplification
or generalisation of the landing gear components is required to form a set of generic, rep-
resentative components that can be used to model the real landing gear. The integrity
of the real landing gear geometry is maintained by ensuring that potentially important
features are not neglected when investigating the model components. The level of detail
in the representative components is largely controlled by the computational cost required
to perform the numerical simulation.

3.2.4 Scaling Laws

The result of Curle’s theoretical work on the influence of solid boundaries upon aerody-
namic sound [11] was that in the far-field, defined where

x� λ and x� l

where x is the source-observer distance, λ is a typical wavelength of the source, and l is
the typical dimension of the solid body, the derived dipole term takes the form:

ρ− ρ0 = − 1
4πc3

0

xi
x2

∂

∂t

∫
S
Pi

(
y, t− r

c0

)
dS(y). (3.3)

In Equation 3.3, Pi is the force per unit area exerted on the fluid by the solid boundaries
defined by the surface S at position y in the xi direction at the retarded time t. If
l� c0/ω, where ω is a typical sound frequency, then the ratio r/c0 of the retarded time
may be neglected leading to

ρ′(x, t) = ρ− ρ0 =
1

4πc3
0

xi
x2

∂

∂t
Fi(t), (3.4)

where Fi(t) =
∫
S PidS(y) is the total resultant force exerted upon the fluid by the solid

boundaries. Since ω will generally be in the order of U0/l, where U0 is the freestream
velocity, it follows that this last simplification should be possible if

l� c0

ω
≈ c0l

U0
, i.e. if

U0

c0
= M � 1

Therefore, for low Mach number flows, the surface noise is that generated by a single
dipole representing the fluctuating forces exerted by the fluid on the solid body.

Lighthill has shown that the intensity of the quadroupole sources, IQ, in similar flows is
given by

IQ ≈ ρ0U
8
0 c
−5
0 l2x−2f(R). (3.5)
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In a similar fashion, the sound generated by the dipole can be estimated by Fi(t) =∫
S PidS(y) is of order ρ0U

2
0 l

2g(R), therefore

ρ− ρ0 ≈ ρ0U
3
0 c
−3
0 lx−1g(R).

Finally, the dipole sound intensity

ID = c3
0ρ
−1
0 (ρ− ρ0)2

= ρ0U
6
0 c
−3
0 l2x−2g(R). (3.6)

To summarise this result, dimensional analysis of the Lighthill-Curle [11] equation shows
that the sound generated in the far-field by the surface dipoles from a body immersed
in the flow should be given by the general form:

ID ∝
ρ0U

6
0 l

2

c3
0x

2
, (3.7)

where

I = acoustic intensity
U0 = characteristic velocity of the flow
l = characteristic length of the body
c0 = local sound speed of the fluid at rest
ρ0 = density of the fluid at rest
x = the distance from the source

Typical landing gear components are essentially bluff-bodies and since the landing gear is
only deployed at low Mach numbers (i.e. M � 1) the dipole sources due to the unsteady
forces on the component surfaces tend to dominate the far-field noise characteristics [9,
14,39,59,76]. This is reasonable since from Equations 3.5 and 3.6

IQ
ID
∝
(
U0

c0

)2

,

indicating that at low Mach numbers the contribution to the sound field from the dipoles
should be greater than that of the quadrupoles. Therefore, the acoustic scaling law of
Curle [11], defined by Equation 3.7, was adopted in the prediction model so that the
computed far-field sound pressure could be further scaled if necessary.

The dipole scaling law was manipulated to derive an expression for the mean-square
far-field acoustic pressure for a bluff-body. The time-averaged acoustic intensity Ī of a
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periodic wave is related to the mean-square far-field pressure, p′2, by

Ī ≡ p′2

ρ0c0
. (3.8)

Combining Equations 3.7 and 3.8 and defining the far-field pressure as a function of
the Strouhal number, and the observer location in terms of a polar angle, θ, and an
azimuth angle, φ, the final dimensionally correct scaling law for bluff-body landing gear
components can be expressed as:

p′2(Stm, θc, φc,M∞, θo, Ro) =
(ρ0c

2
0)2M6

c ΩS(Stm, θc, φc)
(1−M∞ cos θo)4R2

o

. (3.9)

In Equation 3.9 Mc and M∞ are the local component and flight Mach numbers re-
spectively, Ro is the observer distance, and ρ0 and c0 represent the local atmospheric
conditions. Two polar coordinate reference frames are defined for the prediction model.
The first is component-based, corresponding to the local reference frame of each compo-
nent, and the second is a moving reference frame, corresponding to the flight direction,
which is used for the final prediction. These are described by Figures 3.3 and 3.4 accord-
ingly. The length-scale term in Equation 3.7 is replaced by the component dimension
factor, Ω, which for a typical strut as a dipole source is

Ω = L2
c , (3.10)

where Lc is the length of the component. The term (1−M∞ cos θo)−4 is the convective
amplification factor for a dipole noise source, where θo is the polar angle in the flyover
plane measured from the flight direction, and Stm is a modified Strouhal number that
includes the Doppler factor (1−M∞ cos θo).

The key term in Equation 3.9 is the “physical” spectrum matrix S(Stm, θc, φc), which
allows the far-field pressure spectrum to be described as a function of frequency and
observer location. The spectrum matrix is obtained from numerical simulations of the
particular component, which contains discrete spectra for the observer as a function
of the modified Strouhal number, Stm, and the observer polar and azimuth angles,
θc and φc, with respect to the component axis. Essentially the term S includes the
directivity information so that a unique spectrum can be determined by Equation 3.9
for an arbitrary observer location. This is a crucial development on existing models
where a semi-empirical directivity function is used to scale a simple non-unique noise
spectrum function that is independent of the observer location [25, 32, 71]. Moreover,
semi-empirical methods are usually only applicable to observers in the flyover plane as
they are developed using experimental databases, limited to a small range of microphone
locations.
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Figure 3.3: Definition of the prediction model coordinate system (0 ≤ θo ≤ π, 0 ≤
φo ≤ 2π).
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Figure 3.4: Definition of the component-based coordinate system (0 ≤ θc ≤ π, −π ≤
φc ≤ π).
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Parameter Description
c0 Ambient sound speed of fluid at rest
Dw Wheel diameter
Lc Component characteristic length
Mc Component local Mach number
Mw Wheel local Mach number
M∞ Aircraft Mach number
N1 Number of wheels positioned laterally
N2 Number of wheels positioned longitudinally
Ro Distance to the observer
St Strouhal number based on the reference velocity & length scale
Stc Strouhal number based on the component velocity and Lc
Stm Modified Strouhal number, (1−M∞ cos θo)Stc
Stw Strouhal number based on the wheel velocity and diameter
S Normalised component spectrum matrix
W Wheel width
χ Bogie angle to the flow
θc Polar angle relative to the strut z-axis, 0 ≤ θc ≤ π
θo Polar angle in the flight direction, 0 ≤ θo ≤ π
φc Azimuth angle relative to the component x-axis, −π ≤ φc ≤ π
φo Azimuth angle lateral to the flight trajectory 0 ≤ φo ≤ 2π
ρ0 Ambient density of fluid at rest
Ω Component dimension factor
(1−M∞ cos θo)−4 Convective amplification factor for dipole source

Table 3.1: Definition and description of prediction scheme input parameters.

Computational wheel noise modelling was not performed in this research. Instead the
semi-empirical model developed by Smith and Chow [71] was used to provide the pre-
diction for wheel noise. For the wheel noise prediction, the physical-based spectrum
S in Equation 3.9 is replaced by the empirical spectrum Ew(Stw) and the component
dimension parameter for the wheels is given by:

Ωw = N1WDw(1 + (N2)sinχ), (3.11)

where N1 is the number of wheels positioned laterally with width W and diameter Dw,
N2 is the number of wheels positioned longitudinally, and χ is bogie angle to the flow.
The empirical spectrum is in the form of a smooth broad hump, more details of which
are outlined in References [71, 72]. Note that the spectrum is only a function of the
Strouhal number, and the wheel noise is assumed to be omni-directional.

The full scaling law used for wheel noise is given by:

p′2(Stw,M∞, θo, Ro) =
(ρ0c

2
0)2M6

wΩwEw(Stw)
(1−M∞ cos θo)4R2

o

, (3.12)
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The full aircraft prediction is given by Equation 3.2 after the rotation of the component
local coordinates (θc, φc) to the aircraft coordinates (θo, φo) and dimensionalisation of
the components Strouhal number to frequency. For the struts and wheels described thus
far this can be expressed as:

p′2total =
(ρ0c

2
0)2

(1−M∞ cos θo)4R2
o

 ns∑
j=1

McjΩjSj(f, θo, φo) +M6
wΩwEw(f)

 (3.13)

where the component spectrum matrices have been rotated so that they are aligned with
the aircraft coordinate system.

The complete listing of the variables in Equation 3.13 is tabulated in Table 3.1. The
validation of the scaling law described by Equation 3.9 applied to the computational
results is provided in Chapter 9.

3.3 Modelling Database

The modelling database contains far-field acoustic spectra defined by the function S. The
spectra are normalised by Equation 3.9 using the simulation parameters. The scope of
this PhD was to investigate some fundamental component groups that could be used to
model the components of a simple landing gear geometry.

Figures 3.1 and 3.2 of the A340 main landing gear indicate that many struts are circular
in cross-section. A selection of circular struts were identified by inspecting a CAD
model and are listed in Table 3.2. The CAD model was used to determine the strut
diameters so that estimated Reynolds numbers (based upon a Mach number of 0.2)
could be calculated. This information is reported in Table 3.2. The typical alignment
of the struts to the freestream is also listed.

As well as being aligned at various angles, the struts are often positioned to encourage
body-wake-body interactions. Based upon this simple analysis three modelling compo-
nents were identified. Each component is based upon the circular cylinder cross-section.
The modelling components are introduced in the following sections.

3.3.1 Circular Struts

The noise produced by an isolated single cylinder in cross-flow (aligned with the spanwise
axis perpendicular to the freestream vector) provided the basic model through which to
investigate strut noise. The Reynolds numbers listed in Table 3.2 correspond to critical
and postrcritical Reynolds numbers. In real landing gear flows, it is expected that
each component would encounter a non-ideal inflow as a result of the disturbed flow
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Component Diameter (m) Re Alignment
Axles 1.52×10−1 7.16×105 Horizontal
Brake rods 6.53×10−2 3.08×105 Horizontal
Sidestay cylinder 3.15×10−2 1.49×105 Yawed
Lower Side Stay 1.70×10−1 7.99×105 Yawed
Main Leg 3.83×10−1 1.81×106 Vertical
Retraction Actuator 7.98×10−2 3.77×105 Yawed
Sliding Piston 3.41×10−1 1.61×106 Vertical

Table 3.2: Table of landing gear struts of circular cross-section, reporting diameter,
approximate Reynolds number, and general alignment, based on a full-scale Airbus

A340 main landing gear.

field originating from upstream of the landing gear components, or installation effects.
Moreover, landing gear parts are not typically smooth, uniform cylinders, but often
have a combination of surface roughness, small dressings, and geometrical features that
will lead to turbulent boundary layer separation. It is therefore realistic that the flow
around even the smallest components will correspond to high-Reynolds number regimes,
i.e. the critical and postcritical regimes. Therefore, the investigation of circular cylinders
in cross-flow should be performed at high-Reynolds numbers and the numerical method
should ensure that high-Reynolds number regimes are modelled. Details and results for
cylinders in cross-flow are presented in Chapter 5.

3.3.2 Arbitrarily Aligned Struts

Chapter 2 indicated that strut alignment to the freestream will impact the far-field
acoustic characteristics. It was therefore important that strut inclination to the local
velocity vector was a parameter considered in the new prediction model. This was
investigated by performing calculations at various yaw angles ranging from Λ = 0 deg
(cross-flow) to Λ = 45 deg. This covered the range of inclination that is expected for
struts in a typical landing gear configuration. Modelling details and results are presented
in Chapter 6.

3.3.3 Component Interactions

Chapter 2 also indicated that tandem cylinder flows are a useful geometry in which to in-
vestigate interaction mechanisms [43,44,55]. The flow regimes defined by Zdravkovich [82]
were used to select a range of separation distances that represented various interaction
mechanisms so that the effect of the proximity between components on the flow and
noise could be modelled. The investigations were limited to two equal diameter cylin-
ders in cross-flow with a range of separation distances between two and five cylinder
diameters. The numerical results are presented in Chapter 7.
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Landing gear geometry 
[e.g. CAD model] 

Geometry decomposition 

[Specify: S, Mc, Lc, N1, θc, φc,, etc.] 

Modelling database 
[Representative components] 

Scale spectra  
[Individual components] 

Calculate total noise 
[Aggregate of individual sources] 

Output results 
[Directivity and spectra] 

Define observer location 

[Specify: R, θo, φo] 

Figure 3.5: Flow diagram of the aeroacoustic landing gear prediction scheme.

3.4 Design Tool

3.4.1 Modelling Process

In this section the modelling process is described starting with a CAD model through to
the output of the far-field acoustic prediction. Figure 3.5 illustrates each fundamental
stage of the prediction routine.

The procedure is described by the following steps:

Step 1 - Geometry information. Geometry information is obtained from a detailed
CAD model. The model should contain enough information so that component
dimensions and location/alignment can be determined.

Step 2 - Model decomposition. The landing gear structure is decomposed into its
constituent components and suitable representative components are selected from
the modelling database to model each individual component.

Step 3 - Observer location. Observer locations are defined relative to each compo-
nent with respect to the coordinate system defined in Figure 3.4.
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Step 4 - Database. The modelling code acquires the appropriate normalised spectra
from the modelling database.

Step 5 - Scale spectra. The spectra are scaled according to the parameters deter-
mined in steps 2 and 3.

Step 6 - Compute total noise. The overall noise is calculated. This takes the form
of a composite and total spectrum, and the OASPL directivity.

Step 7 - Design iterations. Design parameterisation may be performed to compare
various configurations by repeating the process.

3.4.2 Modelling Code

MATLAB code was developed to automate the prediction procedure wherever possi-
ble. This code was designed to read the input parameters defined by the engineer and
then perform the mathematical manipulation and database acquisition tasks. The main
functions of the code are to scale the normalised spectra, perform the rotation of the
component coordinates to the aircraft coordinates, and calculate the overall noise levels.

3.4.3 Remote Database

Databases were developed that contain the normalised spectral information for the mod-
elling components. These consist of both local and remote Structured Query Language
(SQL) databases hosted at Southampton University, which allows remote users to access
the latest modelling results.

3.4.4 Graphical User Interface

A graphical user interface (GUI) was developed to enhance the users’ interaction with
the main code. The GUI was programmed using the C# language which communicates
with the MATLAB code via the .NET framework. The requirement of the host machine
is a WINDOWS operating system with .NET Framework installed. The GUI consists
of a simple interface in which all of the input parameters including the geometrical
information can be entered by the user.

3.5 Summary

An outline of the new physics-based prediction model has been presented. The aim of
the model was to include as much of the geometric complexity as possible, but to model
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each complex component by a representative component available within a modelling
database. The new model employs a numerical approach to solve the governing equations
of fluid flow and acoustic propagation so that the physics of the landing gear noise
sources can be captured. Each component in the database contains acoustic spectra
and directivity information. Acoustic scaling laws were adopted so that the various
dimensions and flow velocities for each strut can be accounted for, without the need to
perform additional simulations. The total noise is calculated as the aggregate of the
individual component noise.

Various programming languages were utilised to automate the prediction process and
package it as an engineering tool. A GUI was designed to allow input variables to be
defined easily, a central code was programmed using MATLAB to perform the mathe-
matical tasks, and a remote database was developed to store the modelling data.



Chapter 4

Numerical Method

4.1 Outline

In this chapter the numerical method is outlined that was used to predict the far-field
acoustic characteristics. This was achieved by using a low-order Navier-Stokes flow solver
and a high-order CAA solver to provide the turbulent near-field flow prediction. The
far-field acoustic prediction was computed using an acoustic solver based on the FW-H
equation. Details are provided for the governing equations, turbulence modelling, grid
generation, boundary conditions, and solution strategy.

4.2 Two-Step Approach

The computational procedure is divided into two sections. Firstly, the governing laws of
fluid dynamics were solved numerically around various geometries on a computational
grid. The integral solutions of the Navier-Stokes equations are discretised and solved
numerically at each grid point in the domain. This provided the detailed time-dependent
flow information in the vicinity of the noise source. This flow information was sampled
along FW-H integration surfaces that surrounded the source. The next step was to
solve the FW-H equation, to yield the acoustic information at the far-field using the
CFD results as input. This hybrid method is known as a “two-step” approach, and
is illustrated in Figure 4.1. The advantage of the two-step approach is that the small
acoustic perturbations do not need to be resolved up to the far-field, therefore alleviating
the computational cost. Once the far-field numerical result had been obtained, Curle’s
dipole scaling law in Equation 3.7 was employed by the prediction model to predict the
acoustic pressure at other observer locations. The details of each stage of the method
are outlined in the forthcoming sections.

42
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4.3 Low-Order Flow Solver

The flow solver used to obtain the CFD results in Chapters 5-7 was a cell-centred
finite volume CFD code. In this section the governing equations, computational setup,
turbulence modelling, and boundary conditions are summarised.

4.3.1 Governing Equations

The equations solved were the unsteady, compressible Navier-Stokes equations. They
establish that changes in density, momentum and specific internal energy in infinitesimal
volumes of fluid are the sum of dissipative viscous forces, changes in pressure, gravity,
additional forces acting inside the fluid and of the work and heat transfer to the fluid.

In Favre-averaging, a dependent variable Φ is decomposed into a mean part Φ̃ and
fluctuating part Φ′, so that

Φ = Φ̃ + Φ′, (4.1)

where Φ̃ is a density weighted average variable

Φ̃ =
ρΦ
ρ̄
. (4.2)

Decomposing each of the flow variables in the same way yields the Favre-averaged Navier-

Stokes equations for variable density flows:

∂ρ̄

∂t
+

∂

∂xi
(ρ̄ũi) = 0, (4.3)

∂

∂t
(ρ̄ũi) +

∂

∂xj
(ρ̄ũiũj) = − ∂p̄

∂xi
+

∂

∂xj

(
−ρu′iu′j + τ̄ij

)
, (4.4)

∂ρ̄Ẽ

∂t
+
∂

∂t

[(
ρ̄Ẽ + p̄

)
ũj

]
= − ∂

∂xj

(
q̄j + ρu′je

′
)

+
∂

∂xj

(
ũi(τ̄ij − ρu′iu′j)

)
+

∂

∂xj

(
τiju′i −

1
2
ρu′ju

′
iu
′
i

)
. (4.5)

where the Favre-averaged total energy is given by

ρ̄Ẽ = ρ̄(ẽ+
1
2
ũiũi) +

1
2
ρu′iu

′
i, (4.6)

where ẽ is the Favre-averaged specific energy. The additional terms, ρu′iu
′
j and ρu′ie

′,
are the Reynolds stress tensor and the turbulent heat flux respectively. These terms
represent the effects of turbulence and must be modelled to solve the RANS equations.
The Boussinesq assumption was employed to relate the Reynolds stresses to the mean
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velocity gradients. This results in the viscous stress tensor

τ̄ij = (µ+ µt)
[(

∂ūj
∂xi

+
∂ūi
∂xj

)
− 2

3
∂ūk
∂xk

δij

]
, (4.7)

and the heat flux vector

q̄j = −
(
µ

Pr
+

µt
Prt

)
cp
∂T̄

∂xj
, (4.8)

where µt is the turbulent viscosity, T is the temperature, and Prt is the turbulent
Prandtl number. The third term on the right hand side of Equation 4.6 represents
the molecular diffusion and turbulent transport of the turbulent kinetic energy. These
terms were ignored based on order of magnitude arguments [81]. Additionally, viscous
terms involving fluctuating quantities in the stress tensor and contributions of turbulent
fluctuations to the total energy in Equation 4.5, were ignored.

4.3.2 Solver Details

In the finite-volume approach, the governing equations are integrated over a control-
volume defined by the computational grid. This yields discrete equations that conserve
each quantity and that can be solved numerically. The solver used a pressure-velocity
correction approach to enforce mass conservation and to obtain the pressure field. The
SIMPLE algorithm was used for this purpose. The discretisation scheme used for pres-
sure, density, and energy was second-order upwind. For the momentum and turbulent
viscosity calculations, a second-order central differencing scheme was chosen. For time-
stepping, an implicit second-order time marching scheme with dual time stepping was
adopted.

The code was run in a parallel environment on a Linux cluster allowing multi-processor
jobs to be submitted. In parallel operation the grids were efficiently divided into a num-
ber of partitions using an auto-partitioning algorithm in order to efficiently distribute
the grid among the allocated computational nodes. In a typical run, the solver used 16
processors each equipped with 1GB of RAM, for approximately 1500 CPU hours.

4.3.3 Turbulence Model

Detached-eddy simulation has been shown to be a useful approach to model bluff body
flows [79] and was the chosen method adopted to model the turbulent field. The DES
model used was coupled with the Spalart-Almaras RANS model [75]. The Spalart-
Almaras (S-A) model uses only one additional transport equation to compute the quan-
tity, ν̃, which is a modified form of the turbulent kinematic viscosity. The turbulent
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viscosity, µt, is related to the modified turbulent viscosity by

µt = ρν̃fv1, (4.9)

where fv1 is a viscous damping function. The transport equation for ν̃ is:

∂

∂t
(ρν̃)+

∂

∂xj
(ρν̃uj) = Gν+

1
σν̃

[
∂

∂xj

{
(µ+ ρν̃)

∂ν̃

∂xj

}
+ Cb2ρ

(
∂ν̃

∂xj

)2
]
−Yν+Sν̃ . (4.10)

Appendix B outlines the various functions and constants used in the S-A model including
those in Equations 4.9 and 4.10.

In the standard S-A model, the production term is proportional to the magnitude of the
vorticity, however, a vorticity/strain relationship was used [12] so that the effect of the
mean strain on the turbulence production is considered.

The standard S-A model uses the distance to the closest wall as the definition of the
length scale d, which is critical in determining the rate of production and destruction of
the turbulent kinematic viscosity. The DES model proposed by Shur et al. [69] uses a
new length scale d̃ defined as

d̃ = min(d,CDES∆), (4.11)

where CDES is an empirical constant with a value of 0.65, and ∆ is the grid spacing based

on the largest grid dimension in the x, y, or z directions for a particular cell. When
the distance to the nearest wall is smaller than CDES∆, the model behaves as a RANS
model, and when d is larger than CDES∆, then DES is in pure LES mode. Therefore
the transition between RANS and LES can be controlled by either adjusting CDES∆, or
by locally refining the grid.

4.3.4 Boundary Conditions

The boundary conditions used in the simulations were a no-slip wall boundary condition
specified on the cylinder surface, a pressure far-field boundary condition along the outer
domain, and a periodic condition along the z−plane (spanwise) boundaries.

