
Investigation of Dual-Jet Air

Curtains For a Landing Gear Noise

Reduction Technology

KUN ZHAO

Supervisor: Dr. Gareth J. Bennett

Department of Mechanical & Manufacturing Engineering

Trinity College Dublin

Ireland

May 2017

A thesis submitted to the University of Dublin in partial

fulfillment of the requirements for the degree of Ph.D



Declaration

I declare that this thesis has not been submitted as an exercise for a degree at this or any

other university and it is entirely my own work.

I agree to deposit this thesis in the Universitys open access institutional repository or

allow the library to do so on my behalf, subject to Irish Copyright Legislation and Trinity

College Library conditions of use and acknowledgement.

Kun Zhao, January 2017

i



Abstract

As the popularity of air travel increases, noise that it causes to the communities around

airports has become a major concern to the aeronautical industry. World leading economic

entities, such as EU and US, have made aircraft noise reduction an important section in

their blueprint for aviation development. Airframe noise, generated by unsteady flow over

the landing gear and high lift devices is of the prime interest due to its large contribution

to the overall aircraft noise output. Thus, landing gear noise, the main source of airframe

noise during take-off and approach when the engine operates at a low thrust, has been

widely investigated. Some technologies have been proposed to reduce its noise emission,

e.g. fairings and wheel hub caps. The prevailing fundamental idea behind these technolo-

gies is to cover the non-aerodynamic elements, thereby reducing the turbulent interaction.

However, even these rudimentary add-ons may impede the inspection, maintenance and

brake cooling of the landing gear, in addition to adding to the structural complexity and

weight. The above mentioned technologies suggest incremental improvements to the re-

duction of landing gear noise. However, similar to the step-change innovative technologies

in aeroengine design that have significantly reduced overall aircraft noise, innovation in

low noise landing gear design is now required to help meet future environmental noise

targets.

The air curtain, also referred to as the planar jet, is proposed as a disruptive break-

through technology to be installed upstream to the landing gear. It aims to deflect the

incoming flow, shielding the bluff body so as to reduce the flow-induced noise. A prelim-

inary study in 2009 validated its usefulness for aerodynamic noise reduction. However, it

is also found that the emission of the air curtain self-noise introduced a limiting factor

that impairs the performance of this technology, which can hinder the ultimate imple-

mentation. As such, this thesis investigates an alternative novel dual-jet configuration to

ii



minimise the air curtain self-noise emission. More specifically, in addition to the primary

jet, a second jet is situated upstream of it, at a lower velocity, which reduces the total

noise by both allowing the primary jet to operate at a lower velocity for the same shielding

height and also by reducing the slot edge-exit noise due to allowing the primary jet to

issue at 90◦.

A main objective of this study is to validate and improve the performance of dual

air curtains on the flow-induced noise reduction. Using tandem rods as a generic bluff

body, this work first involves an approach to optimize the configuration of the air cur-

tain application. In this study, the approach was proposed and utilised based on CFD

simulations and PIV experiments. With the optimized configuration, both single jet and

dual jet geometries were able to achieve substantial noise reduction. In particular, due to

increased shielding of the bluff body, the introduction of the extra jet improved the total

noise reduction when compared to the single jet. However, the suppression of primary

jet noise was found to be less obvious than expected as the sound pressure level at some

high frequency ranges was found to increase compared to the single jet. Thus, an opti-

mal configuration of the dual jet geometry was proposed and tested, which requires less

velocity from both jets for the same shielding height to the bluff body. The configuration

was validated to be able to maximise the noise reduction with much less production of

the jet self-noise.

This study also discusses the flow regime of dual planar jets in the crossflow from the

perspective of the fluid mechanics, which provides a good theoretical foundation for the

implementation of the air curtain technology. Firstly, a novel approach to defining the jet

leeward edge was developed based on a series of PIV experiments. Furthermore, based on

CFD results, the recirculation structures of the flow regime and the development of the

dual jets were characterised.

In addition, this study preliminarily discusses the possibility of the combined use of

dual air curtains with other technologies, using perforated fairings as an example. This

work experimentally compares the individual use of dual air curtains with the perforated

fairing, after which the combined use was tested. As a conclusion a recommendation was

made, which accounts for not only acoustic performance but also engineering implemen-

tation.
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As a proof-of-concept, work in this study can contribute to the final realisation of the

dual air curtains technology.
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Introduction 1.1. CONTEXT AND MOTIVATION

1.1 Context and Motivation

Noise pollution has become a very serious environmental problem due to the annoyance

caused by noise that results in many problems, e.g. sleep disturbance and decreased work

performance. It is extremely harmful to human health because there are serious health

consequences of the elevated sound level, especially the unwanted noise. In particular,

the elevated noise level in the workplace can lead to hearing impairment, mental illness,

hypertension and heart disease. Although some hearing loss occurs naturally with age

[1], in many developed nations the cumulative impact of noise is sufficient to impair the

hearing of a large fraction of the population over the course of a lifetime [2], e.g. Noise

Induced Hearing Loss (NIHL) [3]. As such, like other types of pollutions, the entire world

is fighting with noise. For instance, Europe Union requires the member states to determine

the exposure to environmental noise by strategic noise mapping, elaborate plans etc. [4].

Figure 1.1: Aircraft noise sources [5]

Aircraft noise is emitted by the aircraft or its components (Figure 1.1 [5]), during a

variety of flight phases, e.g. approach and take-off. It is only second to road traffic noise

in the city in its unsociable levels, frequency and time of occurrence, and is often at the

top of the list in rural areas [6]. Due to the dramatically increasing popularity of air

travel and the rapid development of aeronautics in the past decades, aircraft noise has

become not only an engineering problem but also a political and social issue [7]. Therefore,

aircraft noise generation, especially at approach and take-off, is an essential consideration

in the design of new commercial aircrafts [5, 8]. Most of the global leading economic
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Introduction 1.1. CONTEXT AND MOTIVATION

and political entities have set targets to solve this problem. For example, EU and US

have put cleaner and quieter aircraft into their future aeronautical development vision.