No-Slip Wall The no-slip wall condition ensures that the velocity relative to the wall
is zero by satisfying

u = 0 (4.12)

at at the wall. The near-wall mesh was sufficiently fine in the wall normal direction
so that ∆yuτ/ν ≈ 1. This ensured that the extreme velocity gradient in the resulting
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boundary layer was adequately resolved. The modified turbulent viscosity ν̃ and the
normal pressure gradient were also set to zero at the walls.

Pressure Far-Field The pressure far-field boundary condition modelled a freestream
condition at infinity by maintaining a specific value for the far-field static pressure, the
freestream Mach number, the flow direction, and the turbulence parameters. It was
a non-reflecting boundary condition, therefore suitable for aeroacoustic calculations,
based on Riemann invariants for a one-dimensional flow normal to the boundary. The
Riemann invariants (characteristic variables) corresponding to incoming and outgoing
waves in subsonic flow are given by:

R∞ = vn∞ −
2c∞
γ − 1

, (4.13)

Ri = vni +
2ci
γ − 1

, (4.14)

where vn is the magnitude of the velocity normal to the boundary, γ is the ratio of
specific heats for an ideal gas, and the subscript i refers to the conditions within the cell
adjacent to the boundary face. Adding and subtracting the invariants in Equations 4.13
and 4.14 yields the following expressions:

vn =
1
2

(Ri +R∞), (4.15)

c =
γ − 1

4
(Ri −R∞), (4.16)

where vn and c become the values of the normal velocity and sound speed applied on
the boundary respectively. At outflow boundaries, the tangential velocity components
and entropy were extrapolated from the interior, and combined with vn and c the den-
sity, velocity, temperature, and pressure along the boundary were calculated. The the
non-reflecting boundary condition the characteristics of the waves propagating into the
domain are set to zero. The typical domain extent to the far-field boundary was typi-
cally 25-30 cylinder diameters to ensure the boundary was far away from the disturbed
near-field region.

Spanwise Periodic Boundary Condition The periodic boundary condition was
defined on the two outer span-wise planes, z1 and z2, and was used to model an infinite
span. The condition treated the flow at z1 as though the opposing periodic plane z2

is a direct neighbour to the cells adjacent to z1. In this manner the flow through the
periodic boundary adjacent to a fluid cell was calculated from the flow conditions at
the cell adjacent to the opposite periodic plane. Therefore, the simulated span, Lz,
should be equal or greater than the expected spanwise correlation length LC which can
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be obtained from experiment or from the literature. The span modelled in the present
computations was restricted to LC = 2D due to computational cost. Experiments show
that for supercritical circular cylinder flows LC ≈ 2D [82], and therefore a simulated
span of Lz = 2 was chosen. Computational studies [79] have also concluded that a
simulated span of Lz = 2D is adequate for circular cylinders at supercritical Reynolds
numbers.

4.3.5 Grid Generation

Generating suitable grids so that the discretised Navier-Stokes equations could be solved
was the first step in the solution process. Grid quality is largely responsible for the
integrity and accuracy of a solution. A good quality grid enables the transient flow
variables to be adequately resolved and will minimise numerical error. The grids were
designed with consideration for the geometry and the expected aerodynamic flow field,
the solver type, the boundary conditions, the FW-H integration surface position, the
turbulence modelling, and the computational efficiency.

Curvilinear structured multi-block grids were generated around the cylinder geometries.
For single cylinders, “O” domains were constructed extending 30 cylinder diameters
from the body, whereas rectangular domains were constructed for the tandem cylinder
geometries. The spanwise grid dimension was two cylinder diameters with up to 50 grid
points along the span in the z−plane.

The effectiveness of modelling the turbulence using DES is extremely dependent on the
quality of the numerical grid. The grid determines the length of the turbulent scales
that can be modelled or resolved which is largely controlled by ∆ =max(∆x,∆y,∆z),
therefore it was important to develop spatial discretisation design in all directions to
achieve maximum efficiency. A high resolution was used where high levels of turbulence
were expected.

The grid resolution was finest in the boundary layers and close to regions of disturbed
flow, including the body near-field and the turbulent wake. The non-dimensional wall
distance y+ for a wall bounded flow is defined as:

y+ ≡ uτy

ν
, (4.17)

where uτ is the friction velocity and y is the height of the nearest cell to the wall.
Maintaining a value of y+ ≈ 1 for the first few cells adjacent to the wall ensured that
the grid was able to resolve the laminar sublayer [74]. Away from the body and the
turbulent wake, the grid resolution was much coarser so that the computational cost
could be reduced as far as possible. The total number of grid points in the single
cylinder grids was 2.1 million, reaching 3.2 million cells in the tandem cylinder grids.
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More computational mesh details specific to each test case are provided in the results
chapters.

4.3.6 Convergence Criterion

The computational time step was chosen so that the shedding periods from the cylinders
were properly resolved. Typically the non-dimensional time step ∆t∗ for the simulations
was 0.02 where:

∆t∗ =
∆tU∞
D

. (4.18)

For most calculations, the cylinder diameter D was 0.0311 m yielding a physical time-
step of 9× 10−6 s. This corresponded to a sampling frequency of 111 kHz. According to
the Nyquist criterion this meant that the highest resolved frequency was 55.5 kHz. For a
cylinder shedding at a Strouhal number of St = 0.2 at M = 0.2 the shedding frequency
would be approximately 443 Hz, and the shedding period approximately 2.25× 10−3 s.
Therefore each shedding cycle was resolved in approximately 250 time steps.

The implicit dual time-stepping method was employed with 25 sub-iterations to ensure
convergence. Convergence was determined by monitoring global variables such as the
lift and drag coefficients, and the time step residuals (mass imbalance in each cell).

4.4 High-Order CAA Solver

Southampton University’s Computational Aeroacoustics (SotonCAA1) code was used to
solve the Navier-Stokes equations in generalised coordinates using high-order numeri-
cal schemes. These schemes are up to sixth-order accurate in space, and fourth-order
accurate in time. The code employs multi-block structured grids and can be used for
parallel computing. The code possesses excellent wave propagation characteristics, with
marginal dispersion, dissipation, and anisotropy errors, making it suitable for solving
aeroacoustic problems.

4.4.1 Governing Equations

The governing equations solved by SotonCAA are the compressible three-dimensional
Navier-Stokes equations in curvilinear coordinates. In absence of body forces and exter-
nal heat addition, these equations may be written as

1The SotonCAA code is a high-order CFD code developed at the University of Southampton, opti-
mised for aeroacoustic applications.
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∂Q̂
∂t

+
∂Ê
∂ξ

+
∂F̂
∂η

+
∂Ĝ
∂ζ

=
M∞
ReL

[
∂Êv

∂ξ
+
∂F̂v

∂η
+
∂Ĝv

∂ζ

]
, (4.19)

where Q̂ is the solution vector of conserved variables

Q̂ = (1/J) [ρ, ρu, ρv, ρw, ρE]T (4.20)

J is the Jacobian of transformation

J =
∣∣∣∣∂(ξ, η, ζ)
∂(x, y, z)

∣∣∣∣ . (4.21)

The inviscid fluxes, Ê, F̂, Ĝ, and viscous fluxes, Êv, F̂v, Ĝv, are given by

Ê =
1
J


ρU

ρuU + ξxp

ρvU + ξyp

ρwU + ξzp

(ρE + p)U

 , Êv =
1
J


0

ξxτxx + ξyτxy + ξzτxz

ξxτxy + ξyτyy + ξzτyz

ξxτxz + ξyτyz + ξzτzz

ξxbx + ξyby + ξzbz

 (4.22)

F̂ =
1
J


ρV

ρuV + ηxp

ρvV + ηyp

ρwV + ηzp

(ρE + p)V

 , F̂v =
1
J


0

ηxτxx + ηyτxy + ηzτxz

ηxτxy + ηyτyy + ηzτyz

ηxτxz + ηyτyz + ηzτzz

ηxbx + ηyby + ηzbz

 (4.23)

Ĝ =
1
J


ρW

ρuW + ζxp

ρvW + ζyp

ρwW + ζzp

(ρE + p)W

 , Ĝv =
1
J


0

ζxτxx + ζyτxy + ζzτxz

ζxτxy + ζyτyy + ζzτyz

ζxτxz + ζyτzy + ζzτzz

ζxbx + ζyby + ζzbz

 (4.24)

where ρ, u, v, w, p and E are the fluid density, Cartesian velocity components, static
pressure, and specific total energy, respectively. The specific total energy is defined as

E = e+
1
2

(u2 + v2 + w2) (4.25)

where e is the specific internal energy density. The pressure is related to the other
thermodynamic variables by the equation of state for an idea gas

p = (γ − 1)ρ+
(
E − 1

2
(u2 + v2 + w2)

)
, (4.26)
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where γ = cp/cv is the ratio of specific heat coefficients under constant pressure and
constant volume. The contravarient velocities, U , V , and W , are defined by

U = ξxu+ ξyv + ξzw,

V = ηxu+ ηyv + ηzw,

W = ζxu+ ζyv + ζzw.

(4.27)

The viscous stress terms τij are related to the Cartesian velocity components by the
equation

τij = µ

[(
∂uj
∂xi

+
∂ui
∂xj

)
− 2

3
∂uk
∂xk

δij

]
(4.28)

where µ is the molecular viscosity and δij is the Kronecker delta. The terms bj are
defined as follows

bj = uiτij +
1

(γ − 1)
µ

Pr

∂c2

∂xj
(4.29)

where c is the local sound speed.

The governing equations are non-dimensionalised by reference length L∗, freestream
values of density ρ∗∞, sound speed c∗∞, and viscosity µ∗∞, where superscript ()∗ denotes
a reference quantity. On this basis the characteristic parameters of Mach number M∞,
Reynolds number ReL, and Prandtl number Pr, have the following definitions

M∞ =
|u∗∞|
c∗∞

, ReL =
ρ∗|u∗∞|L∗

µ∗∞
, P r =

c∗pµ
∗
∞

k∗c
(4.30)

where u∗∞ is the freestream velocity vector, c∗p is the specific heat coefficient at constant
pressure and k∗c is the thermal conductivity coefficient.

4.4.2 Spatial Discretization

The solver uses a finite-difference approach to discretize the governing equations moti-
vated by the natural extension to high-order accuracy. For any scalar quantity ϕ, the
first spatial derivative (∂ϕ/∂ξ)i at any point i is computed in the transformed plane by
solving:

1
2
DF
i =

1
2βF∆η

[bF (ϕi+1 − ϕi) + dF (ϕi−1 − ϕi) + eF (ϕi−2 − ϕi)]−
αF
2βF

DF
i+1, (4.31)

1
2
DB
i =

1
2βF∆η

[bF (ϕi − ϕi−1) + dF (ϕi − ϕi+1) + eF (ϕi − ϕi+2)]− γB
2βB

DB
i−1, (4.32)

Di =
1
2

(DF
i +DB

i ), (4.33)
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where Di is the desired approximation of the spatial derivative obtained by adding the
forward and backward estimates of the spatial derivative, DF

i and DB
i . The coefficients

bf , df , and ef determine the spatial properties of the algorithm. In this work, the sixth-
order prefactored compact scheme of Hixon [40] was employed for high-accuracy spatial
discretisation.

At each time-stepping stage, the derivatives of the inviscid flux terms were calculated by
first forming the fluxes at each grid point and subsequently differentiating each compo-
nent using the equations above. For the computation of the viscous terms, the primitive
variables were first differentiated to form the components of the stress tensor and the
heat flux vector at each grid point. The viscous flux derivatives were then computed by
a second application of the same scheme.

4.4.3 Filtering Scheme

Prefactored compact schemes can be susceptible to the growth of high-frequency modes
originating from grid non-uniformity, boundary conditions, and non-linear flow features.
Therefore a high-order filtering scheme was employed to dampen high frequency modes
in the numerical prediction. The scheme adopted was an explicit filtering scheme given
by

ϕ̂i =
j=m∑
j=−m

αjϕi+j , (4.34)

where ϕ̂ is the filtered version of the variable ϕ, αj are the filtering coefficients, and

2m is the order of the filter. The coefficients used ensure the spectral characteristics of
the filter closely match those of the spatial compact discretization, therefore preserving
the spatial accuracy. A seven point stencil, 6th-order was used in the LES simulations.
Central differencing stencils were adopted for the interior points whereas a biased stencil
was adopted at points approaching the boundary, which gradually reduced the order of
the filter to third-order at the boundary point. The filter was applied sequentially in
each coordinate direction to the conserved variables at the end of each time-stepping
cycle.

4.4.4 Temporal Integration

A second-order implicit scheme was chosen for the temporal integration. This was chosen
in preference to a 4th-order Runge-Kutta scheme due to its comparatively higher CFL
limit. The implicit scheme allowed a Courant number of typically ∆tc∞/∆x = 8 to be
adopted in the simulations, substantially reducing simulation time.

To achieve second-order accuracy, a pseudo-time τ is introduced to Equation 4.19 so
that the original governing Equations 4.19 can be written as:



Chapter 4 Numerical Method 53

∂Q̂
∂τ

+
∂Q̂
∂t

+
∂Ê
∂ξ

+
∂F̂
∂η

+
∂Ĝ
∂ζ

=
M∞
ReL

[
∂Êv

∂ξ
+
∂F̂v

∂η
+
∂Ĝv

∂ζ

]
, (4.35)

The scheme uses an implicit lower-upper approximate factorization algorithm employing
Newton-like subiterations [61]. Between three and five subiterations has been shown to
be suitable [61], and in the current simulation a Courant number of ∆tc∞/∆x = 8 with
∆t = 0.00375c∞/D and 5 sub-iterations per time-step were employed.

4.4.5 Turbulence Model

For the high-order solver, large-eddy simulation was adopted to model the turbulence.
In LES the large scale turbulent eddies are solved explicitly whereas the small scale com-
ponents are modelled by a so-called subgrid scale model. A filter is used to decompose
an arbitrary variable ϕ into large and subgrid components such that

ϕ̄ =
∫
ϑ
ℵϕdϑ, (4.36)

where ℵ is the grid filtering function and the integration is performed across the entire
domain. The variable ϕ can then be written as:

ϕ = ϕ̄+ ϕsg, (4.37)

where ϕ̄ is the large scale component to be explicitly computed and ϕsg is the subgrid
component to be modelled by the subgrid scale model. The Favre-averaged variable is
defined by

ϕ̃ =
ρϕ

ρ̄
. (4.38)

With this formulation the vector of conserved variables Q̂ in Equation 4.20 can be
written as

Q̂ = (1/J)
[
ρ̄, ρ̄ũ, ρ̄ṽ, ρ̄w̃, ρ̄Ẽ

]T
, (4.39)

whereas the flux vectors in Equations 4.22-4.24 can be rewritten as

Ê =
1
J


ρ̄Ũ

ρ̄ũŨ + ξxp̄

ρ̄ṽŨ + ξyp̄

ρ̄w̃Ũ + ξz p̄

ρ̄ẼŨ + ξxi ũip̄

 , Êv =
1
J


0

ξxi(τ̃i1 + τ si1)
ξxi(τ̃i2 + τ si2)
ξxi(τ̃i3 + τ si3)

ξxi [ũj(τ̃ij + τ sij)− q̃i − `si ]

 (4.40)
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F̂ =
1
J


ρ̄Ṽ

ρ̄ũṼ + ηxp̄

ρ̄ṽṼ + ηyp̄

ρ̄w̃Ṽ + ηz p̄

ρ̄ẼṼ + ηxi ũip̄

 , F̂v =
1
J


0

ηxi(τ̃i1 + τ si1)
ηxi(τ̃i2 + τ si2)
ηxi(τ̃i3 + τ si3)

ηxi [ũj(τ̃ij + τ sij)− q̃i − `si ]

 (4.41)

Ĝ =
1
J


ρ̄W̃

ρ̄ũW̃ + ζxp̄

ρ̄ṽW̃ + ζyp̄

ρ̄w̃W̃ + ζz p̄

ρ̄ẼW̃ + ζxi ũip̄

 , Ĝv =
1
J


0

ζxi(τ̃i1 + τ si1)
ζxi(τ̃i2 + τ si2)
ζxi(τ̃i3 + τ si3)

ζxi [ũj(τ̃ij + τ sij)− q̃i − `si ]

 . (4.42)

With this formulation the stress tensor and the heat flux vector are given by

τ̃ij = µ̃

[(
∂ũj
∂xi

+
∂ũi
∂xj

)
− 2

3
∂ũk
∂xk

δij

]
, (4.43)

q̃i =
1

(γ − 1)
µ̃

P r

∂T̃

∂xi
, (4.44)

where T̃ is the temperature. The additional terms in the filtered Navier-Stokes equations,
τ sij and `si , are the subgrid-stress and heat flux vectors

τ sij = −ReL
M∞

ρ̄ (ũiuj − ũiũj) , (4.45)

`si =
ReL
M∞

ρ̄
(
ũiT − ũiT̃

)
. (4.46)

In SotonCAA the Smagorinsky subgrid-stress (SGS) model [70] was employed to obtain
the subgrid terms. The compressible version of the model is given by

τ sij −
1
3
τ skkδij = −2µt

(
φ̃ij −

1
3
φ̃kkδij

)
, (4.47)

where
φ̃ij =

1
2

(
∂ũi
∂xj

+
∂ũj
∂xi

)
, (4.48)

and
µt =

ReL
M∞

Csgs∆2ρ̄φ̃M , (4.49)

where φ̃M is the magnitude of the rate-of-strain tensor which is defined by

φ̃M = (2φ̃ijφ̃ij)1/2, (4.50)
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and the eddy viscosity length scale ∆ is given by

∆ =
(

1
J

)1/3

. (4.51)

The constant turbulent Prandtl number assumption is used to calculate the subgrid
scale heat flux vector:

`si = −
(
µt
Prt

)
∂T̃

∂xi
. (4.52)

In the model, Csgs is the eddy-viscosity model constant which was set to 0.008464 and
the isotropic part of the stress tensor, 1

3τkk, was neglected for the low Mach number
calculation.

4.4.6 Boundary Conditions

Wall Boundary Condition No-slip boundary conditions were employed along the
cylinder walls which is imposed by setting the three velocity components u, v, w to zero
as in Equation 4.12. The pressure on the wall was determined from linear extrapolation
from the nearest adjacent mesh points and the wall temperature was set to ensure that
the adiabatic condition is satisfied.

Buffer Zone Boundary Condition Along the external boundaries, an explicit buffer
zone method was adopted [20]. In the buffer zone method the computational domain
is extended to create a buffer zone where the solution vector is explicitly damped after
each time step toward a target value Qtarget using

Qn+1 = Q́n+1 − ς(Q́n+1 −Qtarget), (4.53)

where Q́n+1 is the solution vector after each time step and ς is the damping coefficient
that varies smoothly according to the function

ς(Xbs) = ςmax

(
1 +

xbz − Lbz
Lbz

)βbz
, (4.54)

where Lbz is the width of the buffer zone, xbz is the distance measured from the inner
boundary of the buffer zone and ςmax and βbz are coefficients which determine the shape
of the damping function.

4.4.7 Characteristic Interface Condition

Grid singularity due to grid skew is a major problem for high-order finite differencing
stencils. Grid singularity occurs where two or more grid lines meet at different angles
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leading to singular points. At these singular points the grid metrics are inaccurate and
can lead to high instability in computations with curvilinear grids. Skewed grid lines
are often unavoidable for even simple geometries and can severely limit the usefulness of
high-order accurate CFD code. Figure 4.2 illustrates the errors that arise at locations
of high skew.

Frame 001 ⏐ 10 May 2006 ⏐

Figure 4.2: Pressure contour discontinuities resulting from a tandem cylinder compu-
tation on a grid with high skew and adopting central differencing across block bound-

aries.

A solution to this problem was proposed by Kim and Lee [46], using the characteristic
form of the governing equations. In this approach, the computational domain is decom-
posed so that the inter-block boundaries coincide with the singular grid lines. Biased
stencils for the numerical scheme are used so that the differencing stencils do not cross
the interface, thereby avoiding discontinuity at each singular point, whereas central dif-
ferencing is maintained within the block interiors. Interface conditions are then imposed
at the block interfaces for communication between the blocks.

In the following, the characteristic interface conditions are derived and the implementa-
tion procedure is explained. For clarity, equations are derived relative to the ξ direction;
however, the general case has been implemented in SotonCAA so that any block orien-
tation can be used.

Equation 4.19 can be written in characteristic form in the direction normal to the inter-
face, where ξ is a constant value:

∂R
∂t

+ λ̄
∂R
∂ξ

= SC (4.55)

where the terms in Equation 4.55 are defined as

δR = P̄−1δQ, λ
∂R
∂ξ

= P̄−1

(
ξx
∂E
∂ξ

+ ξy
∂F
∂ξ

+ ξz
∂G
∂ξ

)
, (4.56)

and Sc consists of the source terms in Equations 4.19:
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SC = JP̄−1

{
Ŝv −

[
E
∂

∂ξ

(
ξx
J

)
+ F

∂

∂ξ

(
ξy
J

)
+ G

∂

∂ξ

(
ξz
J

)
+
∂F̂
∂η

+
∂Ĝ
∂ζ

]}
(4.57)

where P̄−1 is a transformation matrix which is defined in Appendix B, and Ŝv is a source
term that consists of the viscous flux derivatives on the right hand side of Equation
4.19. The terms E, F, and G, are the inviscid flux vectors in Cartesian coordinates.
The characteristic differential variables and the corresponding convection speeds are
represented as

δR =


δρ− δp

c2

δW̃

δṼ
δp
ρc + δŨ
δp
ρc − δŨ

 , λ̄(diag) =



U

U

U

U + c
√
ξ2
x + ξ2

y + ξ2
z

U − c
√
ξ2
x + ξ2

y + ξ2
z


(4.58)

where the tilde indicates a quantity normalised by |∇ξ|, c is the speed of sound and, U ,
V and W are the contravarient velocities. The contravarient velocity and its differential
are given by

U = ξxu+ ξyv + ξzw, δŨ = ξ̃xδu+ ξ̃yδv + ξ̃zδw (4.59)

whereas the velocity differentials in parallel to the ξ direction are given as

δṼ = −ξ̃xδv + ξ̃yδu, δW̃ = ξ̃xδw − ξ̃zδu. (4.60)

The characteristic waves can be easily classified as outgoing or incoming by the sign

of their convection speeds, and so waves passing between the block interfaces can be
compensated for in each block.