To be more specific, the ACARE (Advisory Council for Aeronautics Research) of EU

manages a strategic research agenda which aims to achieve the goals fixed in the European

Aeronautics [7]. In the agenda there is an ambitious and detailed goals for aircraft noise

reduction. The main task is to reduce the perceived noise by 50% for 2020 compared

to 2000 [7]. Figure 1.2 [5] illustrates the record of the aviation industry in reducing the

aircraft noise entering service from the widespread introduction of commercial jet aircraft

in the 1960s and to the year of 2020. It is observed that the aircraft noise has been

continuously decreasing due to the technology development in the aviation industry. A

much faster, safer, more comfortable and quieter air travel will be realised in the future.

Figure 1.2: Noise level of the aircraft entering into service [5]

Generally speaking, aircraft noise sources (Figure 1.1 [5]) can be classified into two

categories: engine noise and airframe noise. They both can induce negative effects on not

only people inside the aircraft, such as flight crew and passengers, but also those on the

ground. Due to the progress of noise isolation, confinement and reduction technologies,

lower noise within the aircraft has been widely promoted. As such, impacts of the noise

on those people on the ground, especially the communities near airports have become the

primary concern.

Since the 1970s, the engine noise has been significantly reduced due to the application

3



Introduction 1.1. CONTEXT AND MOTIVATION

Figure 1.3: Relative approach noise source weight for short and long range Airbus
aircraft (Source: airbus) [9]

of high bypass ratio configurations [10]. The bypass ratio of a turbofan engine is defined

as the ratio between two mass flow rates. One is the air drawn through the fan disk

that bypasses the engine core (un-combusted air); the other is the air passing through

the engine core. It has been validated that the high bypass ratio turbofan can not only

generate more thrust for the same amount of fuel used by the core, but is also much

quieter. As such, the step change in the configuration of the engine makes airframe noise

reduction increasingly pressing. Figure 1.3 [9] illustrates weight of noise sources for the

long range aircraft and short range aircraft at approach. It is concluded that airframe

noise is the dominant noise source compared to the engine noise.

Airframe noise is generated through the interaction of turbulent flows with solid bodies

on the aircraft [11]. It was first identified as a lower “aircraft noise barrier” in the early

1970s and since 1990, airframe noise reduction has become a matter of prime interest in

aeroacoustic research [9]. Fundamentally speaking, sources of the airframe noise include

landing gears, slat, flap, spoilers, etc. As shown in Figure 1.3, the landing gear is found

to be one of the dominant sources of airframe noise at approach.

The Landing gear has a complex structure and primarily designed to support the

landing aircraft load. In order to facilitate inspection and maintenance, which are crucial

to safety, aerodynamic design of the landing gear is not refined and thereby many potential

noise sources are directly exposed to the airflow (Figure 1.4). Consequently, the landing

gear noise is a thorny engineering issue. Difficulties in resolving landing gear noise are

4



Introduction 1.1. CONTEXT AND MOTIVATION

summarised as follows:

• There are numerous structures and components which are not optimized in term of

aeronautics and aerodynamics in the landing gear .

• Landing gear noise can contribute to approximately 30% of the overall noise emission

of the aircraft at approach and take-off [12].

• The noise signature is broadband in nature covering frequencies from approximately

90Hz to 4kHz [12].

• The exposed communities suffer high annoyance associated with the noise frequency

range.

• Components with non-aerodynamic shape can generate high level tonal noise as a

direct noise source, which is extremely detrimental to human hearing.

• The wake can interact with other airframe components and become an indirect noise

source [9].

(a) Airbus A380 nose landing gear (b) Boeing 747 main landing gear

Figure 1.4: Examples of nose and main landing gears

In order to reduce landing gear noise, technologies like fairings [13, 14] have been

proposed, but mostly only have been tested at the laboratory level. The common fun-

damental idea is to cover the bluff body with other aerodynamically refined components.
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Introduction 1.1. CONTEXT AND MOTIVATION

Although a good noise reduction can be achieved, some other problems may be intro-

duced, e.g. disturbance to the inspection and the maintenance. Hence, an air curtain,

also referred to as a planar jet, was proposed to reduce the landing gear noise [15]. The air

curtain has been applied in various engineering fields, e.g. area confinement [16], smoke

confinement [17], biological safety [18], etc. Fundamentally, the concept of using the air

curtain for landing gear noise reduction is to apply an upstream blowing jet to deflect the

air flow that passes the landing gear and thereby the aerodynamic noise can be reduced.

Figure 1.5 [15] is an example of the air curtain configuration. With shielding from the air

curtain, a significant noise reduction can be expected.

Figure 1.5: Example of the air curtain used for landing gear noise reduction [15]

Main advantages of the air curtain technology include the efficient noise reduction,

facilitation of the landing gear maintenance and inspection, ease of controllability, etc.

Therefore, this is a new technology with great potential but a low technology readiness

level. Moreover, a very recent study [19] has found that despite substantial noise reduc-

tion, the use of air curtain can generate significant jet noise, which can impede the future

implementation and must be dealt with. As such, improvements are required to minimise

the jet noise emission and enhance the noise reduction achieved.

In this study, a novel dual-jet air curtain geometry is proposed and validated to at-

tained further noise reduction for the landing gear. To be more specific, in addition to the

primary jet, there is one more jet installed upstream, termed as the upstream jet. This

configuration has the potential to substantially reduce landing gear noise. As such, valida-
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Introduction 1.2. SCOPE AND OBJECTIVES OF THE THESIS

tion of this technology was carried out in this study. Fundamental research related to the

dual-jet air curtain geometry, especially in terms of fluid mechanics, has been conducted.

1.2 Scope and Objectives of the Thesis

An objective of this investigation is to provide a proof-of-concept study for dual air cur-

tains, which is an alternative air curtain geometry to further reduce landing gear noise.

In addition, this study aims to lay a good theoretical foundation for the optimization of

this technology from the perspective of fluid mechanics, i.e. dual planar jets in crossflow.