The Interface Condition Interface conditions are used to communicate the incoming
and outgoing characteristic waves between adjacent blocks in a strict manner. The aim
is to match the primitive variables on the left and right side of the interface, and this
should be satisfied regardless of time. This can be expressed as

(ρL,vL, pL) = (ρR,vR, pR), ∂t(ρL,vL, pL) = ∂t(ρR,vR, pR). (4.61)

In terms of the characteristic variables, this is expressed as

∂RL

∂t
=
∂RR

∂t
. (4.62)

If the convection term in Equation 4.55 is given as

L = λ̄
∂R
∂ξ

, (4.63)
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then Equation 4.62 can be represented as

LL − SLC = LR − SRC , (4.64)

where L is given by

L = JP̄−1

{
∂E
∂ξ
−
[
E
∂

∂ξ

(
ξx
J

)
+ F

∂

∂ξ

(
ξy
J

)
+ G

∂

∂ξ

(
ξz
J

)]}
. (4.65)

Equation 4.64 represents the interface conditions in terms of spatial derivatives and is

used to communicate physical information through the interface. Either the left or right
convection term should be corrected by the other one based on the sign of the convection
speeds. Thus, the interface conditions can be summarised as follows:

LLm = LRm − SRCm + SLCm if λLm/|λLm| = λRm/|λRm| ≤ 0, (4.66)

LRm = LLm − SLCm + SRCm if λLm/|λLm| = λRm/|λRm| ≥ 0, (4.67)

where the subscript m represents the components of a vector m = 1, ..., 5.

Implementation Procedure These characteristic interface conditions have been im-
plemented into SotonCAA as suggested by Kim and Lee [46]. The procedure to be
completed for each stage of the time-marching steps is described as follows:

1. The flux derivatives in Equation 4.19 are first evaluated for each block using a
biased stencil so that the blocks remain isolated. The normal flux derivative on
the interface is then to be corrected, for example ∂Ê/∂ξ. In this explanation the
ξ direction is used, however the code has been generalised to accommodate any
block-to-block orientation.

2. The initial guess of the characteristic convection term L is then calculated for the
left and right blocks using Equation 4.65.

3. The new corrected characteristic convection term for each block is then calculated
using the interface conditions and is represented by L∗

4. The normal-flux derivative term is then recalculated by the corrected characteristic
convection term using the following identity:(

∂Ê
∂ξ

)∗
=

1
J

P̄L∗ +
[
E
∂

∂ξ

(
ξx
J

)
+ F

∂

∂ξ

(
ξy
J

)
+ G

∂

∂ξ

(
ξz
J

)]

where P̄ is the inverse matrix of P̄−1 and is given in Appendix B. This new
corrected term is then returned to Equation 4.19 to be integrated in time.
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5. Finally, the primitive variables on the interface are refined by averaging the left
and right-hand values so that (ρL,vL, pL)∗ = (ρR,vR, pR)∗

These boundary conditions have been implemented into SotonCAA to enable the code to
solve the flow around the tandem cylinder geometries where grid skew was unavoidable.
The procedure outlined by Kim and Lee [46] was extended for the general case where the
block coordinate systems are arbitrary. The boundary conditions have been implemented
for turbulent Navier-Stokes computations and were parallelised for multi-processor tasks.
Full details of the implementation are provided in Appendix B and validation cases are
included in Appendix A.

4.5 Acoustic Solver

4.5.1 Ffowcs Williams and Hawkings Equation

The Ffowcs Williams and Hawkings (FW-H) equation [24] is an inhomogeneous wave
equation derived from the exact rearrangement of the Navier-Stokes and the continuity
equations. The FW-H equation is defined by Equation 2.7, but can be expressed in
terms of the far-field acoustic pressure, p′ = p− p0, as:

1
c2

0

∂2p′

∂t2
−∇2p′ =

∂2

∂xi∂xj
TijH(f)

− ∂

∂xi
[Pijnj + ρui(un − vn)] δ(f)

+
∂

∂t
[ρ0vn + ρ(un − vn)] δ(f), (4.68)

where

ui = fluid velocity component in xi direction
un = fluid velocity component normal to the surface f = 0
vi = surface velocity component in the xi direction
vn = surface velocity component normal to the surface
δ(f) = Dirac delta function
H(f) = Heaviside function
nj = outwards unit normal vector to the surface f = 0

The function f describes the surface S and is defined to be positive everywhere outside
the surface S and negative in the interior of S, which facilitates the use of generalised
function theory and the free-space Green function in the solution of Equation 4.68. Tij
and Pij are the Lighthill and compressive stress tensors defined by Equations 2.4 and
2.5 respectively.
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Equation 4.68 represents the FW-H equation in differential form. The solution of Equa-
tion 4.68 consists of surface and volume integrals. The retarded time formulation of the
FW-H equation involves the calculation of acoustic signals by summing all the signals
received by an observer at the same time t. Depending on the location and the veloc-
ity of both source and observer, these signals are emitted at different times and travel
over a different distance to reach the observer at the same time t. Hence, the retarded
time formulation can be regarded as the signal analysed from the point of view of the
observer. The retarded time, τ , is defined as follows:

τ = t− r

c0
, (4.69)

where r is the distance to the observer. The solution of Equation 4.68 is obtained using

the free-space Green function which is given by:

G(x,y, t, τ) =
δ(g)
4πr

, (4.70)

where
g = τ − t+

|x− y|
c0

, r = |x− y|. (4.71)

The solution as listed in Reference [23] is:

p′(x, t) = p′Q(x, t) + p′L(x, t) (4.72)

The term p′T (x, t) is known as the thickness noise and p′L(x, t) the loading noise, given
by

4πp′T (x, t) =
∫
S

ρ0

(
U̇n + Uṅ

)
r(1−Mr)2


ret

dS

+
∫
S

ρ0Un

{
rṀr + c(Mr −M2)

}
r2(1−Mr)3


ret

dS (4.73)

4πp′L(x, t) =
∫
S

[
L̇r

cr(1−Mr)2

]
ret

dS

+
∫
S

[
Lr − LM

r2(1−Mr)2

]
ret

dS

+
∫
S

Lr
{
rṀr + c(Mr −M2)

}
cr(1−Mr)3


ret

dS. (4.74)
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Off-body FW-H surface

Frame 001 ⏐ 11 May 2006 ⏐

Figure 4.3: Example of off-body permeable FW-H integration surface for single cylin-
der simulations.

where

Ui = vi +
ρ

ρ0
(ui − vi), (4.75)

Li = Pijn̂j + ρui(un − vn). (4.76)

Definitions of the equation variables can be found in Reference [23]. The complete so-
lution contains both volume and surface integrals. The surface integrals represent the
contribution from monopole and dipole acoustic sources and partially by quadrupole
sources, whereas the volume integrals represent the contribution from the quadrupole
sources only. According to Lighthill’s [49] quadrupole theory I ∝ [Mc]5, while for
Curle’s [11] dipole theory I ∝ [Mc]3. Therefore, at low Mach numbers the contribution
of the volume integrals becomes small compared to that of the surface integrals, and
the volume integrals are often dropped for low-subsonic flows. The retarded time solu-
tion, with the volume quadrupole term neglected, is often known as formulation 1A of
Farassat [22], and this was employed by the FW-H solver.

It is not required that the integration surface f = 0 coincides with body surfaces or walls,
and therefore the formulation allows for “off-body” permeable surfaces to be placed in
the flow field. However, the grid resolution in the interior of the surface f should be
fine enough to resolve the unsteady flow structures within it. Care was taken during the
development of the computational grids to ensure this, and FW-H surface comparisons
were made to verify the grid resolution inside the permeable surface.

Once the unsteady solution had become fully developed in such a way that the flow field
statistics had become stationary (such as CD) the storage of the unsteady quantities
on the surfaces was initiated and continued until a satisfactory time history had been
gathered. Once this had been achieved, the FW-H formulation was solved for the defined
array of far-field observers. For surfaces that were defined along a solid body only the
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unsteady pressure was required by the FW-H solver, whereas for permeable surfaces the
density and velocity components were also required.

4.5.2 Integration Surface Placement

Multiple on-body and off-body surfaces were defined in each simulation. Figure 4.3
illustrates an example location of the surfaces for the single cylinder cases. The radius
of the permeable surfaces was typically two cylinder diameters. The passage of vortices
through permeable integration surfaces has been identified as a potential cause of error
in some applications and Lockard proposed a suitable correction [52]. In a 2-D URANS
circular cylinder test case the differences between on-body and off-body surfaces was
small and this difference was successfully corrected. However, the correction was not
successful when applied to the 3-D detached-eddy simulation of flow around a circular
cylinder. Therefore care was taken to examine any differences between on-body and
off-body FW-H predictions. An integration surface sensitivity study for 2-D turbulent
circular cylinder flow is included in Appendix A.

4.5.3 Far-Field Observers

For each simulation a spherical surface of far-field observers was defined at a radius of
R = 100 cylinder diameters with a resolution of π/18 for the azimuth and polar angles,
θ and φ respectively, where (0 ≤ θ ≤ 2π) and (0 ≤ φ ≤ π). The solution to the FW-H
equation yielded a time history of the far-field acoustic pressure p′ at each specified
observer. The time histories were then post-processed to yield the acoustic spectral and
directivity characteristics of the source.

4.6 Summary

In this section the important details and a description of the computational method
were provided. The adopted “two-step” approach employed both a low-order Navier-
Stokes CFD solver and a high-order CAA solver to compute the turbulent near-field,
and an acoustic solver to solve the FW-H equation to yield the far-field acoustic pre-
diction. Detached-eddy simulation and large-eddy Simulation were employed to model
the turbulence and structured curvilinear grids are generated over the cylinder bodies.
Characteristic boundary conditions were implemented into the CAA finite difference
solver to accommodate skewed grids. A spherical arrangement of far-field observers was
defined to capture the three-dimensional spectral and directivity characteristics of the
noise source. Post-processing of the predicted far-field acoustic pressure history provided
the acoustic spectrum and directivity results.



Chapter 5

Circular Cylinders in Cross-Flow

5.1 Outline

In this chapter the noise radiated by a single circular cylinder in cross-flow is investigated.
The purpose of this work was to determine the characteristics of basic strut noise. Three-
dimensional detached-eddy simulation provided the near-field turbulent flow field, whilst
the FW-H equation was solved to predict the far-field acoustic pressure. For DES, the
low-order solver was used.

5.2 Computational Setup

0o 180o x

y

D

Flow

θ

Figure 5.1: Definition of single cylinder geometry and nomenclature.

The single cylinder geometry and nomenclature used in this chapter are defined in Figure
5.1. In this 2-D illustration, the z−axis corresponds to the spanwise direction and is

63
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Figure 5.2: Non-dimensional single circular cylinder grid: (a) block structure and
far-field domain, (b) near-field grid.
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Parameter Symbol Value
Freestream Mach number M 0.2
Cylinder diameter D 0.020-0.2204 m
Turbulent viscosity ratio µt

µ 10
Non-dimensional time step ∆t∗ 0.02
Reynolds number Re 9× 104 − 106

Table 5.1: Simulation parameters for single cylinder cross-flow simulations.

directed out of the page. Three-dimensional grids were generated suitably for detached-
eddy simulation. The computational domain extends 30D outwards from the cylinder
axis in the (x, y) plane, as shown in Figure 5.2(a). The span used in the computations
was limited to two cylinder diameters and periodic boundary conditions were employed
to simulate an infinite span. Experimental efforts [82] have measured the spanwise
correlation length to be LC < 2D for supercritical flows and computational studies [79]
have shown a span of 2D to be adequate to resolve the spanwise flow. Grids were
generated with 20, 30, 40, and 50 spanwise grid-points to ensure proper resolution of
the spanwise flow, and so that a grid dependence study could be performed. The grids
featured circumferential clustering in the wake region where high resolution was required
to resolve the unsteady flow structures. The value of y+ for the first cells adjacent to
the cylinder surface in each grid was y+ ≈ 1 to ensure proper resolution of the boundary
layers. The grids were refined accordingly for each Reynolds number simulation.

The range of Reynolds numbers investigated was between Re = 9× 104 and Re = 106.
This was achieved by maintaining a constant Mach number of M = 0.2 and varying
the diameter of the cylinder between D = 0.020m and D = 0.2204 m. The simulation
parameters are listed in Table 5.1. The range of Reynolds numbers correspond to subcrit-
ical, critical and supercritical cylinder flow regimes [82]. However, turbulent separation
(TS) regimes (supercritical) were simulated in all simulations by setting the freestream
turbulent viscosity level high enough relative to the molecular viscosity, following the
strategy used by Travin et al. [79].

Both on-body and off-body permeable FW-H integration surfaces were defined in the
computational domain. The non-dimensional time step in each computation was ∆t =
0.02D/U∞ yielding approximately 250 time steps per shedding cycle for a Strouhal num-
ber of 0.2. The solutions were run for approximately 8000 time steps until a quasi-steady
solution was reached before the sampling of flow variables on the FW-H integration sur-
faces. The computations were then run for another ≈ 10000 time steps to sample the
unsteady flow statistics in the domain and along the integration surfaces. This yielded
a total solution time of approximately 350 non-dimensional times which was sufficient
to obtain a representative sample of 70 shedding cycles.
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Figure 5.3: 3-D DES single cylinder flow visualisation of cc140k:TS2 simulation: iso-
surface of instantaneous vorticity contours coloured by velocity magnitude in m/s.

5.3 Aerodynamic Results

Reported in Table 5.3 are the single cylinder results, indicating the predicted lift co-
efficient RMS, C ′L; mean drag coefficient, CD; Strouhal number of the primary vortex
shedding frequency, St; separation angle, θsep; minimum pressure coefficient, −Cpmin;
back pressure coefficient (the Cp at 180 degrees), Cbp; and the peak SPL at an observer
located at R = 100D, θ = 90 deg, perpendicular to the cylinder axis; where the overline
represents a time-averaged quantity. A summary of experimental results in [82] for
supercritical flows is provided for comparison.

The comparison between results and experiment show that all simulations exhibit fea-
tures associated with supercritical flows. The predicted low mean drag coefficient is
consistent with the drag crisis which is a feature of TS flows due to the larger separa-
tion angles (i.e. θsep > 90 deg) [82]. Separation occurred between θsep = 93.4 deg at
Re = 9× 104 up to θsep = 108 deg at Re = 1× 106, leading to narrower wakes at higher
Reynolds numbers. This was consistent with the measured mean drag coefficient which
was between CD = 0.683−0.484; decreasing with increasing Reynolds number, reflected
also by the rise in the base pressure coefficient Cbp. In each case, vortex shedding at
Strouhal numbers between St = 0.27 − 0.311 was predicted which is consistent with
values found in experiment (see Figure 2.2). The shedding frequency increased with
Re due to the delay of separation. The shedding frequencies were determined from the
power spectral density of the lift coefficient shown in Figure 5.5 for the cc90k:TS2 case.
The predicted C

′
L ranged between 0.078 and 0.146 giving an indication of the strength

of the surface pressure perturbations associated with the lift dipole.
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Figure 5.4: Sample of the CL and CD history prediction for 3-D DES single cylinder,
Re = 1.4× 105, 30 mesh points along the cylinder span.
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Figure 5.5: Power spectral density of surface force coefficients predicted for 3-D DES
single cylinder, Re = 1.4× 105, 30 mesh points along the cylinder span.
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Figure 5.3 shows the instantaneous iso-surface of vorticity coloured by velocity magni-
tude and the velocity streamlines predicted for the cc140k:TS2 case. This illustrates the
highly three-dimensional non-linear flow field and also the resolution characteristics of
the grid. Fairly weak and irregular vortex shedding was predicted behind the cylinders,
which is a characteristic of the supercritical regime [82]. The shedding characteristics are
strongly correlated with the body force histories shown in Figure 5.4, and the unsteady
statistics reported in Table 5.3.

Figure 5.6(a) compares the predicted pressure coefficient along the upper cylinder sur-
face to experimental results. The difference surface pressure distributions measured by
Roshko, Cantwell, and Fage show the sensitivity of the circular cylinder flow to both
Reynolds number and the transition location. The data from Cantwell and Coles [7] at
Re=1.1×105 refers to subcritical flow and exhibits a Cp profile with a higher Cpmin and
lower Cbp due to early laminar separation. The experimental data from Roshiko [63]
and Fage [21] was performed at supercritical and postcritical Reynolds numbers and are
thus more comparable to the current supercritical simulations. In the surface pressure
distribution of supercritical cylinders, the location of Cpmin moves toward the cylinder
rear and the suction increases as the extent of the favourable pressure gradient region
increases. Also, the value of θsep moves downstream (which occurs along the pressure
recovery curve) and the pressure recovery (Cbp − Cpmin) increases. The rise in base
pressure results in a lower mean drag. The measured and predicted results for the base
pressure coefficient Cbp, Cpmin, and the adverse pressure recovery compare favourably.

The aerodynamic quantities of particular interest to the far-field acoustics are the RMS
lift and drag coefficients, and the Strouhal number. These provide an indication of the
pressure fluctuation magnitude on the cylinder surface and an estimate of the peak fre-
quency in the far-field acoustic pressure spectrum. Figure 5.4 shows a sample of the lift
and drag coefficient histories. The plot shows large variations in CL and CD which are
indicative of strong modulations in the vortex shedding. The magnitude of the fluctu-
ating drag is much lower than that of the fluctuating lift and operates at approximately
twice the shedding frequency. The power spectral density (PSD) of CL and CD is pre-
sented in Figure 5.5 that indicates the frequency content of the signals. The PSD is
obtained from the discrete Fourier Transform of the time series over the computational
time 200 ≤ tD/U∞ ≤ 350, sampled at ∆tD/U∞ = 0.02 using a Hamming window.
The lift coefficient exhibits a large peak at f = 659 Hz which is the vortex shedding
frequency and a secondary peak at roughly twice the shedding frequency representing
the first harmonic. The magnitude of the drag content is much lower with a broad peak
at approximately twice the shedding frequency.
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è

(a) Cp.

è

(b) Cp at different Re.

Figure 5.6: Mean surface pressure coefficient prediction: (a) comparison with exper-
iments [7, 21,63], (b) Cp at different Re.
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(a) Skin friction coefficient.
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Figure 5.7: Single cylinder results: (a) skin friction coefficient prediction and com-
parison with experiment [2], (b) time-averaged streamwise velocity along centreline and

comparison with experiment [7].
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Figure 5.8: Surface pressure coefficient distribution at different spanwise grid densi-
ties.
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5.3.1 Reynolds Number Effects

The results generally show a correlation between the flow statistics and Reynolds num-
ber, although no large variation was seen between the various parameters, except for
C
′
L. This was expected since the location of transition, which normally dictates the flow

regime, was controlled in the numerical simulations by setting the free-stream eddy-
viscosity. This is in agreement with Travin et al. [79] who also found their TS DES cases
to be relatively insensitive to Reynolds number.

Figure 5.6(b) compares the Cp distributions predicted at the different Reynolds num-
bers. The results are consistent with the anticipated physics and strongly reflect the
supercritical flow regime. The value of Cpmin is shown to become lower at higher Re,
indicating higher suction as separation is delayed and the favourable pressure gradient
region becomes larger. Figure 5.6(b) also shows a longer pressure recovery region at
higher Re, leading to an increase in the base pressure and thus a lower drag coefficient.

Figure 5.7(a) shows the time- and span-averaged skin friction coefficient variation with
Reynolds number and comparison with experiment [2]. The experimental result at
Re = 1 × 105 exhibits a lower separation angle and only one positive Cfmax , indicating
laminar separation. The characteristics of the numerical Cf curves are typical of the
supercritical regime. The second Cfmax is caused by a recirculation region begins at the
first Cfmin. Separation occurs after the second Cfmax when Cf becomes zero, however
since the separation angle varies along the span, the time- and span-averaged Cf does
not appear to cross zero in this figure. The effect of Reynolds number on the results can
be clearly seen by the reduction of the first and second Cfmax, and an increase in θsep

with increasing Re.

Figure 5.7(b) compares the mean centreline x−velocity where x/D = 0 corresponds to
the cylinder centre. The agreement with experiment [7] at the same Reynolds number is
fairly good, however the simulation over predicted the length of the recirculation bubble
in the cylinder wake. The results converge well from a position two cylinder diameters
downstream.

5.3.2 Spanwise Grid Density Dependence

Table 5.3 presents results for cylinder simulations performed at Re = 1.4 × 105 with a
varying grid density in the z−direction along the cylinder span. The purpose was to
ensure that the default density of 30 grid points was indeed sufficient to capture the
important flow structures. The results for C ′L, CD, St, and θsep show that the results
obtained using 30, 40, and 50 grid points compare favourably and tend toward the 50
grid point solution. The results for 20 spanwise grid points show poor agreement with
the other predictions, indicating an insufficient spanwise resolution. The prediction of
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the cylinder surface pressure coefficient distribution at different spanwise grid density
is shown by Figure 5.8 as partial assessment of grid independence. Figure 5.8 indicates
a relative insensitivity of Cp on the spanwise grid density. The prediction of the base
pressure coefficient, Cbp, is within a couple of percent. Therefore, a spanwise resolution
of 30 grid points was used in subsequent simulations.

5.4 Acoustic Results

In this section, the acoustic predictions are presented and discussed. Figure 5.9 shows
the instantaneous pressure perturbation in the non-linear near-field region. Large per-
turbations are clearly induced on the cylinder surface and in the unsteady wake. Weaker
perturbations were resolved, which can be seen to radiate into the far-field.

The FW-H prediction of the far-field acoustic pressure was obtained at an observer
radius of R = 100D using a cylindrical surface that coincides with the cylinder surface.
The FW-H surface is open at the ends of the cylinder and is 2D in span. Figure 5.10
presents a short sample of the predicted far-field acoustic pressure at observers located
at θ = 90 deg and θ = 180 deg corresponding to locations directly above and behind the
cylinder respectively. At θ = 90 deg the observer is directly affected by the lift dipole
acting perpendicularly to the freestream exhibiting larger perturbations with a period
equal to that of the vortex shedding. At θ = 180 deg the observer is affected by pressure
fluctuations due to the drag force perturbations on the cylinder which are much lower
in magnitude and approximately twice the frequency due to the coupling of the vortices
from the upper and lower surfaces.

5.4.1 Spectral Characteristics

The Fast Fourier transform (FFT) of the acoustic pressure history was taken to yield
the spectral characteristics of the signals. Each FFT was performed over a number of
blocks. Each block contained a time record of 20.5D/U∞, sampled at 0.02D/U∞. This
gives a Nyquist frequency of f = 25U∞/D and a narrowband spectral resolution of
f = 0.025U∞/D. Each block was windowed using a Hamming window. Selected spectra
for the cc140k:TS2 case calculated from the on-body FW-H surface are presented in
Figure 5.11. In Figure 5.11(a) the spectra at a range of observer locations close to
90 degrees are plotted. Each spectrum features a dominant peak corresponding to the
shedding frequency and a smaller broadened peak at the frequency of the first harmonic.
The highest level of approximately 76.5 dB is predicted at θ = 90 deg, with a level of 74
dB predicted at the θ = 50 deg observer, and 73 dB at the θ = 130 deg observer. The
small difference between θ = 50 deg and θ = 130 deg can be explained by convective
amplification effects. Figure 5.11(b) presents the spectra at observers parallel to the
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Figure 5.9: 3-D DES single cylinder flow visualisation of instantaneous pressure per-
turbation, p′ = p− p∞ (Pa).
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Figure 5.10: Far-field acoustic pressure prediction, p′, for observers located at θ = 90
deg and θ = 180 deg.
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Figure 5.11: Far-field acoustic prediction for a single cylinder: (a) comparison be-
tween acoustic pressure for observers θ = 50, 90, 130 deg, (b) θ = 0, 180 deg. R = 100D
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freestream vector where the component of the fluctuating forces parallel to the freestream
dominate. The resultant spectra are broader consisting of a weaker peak of ≈60 dB
due to the pressure fluctuations associated with the unsteady drag forces. The slight
differences between spectra corresponding to upstream and downstream observers can
be explained by convective amplification effects and the unsteady pressure on the rear
of the cylinder due to the separated region.