The possibility of combining the use of dual air curtains with other technologies is also

discussed.

Firstly, the ability of the dual-jet geometry to reduce flow-induced noise is validated.

In particular, the superiority of the dual-jet geometry over the single-jet geometry is

confirmed. This has been conducted mainly through both aerodynamic and aeroacoustic

measurements in the open-jet wind tunnel experiments.

Secondly, as a generic flow regime that dominates in the application of flow-induced

noise reduction using air curtains, namely dual jets in crossflow, is studied based on PIV

tests and CFD simulations.

Finally, the potential of a combined use of other technologies, e.g. the perforated

fairing is discussed. The comparison between the combination and the sole use of air

curtain application is performed.

1.3 Thesis Outline

Contents of this report are organized as follows:

Chapter 2 begins with the mechanisms of the landing gear noise generation. Then,

technologies that can be found in the published work including journal articles and

patents, which were proposed for landing gear noise reduction are reviewed. In particular,

the work related to the single jet air curtain to date is described in detail. In addition,

the literature on the fluid mechanics and aeroacoustics of turbulent jets is reported. The

review includes the single turbulent jet and tandem jets in the quiescent flow. Moreover,

effects on the jets from crossflow are also introduced through review of studies to date on
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jet(s) in crossflow.

Chapter 3 describes the experimental facilities and measurement techniques utilised in

the study, including the low speed open-jet wind tunnel system, the air curtain generator,

the microphone array, PIV, hot-wire anemometry and flow visualization. Furthermore,

summary of the algorithms used in the study of acoustics such as spectral analysis and

beamforming are reported.

Chapter 4 is the core of this thesis, which mainly focuses on validation of the dual-jet

geometry‘s improved performance. More specifically, a geometric optimization is carried

out based on a CFD study. The test body is then situated in the optimised position.

Then the acoustic performance of the dual-jet geometry is compared to the single-jet

to confirm the improved performance. It is worth noting that two configurations of the

dual-jet geometry were tested: the first installs an extra upstream jet without altering

the primary jet; by contrast, the second reduces the primary jet speed to maintain the

equivalence of the shielding height for the bluff body to the single jet.

Chapter 5 is on the flow regime of dual jets in crossflow. In this chapter, the regime

is studied using both experimental and numerical approaches. Attentions are given es-

pecially on the leeward edge definition, recirculation structures and development of the

dual jets in crossflow.

Chapter 6 investigates the possibility of combining the air curtain application with

other landing gear technology, namely, perforated fairings. Different geometries are dis-

cussed, including the combined one with both dual air curtains and fairings. Based on

the performance, the recommendation on the configuration is given.

Chapter 7 provides a summary of this thesis. In the meantime, it points out the future

work that is worth pursuing.
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Literature Review 2.1. LANDING GEAR NOISE REDUCTION TECHNOLOGIES

2.1 Landing Gear Noise Reduction Technologies

In this chapter, state of the art for landing gear noise reduction technology is reviewed.

This review is based on open publications, e.g. journal articles, patents and technical

reports. In particular, the study of landing gear noise reduction using an air curtain is

introduced in detail.

2.1.1 Fundamentals

Landing gear is primarily designed to support the entire load of a landing aircraft. Due to

requirements of safety, controllability and structure stability, the landing gear is not only

mechanically complex but also geometrically intricate. As illustrated in Figure 2.1 [20],

there are numerous components in the landing gear, which demonstrate the complexity

of the device. Consequently, when directly exposed to a high speed flow, the landing gear

can become a significant noise source in an aircraft.

Figure 2.1: Description of landing gear components with wheels omitted (picture sup-
plied by Airbus) [20]

Fundamentally speaking, several noise generation mechanisms coexist in the assembly.
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The landing gear noise is generated by turbulence, vortex shedding, boundary layer, wake

interaction with bluff bodies and resonance caused by air flow over cavities (Helmholtz

resonator). Therefore, the main characters of the noise are broadband. Nevertheless,

some tonal noise still exist. Being highly undesirable, tonal noise can result in serious

annoyance and consequently impact the perceived noise. For example, cavity resonance

is the most significant source of the tonal noise in landing gear. The vortex shedding

of bluff bodies can generate tonal noise as well, which relates to the von Kármán vortex

street. Note that sound generation occurs at the vortex shedding frequency, which scales

on Strouhal number (St) that is given by:

St =
fl

v
(2.1)

where f is the vortex shedding frequency, l is the characteristic length and v is the

flow velocity. Since the Strouhal number is dependent on the Reynolds number, it is

concluded that the larger the buff body is, the lower the frequency is. As such, the wheel

mainly contributes to the low frequency noise and other smaller components provide the

high frequency range. It is worth indicating that due to the complexity of the landing

gear geometry, wake flow from upstream components in the landing gear can interact

with downstream components, which may significantly contribute to the overall noise

generation [21]. In terms of the overall sound level, it is found that landing gear noise

generation follows a dipole behaviour, thereby the sound intensity scales with 6th power

of local flow velocity, which means that the overall noise can be reduced by substantially

reducing the impinging flow velocity.

In addition, it is observed that directivity of the landing gear noise also introduces

more complexity. With the landing gear model of Boeing 777 in the laboratory, it was

found [22] that the noise generally directs forward of the aircraft and away from the door

side of the gear. However, another lab test based on Airbus A340 model [23] reported

that the directivity is almost omnidirectional. As such, the uncertainty of the directivity

requires more considerations in the design of noise reduction technology.

In summary, due to characteristics of the landing gear noise, the noise reduction

technology should be able to:

• reduce impinging flow velocity over the landing gear or component;
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• suppress cavity resonance;

• shield small components;

• prevent turbulent boundary layer or wake interaction among the landing gear com-

ponents.

• work for all directivity.

2.1.2 State of the Art in Landing Gear Noise Reduction

As mentioned earlier, landing gear, a main contributor to the aircraft noise emission

at take-off and approach, consists of various bluff body noise emission from complex

geometries. Overall level of the noise emission is dependent on specifics of the landing

gear‘s actual design. In general, the landing gear noise is dominated by broadband noise,

and the sound intensity increases with the 6th power of the local flow speed. Prior to

discussion of the technology, there are three main constraints that must be put forward

[9]:

1. Operation. It is without a doubt that operation of the landing gear must not be

impeded, which is the premise of all technologies. For example, gear locations, limitation

of the landing gear loads, brake cooling, etc.

2. Safety. As the landing gear supports entire load of the aircraft, the safety is the

top concern of the design.

3. Cost. Cost of the technology implementation can be, for example, more weight,

more system complexity, increased time of maintenance and inspection.

Furthermore, some additional constraints need to be considered such as ease of imple-

mentation and effects of weather.

To date, a variety of technologies have been proposed, which are introduced in the

following sections regardless of TRL (Technology Readiness Level).

2.1.2.1 Fairings

An aircraft fairing represents a noise-reducing element which has a smoother outline (solid

fairings) with potentially a porous structure (perforated fairings). They are deployed

to cover bluff bodies with complex geometries in the landing gear to reduce the noise.
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Theoretically they can be applied to any part of the landing gear. Figure 2.2 [24, 25]

shows examples of the fairing installation on the landing gear.

Figure 2.2: Examples of the solid landing gear fairings [24, 25]

Investigations into the use of fairings to reduce aircraft have been adopted by both

independent academics and industry. The fairing has become one of the technologies

with the highest TRL (technology readiness level) for the landing gear noise reduction,

which is foreseen to be implemented in the near future. For example, RAIN (Reduction of

Airframe and Installation Noise) is an EU project running from 1998-2002, which tested

solid fairing to reduce landing gear noise. This project was carried out on a non-operable

representative model with complete fairings. The results of RAIN saw a noise reduction

of more than 10dB over a wide range of frequencies [10]. RAIN was followed by further

projects in a higher TRL in EU research programme, e.g. SILENCER (Significantly

Lower Community Exposure to Aircraft Noise) [10]. However, individually customized

fairings covering different gear components should be adopted accounting for practical

design needs [26]. For example, Dobrzynski et al.[27] achieved significant improvement

by installing individual fairings on the component of the landing gear. The tests were

carried out with a full scale Airbus A-340 model and results indicated that a potential

noise reduction of 2dB to 3.5dB in terms of overall sound pressure level (OASPL) could

be attained. Similar noise reduction achievement using such add-on fairings was also

successfully obtained for Boeing 777 aircraft in both wind tunnel and flight tests [28, 29].
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Nonetheless, despite significant noise reduction, two disadvantages of the solid fairings

were identified [26]. One is that the solid fairings can deflect the high speed flow onto

adjacent uncovered gear components. As a consequence, the noise reduction could be

lost due to an undesired noise increase from other uncovered components. The other is

attributed to the vortex shedding from the relatively large size of the fairing, which can

generate low frequency noise.

In response to advantages of the solid fairing, the perforated fairings were proposed

and expected to reduce the deflected flow speed and eliminate the vortex shedding men-

tioned above. As such, extensive work has been carried out on the fairing with different

porosity (40-60%), and most of the studies concluded that benefits can be achieved using

perforated fairings in comparison with the solid version [30, 31]. For example, Li et al.

[30] investigated four different types of fairings; solid, perforated, perforated with edge

brushes and slotted with cloth on a four wheel main landing gear model, shown in Figure

2.3 [30]. They found that the slotted undertray&cloth was the most effective configuration

for the noise reduction because it functioned in all low, mid and high frequency ranges.

The second best was perforated undertray. However, the perforation geometry requires

investigation and optimisation in order to attain further reductions in the low frequency

range. Moreover, the self-noise in the high frequency range that is generated from the

edges may offset the benefits, which also needs suppression. Though the edge brushes

covering brakes of the landing gear were shown to reduce the self-noise, this solution

might cause brake cooling problems.

Boorsma et al. [31] also found that the perforation can contribute to reducing the

increased low frequency noise introduced by the solid fairings in comparison with the

plain landing gear configuration. Additionally, they studied the effectiveness of perforation

location by covering various parts of the fairing surface respectively. It was found that

the stagnation area perforations are responsible for most of the noise decrease.

However, though conclusions have been made that more noise reduction can be achieved

through optimization of the peroration, little information can be found on the methodol-

ogy.
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slotted undertray Perforated undertray+brushes

Slotted undertray+clothSolid undertray

Perforated undertray+brushes

Slotted undertray+cloth

Solid undertray

Slotted undertray

Figure 2.3: Test set-up of the add-on undertray fairings and their noise reduction per-
formance: (a) side view; (b) ground view [30]

2.1.2.2 Wheel Hub Caps

A wheel hub cap is simply utilised to cover the wheel hub void, thereby reducing the noise

caused by interaction of the air and the wheel during take-off and approach. To some

extent, it can be regarded as a type of fairing. Firstly proposed in 2003 [32], the wheel hub

cap can be easily implemented and has little impact on the landing gear operation. The

main concern is that the design must accommodate wheel serviceability. For example,

the cap should be removable to facilitate inspection and maintenance of the wheel. In

addition, in some cases there is a gap between the wheel rim and tyre, which may induce

cavity noise. As a solution, some sealing element can be applied, which thereby presents

an intact smooth surface to the air blowing over the wheel. However, easy removal must

be taken into account to avoid impeding inspection and maintenance. Figure 2.4 [33] is a

schematic of the wheel hub cap.

2.1.2.3 Hole covering

Similar to the cavity noise, flow over a small hole in the landing gear can excite a resonance,

shown in Figure 2.5 [9]. As mentioned earlier, landing gear structures consist of various
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Wheel hub cap

Figure 2.4: Conceptual design of the wheel hub cap of the landing gear [33]

struts and components. Consequently, there are numerous joints with hollow pins for

the connection. When the flow passes these pins, resonances can be induced. Such

excited resonances are characterized by distinctive tones, which are extremely annoying.