The spectral characteristics are clearly dependent on observer location, indicating the
need for a spectral function in the prediction model that is a function of radiation
angle. Observers that are in the radiation path of the fluctuating lift forces experience
higher levels of acoustic pressure with a dominant low frequency tone associated to the
fluctuations in the lift coefficient, whereas those that are in the path of the drag forces
exhibit a lower sound pressure level and a broader spectrum with a weaker tone at twice
the vortex shedding frequency.

Influence of FW-H Integration Surface Predictions of the far-field acoustic pres-
sure were obtained on two FW-H surfaces. The off-body permeable surface was circular
with a radius of 2D centred at x = y = 0. The on-body integration surface was only ca-
pable of capturing acoustic perturbations on the cylinder surface, whereas the off-body
surface was capable of capturing any source within its interior. Both time step size and
the grid determine the resolution characteristics of both surfaces. In Figure 5.12(a) the
result for an observer located at θ = 90 degrees is presented. The predictions from
the two FW-H integration surfaces show a strong collapse at the shedding frequency,
although the permeable surface prediction of the first harmonic is considerably higher.
Since the second harmonic corresponds to the frequency that vortices pass through the
integration surface, this additional noise is likely to be due error caused by the passage of
vortices through the permeable surface [52]. The permeable surface also predicts higher
levels beyond a Strouhal number of St = 2 corresponding to f ≥ 4400 Hz. A similar
result is obtained for the observer located at θ = 180 shown in Figure 5.12(b).

Without inclusion of the volume integral in the FW-H solution, it is not possible to
determine whether the difference is due to additional noise sources or error due to vortices
passing through the wake [55]. However, Lockard has shown a strong agreement between
on-surface and several permeable surface predictions for bluff body flows at M = 0.2,
concluding that permeable integration surfaces are not necessary [55]. It is expected
at the low incompressible Mach number associated with an aircraft approach that the
effect of volume sources will be negligible and the use of on-body integration surfaces
is sufficient to capture the far-field noise characteristics. Therefore the additional noise
captured by the permeable surface is presumed to be due to error and only the on-surface
predictions are considered in the remainder of this chapter.
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Figure 5.12: FW-H integration surface prediction comparison for a single cylinder in
cross-flow, Re = 1.4× 105: (a) θ = 90 deg, (b) θ = 180 deg. R = 100D
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(a) Lift dipole. (b) Drag dipole.

Figure 5.13: Directivity of sound pressure at: (a) vortex shedding frequency, f = 649
Hz, (b) fundamental drag fluctuation frequency, f = 1320 Hz.

5.4.2 Directivity Characteristics

Directivity plots were produced to obtain a representation of the overall acoustic field.
These were generated by integrating the predicted sound pressure level over the range
of resolved frequencies according to Equations D.5 and D.6. In Figure 5.14(a) the
directivity of the OASPL is plotted to show the 2-D directivity characteristics in the
x− y plane where the flow is from left to right. A distinct dipole directivity pattern was
predicted which is aligned perpendicular to both the freestream and the cylinder axis.
This figure shows the maximum ∆OASPL to be approximately 10 dB across the range
of θ, indicating strong directivity effects. The dipole exhibits a slight radiation bias into
the forward arc due to convective amplification effects, but is almost symmetrical along
y = 0.

To compare the contribution of the lift and drag pressure forces on the cylinder surface
to the far-field noise, the directivity of p′2 at the frequency of the fluctuating lift and
drag forces was extracted from the far-field spectra. The result it plotted in Figure
5.13. At f = 649 Hz, corresponding to the shedding frequency in the Re = 1.4 ×
105 simulation, the dipole pattern of Figure 5.13(a) resembles the integrated pressure
directivity patterns in Figure 5.14(b) indicating the dominance of the lift dipole. At
f = 1320 Hz, corresponding to the fluctuating drag, the dipole is aligned parallel to the
flow with a higher radiation directivity downstream, corresponding to the unsteadiness
in the separated region at the rear of the cylinder. The magnitude of the drag dipole is
less than that of the lift dipole, indicating the dominance of the lift dipole to the overall
sound pressure level.



Chapter 5 Circular Cylinders in Cross-Flow 79

θ (deg)

OASPL (dB)

0

30

60

90

120

150

180

210

240

270

300

330

607080

On-body

(a) OASPL directivty.

(b) Re comparison.

Figure 5.14: Far-field directivity prediction for a single circular cylinder: (a) OASPL
prediction for Re = 1.4×105, (b) Reynolds number comparison, Re = 1.4×105-1×106,

of normalised far-field sound pressure, p′Re
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(a) Overall sound pressure.

(b) Lift dipole contribution, f = 649 Hz. (c) Drag dipole contribution, f = 1320 Hz.

Figure 5.15: Three-dimensional mean-square pressure, p′2, directivity prediction for
single cylinder: (a) overall sound pressure, (b) lift dipole at f = 649 Hz, (c) drag dipole

at f = 1320 Hz.

The three-dimensional directivity field was also computed and is presented in Figure 5.15.
In the 3-D surface plots the cylinder axis is parallel to the z−axis and centred along the
line x = y = 0. Figure 5.15(a) shows the total directivity of the overall mean-square
pressure, p′2, integrated over the resolved frequency range. It is clear that the direction
of maximum radiation is perpendicular to the cylinder axis and the freestream vector,
whereas the minimum occurs along the cylinder axis at x = y = 0. The contribution
from the lift dipole dominates the shape of the surface. The depression at x = y = 0
is caused by the coincident minimum of both dipoles. Figures 5.15(b) and 5.15(c) show
the directivity of the peak sound pressure at the frequencies corresponding to the lift
and drag fluctuations indicating the influence of the respective dipoles.
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Figure 5.16: Collapse of non-dimensional acoustic spectra for a single cylinder at
various Reynolds numbers: (a) θ = 90 deg, (b) θ = 180 deg.
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5.4.3 Reynolds Number Effects

In Figure 5.14(b) the predictions of mean square far-field pressure are presented, where
p′Re

2 indicates normalisation by ρU6
∞L

2
s/c

3
∞R

2 to eliminate Reynolds number effects.
Figure 5.14(b) shows that there is no marked difference between the characteristics
of the dipole directivity pattern at difference Reynolds numbers, however there is an
difference in the strength of the dipole type far-field radiation, which appears to be
uncorrelated to the Reynolds number. The SPLRe spectra are shown in Figure 5.16,
where the mean square far-field pressure has been normalised by ρU6

∞L
2
s/c

3
∞R

2. In
Figure 5.16(a) the increase in shedding frequency and a slight decrease in the peak level
with increasing Reynolds number is clear. However, the differences are small with the
difference in peak level being ∆SPLpeak = 2 dB. There is no other significant change in
the spectral characteristics, and there is a fairly strong collapse between other parts of
the spectra except for the Re = 1 × 106 simulation due to a lower sampling frequency
leading to an earlier cut-off of the resolved frequencies

5.5 Summary

In this chapter, the basic noise generating mechanisms of a circular cylinder have been
investigated. Three-dimensional detached-eddy simulation was used to provide the near-
field turbulent solution. The results showed that supercritical flow was successfully sim-
ulated and good agreement with experiment was made in most cases. The aerodynamic
results showed subtle Reynolds number effects, since the supercritical flow regime was
simulated in all cases. The far-field noise predictions were made by solving the FW-H
equation and full 3-D predictions of the acoustic pressure was achieved. The expected
dipole radiation pattern associated with circular cylinder noise was predicted. Also a
strong relationship between observer location and the spectral characteristics was clearly
demonstrated, asserting the need for these effects to be included in the prediction model.
The Reynolds number effects on the spectral and directivity characteristics were shown
to be fairly negligible. The simulations have provided a database that can be used to
model basic strut noise and also a reference on which yawed and tandem cylinders can
be investigated.



Chapter 6

Circular Cylinders in Yaw

6.1 Outline

In this chapter the modelling of basic circular strut noise is extended to investigate the
characteristics of arbitrarily aligned struts. This was achieved by modelling cylinders in
yawed flow. The purpose was to assess the effect of yaw angle on the far-field acoustic
spectra and directivity characteristics, so that the correct physics could be captured in
the prediction model. The simulations were performed using the low-order flow solver
with DES at a Reynolds number of 1.4× 105, and supercritical flow was simulated.

6.2 Computational Setup

l D U

V Vn tz

x

Spanwise periodic 
boundaries

Figure 6.1: Definition of geometry and nomenclature used in yawed cylinder simula-
tions.

The yawed cylinder geometry and nomenclature are defined in Figure 6.1. In this figure,
the x−direction is defined parallel to the freestream vector and the z−direction perpen-
dicular to it. The angle θ is measured clockwise from the front stagnation point parallel
to the x− y plane. The range of yaw angles investigated was Λ = 0− 45 deg in 15 deg

83
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Parameter Symbol Value
Yaw angle Λ 0-45 deg
Freestream Mach number M 0.2
Cylinder diameter D 0.0311 m
Turbulent viscosity ratio µt

µ 10
Non-dimensional time step ∆t∗ 0.02
Reynolds number Re 1.4× 105

Table 6.1: Simulation parameters used in the yawed cylinder simulations.

increments. Two-dimensional grid sections were developed with elliptical cross-sections.
To generate the grids, a cylinder diameter of yD = 0.0311 m was maintained in the
y−direction whilst the x−dimension was determined by xD = yD

cos Λ . The grids were
then extruded by 2D along a vector corresponding to the yaw angle. This meant that
the normal span 2D cos Λ in the z−direction was reduced with increasing yaw angle, and
thus the normal spanwise grid spacing ∆z was also reduced. The grid construction fol-
lowed the same guidelines as those used to develop the grids for cross-flow cylinders. The
cylinder span was resolved by 30 equally spaced grid points and the total grid dimen-
sion was (340,230,30) resulting in 2.35 million grid points in total. The computational
parameters such as time step, and number of sub-iterations, remained consistent with
those reported in Chapter 5. Table 6.1 reports a selection of the simulation parameters.

The computations were performed at Re = 1.4 × 105 by adopting the same approach
described in Chapter 5 to model the supercritical flow regime. Although Re = 1.4× 105

is fairly low for full-size landing gear components, the results reported in Chapter 5
indicated that Reynolds number effects were fairly small for forced TS flows, and that the
characteristics of the supercritical regime were successfully captured at all the simulated
Reynolds numbers. The Λ = 0 deg case corresponds to the cross-flow cc140k:TS2 result
reported in Chapter 5 and was used as the reference case on which to determine the
effect of yaw.

6.3 Aerodynamic Results

Reported in Table 6.2 is a selection of results for the yawed cylinder cases. Parameters
denoted by subscript “n” indicate normalisation with the normal velocity, Vn. Quantities
include the predicted lift coefficient RMS, C ′L; mean drag coefficient, CD; Strouhal
number, St; separation angle, θsep; back pressure coefficient, Cbpn; and the peak SPL at
an observer located at R = 100D and θ = 90 deg, perpendicular to the cylinder axis.
The relationship between a selection of these parameters and Λ is plotted in Figure 6.3.
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Λ Ren C ′L C ′Ln CD CDn St Stn θsep (deg) −Cbpn SPL†

0◦ 140k 0.077 0.077 0.614 0.614 0.297 0.297 97.4 0.723 75.3 dB

15◦ 135k 0.067 0.072 0.537 0.576 0.287 0.297 102.7 0.682 71.6 dB

30◦ 121k 0.066 0.088 0.390 0.520 0.253 0.292 104.5 0.687 69.6 dB

45◦ 99k 0.034 0.068 0.213 0.426 0.212 0.299 107.2 0.674 65.2 dB

† Peak SPL at observer radius R = 10 m, span L = 1 m, θ = 90 deg.

Table 6.2: Results summary of 3-D DES of yawed cylinders at Re = 1.4 × 105,
Λ = 0− 45 deg.

(a) Λ = 30 deg.

(b) Λ = 45 deg.

Figure 6.2: 3-D DES yawed cylinder flow visualisation: iso-surface of vorticity con-
tours, coloured by velocity magnitude: (a) Λ = 30 deg, (b) Λ = 45 deg.
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Figure 6.3: Variation of quantities with yaw angle for yawed cylinder 3-D DES sim-
ulations at Re=1.4× 105: (a) CL vs. Λ, (b) CD vs. Λ, (c) St vs. Λ , (d) peak SPL vs.

Λ.

In all cases a fairly irregular vortex shedding was predicted in the cylinder wakes. Figure
6.7 shows a short sample of the force coefficients on the cylinder surface. As the cross-
section became more streamlined with increasing Λ the strength of the body force fluc-
tuations significantly reduced due to a much weaker and less coherent vortex shedding.
Table 6.2 indicates that the shedding Strouhal number decreased with increasing yaw
angle. Figure 6.2 shows how initially the vortex structures are aligned with the cylinder
axis, which indicates the influence of Vn on the flow field and on its aerodynamic prop-
erties. This alignment feature of the vortex structures is confirmed by experiment [82].
The streamlines in Figure 6.2 illustrate how the freestream vector is distorted in the
vicinity of the cylinder due to the reduction of Vn on approach to the cylinder. As the
vortex structures propagate downstream, the freestream vector dominates the flow once
more and the vortical structures tend to align with it as their convective velocity tends
to up..
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(a) Λ = 0 deg (b) Λ = 15 deg

(c) Λ = 30 deg (d) Λ = 45 deg

Figure 6.4: Mean streamwise velocity contours over yawed cylinders along the x− y
plane parallel to the freestream vector.

The results show that the separation angle increased as the yaw angle increased from
θsep = 97.4 − θsep = 107.2 deg as Λ increased from 0 deg to 45 deg. This is explained
by the increasingly elliptical and streamlined effective cross section even though Ren is
decreased due to the reduction in the normal velocity, Vn. The delay of separation had a
direct impact on the thickness of the wake which is reflected by the drag coefficient that
reduces from CD = 0.614 to CD = 0.213, accompanied by a rise in Cbpn. The normal
drag coefficient, CDn, also decreased with increasing yaw angle, a poor correlation with
the Independence Principle.

In Figure 6.3(a), the relationship between C ′L and Λ is plotted along with the cosine
curve representing results expected from the Independence Principle. The lift coefficient
RMS significantly reduced from C ′L = 0.077 to C ′L = 0.034, however the value measured
for Λ = 30 deg is only a fraction less than that at Λ = 15 deg. This may be a result of
an inadequate sample length.

Chapter 5 revealed that for a cylinder in cross-flow, delayed separation and a reduced
CD is normally associated with an increase in the Strouhal number. However, the yawed
cylinder results indicate that there is a clear decrease in vortex shedding frequency as
these quantities decrease with increasing yaw angle. This is consistent with the litera-
ture [83]. However, the Strouhal number based upon the normal velocity components,
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Figure 6.5: Yawed cylinder aerodynamic results: Cpn
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Figure 6.6: Centreline velocity, U/U0, downstream of yawed cylinders.

Stn, remained almost constant with increasing yaw angle. This suggests that the shed-
ding frequency is controlled by the normal velocity, Vn, which is consistent with the
Independence Principle. Figure 6.3(c) confirms this by comparing the St predictions
with the Independence Principle indicating a very strong correlation.

Figure 6.5 shows the distribution of the normal pressure coefficient Cpn . There is clearly
a very strong collapse of Cpn for all angles which shows that the Independence Principle
holds for this quantity. Table 6.2 reports the very small change in Cbp at different yaw
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Figure 6.7: Comparison between predicted force coefficients on the surface of yawed
cylinders. M = 0.2, Re = 1.4× 105.

angles. A number of mean-flow parameters could be correlated with the Independence
Principle, however the unsteady flow statistics do not tend to correlate well with the
Independence Principle.

The wake characteristics are displayed in Figure 6.4 indicating iso-levels of the average
velocity in the freestream direction. The two-dimensional slices in the iso-levels plots are
z−planes (i.e. parallel to the freestream vector) and hence the cylinder profiles appear
as ellipses for Λ > 0. The recirculation bubble increased in length as the cylinders
become more elliptic, and the recirculation velocity decreased. The velocity profiles of
the normalised streamwise velocity along the cylinder centrelines are plotted in Figure
6.6. The length of the recirculation bubble is clear for Λ = 0 deg and Λ = 15 deg,
which feature a negative mean streamwise velocity over the range 0 ≤ x ≤ 1.6D of the
cylinder at Λ ≥ 30 degrees. The effect of the more streamlined profiles for Λ = 30 and
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45 deg is an always positive mean velocity, therefore there is no time-mean circulation
zone downstream.

6.4 Acoustic Results

6.4.1 Spectral Characteristics

Figure 6.8 shows the computed non-dimensional far-field acoustic pressure spectra at the
radial distance R = 100D from the cylinder axis at θ = 90 deg and θ = 180 deg, where
θ is measured clockwise from the front stagnation point parallel to the x−direction.
The results from the on-body integration surface are presented here. The analysis of the
aerodynamic results suggested that increased yaw should lead to a decrease in SPL and a
decrease in the peak frequency due to vortex shedding. In Figure 6.8(a) far-field pressure
spectra are compared at an observer located directly overhead the cylinders at θ = 90
deg. It is clear that the introduction of yaw angle leads to a large reduction in both
level and frequency of the spectral peak. The basic spectral shape remains similar for
all simulations and is dominated by a large tone corresponding to the vortex shedding
frequency. The reduction in sound level pressure with increasing yaw is apparent at
all frequencies beyond the vorex shedding frequency. The peak SPL at θ = 90 deg is
reported in Table 6.2, and shows ∆SPL = 10.1 dB between Λ = 0 deg and Λ = 45
deg. Figure 6.8(b) shows far-field pressure spectra predictions at an observer located
upstream of the cylinder at θ = 180 deg. A similar reduction in both peak frequency
and sound pressure level is seen that can be explained by the weaker fluctuating drag
forces on the cylinder reported in Figure 6.7 at increasing Λ.

6.4.2 Directivity Characteristics

The computed OASPL directivity results are presented in Figure 6.9. The directivity
plane is parallel to the freestream velocity vector and θ is measured clockwise from the
front stagnation point. A dipole directivity pattern similar to that of Figure 5.14 is
predicted with a ∆OASPL of 10 to 15 dB between observers at θ = 90 deg and θ = 180
deg. The results show the large level change as the yaw angle increases as a result of
the smaller surface pressure forces on the cylinder wall. The largest difference occurs for
observers parallel to the freestream at θ = 0 deg and θ = 180 deg, with nearly a 15 dB
difference between Λ = 0 and Λ = 45 deg. The difference is approximately 12 dB in the
overhead direction at θ = 90 deg. The ∆OASPL between OASPLmin and OASPLmax is
a maximum for Λ = 30 deg at 15 dB, compared to 12 dB for Λ = 0 deg.

Figure 6.10 illustrates the three-dimensional directivity field predicted for Λ = 45 deg,
where the cylinder is yawed relative to the z-axis. The three-dimensional plots help to
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Figure 6.8: Yawed cylinder non-dimensional spectra prediction for Λ = 0 − 45 deg:
(a) θ = 90 deg (b) θ = 180 deg.
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Figure 6.9: Yawed cylinder OASPL directivity prediction at a radial distance of
R = 100D, Λ = 0− 45 deg, M = 0.2, Re = 1.4× 105.

identify the effect of yaw on the directivity field. The usual overall dipole directivity field
is clearly marked in Figure 6.10(a). Comparison with Figure 5.15 shows the attenuation
effect of the overall noise level caused by yaw. It is clear that the lift dipole dominates,
whereas the drag dipole is far less pronounced. Figures 6.10(b) and 6.10(c) show the
directivity of the sound pressure level at the Strouhal numbers of the fluctuating lift and
drag forces on the cylinder surface. Figure 6.10(b) shows that the yaw angle does not
affect the alignment of the lift dipole, however Figure 6.10(c) shows that the drag dipole
is aligned to the cylinder axis, indicating its dependence on the yaw angle and normal
velocity, Vn, and not the freestream vector. This is expected since Figure 6.2 indicates
how immediately behind the cylinder the streamlines are aligned with Vn.

This acoustic analysis clearly indicates the noise reduction potential of yawed cylinders
which reaches a maximum of 15 dB between the Λ = 0 deg and Λ = 45 deg predictions.
The basic spectral characteristics however do not change significantly with yaw angle.
Strut alignment is clearly an important factor and should be considered for an accurate
prediction of landing gear component noise.
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(a) Overall sound pressure.

(b) Lift dipole contribution, St = 0.28. (c) Drag dipole contribution, St = 0.56.

Figure 6.10: Three-dimensional p′2 directivity prediction for a single yawed cylinder,
Λ = 45 deg: (a) overall sound pressure, (b) lift dipole at St = 0.28, (c) drag dipole at

St = 0.56.

6.5 Arbitrary Yaw Angles

6.5.1 The Independence Principle

The Independence Principle suggests that the governing equations of the flow in the
normal and spanwise planes are uncoupled and the projected flow in the normal plane
is based upon U∞ cos Λ. The mathematical idealisation that the flow is two-dimensional
for an infinite span cylinder cannot be realised in practice, however it was investigated
whether this theory could be used to estimate the far-field sound levels.
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Figure 6.11: Interpolation method results for Λ = 20 deg: (a) directivity of peak
spectral acoustic pressure, (b) spectra comparison.
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The theory was tested to see if it could be used to predict the noise generated by
struts at arbitrary angles of yaw. The correlation of the Independence Principle with
selected aerodynamic quantities has already been discussed and was shown to have
partial success. Figure 6.3(c) suggests that the computed shedding frequency could be
correlated very well in the range Λ = 0 − 45 deg. Therefore it was proposed that the
Independence Principle could be used to estimate the shedding frequency with sufficient
engineering accuracy. The ability to predict noise levels using the Independence Principle
was also examined by replacing the freestream Mach number in Equation 3.9 with the
normal Mach number, Mn = Vn

c0
. The result is shown in Figure 6.3(d) which shows poor

correlation, indicating that an alternative method is required for predicting the sound
levels for arbitrary yaw angles.