Obviously, those tones can be avoided by coverings. However, it is indicated that pin-hole

covers are not easy due to corrosion problems [9]. For example, water from the ambient

air may be condensed in the covered pins, which can result in rust and thereby cause

damage on the structure of the landing gear. It is expected that the condensation can be

limited by the use of porous materials.

Figure 2.5: Tone noise generated from pin holes of the landing gear [9]
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2.1.2.4 Mesh

In recent study, meshes have been proposed as low noise treatments of the landing gear,

as it was observed that they have potential for improvement over the perforated fair-

ings. Meshes have been tested on generic bluff bodies, where a single and combined

H strut were used to represent a simplified landing gear strut [34]. A variety of mesh

porosities and shapes were tested and these meshes produced significant broadband noise

reduction. Figure 2.6 [34] describes the test section and various mesh shapes tested in

previous studies, where noise reduction was achieved for all tested meshes and angles of

attack. In particular, cylindrical meshes, which were wrapped around the struts in the

tests, could provide significant noise reduction (5-10dB) in the low and intermediate fre-

quency ranges. It was also found that this noise reduction occurred for all tested mesh

porosities, and appeared to increase with the porosity. Besides, the noise reduction was

also dependent on the mesh hole shape, and it was found that the lateral elliptical shape

could provide best results. However, no systematic theory has been established on how

to make a selection of porosity, hole shape, etc. to achieve the maximum noise reduc-

tion. As such, recently Okolo et al. [35] have developed a numerical model to predict

the performance of the mesh for noise reduction of the landing gear strut, which has the

potential to provide an evaluation on the mesh design. This model, as a hybrid, coupled

Improved Delayed-Detached Eddy Simulation (ID-DES) with fowcs Williams-Hawkings

(FWH) acoustic analogy. The model is expected to be further improved and eventually

applied to the performance evaluation and porosity optimization.

Figure 2.6: Bluff body noise reduction using mesh [34]

The reason why mesh can significantly reduce the bluff noise can possibly be: 1. mesh
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can reduce the local impinging flow velocity; 2. mesh may break up the incoming flow

into small vortices so that the spanwise coherent vortex shedding from the strut can be

affected; 3. mesh may move the vortex shedding away from the solid strut surface, thus

reducing the acoustic radiation efficiency. However, mechanisms of the noise reduction of

meshes still need to be further investigated.

2.1.2.5 Plasma Actuator

A plasma actuator is a novel technology that was recently proposed for landing gear noise

reduction. It operates in the atmospheric pressure air condition and holds the potential

to reduce flow-induced noise through modifying the local flow field by introducing extra

momentum [36]. As shown in Figure 2.7 [37], a DBD plasma actuator generally comprises

two electrodes which are flush mounted on both sides of a dielectric plate [26]: one is

directly exposed to the ambient air, the other is insulated by a dielectric material. A high

AC voltage of a particular waveform, applied to the exposed electrode, weakly ionises

the atmospheric air adjacent to the exposed electrode. The ionised air (plasma) in the

presence of the electric field gradient produced by the electrodes results in a body force

that acts on the external air to induce airflow (synthetic jet) along the actuator surface

[26].

Figure 2.7: Schematic side view of the SD plasma actuators (not in scale) and the
flow-induced noise reduction using SD plasma on the noise map [37]

Some studies [37, 38, 39] have demonstrated the benefit of using the dielectric barrier

discharge (DBD) plasma actuators to attenuate the tonal noise of a cavity and the overall

broadband noise. For example, Thomas et al. [39] used a circular cylinder to represent
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the generic model of the landing gear. They found that at a Reynolds number of 3.3 ×

104, using the plasma actuator, the vortex shedding was completely eliminated and the

turbulence level in the wake was substantially reduced. In terms of the sound pressure

level, a 13.3dB reduction was achieved in the near field. However, the physical principles

of the plasma are still not understood adequately, not to mention the complexity of the

add-ons for the plasma generation. As such, though appearing to be promising, landing

gear noise reduction using plasma actuator still requires more investigations.

2.1.2.6 Blowing Flow Control

Blowing flow control was recently proposed [40, 41] to reduce interaction noise among

components of the landing gear. As mentioned earlier, in the landing gear wake of the

upstream components can interact with the downstream components, which can be a sig-

nificant indirect noise source. In the study of Angland et al. [40], two generic bluff bodies,

i.e. a cylinder and an H-beam, were utilised to represent the upstream and downstream

components of the landing gear. In the meantime, distributed blowing jets through the

surface of a cylinder were tested to reduce the interaction noise. More specifically, there

are two configurations that were investigated, shown in Figure 2.8. One is with the cylin-

der upstream (OH configuration) and the other is downstream (HO configuration). The

blowing flow was ejected from the inside of the cylinder to the 12 plenum chambers, which

were covered by a permeable plate. The plate allows the air to pass through. Two pore

diameters of the plate were taken to carry out the tests, with porosity constant at 30%.

Structure of the cylinder is illustrated in Figure 2.8 [40].

In their investigations, it was observed that [40] without the use of the blowing jets the

OH configuration was the noisiest. Flow measurement revealed that in OH configuration

the velocity peak was generated in the shear layers at the extremity of the cylinder

wake, which impinged the H-beam and produced interaction noise. When the blowing

was applied, it was found that the streamwise growth of the shear layer thickness was

successfully suppressed. As a consequence, a broadband noise reduction was achieved.

In HO configuration, the mean flow field was characterised by the recirculation region

between the two objects and the shear layer of the H-beam that is reattached on the

cylinder, both of which cause interaction noise. Test results showed that the blowing flow
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Figure 2.8: Test configurations and blowing system of the cylinder [40]

from the downstream cylinder can move the reattachment of the shear layer downstream,

which widened the recirculation region between the cylinder and the H-beam and reduced

the crossflow fluctuations between the two bluff bodies. Thereby the interaction noise also

dropped.

Aubert et al. [41] numerically further investigate the same technology for landing gear

noise reduction based on the open-source CFD sover OpenFOAM. More specifically, two

geometries using cylinders were investigated, shown in Figure 2.9 [40]. The first one was

only with one cylinder as the main strut, which aims at discussing the noise reduction

obtained from the blowing on an isolated bluff body as well as the characteristics of the

flow field. In the other geometry, one more inclined cylinder was added upstream as a drag-

stay. The blowing was applied at different locations of the main strut in each geometry,

i.e. θ = ±30o, 180o. In addition, some other cases, with blowing only applied in the drag-

stay instead but at same locations, were attempted in the dual cylinders geometry. It was

observed that only blowing from the upstream drag-stay could effectively reduce both the

self-noise of each cylinder and the interaction noise. By contrast, other configurations

could reduce either the self-noise or the interaction noise but were found to increase the

other. The mechanism of the best reduction can be explained by a stabilization of the

shear layers and a reduction of the velocity fluctuations in the wake of the drag-stay [41].

However, the authors indicated that there was a limit in the study, which is that there are

only a few specific values that were tested. They expected their future work to examine
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a larger set of blowing parameters.

Figure 2.9: Interaction noise configurations tested and blowing system of the cylinder
[40]

2.1.2.7 Discussions and Evaluations on the Landing Gear Noise Reduction
Technologies

There are six technologies in total discussed above proposed for landing gear noise re-

duction: fairing, wheel hub caps, hole covering, mesh, plasma actuator and blowing flow

control. Additionally, there are some novel conceptual proposals, e.g. boundary layer

suction and vortex generator. However, since no open publications can be found, they

are not introduced in details in this thesis. All technologies mentioned above have been

validated to be able to effectively reduce flow-induced bluff body (or landing gear noise)

to a different extent. Nonetheless, it cannot be denied that each of them does have its

own drawbacks. For example: 1. impedes visual inspection and the maintenance of the

landing gear (faring, wheel hub caps, mesh); 2. impedes brake cooling (faring); 3. added

weight and complexity to the landing gear (fairing, wheel hub caps, hole covering, mesh,

plasma actuator, blowing flow control); 4. lack of understanding of the physics (plasma

actuator); 5. low technology readiness level (mesh, plasma actuator, blowing flow con-
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trol). Consequently, there are two solutions to these negative effects. One is that more

investigations need to be conducted to continue the existing technology improvement.

The other is to develop more technologies to offer more options and comparisons for the

aeronautical engineers. This study adopts the second solution and aims to develop a novel

one, i.e. dual air curtains.

2.1.3 Single Air Curtain

The air curtain was proposed for landing gear noise reduction in 2004 [15] in a patent.

The idea of this concept is to apply an upstream (planar) jet to deflect the incoming

flow around the landing gear (component), thereby reducing the local flow speeds and

the aerodynamic noise. As one alternative blowing control technology, it is, however,

distinct from the one discussed in Section 2.1.2.6, which aims to use a number of small

round jets ejected from one component of the landing gear to disturb interaction between

the components and therefore reduce the interaction noise. The air curtain technology

is installed to completely shelter the landing gear from impinging of the incoming flow,

which is expected to fundamentally remove the mechanism of the noise generation. In

this section research on the air curtain technology to date is reviewed and comments are

also given.

2.1.3.1 Research to date

Quarter-circle ow de ector just 

upstream of the blowing slot.

Figure 2.10: Set-up for the air curtain and bluff body in the test section of the open-jet
wind tunnel [19]
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To date, significant work has been carried out on landing gear noise reduction using an

air curtain by Oerlemans and Bruin [19]. To be more specific, a series of experimental tests

were performed in an open-jet wind tunnel in the NLR. A generic bluff body was chosen

to imitate the landing gear noise source, which was mounted on an endplate attached

with outlet of the wind tunnel. The position of the bluff body was optimised based on the

model derived by Ramaprian and Haniu [42], which will be introduced in Section 2.2.2.1.

As shown in Figure 2.10 [19], an upstream planer jet slot was situated upstream to the

bluff body, which has different blowing angles. Also, one microphone array was mounted

on top of the test section to perform acoustic measurement, mainly beamforming. In

addition, several farfield microphones were also installed, shown in Figure 2.11 [19]. In

their study blowing with different angles were tested as mentioned above, so were different

blowing speeds and blowing widths. Moreover, a quarter-circle flow deflector upstream to

the blowing outlet was attempted.

Figure 2.11: Test set-up for the study of landing gear noise reduction using singe air
curtain [19]

As test results showed, for the normal blowing, when the air curtain turned on, the

bluff body noise could be significantly reduced. However, the air curtain, as a planar

jet, became the subsequent main noise source instead due to its self noise, namely jet

noise. Meanwhile, it was also found that the jet noise increased with its speed (Figure

2.12 [19]). When the oblique blowing was applied, to achieve same shielding height a

lower blowing velocity was needed. As such, slight self noise reduction could be achieved.

Likewise, when the quarter-circle deflector was mounted, same shielding height could be

attained by reducing the jet velocity and correspondingly more self noise reduction was

acquired compared with the normal blowing. However, the jet self noise can still impede
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implementation of the air curtain for landing gear noise reduction.

Figure 2.12: Measurement results of the noise reduction using air curtain including flow
visualization, noise localization and noise spectrum [19]

Oerlemans and Bruin [19] also discussed mechanism of the air curtain noise generation

based on test results for the isolated planar jet that is without crossflow. They found that

for the jet with high speed, the noise level scaled with the 8th power of the jet speed.

This is in agreement with the literature, thereby the jet mixture is the dominated factor

on the noise generation. By contrast, for those jets with a low velocity that were used

for the bluff noise reduction, the noise level scaled with the 5th power of the jet speed.

This suggested that rather than jet mixing noise, jet nozzle edge blowing is the dominant

mechanism of air curtain noise generation. Later on, this will be also discussed in the

review of jet acoustics in the following section.