6.5.2 Interpolation

Since the main characteristics of the yawed cylinders far-field spectrum do not change
with yaw angle, an alternative approach to the prediction of the far-field SPL for ar-
bitrary yaw angle by way of interpolation was pursued. In this approach, the far-field
spectrum at an arbitrary yaw angle can be estimated by interpolation of the results for
the Λ = 0, 15, 30, and 45 deg simulations. It is not ideal to interpolate the actual
spectra as this would lead to spurious unphysical peaks due to the noisy nature of the
spectra. Instead, the idea was to only interpolate the peak level to determine a scaling
factor that could be used to obtain a prediction for an arbitrary yaw angle in the range
Λ = 0−45 deg. The scaling factor could then be used to scale the SPL of the results for
a cylinder with Λ = 30 deg. rectangular windowing in the frequency domain was used
so that the scaling factor was only applied to Strouhal numbers below St = 2, since at
higher frequencies the spectra collapse reasonably well. The Independence Principle can
then used to shift the frequency scale by the right amount to obtain the final prediction.

The interpolation scheme used the results for Λ = 0, 15, 30, and 45 deg to compute the
scaling factor for Λ = 20 deg. The scaling factor along with the Independence Principle
was then used to scale the non-dimensional spectrum of a cylinder with Λ = 30 deg to
obtain the prediction for Λ = 20 deg. The result for the predicted spectrum is shown in
Figure 6.11(b) and the resulting directivity pattern for Λ = 20 deg is shown in Figure
6.11(a). The directivity result is obtained by scaling the directivity for the cylinder with
Λ = 30 deg by the same amplitude scaling factor as the spectrum. From both figures it
can be concluded that the far-field acoustic characteristics are maintained and a realistic
frequency and sound pressure level prediction is achieved.
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6.6 Summary

In this chapter, the effect of yaw angle on the far-field acoustic characteristics has been
investigated. The aerodynamic features were shown to be strongly influenced by both
the introduction of the normal and tangential velocity components, Vn and Vt, and also
by the elliptical cross-section of the cylinder in the plane parallel to the freestream.
A correlation of the Independence Principle with various aerodynamic quantities was
performed with limited success. The force coefficients on the cylinder surface did not
correlate well with the theory, although good predictions of the shedding frequency
were made. It was shown that, for yawed cylinders, the basic noise characteristics of a
single cylinder remain, however increasing the yaw angle leads to a decrease in both the
peak SPL in the acoustic spectrum and in the computed OASPL. A decrease in vortex
shedding frequency was also predicted. This highlighted the noise reduction potential
of yawed cylinders. An interpolation method has been developed so that the results can
be used by the model to predict the noise characteristics of arbitrarily aligned struts in
the range Λ = 0− 45 deg.



Chapter 7

Circular Cylinders in Tandem

7.1 Outline

This chapter reports on the numerical simulation of tandem cylinder noise. The cylinder
separation distance, S/D, was varied between 2 and 5 so that various flow regimes could
be investigated. The purpose was to assess the effect of the body-wake-body interaction
on the far-field noise characteristics of representative struts. The tandem cylinders were
of equal diameter and simulated at a Reynolds number of 1.4×105, in supercritical flow,
using the low-order flow solver.

7.2 Computational Setup

0o 180o x

y

S

D

Flow

θ

Figure 7.1: Definition of the tandem cylinder configuration and nomenclature.

The tandem cylinder geometry and nomenclature are defined in Figure 7.1. The non-
dimensional separation distance between cylinders, S/D, was varied between 2 and 5 so
that various flow regimes could be simulated. The Reynolds number of the computations

97
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Figure 7.2: Tandem cylinder S/D = 3 non-dimensional grid: (a) domain block struc-
ture, (b) near-field grid.
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Figure 7.3: FW-H surface boundaries: FW-H 1 solid surface on upstream cylinder,
FW-H 2 solid surface on downstream cylinder, FW-H 3 permeable surface enclosing

both cylinders.

was Re = 1.4 × 105, with M = 0.2 and D = 0.0311 m. The computational parameters
were set to simulate supercritical flow as per the single cylinder computations and are
reported in Table 7.1.

Structured grids with rectangular domains were generated around the cylinders. The
S/D = 3 grid is shown in Figure 7.2. Figure 7.2(a) illustrates the block structure of
the multi-block grid, whereas Figure 7.2(b) shows the highly resolved near-field region
around the cylinders. The cylinder spans were of length Ls = 2D and were resolved
by 30 grid points. The number of grid points in the x − y plane was approximately
1 × 105, with 317 points around the circumference of the cylinders. This led to grids
of approximately 3 million grid points in total. The grids consisted of 21 blocks for the
S/D = 2 case and 24 blocks for all other cases. A conscious effort was made to cluster
cells in the gap region between the cylinders and in the wake of the downstream cylinder
where large levels of flow unsteadiness were expected. A value of y+ ≈ 1 was controlled
by refining grids so that the boundary layers were adequately resolved.

FW-H integration surfaces were defined on each cylinder surface as well as on a perme-
able surface enclosing both cylinders. These are indicated in Figure 7.3. This allowed
the contribution of each cylinder to be evaluated and compared with the total configu-
ration noise. The noise due to off-body sources was determined by comparing the noise
predictions from each integration surface. The solution strategy remained the same
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Parameter Symbol Value
Separation distance S/D 2, 3, 4, 5
Freestream Mach number M 0.2
Cylinder diameter D 0.0311 m
Turbulent viscosity ratio µt

µ 10
Non-dimensional time step ∆t∗ 0.02
Reynolds number Re 1.4× 105

Table 7.1: Parameters used in the tandem cylinder simulations.

as per the single cylinder cases with each simulation lasting approximately 400 non-
dimensional times and statistics collected for the last two-thirds of the solution time.
Results were compared with the single cylinder cc140k:TS2 simulation so that the effect
of the interaction could be determined.

7.3 Gap Region Flow Structures

The results showed that the flow field was highly sensitive to the separation distance
between the cylinders. At short distances (S/D = 2−3) the downstream cylinder had a
large impact on the flow field over the upstream cylinder by “blocking” the development
of vortices and restricting the natural wake flow. At larger separation distances (S/D >

3), the characteristics of the upstream cylinder tended toward those expected for a single
cylinder, however the flow field in the region of the downstream cylinder was significantly
modified due to high levels of unsteadiness and turbulence in the approaching flow.

Several contour plots were generated to visualise the flow fields. Figure 7.4 shows in-
stantaneous vorticity iso-surfaces and streamlines for S/D = 2, 3, and 5. In Figure 7.5
the mean streamwise velocity contours are plotted and in Figure 7.6 instantaneous tur-
bulent viscosity contours are plotted, each for S/D = 2, 3 and 4. The mean streamwise
velocity along the cylinders centreline in the gap region was calculated and is plotted in
Figure 7.7.

Supercritical flow was simulated to ensure turbulent separation on the surface of the up-
stream cylinder, however since the downstream cylinder is submerged into the upstream
cylinder turbulent wake, the flow around the downstream cylinder was governed by the
upstream wake turbulence, rather than the freestream conditions.

At a separation distance of S/D = 2, the free shear layers from the upstream cylinder
reached the body of the downstream cylinder and the resultant behaviour of the tandem
arrangement was similar to that expected from a single elongated body, where the outline
of the body is defined by the cylinder surfaces and the boundary of the shear layers.
This behaviour has been reported in literature for S/D ≤ 2 [43,83]. The separation was
just large enough that the shear layers from the upstream cylinder did not completely
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(a) S/D = 2.

(b) S/D = 3.

(c) S/D = 5.

Figure 7.4: 3-D DES tandem cylinder flow visualisation: Iso-surface of instantaneous
vorticity contours coloured by velocity magnitude (a) S/D = 2, (b) S/D = 3, (c)

S/D = 5. M = 0.2, Re = 1.4× 105
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(a) S/D = 2.

(b) S/D = 3.

(c) S/D = 4.

Figure 7.5: 3-D DES tandem cylinder flow visualisation: time-averaged x−velocity
colour iso-levels (a) S/D = 2, (b) S/D = 3, (c) S/D = 4. M = 0.2, Re = 1.4× 105
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(a) S/D = 2.

(b) S/D = 3.

(c) S/D = 4.

Figure 7.6: 3-D DES tandem cylinder flow visualisation: instantaneous turbulent
viscosity ratio, µt/µ colour iso-levels: (a) S/D = 2, (b) S/D = 3, (c) S/D = 4.

M = 0.2, Re = 1.4× 105
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Figure 7.7: Mean streamwise gap region centreline velocity along y = 0 for tandem
cylinders: (a) S/D = 2, (b) S/D = 3, (c) S/D = 4, (d) S/D = 5. M = 0.2,

Re = 1.4× 105

enclose the downstream cylinder as can be seen from Figure 7.5(a). The blockage effect
of the downstream cylinder meant that the recirculation region behind the upstream
cylinder was much longer, but weaker, than expected of a single cylinder. The extent
of the recirculation bubble can be seen from the mean centreline velocity plot in Figure
7.7 and this stretches across the full gaps, as shown by U/U∞ < 0 over the range
0.5 ≤ x/D ≤ 1.5. Figure 7.4(a) shows that weak shedding occurred behind the cylinder,
which is more apparent in Figure 7.6(a).

As the separation distance increased to S/D = 3, the presence of the downstream
cylinder still caused the blocking of vortices from the upstream cylinder. However, Figure
7.4(b) shows the characteristics of an unsteady wake behind the upstream cylinder that
appears to “scrub” the surface of the downstream cylinder. This caused a large variation
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Case* C ′L CD St θsep (deg) −Cbp SPL†

S/D = 2: up 0.025 0.502 0.175 93.7 0.521 48.3 dB
S/D = 2: dn 0.064 -0.111 0.175 113.9 0.306 64.8 dB
S/D = 3: up 0.016 0.466 0.423 92.6 0.438 53.6 dB
S/D = 3: dn 0.197 0.042 0.243 115.5 0.296 70.0 dB
S/D = 4: up 0.083 0.486 0.250 95.7 0.576 73.4 dB
S/D = 4: dn 0.564 0.389 0.250 113.1 0.526 90.6 dB
S/D = 5: up 0.094 0.495 0.270 95.9 0.614 74.7 dB
S/D = 5: dn 0.506 0.399 0.270 112.7 0.513 89.2 dB
Single cyl. 0.077 0.614 0.297 97.4 0.723 77.2 dB

* Separation distance and upstream (up) or downstream (dn) cylinder
† Peak SPL at observer radius R = 10 m, span L = 1 m, θ = 90 deg.

Table 7.2: Results of 3-D detached-eddy simulation of tandem cylinders at M = 0.2,
Re = 1.4× 105 with separation S/D = 2− 5.

in the location of the front stagnation point on the downstream cylinder, which in turn
meant that the separation angle varied significantly according to the oscillations of the
unsteady upstream cylinder wake. Figure 7.5(b) shows that the separated shear layers
still reached and affected the flow over the downstream cylinder. The mean centerline
velocity profile in Figure 7.7(b) shows the large recirculation region that stretched the
full distance between the cylinders giving U/U∞ < 0. Thus the inflow velocity of the
downstream cylinder was significantly reduced compared to the freestream velocity. The
vorticity iso-surface in Figure 7.4(b) reveals a fairly strong but intermittent and irregular
vortex shedding downstream of the downstream cylinder.

At larger separation distances beyond S/D = 3, the behaviour of the upstream cylinder
was similar to that of a single cylinder. The flow field of the S/D = 4 and 5 simu-
lations showed very similar characteristics. However, Figure 7.7 indicates that in the
S/D = 5 simulation the inflow velocity to the downstream cylinder was higher, reaching
60% of U∞ compared to 45% of U∞ for S/D = 4, due to the larger separation distance
which allowed the wake velocity to recover toward the freestream value. These separa-
tion distances allowed enough room for discrete vortices to be shed from the upstream
cylinder and the recirculation bubble behind it reduced to a much shorter length, as
shown in Figure 7.5(c), compared to Figures 7.5(a) and 7.5(b). The vortices shed from
the upstream cylinder had a large impact on the downstream cylinder flow, due to the
combination of a highly unsteady turbulent and highly energetic inflow. This can be
seen in Figures 7.5(c) and 7.6(c), which show a high level of interaction.
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Figure 7.8: Comparison between predicted force coefficients on surface of tandem
cylinders at M = 0.2, Re = 1.4×105: (a) S/D = 2 upstream, (b) S/D = 2 downstream,

(b) S/D = 3 upstream, (b) S/D = 3 downstream.

7.4 Aerodynamic Results

Table 7.2 reports the predicted lift coefficient RMS, C ′L; mean drag coefficient, CD;
Strouhal number of the primary vortex shedding frequency, St; separation angle, θsep;
back pressure coefficient, Cbp; and the peak SPL for all cylinders.

The Strouhal number of the shedding frequency varied considerably with cylinder sep-
aration for both the upstream and downstream cylinders. The nature of the shedding
also varied, as indicated by the surface force histories in Figures 7.8 and 7.9. For cylin-
ders that did not shed vortices, the Strouhal number according the frequency of the
fluctuating lift is reported. For S/D = 2, the Strouhal number of the perturbations was
identical for both cylinders, which is consistent with the “single body” analogy. The
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Figure 7.9: Comparison between predicted force coefficients on surface of tandem
cylinders at M = 0.2, Re = 1.4×105: (a) S/D = 4 upstream, (b) S/D = 4 downstream,

(b) S/D = 5 upstream, (b) S/D = 5 downstream.

lower Strouhal number of St = 0.175 is also consistent with this analogy. At S/D = 3
two very different Strouhal numbers were measured. No vortices were shed from the
upstream cylinder; however the high Strouhal number of 0.466 for the unsteady wake is
likely to be the result of the blockage effect of the downstream cylinder. For a separation
of S/D = 4 and S/D = 5, the shedding frequencies were identical for both cylinders
at St = 0.25 and St = 0.27 respectively indicating that at these separation distances
the shedding from the upstream cylinder had a strong influence on the shedding of the
downstream cylinder. A similar shedding frequency of St = 0.242 was measured for
both cylinders by Jenkins et al. [43] for S/D = 3.7.

At each separation distance there was a strong relationship between the separation an-
gle and the cylinder position. The separation angle for the upstream cylinders ranged
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Figure 7.10: Comparison between DES prediction, S/D = 4, and experiment [43]
S/D = 3.7 at M = 0.2, Re = 1.4 × 105: (a) normalised mean streamwise centreline
velocity the behind rear cylinder, (b) C ′prms

distribution over the downstream cylinder.

between θsep = 92.6 − 95.9 deg, compared to θsep = 97.4 deg that was measured for a
single cylinder. The separation angle measured on the downstream cylinder was signif-
icantly larger, predicted between θsep = 112.7 to θsep = 115.5 deg. This is indicative
of the increased turbulent energy of the inflow to the downstream cylinder, leading to
higher levels of boundary layer turbulence. The turbulent viscosity in the inflow to the
downstream cylinder is visualised from the turbulent viscosity colour iso-levels shown
in Figure 7.6. The separation angle quoted was calculated from mean statistics, but
it varied considerably with the movement of the front stagnation point due to the un-
steadiness of the upstream cylinder wake. This motion of the front stagnation point can
be inferred from the snapshot of the vorticity iso-surfaces, particularly for the S/D = 3
case in Figure 7.4(b).

The force coefficient histories that were determined on the surface of each individual
cylinder are presented in Figures 7.8 and 7.9. The plots show a significant variation
dependent on both the separation distance and the cylinder location. The fluctuation
amplitude for the CL and CD on the cylinders in the S/D = 2 simulation were lower
than for a single cylinder. There is evidence of weak intermittent shedding behind
the downstream cylinder, but clearly no shedding from the upstream cylinder. The
predicted combined drag coefficient of CDup +CDdown = 0.391 for both cylinders is less
than the CD for a single cylinder which was measured to be CD = 0.614. This lower drag
coefficient is consistent with what is expected from a more elongated and less bluff cross-
section. For S/D = 3, the upstream cylinder CL and CD characteristics were very similar
to the S/D = 2 upstream cylinder, however the downstream cylinder force coefficient
history plot reveals an interesting result. Whilst the mean CD is low, the measured CD
perturbations were similar in magnitude to the lift coefficient perturbations. This can be
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Figure 7.11: Time-averaged pressure coefficient distribution along upstream and
downstream tandem cylinders at M = 0.2, Re = 1.4× 105: (a) S/D = 2, (b) S/D = 3,

(c) S/D = 4, (d) S/D = 5.

explained by the movement of both the front stagnation point and the separation angle:
This excursion of the stagnation point from θ = 0 deg would lead to a time-dependent
rotation of the lift dipole about the cylinder axis leading to high pressure fluctuations
along the length of the cylinder. For S/D = 4 and S/D = 5, the upstream cylinder force
history strongly resembled that of a single cylinder with a similar mean inflow. This
again implies that at larger separation distances the upstream cylinder behaves more
independently of the downstream cylinder.

The effect of the turbulent and unsteady inflow on the downstream cylinder is strongly
reflected by the force history and statistics. The force histories for the downstream
cylinder show enhanced force perturbations with respect to the single cylinder predic-
tion, which indicate strong but irregular vortex shedding. The predicted CD is smaller
compared to the result for a single cylinder. This can be explained by the drop in drag
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è

Figure 7.12: Time-averaged pressure coefficient comparison between S/D = 4 up-
stream and downstream cylinders at M = 0.2, Re = 1.4 × 105 and experiment

S/D = 3.7 [43] at M = 0.2, Re = 1.66× 105.

which is expected at higher freestream turbulence levels [82]. The magnitude of the drag
force perturbations were much higher than expected for a single cylinder as a result of
the higher energy and unsteadiness of the inflow. The RMS lift force coefficient on
the downstream cylinder surface is up to tive times higher than measured on a single
cylinder. For S/D = 4 the mean lift coefficient was measured as C ′L = 0.564, slightly
higher than for S/D = 5 at C ′L = 0.506, compared to the single cylinder prediction of
C ′L = 0.077. This indicates that the S/D = 4 and 5 cases could be very noisy configura-
tions compared to a single cylinder, whereas a possible noise reduction potential is seen
at shorter separation distances.

A selection of results from the S/D = 4 simulation were compared with experimental
data [43] for tandem cylinders with a separation distance of S/D = 3.7 that were con-
ducted at a Reynolds number of 1.66 × 105. Although the separation distance used in
the experiments was slightly lower, it was hoped that the measurements could be used
to partially validate the numerical results and confirm any trends. Figure 7.10(a) pro-
vides a comparison between the predicted and measured normalised streamwise velocity
distribution behind the downstream cylinder, showing reasonable agreement. The recir-
culation bubble length was slightly over-predicted, however the recovery rate to U∞ is
predicted well. This is consistent with Figure 7.5, which shows that the length of the
recirculation bubble decreased between S/D = 3 and S/D = 4. Figure 7.12 compares
the Cp distribution over both cylinders and shows excellent agreement for the upstream
cylinder. The prediction of the downstream cylinder Cp distribution is reasonable with
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an excellent agreement for Cp at the front stagnation point and the back pressure coeffi-
cient, although there is an under prediction of Cpmin. Comparison of the predicted and
measured C ′p RMS is provided in Figure 7.10(b) showing agreement and indicating that
the FW-H 2 surface should yield an accurate prediction for the far-field sound level and
directivity.

The predicted Cp distribution over the upper surface of both cylinders for each simulation
is provided in Figure 7.11 with the single cylinder result also plotted for comparison. The
plots show that the upstream cylinder Cp distribution tends toward the single cylinder
result as S/D increases, since Cpmin and Cbp are lower with increasing S/D. The Cp
distribution over the downstream cylinder reflects the large interaction effects due to
the the upstream cylinder. Firstly, for S/D = 4 and S/D = 5, the flow is attached at
θ = 0 deg, but there is a disparity between the predicted Cp at this point. This can be
attributed to the vortex shedding from the upstream cylinder and its interaction with
the downstream cylinder. This also affects the value of Cpmin which is high compared
to the value predicted for the upstream and single cylinders, indicating weaker suction.
Secondly, for the S/D = 2 and S/D = 3 cases, the mean flow is shown in Figure 7.7
to attach near θ = 60 deg, accelerate and then detach around θsep = 110 deg, leading
to a unique Cp curve. The point of attachment and separation is shown by the mean
streamwise velocity colour iso-levels shown in Figure 7.5. A similar pressure distribution
was measured for S/D = 1.435 by Jenkins et al. [43].

7.5 Acoustic Results

7.5.1 FW-H Integration Surface Comparison

It is expected that acoustic shielding and scattering due to the adjacent bodies may
have an impact on the far-field noise characteristics in tandem cylinder configurations.
The off-body permeable surface, FW-H 3, surrounded both cylinders and was selected
so that any scattering and shielding effects may be captured. The off-body surface was
also expected to capture any off-body noise sources as long as they could be resolved by
the grid and sampling frequency.

Figure 7.13 compares the predictions for all three FW-H integration surfaces in the
S/D = 4 simulation. In Figure 7.13(a) the FW-H 1 and FW-H 2 surfaces are shown to
have captured the same spectral characteristics as the FW-H 3 surface at θ = 90 deg.
In Figure 7.13(b) the contribution of FW-H 1 and FW-H 2 are combined and compared
with the FW-H 3 prediction. The result shows that the FW-H 3 surface predicts a
higher peak at the first harmonic (St ≈ 0.5), which is likely to be due to vortices passing
through the integration surface [52]. The FW-H 3 surface also predicts a shallower roll-
off in the mid-high frequency range, which indicates either additional off-body sources
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have been captured or error due to the wake passing through the permeable surface.
Figure 7.13(c) shows the directivity predictions of the three FW-H surfaces. Comparison
of the combined prediction from FW-H 1 and FW-H 2 and FW-H 3 shows that the
on-body and off-body surfaces predict the same dipole trend. The FW-H 3 surface
predicted a higher OASPL than the other surfaces between θ = 120 deg and θ = 220
deg. Lockard performed multiple on-body and off-body surface predictions for tandem
cylinders separated by S/D = 3.7 at Re = 1.66 × 105 [55]. The predictions from the
various surfaces showed good agreement and it was concluded that any volume sources
in the flow field were negligible and that the on-body surfaces were able to capture
the noise characteristics. In this case, it appears that scattering and shielding effects
are very small and that the difference between off-body and on-body surfaces are due to
error associated with the wake passing through the integration surface. Therefore, in the
remaining sections, only results from the on-body integration surfaces are considered.

7.5.2 S/D = 2 Far-Field Acoustic Characteristics

Figure 7.14 presents the far-field spectrum prediction at θ = 90 deg and θ = 0 deg
and also the OASPL directivity prediction. At θ = 90 deg, neither cylinder exhibits
the usual strong peak at the vortex shedding frequency that is expected for a single
cylinder. Instead, a much broader spectrum was predicted with no distinct peak for the
upstream cylinder, and a very broad hump that peaked at St = 0.19 for the downstream
cylinder. The level of this peak was approximately 14 dB lower that the peak predicted
for a single cylinder and the sound pressure level for the upstream cylinder was even
lower. Broad spectra were also predicted at θ = 0 deg as shown in Figure 7.14(b), and
again the sound pressure level across the spectrum of the upstream cylinder was lower
than that of the downstream cylinder. The downstream cylinder generated more low
frequency noise than a single cylinder below St = 0.6.

The difference in sound pressure level between the cylinders is made clearer in Figure
7.14(c) that shows the OASPL directivity prediction. In both cases the usual dipole
directivity pattern is absent and the cylinders exhibit very different directivity patterns
indicating a large level of interaction. The upstream cylinder radiates noise predom-
inantly into the rearward arc, with a maximum OASPL of 84.5 dB at θ = 180 deg,
corresponding to the direction of the unsteady separated region downstream of it. The
directivity of the downstream cylinder shows considerably higher OASPL in all direc-
tions ranging from a minimum of 87.5 dB at θ = 0 deg to 92 dB at θ = 90 and θ = 270
deg, and a weak dipole radiation pattern.

The three-dimensional directivity results are presented in Figure 7.15 that shows the
overall mean-square pressure, p′2, corresponding to each cylinder. The results show
depressions at observers located along the line of the cylinder axis, which is expected due
to the dipole directivity. For the upstream cylinder, the noise radiation is predominantly
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Figure 7.14: Tandem cylinder far-field acoustic prediction, S/D = 2 at R = 100D:
(a) spectra at θ = 90 deg, (b) spectra at θ = 0 deg, (c) OASPL directivity. M = 0.2,

Re = 1.4× 105.
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(a) Upstream cylinder.

(b) Downstream cylinder.

Figure 7.15: Three-dimensional overall p′2 directivity prediction for tandem cylinders,
S/D = 2 R = 100D: (a) upstream cylinder, (b) downstream cylinder. M = 0.2,

Re = 1.4× 105.
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Figure 7.16: 3-D DES tandem cylinder S/D = 3 flow visualisation of instantaneous
pressure perturbation, p′ = p− p∞.

downstream. The directivity pattern of the downstream cylinder clearly shows both the
lift and drag dipoles that are aligned perpendicular to each other. The magnitudes of
the dipoles are not as disparate compared to the result for a single cylinder.

7.5.3 S/D = 3 Far-Field Acoustic Characteristics

The aerodynamic results indicate a highly unsteady flow field in the S/D = 3 simulation,
especially around the downstream cylinder, due to the movement of the unsteady wake
from the upstream cylinder. This unsteadiness meant that the RMS drag pressure forces
on the surface of the downstream cylinder were comparable to the lift force fluctuations.
The instantaneous pressure perturbation field in Figure 7.16 clearly shows much larger
values across the surface of the downstream cylinder. This is also strongly reflected by
the OASPL directivity pattern in Figure 7.17(c) that shows a more omni-directional
behaviour. The maximum levels were predicted for observers close to θ = 0 deg and θ =
180 deg, where the minimum OASPL is usually expected for a single cylinder. The three-
dimensional directivity plot of the downstream cylinder is presented in Figure 7.18(b)
and reveals that the directivity resembles a dipole aligned parallel to the freestream
and therefore associated with the unsteady drag forces. The directivity of the upstream
cylinder closely resembles that of the S/D = 2 result in both magnitude and pattern
and indicates a significant attenuation relative to a single cylinder.
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Figure 7.17: Tandem cylinder far-field acoustic prediction, S/D = 3 at R = 100D:
(a) spectra at θ = 90 deg, (b) spectra at θ = 0 deg, (c) OASPL directivity. M = 0.2,

Re = 1.4× 105.
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(a) Upstream cylinder.

(b) Downstream cylinder.

Figure 7.18: Three dimensional overall p′2 directivity prediction for tandem cylinders,
S/D = 3, R = 100D: (a) upstream cylinder, (b) downstream cylinder. M = 0.2,

Re = 1.4× 105.
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The highly unsteady flow field is also reflected by the spectral prediction of Figures
7.17. At θ = 90 deg, a broad hump is predicted for the downstream cylinder centred
around St = 0.18. The broad hump is a result the irregular vortex shedding. A low
amplitude tone is predicted for the upstream cylinder that corresponds to the frequency
of the measured fluctuating lift force. At θ = 0 deg, a strong tone is predicted for the
downstream cylinder at twice the vortex shedding frequency with a level around 2 dB
higher than the tone predicted at θ = 90 deg.

At this separation distance, it is clear that the interaction leads to an extremely complex
flow field and acoustic far-field. This leads to irregular flow features that give the acoustic
prediction a more broadband spectra and an omni-directional directivity field. Thus the
usual characteristics expected for a single cylinder are lost due to the interaction.

7.5.4 S/D = 4 Far-Field Acoustic Characteristics

The aerodynamic analysis revealed that, for a separation distance of S/D = 4, vortices
were shed from the upstream cylinder and the “blockage” effect of the downstream
cylinder had a less pronounced effect compared to shorter separation distances. As a
result, the characteristics of the upstream cylinder are similar to that of a single cylinder.
This is also reflected by the far-field acoustic characteristics. The directivity prediction
reveals the characteristic dipole directivity pattern and Figure 7.19(a) shows the usual
tone at the vortex shedding frequency for an observer at θ = 90 deg. The spectrum
is very comparable to the single cylinder spectrum prediction although the shedding
frequency was slightly lower at St = 0.25 compared to St = 0.297 for the single cylinder
case, and the SPL is approximately 4 dB lower. Thus it is expected that the downstream
cylinder still has a small impact on the upstream cylinder flow field at this separation
distance. A similar conclusion can be drawn by comparing predictions at θ = 0 deg in
Figure 7.19(b).

The spectra prediction shows a large tone at the vortex shedding frequency. The vortex
shedding frequency was the same for both cylinders and was St = 0.25. The peak level
of the downstream cylinder is some 13 dB higher than that for a single cylinder and 16
dB higher than the upstream cylinder. Therefore the total noise of the tandem cylinders
was dominated by the downstream cylinder which is clear from Figure 7.13. At θ = 0
deg a weaker tone was predicted at twice the shedding frequency, 14 dB larger than the
result for a single cylinder.

The directivity plot shows that both upstream and downstream cylinders have a dipole
OASPL directivity pattern present in Figures 7.19(c) and 7.20. The magnitude of the
upstream cylinder dipole is similar to that of a single cylinder, but with a larger ∆SPL
between θ = 0 deg and θ = 180, indicating higher perturbations on the rear of the
cylinder. The downstream cylinder has a much higher overall level than that of the
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Figure 7.19: Tandem cylinder far-field acoustic prediction, S/D = 4, R = 100D: (a)
spectra at θ = 90 deg, (b) spectra at θ = 0 deg, (c) OASPL directivity. M = 0.2,

Re = 1.4× 105.
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(a) Upstream cylinder.

(b) Downstream cylinder.

Figure 7.20: Three dimensional overall p′2 directivity prediction for tandem cylinders,
S/D = 4, R = 100D: (a) upstream cylinder, (b) downstream cylinder. M = 0.2,

Re = 1.4× 105.
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upstream cylinder, indicative of wake-body interaction. This is consistent with the
analysis of Figure 7.9(b). At θ = 0 deg the difference in OASPL between cylinders
is close to 18 dB whilst at θ = 90 deg the difference is approximately 14 dB. This is
consistent with the levels reported by Lockard et al. [55] for simulations performed at
S/D = 3.7. Figure 7.20 reiterates the dipole directivity patterns and the large disparity
between the levels radiated by the cylinders.

7.5.5 S/D = 5 Far-Field Acoustic Characteristics

At S/D = 5, the predicted acoustic characteristics were very similar to those described
for S/D = 4, however Figures 7.21(c) and 7.22 show that the overall noise levels were
in most cases less, suggesting that the highest level of interaction for tandem cylinders
occurs closer to S/D = 4. Figure 7.5 indicates that the inflow velocity to the downstream
cylinder is higher for S/D = 5 compared to S/D = 4, and therefore it is suspected that
the dissipation of inflow turbulence must be responsible for the lower sound pressure
level. It is therefore reasonable to suggest that beyond S/D = 5 the interaction effects
will become less as the wake turbulence from the upstream cylinder decays. However,
at S/D = 5, the level of interaction is still very high. The OASPL directivity plot in
Figure 7.21(c) indicates a difference of 10-14 dB between the downstream cylinder and
the upstream cylinder. The differences between the peak level and frequency at θ = 90
deg for the upstream cylinder and a single cylinder are almost negligible, as shown in
Figure 7.21(a), although at θ = 0 deg the spectrum is broader compared to that of a
single cylinder. Such small differences indicate that the upstream cylinder does not act
completely independently of the downstream cylinder at this separation distance.

7.6 Summary

Tandem cylinder simulations were performed for two equal diameter cylinders at sep-
aration distances S/D = 2, 3, 4, and 5. The results indicated that the resulting flow
structures were sensitive to the separation distance, which in turn impacted the far-field
acoustic characteristics considerably. The acoustic predictions indicated that the noise
characteristics of tandem cylinders can be significantly different to those of a single
cylinder. The results showed that the upstream cylinder and not just the downstream
cylinder is affected significantly by the interaction mechanisms. At small separation
distances the downstream cylinder created a “blockage” effect that greatly affected the
upstream cylinder leading to an attenuation of its noise relative to that from a single
cylinder. As the separation distance grew beyond S/D = 3, the blockage effect became
less and the upstream cylinder behaved similarly to a single cylinder. The downstream
cylinder dominated the total configuration noise at S/D = 4 and 5, due to the impact of
the highly unsteady and turbulent wake on the downstream cylinder. Therefore it can
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Figure 7.21: Tandem cylinder far-field acoustic prediction, S/D = 5, R = 100D: (a)
spectra at θ = 90 deg, (b) spectra at θ = 0 deg, (c) OASPL directivity. M = 0.2,

Re = 1.4× 105.
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(a) Upstream cylinder.

(b) Downstream cylinder.

Figure 7.22: Three dimensional overall p′2 directivity prediction for tandem cylinders,
S/D = 5, R = 100D: (a) upstream cylinder, (b) downstream cylinder. M = 0.2,

Re = 1.4× 105.
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be concluded that interaction mechanisms can either lead to excessive interaction noise,
or attenuation, depending on the separation distance, cylinder location, and observer
location.



Chapter 8

High-Order Aeroacoustic

Computation of Cylinders in

Tandem

8.1 Outline

This chapter focuses on a high-order simulation of tandem cylinders using a high-order
CAA solver. Large-eddy simulation was employed to predict the highly non-linear near-
field around two cylinders in tandem separated by a distance S/D = 3, and a FW-H
solver was used to predict the acoustic field at far-field observers.

8.2 Introduction

The high-order finite-difference code SotonCAA was used to solve the three-dimensional
flow over two cylinders in tandem at Re = 1.4 × 105 and a separation distance of
S/D = 3. The aim was to further investigate the flow around tandem cylinders and
the resulting acoustic field using a high-order CAA code. The work was divided into
two parts. First the highly non-linear near-field was computed using a high-order finite
differencing scheme and second-order implicit time-stepping scheme. Secondly a FW-
H solver was used to determine the acoustic field at far-field observers. Characteristic
interface conditions were employed by the CAA code to allow the use of highly skewed
grids required by the tandem cylinder geometry. Large-eddy simulation was adopted to
resolve the turbulent field and the results are compared to the DES results discussed in
Chapter 7. It was hoped that the high-order results may increase the resolution of the
source prediction and support the conclusions of Chapter 7.

126
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Parameter Symbol Value
Separation distance S/D 3
Freestream Mach number M 0.2
Cylinder diameter D 0.0321 m
Non-dimensional time step ∆tc∗∞/D 0.00375
Reynolds number Re 1.4× 105

Table 8.1: Simulation parameters used in the high-order tandem cylinder computa-
tion.

8.3 Computational Setup

The geometry consisted of two circular cylinders arranged in tandem and separated
by a distance of S/D = 3 between cylinder centres. The Reynolds number of the
simulation was 1.4 × 105 based on a cylinder diameter of 0.03207 m, and the Mach
number was M = 0.2. This Reynolds number corresponds to the high sub-critical
cylinder regime [82].

The geometry lead to a high degree of grid skew between the block boundaries illustrated
in Figure 4.2. Thus it was necessary to employ the characteristic interface conditions [46]
to avoid problems associated with grid singularity. The grid consisted of 27 structured
blocks which extended 20 diameters upstream, above and below the upstream cylinder,
and 30 diameters downstream of the rearward cylinder. The structure of the grid is
shown in Figure 7.2. Each cylinder circumference was spit into 317 equally spaced grid
points and the first cell distance normal to the wall was chosen to achieve y+ ≈ 1. The
grid in the x − y plane was extruded along the z direction a distance of two cylinder
diameters and was resolved by 30 equally spaced grid points to achieve a total of 3.2
million points. The cell aspect ratios is in the order of 20 in the boundary layers reducing
to unity between the two cylinders where ∆x ≈ ∆y ≈ ∆z. Periodic boundary conditions
were applied along the spanwise boundary to simulate an infinite span.

Three FW-H integration surfaces were defined: a solid surface on the upstream and
downstream cylinder walls, and one off-body permeable surface which enclosed both
cylinders. These surfaces are denoted FW-H 1, FW-H 2, and FW-H 3 respectively and
are indicated in Figure 7.3.

The high-order CAA code SotonCAA was employed using a sixth-order compact spatial
scheme [40] to approximate the spatial derivatives along with a high-order explicit fil-
ter. Second-order implicit time-stepping was employed using 5 sub-iterations per time
step [61]. The time step size was t = 0.00375D/∗∞ yielding a CFL of approximately 8
based on the free stream fasted characteristic (u∗∞+ c∗∞). This time step corresponds to
a sampling frequency of 2.89 MHz and one shedding cycle based on a Strouhal number
of 0.2 corresponds to 6705 time steps.
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The high-order simulation was initiated from a developed low-order solution to increase
the convergence time to a quasi-steady solution. Simulation t = 0 is refers to the start of
the high-order simulation. Mean statistics were taken after 300 non-dimensional times
tU∞/L

∗, where the characteristic length L∗ is taken to be the cylinder diameter D, and
flow variables were then sampled on the FW-H integration surfaces for a duration of
500 non-dimensional times and were sampled every 10 time steps, yielding a sampling
frequency of 288 kHz. The simulation was performed on between 16 and 27 processors
utilising Quad-Core Intel nodes on the Microsoft High-Performance Computing Cluster
at the University of Southampton. The nodes consist of 2.4Ghz AMD Opteron pro-
cessors with 4GB or 8GB of RAM and a Myranet inter-communication network. The
27 processor configuration has a theoretical top performance of 0.1TFLOPS and the
computational time was approximately 6000 CPU hours.

8.4 Aerodynamic results

Due to the relatively cell high aspect ratios close to the cylinder wall the simulation
can be considered a very large-eddy simulation (VLES). The subgrid model turbulent
viscosity, µt, controls the kinetic energy of the vortex shedding process so that the
large-scale eddies that dictate the shedding mechanism are resolved and their growth is
managed by the subgrid model.

In the VLES computation, the expected flow unsteadiness and non-linearity was cap-
tured in the gap region and in the wake of both cylinders. Large interaction between
the upstream cylinder wake and the downstream cylinder was also captured. Figure
8.1 indicates the three-dimensional vortical structures behind the cylinder by displaying
iso-surfaces of z− vorticity coloured by the x−component of the velocity vector. Weak
vortex shedding was captured behind both cylinders at a Strouhal number of St = 0.192
which is in general agreement with experimental results [42]. The downstream cylinder
was subjected to higher unsteadiness due to the turbulent inflow due to the wake/body
interaction mechanism. In this section the results presented focus on the instantaneous
and the time-averaged flow field around each cylinder.

Unless stated otherwise, all values in the following sections have been non-dimensionalised.
The length scales are non-dimensionalised by L0 = 0.03207 m, the velocities by c∗∞ = 340
m/s, density by ρ∗∞ = 1.225 kg/m3, and pressures by ρ∗∞c

∗2
∞.
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Figure 8.1: High-order tandem cylinder computation: iso-surface of instantaneous
z-vorticity magnitude coloured by x−component of velocity.

8.4.1 Instantaneous Flow Features

The Q-criterion [13] is useful for visualising the vortical content in the instantaneous
solution and is defined by

Q =
1
2

(ΩijΩij − SijSij) =
∂ui
∂xj

∂uj
∂xi

> 0, (8.1)

where Sij and Ωij are the strain rate tensor of Equation B.8 and the mean vorticity
tensor of Equation B.9.

Figures 8.2 and 8.3 display instantaneous iso-Q surfaces coloured by z-vorticity magni-
tude. The two figures reveal the resolution of the simulation indicating that the grid,
time step, and numerical schemes are capable of capturing a range of turbulent struc-
tures. The larger structures indicate weak but coherent vortex shedding behind both
cylinders. The downstream cylinder is clearly affected by the upstream disturbance
which is most clearly shown in Figure 8.3. The streamtraces show how the front stagna-
tion point and the upper and lower separation points deviate from the locations expected
for an isolated cylinder.

Figure 8.4 displays instantaneous pressure perturbation contours p′ = (p − p0)/ρ∗∞c
∗2
∞

on an x − y slice along the cylinder span, and the location of pressure monitors. The
pressure was monitored at a number of locations both on the cylinder and in the flow
field. Monitors A-E are located on the cylinder surface and monitor F is located in
the wake of the downstream cylinder. Figure 8.5 displays the spectral content of the
pressure signal at these monitors.

Large pressure perturbations were captured in the separated regions induced by the up-
stream cylinder, in the gap region, and on the surface and in the wake of the downstream
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Figure 8.2: High-order tandem cylinder computation: iso-surface of instantaneous
Q-criterion coloured by z−vorticity. (Q = 0.1, ωz = -3 to 3).

Figure 8.3: High-order tandem cylinder computation: iso-surface of instantaneous
Q-criterion coloured by z−vorticity. (Q = 0.1, ωz = -3 to 3).
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Figure 8.4: High-order tandem cylinder computation: non-dimensional instantaneous
p′ pressure perturbation contours and pressure monitor locations.

cylinder. Small coherent vortex structures were captured along the separated shear lay-
ers of the upstream cylinder. These higher frequency structures were not captured in
the low-order DES simulation. Monitor A was able to capture these structures. Figure
8.5(a) displays the spectral content revealing a large peak at approximately 2.5 kHz.

8.4.2 Time-Averaged Flow Features

The mean variables were averaged over the last 120,000 steps of the simulation which
corresponds to 450 non-dimensional times. Figure 8.6 displays the mean x−velocity
colour iso-levels around the cylinders and Figure 8.7 displays the mean velocity along
the line y = 0 between the two cylinders. It is clear from comparison between Figure 8.6
and Figure 7.5(b) that the DES result predicted a larger recirculation region behind the
upstream cylinder. This is due to the absence of coherent shedding in the DES results
as shown by Figure 7.6, whereas in the LES simulation vortices were captured in the
wake of the upstream cylinder. Figure 8.7 indicates that the velocity reached 28% of
the freestream value, and is more comparable with the trend predicted for S/D = 4
by DES shown in Figure 7.7(c). Examination of the results in Figure 8.6 indicates
a time-averaged separation angle on the upstream cylinder of θsep = 88 deg for the
LES simulation compared to θsep = 92 deg in the DES. Both shedding frequency and
separation angle predicted by the LES are consistent with a cylinder in the sub-critical
regime [82].
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Figure 8.5: High-order tandem cylinder computation: pressure monitor SPL results.
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Figure 8.6: High-order tandem cylinder computation: time-averaged x-velocity con-
tours.
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Figure 8.7: High-order tandem cylinder computation: time-averaged streamwise gap
region centreline velocity along y = 0 between tandem cylinders, S/D = 3.

In the DES, the freestream turbulent viscosity ratio was set at a high value µt/µ = 10
to simulate the supercritical Reynolds number cylinder regimes [79], even though the
simulation Reynolds number was sub-critical. In the LES, the boundary layer was left
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Figure 8.8: High-order tandem cylinder computation: mean Cp on upper surface of
tandem cylinders - comparison between LES results with S/D = 3, Re = 1.4 × 105,

M = 0.2 and experimental results at S/D = 3.7, Re = 1.66× 105, M = 0.2.
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to develop naturally and the transition location, and thus cylinder regime obtained in
the solution was largely dependent on the Reynolds number, which was sub-critical at
Re = 1.4× 105 [82]. This explains the difference between the DES and the LES results.
This suggests that the tandem cylinder regimes outlined in Table 2.1 are dependent not
only on the separation distance, but also on the cylinder regime associated with the
upstream cylinder. This is supported by experiment [50] as it was observed that at the
critical separation distance no vortices developed in the gap region and this distance
was shown to be a function of the Reynolds number, which determined the regime of
the upstream cylinder.

The mean pressure coefficient on the upper surface of the cylinders is displayed in Figure
8.8. The results are compared with experiments [43] for tandem cylinders with a separa-
tion distance of S/D = 3.7, conducted at a Reynolds number of 1.66× 105 and a Mach
number of 0.2. In the experiments, vortex shedding was observed behind the upstream
cylinder. The results show acceptable agreement for both cylinders, given the difference
in Mach number and separation distance. The difference in separation points between
the results for the upstream cylinder is clear with the LES indicating laminar separation
just before the point of maximum thickness indicated by the kink along the pressure
recovery region at θ = 88 deg. The lower −Cpbase

at θ = 180 deg and smaller favourable
pressure gradient region predicted by LES is an indication of the sub-critical flow. The
computed mean drag coefficient is CD=0.824, which is slightly higher than that pre-
dicted by the DES, due to the earlier separation and the resulting larger wake thickness,
but is in the range expected at this Reynolds number [82]. The Cp distribution of the
downstream cylinder is indicative of the large unsteadiness and the fluctuation of the
front stagnation point and separation points. The predicted trend follows the features of
experimental result. The predicted mean separation angle is θsep = 105 degrees leading
to a drop in the drag coefficient to CD = 0.370. This is consistent with the interaction
effects found in Chapter 7.

8.5 Acoustic results

The acoustic results were sampled on the three integration surfaces at a frequency of
282.7 kHz for the last 500 non-dimensional times of the simulation. The location of the
far-field observers was defined by x = R sinφ cos θ, y = R sinφ sin θ, z = R cosφ, where
R = 100D, 0 ≤ θ ≤ 2π, and 0 ≤ φ ≤ π. This generated a spherical observer surface with
a resolution of ∆θ = ∆φ = π/18, with the origin at (0,0,0). The FW-H solver was then
used to compute the far-field acoustic pressure histories at each observer. Fast Fourier
Transforms were applied to the time histories to yield the far-field acoustic spectra. In
this section, the spectra and directivity are presented.
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Figure 8.9: High-order tandem cylinder computation: LES spectra prediction for tan-
dem cylinders S/D = 3 at observers: (a) (0, 100D, 0), (b) (−100D, 0, 0), (c) (100D, 0, 0).