2.1.3.2 Discussions on the Air Curtain Technology

The air curtain has many an advantage towards other technologies. To begin with, it can

be turned off before landing gear retracts on take-off with little impact on the kinematics

of stowage and would also be turned off upon landing to allow for inspection and main-

tenance. Secondly, it could not impede free fall safety requirements and could be a very

low weight solution. What is more, on approach to landing, safety regulations require

aero-engines to operate at 40% thrust rather than idle as a contingency for the need of

an emergency take-off. The air curtain solution would allow a much desired flow bleed

for the jet outlets and in turn, it is this re-routed flow that would provide the mass flow

required for the air curtain.

However, the air curtain noise from itself, i.e. the jet noise, maybe impede the final
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implementation of this technology. This problem can be to some extent alleviated by

modifying blowing angle of the jet or adding and deflector. Note that both approaches

require simultaneously reducing the jet speed. However, an oblique blowing angle may

lead to instability of the jet and what is worse, there are more risk that jet may directly

blow the landing gear if the angle and speed are not carefully manipulated. As for the

deflector, which is a bulging part directly exposed to the incoming flow, it may become a

new bluff body to induce noise.

Discussion above necessitates new solutions to the air curtain self noise. As such,

this work proposes a dual jets geometry, i.e. with an extra upstream jet that mainly

possess lower velocity. More specifically, an upstream jet shelters the primary jet from

the incoming flow and consequently, its interaction noise can be reduced. Also, with

lower velocity, the upstream jet will generate much less noise than the primary jet. Here

a hypothesis is made that total noise emission is reduced compared to the single jet

configuration. Meanwhile, another configuration of the dual jets geometry is also to

be validated, which has reduced velocities in both jets but the same shielding with the

corresponding single jet geometry. Because the velocities of both jets are reduced, the

noise emission is expected to be dramatically lower than not only the single jet application

but also the original dual jets.

Because air curtains act essentially as planar jet, it is categorised as the turbulent

jet. Research to date on the turbulent jet, especially when they are in a crossflow, are

reviewed in the next section.

2.2 Turbulent Jet

This chapter is concerned with the incompressible turbulent jets and their characteristics

in the crossflow. In particular, the focus is primarily fixed on the performance of the

planar jet, referred to as the air curtain.

2.2.1 Turbulent Jet in the Quiescent Flow

In many cases of a liquid or gas, the intrusion of one fluid to another is quite common.

Therefore, it is quite helpful to categorise the various type of intrusion based on momen-
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tum, buoyancy, etc. (Table 2.1).

Table 2.1: Types of intrusions of a fluid into another and the corresponding terminology
[43]

Continuous Injection Intermittent Injection
Momentum Only Jet Puff
Buoyancy Only Plume Thermal
Both Momentum and Buoyancy Buoyant Jet or Forced Plume Buoyant Puff

Whenever a jet enters a quiescent flow, the jet mixes violently with the ambient fluid,

creating turbulence and the jet itself grows thicker. In the meantime, a shear layer is

formed between the jet and ambient fluid, which is highly turbulent, and eventually

merges into a complete turbulent flow. This jet is accordingly termed as the turbulent

jet. In terms of exit shape, the turbulent jet can be categorised as the round jet, the

planar jet, etc. In this section, the incompressible turbulent jets are discussed.

2.2.1.1 Fundamental Concepts

1. Development of the Turbulent Jet

(a) Single jet (b) Dual jets

Figure 2.13: Flow visualization of the planar jet

Figure 2.13 is the flow visualization results of both a single planar jet and dual planar

jets, attained by the author of this thesis. The acquisition of these results will be discussed

later in Chapter 3. For the turbulent jet, due to the differences in velocity, outlet shape,

configuration, etc., development of the jet can be substantially distinct from each other.
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However, similarities have been found in the turbulent jet. More specifically, Figure

2.14 [44] illustrates a schematic of the mean flow field of a turbulent jet. Experimental

observations on the mean velocity field indicate that a turbulent jet can be divided into

two distinct regions, termed as the flow development region and the fully developed region.

Inside the flow development region, there exists a wedge-like zone, which is termed as the

potential core. In the potential core, the jet velocity remains to be constant. Note that

length of the development region is as long as the potential core in the axial direction.

In the fully developed region, the turbulence has penetrated to the axis. Consequently,

centreline velocity has decayed and the potential core has disappeared. For instance,

Figure 2.15 [45] reports a measurement of the centreline velocity decay of a round jet in

the axial direction, in which those regions can be easily distinguished.

Figure 2.14: Definition sketch of plane turbulent free jets [44]

2. Jet Half Width

In the fully developed region, it is found that the transverse distribution (in y direction)

of the mean velocity in the axial direction, is characterised with a same geometrical shape

like a top hat as shown in Figure 2.16. um denotes the mean axial velocity, which has the

maximum magnitude in a traverse distribution. As illustrated in Figure 2.16, u decreases

continuously from um to zero, theoretically at an infinity distance to the centreline. For

a round jet, velocity of the transverse distribution in the range of x/d > 40 can be well

described by a Gaussian profile, which is written as:

u = ume
− r

2

b2 (2.2)
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Potential core length

Fully development region

Figure 2.15: Decay of the centreline mean velocity (measured from the round jet with
different Reynolds number) [45]

where r is the axial distance to the centreline and b is local jet width. Note that this

width denotes the distance from the jet centreline to the edge. Therefore, it is necessary

to define a length that can be used to represent the typical width of the jet. In general,

the half jet width is widely used in the turbulent jet study. To be more specific, b1/2

represents a typical length where u is equal to a half of um. As such, b1/2 is termed as the

half jet width and the locus of b1/2 is defined as the half width edge of the jet.

1/2

Figure 2.16: Example of the traverse distribution of the mean velocity in the fully
developed region of a jet

3. Self-Similarity
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It has been found that there exists similarity in the traverse velocity distribution at

different streamwise positions, termed as self-similarity. For example, Figure 2.17 [46]

shows results of the traverse velocity measurements. Raw data in Figure 2.17 (a) further

describe centreline velocity decay and axisymmetry in the traverse velocity distribution.