8.5.1 Far-Field Pressure Spectra

The predicted spectra for each cylinder at selected observer positions are plotted in
Figure 8.9. In Figure 8.9(a), the observer is located directly above the upstream cylinder
at (0, 100D, 0) and the predictions from each integration surface are presented. At this
location the noise due to vortex shedding is captured by a broad spectral peak centred
at St = 0.192. The coincidence of the shedding frequency of both cylinders suggests
that the vortex shedding is coupled, which has been noted in experiment [83]. The peak
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Figure 8.10: High-order tandem cylinder computation: LES OASPL directivity pre-
diction for tandem cylinders S/D = 3, Ro = 100D, where θ is measured clockwise from

the negative x−axis as shown in Figure 7.1.
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SPL prediction for both cylinders is approximately 85 dB. Higher levels were predicted
for the downstream cylinder between the peak frequency and St ≈ 10, which can be
attributed to the increased unsteadiness due to the wake interaction. The off-body
surface predicted a mild peak at twice the shedding frequency corresponding to the
passage of vortices through the integration surface and also higher levels at St > 0.5.
This is likely to be due to error due to the wake passing through the integration surface.
The the high sound pressure level corresponding to the vortex shedding frequency is due
to the off-body surface capturing the contribution of both cylinders.

In Figure 8.9(c) the observer is located directly downstream of the cylinders at (100D, 0, 0).
At this observer location, the noise is largely generated by the drag dipoles on the cylin-
der surfaces. For each surface, a broader spectrum was predicted centred at a Strouhal
number of twice the vortex shedding frequency. Lower levels were predicted from the
surface of the upstream cylinder with the contribution from the downstream cylinder
between 4− 10 dB at St < 1.0. Since in the off-body solution the downstream cylinder
shields much of the contribution from the upstream cylinder, the FW-H 2 and FW-
H 3 predictions agree well at low frequencies. In the mid-frequency region between
St = 1− 10 the off-body surface predicted higher levels, again likely to be due to error,
as the unsteady wake passes through the integration surface. Despite this apparent error
it can be concluded that the on-body surfaces captured the noise characteristics of each
cylinder.

The difference between the predicted flow regime for the DES and VLES simulations
is manifested in the far-field acoustic results shown in Figures 7.17 and 8.9. In the
VLES, the spectra of both cylinders are more broadband, due to less coherent vortex
shedding, and there is less disparity between the characteristics and the sound pressure
level predicted for each cylinder. The VLES predicts higher sound pressure levels due to
higher pressure fluctuations on the cylinder surfaces characteristic of earlier separation.

8.5.2 Directivity Prediction

The OASPL predictions were calculated by integrating the pressure at each observer lo-
cation across the resolved frequency range using Equations D.5 and D.6. The directivity
in the 2-D x− y plane is presented in Figure 8.10 in polar form where the flow is from
left to right. In Figure 8.10(a) the predictions for the two on-body integration surfaces
are presented. Dipole directivity patterns were predicted for both cylinders. The levels
are comparable at the overhead position at θ = 90 deg; however the contribution of
the drag dipole is clearly less for the upstream cylinder along the upstream and down-
stream directions by ≈ 6 OASPL dB. This is attributed to the interaction effects and is
consistent with the results presented in Chapter 7.
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(a) Off-body surface.

(b) Upstream cylinder. (c) Downstream cylinder.

Figure 8.11: High-order tandem cylinder computation: 3-D overall p′2 directivity
prediction for tandem cylinders S/D = 3.

In Figure 8.10(b) the combined level of the on-body surfaces is compared with the result
for the off-body surface. The off-body surface consistently predicted higher levels in all
directions and the difference reaches 3 dB this is likely to be due to the aforementioned
error as the wake passes through the integration surface.

The three-dimensional directivity was calculated and is presented in Figure 8.11. The
results are presented in terms of the mean-square pressure, p′2, integrated over the
resolved frequency range. In Figure 8.11(b) the directivity of the upstream cylinder is
plotted and clearly indicates a marked dipole radiation pattern. The magnitude of the
drag dipole is negligible compared to that of the lift dipole. Figure 8.11(c) displays the
directivity pattern of the downstream cylinder and shows that the drag dipole is stronger
and is clearly visible. For both cylinders, the minimum radiation was in the spanwise
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direction. Figure 8.11(a) indicates the dipole directivity of the complete tandem cylinder
configuration.

8.6 Summary

In this chapter, the high-order CAA code SotonCAA was employed to investigate the
aerodynamic and noise generating characteristics of the tandem cylinder arrangement.
The aerodynamic results for the upstream cylinder are indicative of a single cylinder in
the sub-critical regime. Vortex shedding at a frequency of St = 0.192 were captured
behind both cylinders. Comparison with the DES results indicated that the regime of the
upstream cylinder and the separation distance are key factors in determining the nature
of the flow in the gap region. The interaction effects in the form of a highly non-linear
inflow subjected to the downstream cylinder leads to high unsteadiness on the cylinder
surface. This leads to high noise levels radiated by the downstream cylinder, which was
largely due to higher fluctuations of the drag dipole. Dipole directivity patterns were
predicted by all three integration surfaces and a broad peak centred around the shedding
frequency was captured in the spectral results at the overhead position of theta = 90
deg.



Chapter 9

Model Validation

9.1 Outline

In this chapter, the prediction model was validated by comparing predictions with the-
ory and measured data for the noise radiated by a simple landing gear model. The
geometry consisted of three circular struts and two-wheels. It was decomposed so that
each component could be modelled individually using results from the previous chapters
and the model scaling law. The results are compared at a range of observer locations to
test both the directivity and spectral prediction capabilities.

9.2 Validation of the Model Scaling Law

Validation of the scaling law in Equation 3.9 was required on a component basis before
the prediction of the noise radiated by a landing gear geometry could be attempted.
This included the validation of the relationships

p′2 ∝M6, p′2 ∝ L2
c , and p′2 ∝ 1/R2

o.

To test the M6 power law, a set of 2-D URANS simulations were performed at Re =
1.4 × 105 at Mach numbers ranging from M = 0.1 − 0.5. An example of these simple
test cases is outline in Section A.3, where the turbulent flow at M = 0.2 is computed.
The sound pressure level at an observer located at a distance of Ro = 100D at an angle
θ = 90 degrees was predicted for each Mach number and the results are presented in
Figure 9.1(a). The slope corresponding to the theoretical sixth-power law is plotted
for comparison. The result shows good agreement between the theoretical slope and
CFD results indicating that the dipole noise measured in the computations matches the
p′2 ∝ M6 theory of Curle [11]. Next the relationship p′2 ∝ L2

c was tested by evaluating
the SPL at the same observer location. This time results from the 3-D single cylinder

141
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Figure 9.1: Comparison between predictions of peak SPL and theoretical scalings
laws: (a) sixth-power law for Mach number, (b) square-power law for length scale, L2.
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Figure 9.2: Comparison between FW-H result and scaling law prediction for the
acoustic signal generated by the viscous flow over a 2-D cylinder.

simulations presented in Chapter 5 were used and Lc was taken to be the cylinder
span. The results are presented in Figure 9.1(b) accompanied by the theoretical slope.
Again the result indicates a strong correlation between the predicted levels and theory.
Finally, the relationship p′2 ∝ 1/R2

o was tested. The validation case used to obtain the
FW-H at an observer distance of Ro = 100D = 3.11 m at θ = 0 deg and θ = 90 deg
prediction is presented in Section A.3. The prediction was scaled by Equation 3.9 to
predict the acoustic pressure at an observer located at an observer radius of Ro = 10m.
An additional FW-H calculation was performed for R = 10m and is compared to the
scaling law prediction in Figure 9.2. The result shows excellent agreement between the
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Figure 9.3: Photograph of scale model nose landing gear tested by Heller and Do-
brzynski [39].

FW-H prediction and the scaling law.

These results provided confidence that Equation 3.9 could be used to scale the compu-
tational results on a component basis. The next step was to validate the model for a
complete landing gear prediction.

9.3 Experimental Data

In 1977 Heller and Dobrzynski published work on their experimental program which
aimed to determine the radiation from landing gear/wheel well configurations of large
commercial aircraft [39]. They exposed scale models of synthesized, representative land-
ing gears to an outdoor wall-jet facility at flow velocities of up to 65 m/s. Their nose
gear model consisted of a circular cross-section main leg, support strut, and axle, and
two-wheels of diameter Dw = 0.075 m. The model is shown in Figure 9.3. Far-field
microphone measurements were taken at three observer locations to investigate the di-
rectivity of the model. The measured spectra are presented in Figure 9.4 along with
an illustration indicating the location of the far-field microphones. The measured noise
spectrum was normalised by the wheel diameter of Dw = 0.075 m and a reference veloc-
ity U0 = 100 m/s, and is plotted against the Strouhal number defined by Stw = fDw/U0.
Due to the lack of small-scale features, it is reasonable to suggest that the noise was
dominated by the fluctuating forces on the surface of the individual components and
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Figure 9.4: Location of observers and measured spectrum for validation case extracted
from reference [39].

therefore the current database of representative components was thought to be suitable
to model the test gear. Heller and Dobrzynski’s experiment thus provided an ideal val-
idation case for the new prediction model that would test its ability to predict correct
sound pressure levels, spectral characteristics, and directivity.

Figure 9.4 reveals that the highest noise level was measured at observer “c”. The mea-
sured spectrum at this location consisted of a low frequency hump at a Strouhal number
of Stw ≈ 1.5. Observer “c” relates to a sideline position which was perpendicular to
the main leg axis and the freestream velocity vector, i.e. at θo = 90 deg, φo = 90 deg.
Therefore it is likely that this low frequency hump was due to the vortex shedding from
the main leg and support strut, since at this location the expected dipole directivity of
these struts is expected reach a maximum. However, the spectrum is broad rather than
tonal, suggesting that the interaction between the struts is non-negligible.

At observer “b” (θo = 90, φo = 45), the hump is lower by approximately 6 dB. This
can be explained by the effect of the dipole directivity of the struts which would mean a
lower level compared to observer “c” (θo = 90, φo = 90), but a similar peak frequency.

Location “a” refers to an observer that was located directly above the landing gear.
The measured spectrum at this location consists of a broadened hump that peaks at
a Strouhal number of approximately Stw = 5. The low frequency hump predicted at
observers “b” and “c” is absent from the spectrum. This is consistent with the expected
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directivity characteristics of the struts which would mean the spectral peak due to vortex
shedding is a minimum at this location. Since it was not directly affected by the shedding
from the struts, observer “a” had the lowest peak sound pressure level, with the peak
level some 10 dB less than the sound pressure level measured at observer “c”. It is likely
that the noise was dominated by the wheels at observer “a” since “a” is located both
perpendicular to the freestream and to the axis of the wheels.

The measurements at all observers collapsed well at higher frequencies beyond Stw = 5.
Therefore it is likely that the higher frequency noise source radiated omnidirectionally.
This is consistent with the theory that at high frequencies the sources usually are not
compact [31].

9.4 Geometry Decomposition and Modelling Database

Given that the wheel diameter of the model tested by Heller and Dobrzynski was 0.075
m, the dimensions and orientation of the other components were determined from Ref-
erence [39]. The measured geometrical parameters that were used in the prediction are
presented in Table 9.1. The main leg was decomposed into upper and lower sections
so that the tandem arrangement between the upper leg and the support strut could be
modelled. The S/D range of the support strut relative to the upper main leg is S/D = 0,
at the junction of the struts, to S/D = 5 at the junction with the tunnel floor. Since a
model of the orthogonal-yaw tandem configuration was not available, a tandem cylinder
simulation was chosen to model the interaction. Initially, predictions were made using
the various tandem cylinder regime. Predictions for the S/D = 3 DES case was shown
to fall in line with experiment, whereas lower S/D led to an under-prediction, and higher
S/D led to an over-prediction. This result can be explained since S/D = 3 represents
the intermediate separation distance, which is likely to dominate the flow regime of the
geometry. Therefore, the S/D = 3 simulation was used to model the interaction between
the support strut and upper leg.

In Table 9.1 the “type” column indicates the database component that was used to model
the component. Details of the modelling database resulting from the work presented in
Chapters 5, 6, and 7 are listed in Appendix C. The UTDM3 and DTDM3 entries indicate
that the upstream and downstream cylinder results from the S/D = 3 tandem cylinder
case were used to model the upper leg and support strut respectively. The SCC90K
entry indicates that the single cylinder case performed at Re = 9× 104 was used, which
represents the Reynolds number that best matches that of the strut. The alignment of
each strut is defined by θc and φc that indicate the polar and azimuth angles of the strut
axis with respect to the model coordinates (see Figures 3.3) and 3.4). θc and φc are
also the rotation by which the component coordinates stand with respect to the model
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Component Type* D (m) L (m) (θc, φc)a (θc, φc)b (θc, φc)c
Upper main leg UTDM3 0.013 0.0825 0,0 45,90 90,90

Lower main leg SCC90K 0.013 0.0675 0,0 45,90 90,90

Support strut DTDM3 0.013 0.108 45,0 45,45 90,90

Axle SCC90K 0.0065 0.0225 90,90 45,90 0,90

* Modelling database component: UTDM3/DTDM3 = upstream/downstream
tandem cylinder S/D = 3, SCC90K = single circular cylinder Re = 9.0× 104

Table 9.1: Component modelling parameters for the validation case.

coordinates. The wheel noise was predicted using the semi-empirical approach adopted
by Smith [71] as outlined in Chapter 3.

9.5 Results

9.5.1 Spectral Prediction

Predictions were made for each of the three observer locations using the parameters de-
fined in Table 9.1. For each observer location two figures were generated; one presenting
the total noise spectrum and its breakdown into the individual contributions, and the
other comparing the total predicted spectrum with the experimental measurements and
the prediction made by the semi-empirical model of Smith et al. [71]. In Figures 9.5-9.7,
the frequency scale has been normalised by Stw whereas the noise level is represented
by SPLn = SPL− 60 log(U/U0) + 20 log(R/Dw).

The prediction for observer “a” is presented in Figure 9.5. Figure 9.5(a) displays the
total spectrum and the component breakdown. The noise in the low and high frequency
range is dominated by the wheel spectrum, whereas in the mid frequency range the
strut noise dominates. The breakdown of the total spectrum into individual component
spectra reveals that the lower leg is the main contributor to the overall noise. A tone was
predicted at Stw = 3.2 due to vortex shedding from the axle that is above the broadband
noise. The modelling of axle noise was tricky since the level of interaction caused by flow
acceleration from the wheels was not established in the tests. The contribution from
other struts was fairly negligible at this observer angle. The noise radiated by the upper
leg was predicted to be attenuated due to the blockage effect that was measured for
the upstream cylinder in the S/D = 3 configuration. The combined spectral shape can
be described as a shallow hump and Figure 9.5(b) reveals that it follows the measured
spectral characteristics very well. This indicates that the model is capable of capturing
the physical noise mechanisms at this observer location.
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Figure 9.5: Comparison between measured and predicted spectra at observer “a”.
The frequency scale is normalised by Stw = fDw/U0, and the level is defined by

SPLn = SPL− 60 log(U/U0) + 20 log(R/Dw).
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Figure 9.6: Comparison between measured and predicted spectra at observer “b”.
The frequency scale is normalised by Stw = fDw/U0, and the level is defined by

SPLn = SPL− 60 log(U/U0) + 20 log(R/Dw).
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Figure 9.7: Comparison between measured and predicted spectra at observer “c”.
The frequency scale is normalised by Stw = fDw/U0, and the level is defined by

SPLn = SPL− 60 log(U/U0) + 20 log(R/Dw).
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At observer “b” Figure 9.6 reveals that the prediction model predicted a spectrum with
a fairly strong peak at St = 1.8. The peak is due to the vortex shedding noise expected
to be generated by the lower leg and support strut. The noise of the upper leg remains
negligible due to the attenuation effect caused by the interaction with the support strut.
Noise from the axle and wheels were also fairly insignificant at this observer position.
Comparison with the measured results in Figure 9.6(b) shows that model over-predicted
the spectral peak by approximately 3 dB. However, the predicted Stw of the peak agrees
well with the measured data. At other frequencies, there is a very strong correlation
between the predicted and measured results. At this observer location it is expected
that the wheels may shield the noise radiated by part of the lower leg, leading to a lower
sound pressure level. This acoustic shielding effect was not captured by the model and
therefore may explain the over-prediction of the peak sound pressure level.

Figure 9.7 reveals that the overall spectral characteristics at observer “c” remain very
similar to those at observer “b”. The model again predicted a broad tone at Stw = 1.8
due to the shedding from the lower main leg and the support strut, but this time
at a slightly higher sound pressure level due to the change in observer location. The
contribution from the upper main leg and axle is still negligible at this observer location.
At this sideline location, the effect of acoustic shielding should be less than at observer
“b” and as a result the predicted spectrum agrees very strongly with the measured
spectrum in terms of both frequency and sound pressure level. The peak in the predicted
spectrum was slightly less broad than that observed in experiment leading to a small
∆SPLn between measurement and prediction just above the peak frequency. There was
a slight over-prediction in the high frequency range, but it appears this is due to the
semi-empirical wheel prediction.

9.5.2 Directivity Prediction

Directivity predictions were made for two observer planes: the first in the flyover plane,
defined by polar angles 0 � θo � 180 deg and constant azimuth of φ = 0 deg, and the
second in the sideline plane, defined by −90� φo � 90 deg at constant polar angle θo =
90, where φo = 0 deg is directly below the landing gear. These directivity predictions are
shown in Figure 9.8(a) and 9.8(b) respectively. The directivity of the overall normalised
sound pressure level, OASPLn = OASPL−60 log(U/U0)+20 log(R/Dw), was calculated
for each individual component from which the total configuration was determined.

The directivity pattern in the flyover plane indicates a weak dipole field and is dominated
by the contributions of the lower main leg, support strut, and the wheels. The minimum
OASPLn was predicted at θo = 0 deg due to the dipole directivity and alignment of the
struts. Marginally higher noise levels were predicted in the rearward arc due to the
alignment of the dipole corresponding to the support strut. The difference between the
OASPL at θo = 0 deg and θo = 180 deg is approximately 0.5 dB.
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Figure 9.8: Predicted OASPLn directivity for model geometry: OASPLn = OASPL−
60 log(U/U0) + 20 log(R/Dw).
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Figure 9.8(b) shows that a high degree of symmetry was predicted along the sideline
plane. This was expected due to the symmetry of the model geometry. The minimum
OASPLn was predicted at φo = 0 deg due to the dipole directivity and alignment of
the struts. Conversely the maximum level was predicted for the sideline observers at
φo = 90 deg and φo = −90 deg where the maximum is expected for the vertically aligned
struts. The difference between the maximum and minimum OASPLn is ∆OASPLn ≈ 1.5
dB. The diagonal strut and lower main leg are predominately responsible for the overall
directivity pattern, whereas the axle and upper main leg contribute very little. The
prediction at φo = 0 deg is equal to that at θ = 0 deg in Figure 9.8(a).

The directivity results are consistent with what has been reported in literature for full
size landing gear [9,14,16]. The minimum noise level is usually measured directly below
the gear, where the dipole noise from vertically aligned components is a minimum.
The maximum level usually occurs at sideline observers that are directly affected by
the vortex shedding noise, and in the forward and rearward arcs. This indicates a
dipole directivity field largely dictated by the alignment of the main contributing struts.
However the ∆OASPL was small due to the alignments of the individual components
and their resulting directivity.

9.6 Summary

Comparison between the predicted noise and the measured data for a simple two-wheel
landing gear has successfully demonstrated the capability of the new prediction model.
Predictions of the spectra at selected observers showed very good agreement with mea-
sured results.

The results demonstrated the sensitivity of the model to observer location. The re-
sults also showed the need to model interaction noise as the accurate prediction for the
geometry was largely due to the modelling of the upper leg and support strut which
were configured in a tandem arrangement. The tandem cylinder modelling provided
the correct spectral characteristics and correct levels. Modelling the upper main leg
and support strut as single cylinders would have lead to an over-prediction in terms of
the peak noise level and also a more tonal and incorrect spectral shape. The results
also showed that the expected directivity characteristics of landing gear noise can be
predicted well.



Chapter 10

Conclusions and Suggestions for

Future Work

10.1 Outline

In this final chapter the major conclusions of the research are summarised with reference
to the aims and objectives laid out at the start of the thesis. The chapter will also discuss
areas of research that might be considered for future work.

10.1.1 Bluff-Body Noise Modelling

The noise radiated by circular cylinders has been studied in the past, but no database
was available that could be used for the noise modelling of landing gear struts. In this
work, supercritical cylinder flows were simulated at various Reynolds numbers between
Re = 9×104−1×106 in cross-flow to represent basic landing gear struts. The predicted
cylinder noise characteristics was a strong tone corresponding to either the fluctuating
lift or drag forces on the cylinder surface, and a dipole directivity pattern with max-
imum noise radiated perpendicularly to both the freestream vector and cylinder axis.
The importance of observer location to the noise characteristics was demonstrated by
comparing the predicted far-field spectra at various observer locations. The overall spec-
tral shape was shown to be a strong function of observer angle, with both the frequency
and magnitude sensitive to the observer location.

This work was extended to investigate the effect of the arbitrary alignment of struts to
the inflow velocity vector by investigating cylinder flows at yaw angles of Λ = 0, 15, 30,
and 45 deg at a Reynolds number of 1.4× 105. The results showed a strong correlation
between the far-field noise and the yaw angle. It was found that:

• As the yaw angle increased, the peak sound pressure level decreased

153
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• As the yaw angle increased, the frequency of the spectral peak decreased

These features were associated with the reduction in the shedding frequency and the
magnitude of fluctuating forces on the cylinder surface. The Independence Principle
was correlated to various aerodynamic quantities with partial success. An interpolation
method for predicting the spectra for arbitrary yaw angles between Λ = 0◦ − 45◦ was
developed for the prediction model.

Finally, the effect of component body-wake-body interactions due to the close proxim-
ity between landing gear struts was investigated. This was achieved by investigating
circular cylinders in a tandem arrangement. The distance between the cylinders was
varied between 2 and 5 cylinder diameters. The characteristics and influence of the
interaction effects varied considerably with the separation distance. At short separa-
tion distances, less than three cylinder diameters, the downstream cylinder created a
“blockage” effect that restricted the shedding of vortices from the rear of the upstream
cylinder. This meant that the surface pressure perturbations and the far-field noise
levels were reduced for the upstream cylinder compared to a single cylinder. The noise
spectra and directivity were also shown to be heavily modified by the interaction. The
nature of the flow field around the downstream cylinder was largely determined by the
characteristics of the inflow, which was controlled by the upstream cylinder. At short
separation distances, the inflow velocity was low, but the flow field was highly unsteady.
This led to broadened far-field acoustic spectra and a more omnidirectional directivity.
At larger separation distances, the aerodynamic and acoustic characteristics of the up-
stream cylinder resembled those of a single cylinder. However, the highly turbulent and
unsteady wake that impinged on the surface of the downstream cylinder lead to much
higher surface pressure fluctuations and therefore a higher far-field noise. The difference
in sound pressure level between the two cylinders was predicted to be as much as 17
dB. The noise characteristics were thus shown to be highly sensitive to the separation
distance and cylinder location, and the inclusion of interaction effects was shown to be
an important part of the modelling database.

10.1.2 Low Noise Guidelines

The aeroacoustic analysis of bluff-body flows revealed ways in which the far-field noise
could potentially be reduced. These are presented as suggested low noise guidelines:

• Flow regime control. The literature review revealed a strong relationship be-
tween the flow regimes of a circular cylinder and its noise potential. The char-
acteristic of subcritical flows is strong vortex shedding leading to a very strong
tone at the vortex shedding frequency. In the supercritical regime, this shedding



Chapter 10 Conclusions and Suggestions for Future Work 155

weakens and is more irregular, leading to a noise reduction compared to the sub-
critical regime. Therefore, where the flow over a landing gear component may be
subcritical, forcing turbulent flow by tripping boundary layers can lead to more
reduction.

• Component alignment control. A clear noise reduction potential was seen for a
basic strut that is yawed to the incoming flow field. Since landing gear designs are
driven from a structural standpoint, in most cases structural constraints determine
the strut alignment. Nevertheless, it is useful to understand the noise reduction
potential of a strut yawed to the inflow velocity.

• Component separation control. The tandem cylinder investigations indicated
that there is a noise reduction potential for struts that are separated by very short
distances. Conversely, the interaction mechanisms can lead to increased noise at
medium separation distances. Therefore, wherever possible, the distance between
components should be controlled to achieve minimum noise, and potentially noisy
component configurations should be avoided.

10.1.3 Landing Gear Noise Prediction

The new model was validated by comparing noise predictions with measurements for a
simple nose landing gear model that consisted of two wheels and three circular struts.
The model geometry was decomposed and modelled by representative components in
the modelling database. The wheel noise prediction was provided by an existing semi-
empirical model. The results showed that the model was capable of predicting the
spectral characteristics and correct levels at three different observer locations. The
model was also used to predict the overall sound pressure level directivity. Results were
also compared to an existing semi-empirical prediction model. The physics-based model
was able to include more physics and higher levels of detail in the prediction.

The results validated the model methodology and demonstrated its potential as a low-
noise design tool. They also suggested that through further development it could be
used to predict the noise of a more complex landing gear. Suggestions for future work
that could extend the model are presented in the next section.

10.2 Suggestions for Future Work

The results demonstrated the capability of the new model to predict the noise of a
simple landing gear resulting from unsteady pressures on the component surfaces. For
a more complex landing gear, additional noise generating mechanisms and also more
complex components would need to be considered. This means that the prediction of
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more complex landing gear will require extension of the modelling database. Suggested
ways in which the model could be extended are described below:

• Alternative cross-sections. Since not all struts are circular in cross-section,
and that the cross-section is likely to have a large impact on the struts noise
characteristics, it is recommended that the investigation of non-circular strut noise
is performed. Perhaps the next most common strut cross-section is the “H” beam,
which is potentially very noisy due to cavities and sharp edges and this would be
a natural progression from the circular cylinder.

• Component interaction parameters. The modelling of tandem cylinders in
this work only investigated the separation distance between struts. There are
many other parameters that affect the interaction mechanisms, such as non-equal
component diameters, offset separation, and component alignment.

• Other component groups. So far only strut noise has been included in the
model and in the future the database should be enhanced to include more compo-
nents and configurations. For example, different strut cross-sections are likely to
modify the noise characteristics. The impact of landing gear bay doors that are
usually an integral part of the structure should be considered. The wheel noise was
obtained from a semi-empirical prediction, and this could be improved through a
physics-based prediction.

• Acoustic scattering, shielding, and installation effects. At present, the ef-
fect of acoustic scattering and shielding has not been considered and this is likely
to be very important for complex geometries. Installation effects and the interac-
tion with other airframe components should also be considered for comprehensive
landing gear noise prediction.

• Validation. Validation is a key part of future progress and should be performed
as the model is extended. Such validation should be performed with fly-over data
as well as wind tunnel data as these can compliment each other effectively.

10.3 Summary

The landing gear noise problem presents issues and topics for future investigation, and
the advancement of computational techniques and computational resource can lead to
improved modelling results, and thus prediction tools. The industry goal is to perform
accurate and reliable noise predictions very quickly, allowing the optimisation of landing
gear designs, leading to quieter aircraft and an improved environment for those affected
by aircraft noise.



Appendix A

Validation of Computational

Aeroacoustics Code

I
n this appendix various parts of the CAA code were validated including boundary
conditions and numerical schemes. Simple test cases were used for this purpose.

A.1 Gaussian Pulse Propagation

The test case of two-dimensional Gaussian pulse propagation was used to validate the
time-stepping scheme, filtering schemes, and the characteristic interface condition. The
Euler equations were used to solve the initial value problem at t = 0 given by

p′ = p− p0 = Aexp
[
−ln2

(
x2 + y2

9

)]
,

u′ = 0, v′ = 0, ρ′ = p′ (A.1)

where u′ and v′ are the velocity perturbations in the x and y directions, and A is the
pulse amplitude. The freestream Mach number was Mx = 0.5, and a small initial pulse
amplitude of A = 0.001 was specified so that the solution could be directly compared to
the linearized solution. The analytical solution of the linearized Euler equations (LEE)
corresponding to this this problem is given in [36] as

p =
A

2α1

∫ ∞
0

e
−ξ2
4α1 cos(ξt)J0(ξη)ξdξ, (A.2)

where α1 = (ln2)
9 , M = 0.5, η = [(x −Mt)2 + y2]

1
2 , and J0 is the Bessel function of

order 0 of the first kind. In the calculation the length scales are non-dimensionalised
by L∗ = 1m, the velocities by c∗ = 340 m/s, the density by ρ∗ = 1.225 kg/m3 and the
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Figure A.1: Solution of non-dimensional Gaussian pressure distribution, p∗2

ρ∗c∗2 , at
tc∗/L∗ = 28.45 obtained using implicit time-stepping with the characteristic boundary

condition along the interior block boundaries.

Figure A.2: Solution of non-dimensional Gaussian pressure distribution: comparison
between explicit and implicit time stepping and analytical solution at two locations, p1

at (20.326,-0.067), and p2 at (14.315,14.070).
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pressure by ρ∗c∗2. The time step of ∆t = 0.0569L∗/c∗ was adopted leading to a CFL
number of approximately 0.2.

The pressure distribution was solved on a highly skewed three-block grid to demonstrate
the capability of the characteristic interface condition applied to along the skewed grid
interfaces. Each block featured 200×200 cells and the grid spacing was in the order 0.05.
The case was also used to provide a comparison between the second-order implicit and
the fourth-order explicit time stepping algorithms. The buffer zone boundary condition
was adopted along the external boundaries and the solution was filtered by the sixth-
order explicit filter. The simulation was run for 500 iterations were performed to reach
a non-dimensional time of 28.45.

The non-dimensional pressure field after time t = 28.45 is shown in Figure A.1. The pulse
was initiated at (0,0) and convected downstream in the positive x−direction according
to the freestream Mach number, Mx = 0.5. The distribution shows correct propagation
across the skewed grid lines. The pressure was monitored at two locations, namely
p1 at (20.326,-0.067) and p2 at (14.315,14.070) corresponding to nodal values on the
grid. The result at these locations is shown in Figure A.2. Excellent agreement between
implicit/explicit time stepping and the analytical solution in both time and amplitude
can be concluded.

A.2 Monopole Radiation

The acoustic field radiated by a monopole source was used to validate the FW-H solver.
The complex potential for the monopole is given in [18] as

φ(x, y, z, t) = A
1

4πr
expi(ωt−

ωr
c0

) (A.3)

where r is the distance to the far-field observer, ω = 4π/46 is the non-dimensional cir-
cular frequency, c0 defines the speed of sound, and A = 0.1 is the normalised amplitude.
In the calculation the length scales are non-dimensionalised by L∗ = 1m, the velocities
by c∗ = 340 m/s, the density by ρ∗ = 1.225 kg/m3 and the pressure by ρ∗c∗2. The
real parts of p′ = −ρ0∂φ/∂t, u′ = ∂φ/∂x, v′ = ∂φ/∂y, w′ = ∂φ/∂z, and ρ′ = p′/c2

0

were used as the variables in the FW-H equation. The flow variables were evaluated
over four periods on the integration surface and were used as the sources terms in the
FW-H equation. The integration surface was defined as a cube that extends from -5L
to -5L in each direction and each face consisted of 50L× 50L evenly spaced integration
panels. The predicted pressure and analytic solution for an observer located at (50L,0,0)
is displayed in Figure A.3 which shows very good agreement.
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Figure A.3: Comparison between predicted non-dimensional pressure history and
analytic solution for a monopole source.

A.3 2-D Circular Cylinder in Turbulent Flow

In this validation case the high-order SotonCAA code was deployed to solve the turbulent
flow around a two-dimensional cylinder. The CAA solver was used to predict the near-
field flow and the FW-H solver was used to predict the acoustic field at far-field observers.
The Spalart-Almaras RANS model was used to model the turbulent solution with a
freestream turbulence viscosity ratio of µtµ = 10. The 6th-order compact scheme and the
2nd-order implicit time stepping scheme were used to obtain the highly nonlinear flow
field. A non-slip boundary condition was used on the cylinder surface and the buffer zone
boundary condition was imposed along the far-field domain. The characteristic interface
was used along all of the internal block boundaries. The freestream Mach number was
0.2, and the Reynolds number was 140,000 based on the cylinder diameter, D = 0.0311m.
The O-grid extended to 30D around the cylinder with one grid point per degree around
the cylinder circumference. The total number of grid points is approximately 100,000. In
the calculation the length scales are non-dimensionalised by D, the velocities by c∗ = 340
m/s, the density by ρ∗ = 1.225 kg/m3 and the pressure by ρ∗c∗2. The non-dimensional
time step is t = 0.0025 leading to a CFL number of approximately 8 and the first grid
size off the wall was 3.0 × 10−4. The solution was run for 300,000 time steps and data
was sampled for the FW-H prediction during the last 100,000 steps.

Strong shedding was predicted behind the cylinder at a Strouhal number of approxi-
mately 0.26, which is in agreement with other studies and experiments [10, 82]. Fig-
ure A.4 displays the density contours which clearly indicate the coherent shedding in
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Figure A.4: Two-dimensional high-order CAA prediction: computed 2-D cylinder
density contours.

Figure A.5: Two-dimensional high-order CAA prediction: contours of computed in-
stantaneous non-dimensional pressure perturbation for 2-D viscous cylinder flow.
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Figure A.6: Two-dimensional high-order CAA prediction: computed 2-D cylinder
SPL directivity at observers located a distance R = 100D, θ is measured from the

positive x−axis.

the cylinder wake. Figure A.5 displays the instantaneous pressure perturbation field
throughout the computational domain. The large wave fronts associated with the vor-
tex shedding are clearly marked and indicate a slight downstream convection direction.

The far-field observers were defined along a circular arc of radius 100D in the z−plane
with the origin located at (0,0,0). The 2D solution was extruded in the z−direction
to generate the necessary three-dimensional integration surface for the FW-H solver.
Various integration surfaces were defined in order to test the sensitivity of the acoustic
solution on its placement. The far-field directivity is displayed in Figure A.6 which
indicate the expected dipole pattern. The three integration surfaces tested show that
the solution is sensitive to their placement within the range of r = 0.5− 1.5. Due to the
low Mach number, it is assumed that the difference is due to vortices passing through
the integration surface [52].



Appendix B

Details of the Numerical Method

I
n this appendix some important details concerning the numerical method are outlined.
Details of the transformation matrices used for the characteristic interface boundary

condition are provided, followed by details of the Spalart-Almaras turbulence model.

B.1 Characteristic Transformation Matrices

The matrix P̄−1 transforms the conservative variables to characteristic variables, whilst
its inverse P̄ diagonalises the flux-Jacobian matrices in the direction normal to the
interface. These transformation matrices are given as:

P̄−1 =

Bo · lx (γ − 1) u
c2
ξ̃x (γ − 1) v

c2
ξ̃x + ξ̃z

ρ (γ − 1) w
c2
ξ̃x − ξ̃y

ρ −γ−1
c2
ξ̃x

Bo · ly (γ − 1) u
c2
ξ̃y − ξ̃z

ρ (γ − 1) v
c2
ξ̃y (γ − 1) w

c2
ξ̃y − ξ̃x

ρ
γ−1
c2
ξ̃y

Bo · lz (γ − 1) u
c2
ξ̃z + ξ̃y

ρ (γ − 1) v
c2
ξ̃z − ξ̃x

ρ (γ − 1) w
c2
ξ̃z

γ−1
c2
ξ̃y

c
ρ

(
γ−1

2 M2 − v·lξ
c

)
C+ · lx C+ · ly C+ · lz γ−1

ρc

c
ρ

(
γ−1

2 M2 − v·lξ
c

)
C− · lx C− · ly C− · lz γ−1

ρc


P̄ =

ξ̃x ξ̃y ξ̃z
ρ
2c

ρ
2c

uξ̃x uξ̃y − ρξ̃z uξ̃z + ρξ̃y
ρ
2c(u+ ξ̃xc) ρ

2c(u+ ξ̃xc)

vξ̃x + ρξ̃z vξ̃y vξ̃z − ρξ̃x ρ
2c(v + ξ̃yc) ρ

2c(v + ξ̃yc)

wξ̃x + ρξ̃y wξ̃y + ρξ̃x wξ̃z
ρ
2c(w + ξ̃zc) ρ

2c(w + ξ̃zc)

b · lx b · ly b · lz ρ
2c(H + cv · lξ) ρ

2c(H− cv · lξ)


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The vectors in P̄−1 and P̄ are defined as follows:

Bo =
(

1− γ − 1
2

M2

)
lx −

1
ρ

(v × lξ), C± = ±
lξ
ρ
− γ − 1

ρc
v, v = (u, v, w)T

b =
|v|2

2
lξ + ρ(v × lξ), H =

|v|2

2
+

c2

γ − 1

where lx, ly, and lz are unit vectors in the x, y, and z directions respectively, and:

lξ = ∇ξ/|∇ξ|.

B.2 Spalart-Almaras Model Constants

In this section the functions and constants used by the Spalart-Allmaras turbulence
model are described. The transport equation is defined in Chapter 4, in Equation 4.10,
and the modified turbulent viscosity, ν̃ is defined in Equation 4.9.

The viscous damping function in Equation 4.9 is given by:

fv1 =
χ3

χ3 + C3
v1

(B.1)

where
χ ≡ ν̃

ν
(B.2)

The production term, Gν , in Equation 4.10, is modelled as

Gν = Cb1ρS̃ν̃ (B.3)

where
S̃ ≡ S +

ν̃

κ2d2
fv2 (B.4)

and
fv2 = 1− χ

1 + χfv1
(B.5)

where S is a scalar measure of the deformation tensor and d is from Equation 4.11.
The modified strain/vorticity relationship used to model Gν comes in the way of the
definition of S as follows:

S ≡ |Ωij |+ Cprodmin(0, |Sij| − |Ωij|) (B.6)

where
Cprod = 2.0, |Ωij | ≡

√
2ΩijΩij , |Sij | ≡

√
2SijSij (B.7)
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where the mean strain rate tensor, Sij , is defined as

Sij =
1
2

(
∂uj
∂xi

+
∂ui
∂xj

)
(B.8)

and the mean vorticity tensor, Ωij , is defined as

Ωij =
1
2

(
∂ui
∂xj
− ∂uj
∂xi

)
. (B.9)

The destruction term in Equation 4.10, Yν , is modelled as

Yν = Cw1ρg

[
1 + C6

w3

g6 + C6
w3

] 1
6
(
ν̃

d

)2

(B.10)

where
g =

ν̃

S̃κ2d2
+ Cw2

(
r6 − r

)
, r ≡ ν̃

S̃κ2d2
. (B.11)

The various constants in the above equations are:

Cb1 = 0.1355, Cb2 = 0.622, σν̃ =
2
3
, Cv1 = 7.1

Cw1 =
Cb1
κ2

+
(1 + Cb2)

σν̃
, Cw2 = 0.3, Cw3 = 2.0, κ = 0.4187



Appendix C

The Modelling Database

I
n this appendix details of the modelling database are provided. The database com-
prises of non-dimensional far-field acoustic spectra resulting of the numerical modelling

of circular cylinders. Three categories are defined as single cylinders in cross flow, single
cylinders with yaw, and tandem cylinders, corresponding to results from Chapters 5, 6,
and 7 respectively.

C.1 Definition of Database

In Table C.1 the database entry name is listed followed by the component group, the
Reynolds number of the simulation, and the details of the simulation.

Name Group Re Details
SCC90K Single 9.0× 104 Cross-flow, TS
SCC140K Single 1.4× 105 Cross-flow, TS
SCC300K Single 3.0× 105 Cross-flow, TS
SCC1M Single 1.0× 106 Cross-flow, TS
YCC15 Yawed 1.4× 105 Λ = 15◦

YCC30 Yawed 1.4× 105 Λ = 30◦

YCC45 Yawed 1.4× 105 Λ = 45◦

UTDM2 Tandem 1.4× 105 Upstream cyl. S/D = 2
DTDM2 Tandem 1.4× 105 Downstream cyl. S/D = 2
UTDM3 Tandem 1.4× 105 Upstream cyl. S/D = 3
DTDM3 Tandem 1.4× 105 Downstream cyl. S/D = 2
UTDM4 Tandem 1.4× 105 Upstream cyl. S/D = 4
DTDM4 Tandem 1.4× 105 Downstream cyl. S/D = 2
UTDM5 Tandem 1.4× 105 Upstream cyl. S/D = 5
DTDM5 Tandem 1.4× 105 Downstream cyl. S/D = 2

Table C.1
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Glossary of Aeroacoustic Terms

A-weighted Decibel, dB(A) - The A-weighted decibel scale denoted by dB(A) is
regularly adopted for environmental sound measurement. The A-weighting em-
phasises frequencies around 1-6 kHz where the human ear is most sensitive, while
attenuating very high and very low frequencies to which the ear is insensitive.
The aim is to ensure that measured loudness corresponds well with subjectively
perceived loudness. The weighting curve is shown in Figure D.1. The peak of the
dB(A) spectrum gives an overall assessment of perceived noise

Figure D.1: A-weighting curve.

Acoustic Intensity - A fundamental acoustic quantity which describes the rate of flow
of acoustic energy through a unit of area perpendicular to the flow direction defined
by:

I =
Pac
A

(D.1)

where Pac is the acoustic power and A is the area.
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Acoustic Power - The total sound energy radiated by a source per unit time:

Pac = IA (D.2)

Acoustic Pressure - A dynamic variation in the atmospheric pressure denoted by p′

or p′2 if the root mean square pressure is used. The total pressure is given by:

ptotal = p0 + p′ (D.3)

where p0 is the local ambient pressure.

Acoustic scattering - Irregular and diffuse reflection of sound waves in various direc-
tions.

Airframe noise - The non-propulsive noise generated by an aircraft in flight.

Broadband noise - Noise produced by sources that are both random in time and space
and distributed continuously in frequency.

Compact source - A source for which the differences between emission times of points
on the source can be regarded negligible compared to the period of the fluctuations.

Decibel (dB) - A dimensionless unit with denotes the ratio between the acoustic pres-
sure and the reference pressure. The decibel or dB scale is a logarithmic scale and
uses the hearing threshold of 20µPa as the reference level.

Dipole source - A source that is represented by two equal monopole sources that are
a small distance apart and pulsate 180 deg out of phase. The resulting radiation
pattern is a directional “figure of eight”.

Doppler effect - The changing of the observed frequency of a sound source that is
moving with respect to an observer. The frequency is observed to increase if the
source is moving toward the observer, or decrease if the source is moving away.
The Doppler factor is expressed as:

(1−M cos θ)−1 (D.4)

where M is the Mach number of the source and θ is the radiation angle between the
source direction vector and the observer. In radiation equations it is often raised
to various powers to account for convective amplification effects of the sound level
for a particular source type.

Effective Perceived Noise Level (EPNL) - A measure of human annoyance to air-
craft which has spectral characteristics and persistence of sounds and is commonly
used for aircraft noise certification. it accounts for human response to spectral
shape, intensity, tonal content and duration of noise from an aircraft.
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Far-field - The region far from the acoustic source where the sound waves spread spher-
ically and where the sound pressure is reduced by a factor R−2 where R is the
distance from the source.

Fundamental frequency - The reciprocal of the shortest period during which a peri-
odic sound is reproduced.

Harmonic - A sinusoidal component whose frequency is an integral multiple of the
fundamental frequency of a periodic source. The fundamental (lowest) frequency
of the sound is sometimes refered to as the “first harmonic”.

Karmen vortex shedding - Geometric arrangement of eddies in the wake of a bluff
body resulting from periodic shedding which results in a tone at the vortex shed-
ding frequency.

Loading noise - Noise resulting from forces acting on a body.

Monopole source - Source that can be represented by a pulsating sphere whose dimen-
sion is small compared to the wavelength of the sound radiation. If it is assumed
that all parts of the sphere are moving in phase then an omni-directional radiation
pattern results.

Near-field - The part of the sound field close to the source in which the sound radiates
in a non-linear fashion.

Octave band - A frequency interval whose upper limiting frequency is two times its
lowest frequency.

Overall sound pressure level (OASPL) - The overall sound pressure level (OASPL)
in decibels is a measure of the overall noise of a source and is defined as:

OASPL = 10 log10 (E) . (D.5)

where E is the total energy contained in the spectrum and is defined as:

E(f) =
∫
p′2(f)df, (D.6)

where the integral is over all resolved frequencies.

Point source - A source that can be represented by sound radiation from a single
point.

Quadrupole source - Noise produced by fluid flow in a volume in which no sources
of mass or momentum are present. It is the main component of aerodynamic
noise resulting from turbulent flow in the absence of solid boundaries and can be
modelled by the superposition of four equal monopole sources that oppose each
other in pairs.
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Retarded time - The time at which a sound wave traveling at the local speed of sound
would have to leave the source to arrive at an observer location at the present time.

Reynolds Number (Re) - The Reynolds number is a dimensionless number that ex-
presses the ratio of inertial forces to viscous forces and is defined by Re `Uν where `
and U are the characteristic length and velocity respectively and ν is the kinematic
viscosity of the fluid.

Sound field - A region where sound waves are present.

Sound pressure level (SPL) - The sound pressure expressed in decibels (dB). The
SPL spectrum is defined as:

SPL(f) = 10 log10

(
p′2(f)
p2

ref

)
(D.7)

where p′2(f) is the mean-square acoustic pressure and pref is the reference pressure
equal to 20 µPa.

Strouhal number (St) - A dimensionless number St = fU
` where f is the frequency,

U is the reference velocity and ` is the reference length.

Thickness noise - Noise resulting from the periodic displacement of air due to flow
around a solid body which can be represented as a monopole source distribution.

Wave number - The ratio of circular frequency of a periodic sound signal to the speed
of sound, k = 2π

λ .
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