Meanwhile, if the raw data are normalised to a dimensionless form by dividing b1/2 in X

and um in Y, it is shown in Figure 2.17 (b) that the velocity distribution at different x

almost falls on one common curve. This similarity has been observed in a large number

of turbulent jet investigations.

(a) Raw data

1/2

(b) Normalization

Figure 2.17: Measurements of traverse velocity distribution for a plane turbulent free
jet at different streamwise positions [46]

4. Governing Equations

Governing equations of the mean flow of the steady turbulent jet, e.g. the planar jet

in a 2D coordinate system, are the continuity equation:

∂u

∂x
+
∂v

∂y
= 0 (2.3)

and the momentum equation:

ρu
∂u

∂x
+ ρv

∂u

∂y
= −∂p

∂x
− ∂ρu′2

∂x
− ∂ρu′v′

∂y
(2.4)

ρu
∂v

∂x
+ ρv

∂v

∂y
= −∂p

∂y
− ∂ρv′2

∂y
− ∂ρu′v′

∂x
(2.5)

5. Entrainment

Entrainment is the transport of fluid across an interface between two bodies of fluid

by a shear induced turbulent flux [47]. Due to the shear layer, entrainment exists in the

turbulent jet, which specifically means the inclusion of ambient fluid into the main jet
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stream. It has been demonstrated that the entrainment greatly affects the development

of a jet. For instance, a direct consequence of the entrainment is that mass flux increases

with the distance from the jet exit [48].

The mechanism of the turbulent jet entrainment is very complex and it has not been

completely understood. However, it has been known that the process of the entrainment

occurs in three phases [49, 50, 51]. The first phase, termed as the induction phase, involves

the engulfment of the ambient fluid driven by the BiotSavart-induced velocity of large

vortices residing at the edge of a jet. The inducted fluid, although still irrotational, forms

a part of the moving turbulent fluid [51]. In the following phase, due to the turbulent

straining, the spatial scale of the inducted fluid reduces to a smaller value at which

viscous diffusion dominates. At last, the inducted fluid mixes at the molecular level with

the turbulent flow because of viscous diffusion.

Half a century ago, Morton et al. [52] proposed the most successful hypothesis for

the entrainment, which assumes that the mean inflow velocity across a turbulent inter-

face is proportional to some characteristic velocity at the boundary of an inflow. More

superficially, if a coefficient is assumed (α), the relationship between the magnitude of

the entrainment velocity (ue) and centreline velocity can be written as [53, 54]:

ue = αum (2.6)

Therefore, variation of the mass flux (Q) along the streamwise direction can be written

as:
dQ

dx
∝ ue (2.7)

6. Jet Spreading

Spreading is one of the main characteristics of a turbulent jet, which is also referred

as growth of the jet. Spreading is affected by various factors such as inlet velocity profile,

nozzle geometry, jet Reynolds number, fluid temperature, etc. Due to the wedge-like

shape of the spreading, a virtual origin is assumed to appear behind nozzle of the jet,

shown in Figure 2.18 [55].

For the 2D planar jet, it is found that half width of the jet can be written as:
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j

W

b
1/2

b
1/2

Figure 2.18: Virtual origin of the jet [55]

b1/2(x)/w = C1(x/w + C2) (2.8)

The coefficient C1 is a measurement of the jet spreading rate [56]. C2 is related to the

virtual origin of the jet. More specifically,

x0 = −C2w (2.9)

On the values of C1 and C2, Kotsovinos reviewed investigations on the planar jet carried

out in 1976, which are reported in Table 2.2. It is found that C1 varies between 0.09

and 0.12 [56]. Moreover, the virtual origin can be either upstream to the jet exit or

downstream.

2.2.1.2 Tandem Jets

Tandem jets play an important role in the engineering applications, e.g. air-conditioning

vents and diffusers at waste water treatment plants. Also, as an interesting flow regime,

tandem jets have been widely investigated through experiments and CFD simulations.

Early studies [66, 67, 68, 69] have demonstrated that the flow field is quite different

from a single jet due to the interaction between two jets. In particular, jets are injected

separately from orifices and their trajectory will deviate from straight lines on account of
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Table 2.2: Jet spreading coefficients measured by the year of 1976

Experiments AR xmin/w xmax/w Re (×10−3) C1 C2

Albertson et al. 720-5760 24 2300 10 0.128 /
[57] (1950)
Flora&Goldschmidt 50 / 90 20 0.11 /
[58] (1969)
Förthmann 21 0 25 70 0.096 0.6
[46] (1934)
Goldschmidt & Eskinazi 16 15 67 16 0.099 -0.066
[59] (1966)
Heskestad 120 47 155 35 0.11 -4.2
[60] (1965)
Jenkins & Goldschmidt 24 30 60 14 0.088 4.5
[61] (1973)
Kotsovinos 54 20 94 2 0.109 -2.5
[62] (1975) 13 14 37 2 0.087 6.5
Mih & Hoopes 59 / 300 20 0.117 /
[63] (1972)
Miller & Comings 40 0 40 20 0.096 1.6
[64] (1957)
Nakaguchi 133 / 100 10 0.106 0.3
[65] (1961)
Note: AR is the aspect ratio, i.e. spanwise length divided by w. xmin and xmax are the
closest and farthest distance of the measurement to the jet exit

mutual entrainment of the ambient fluid. As a result, two jets will merge and eventually

combine if the initial space between those two jet orifices is close. For example, Figure

2.13.(b) shows the flow pattern of dual planar jets through flow visualization.

Likewise, along the streamwise direction, the flow field of tandem jets can be subdi-

vided into three regions [67]: the converging region, the merging region and the combined

region. Figure 2.19 [70] illustrates the flow field of two parallel planar jets ejected into a

quiescent environment. The converging region extends from the nozzle exit to the point

where the inside shear layers of the jets merges, denoted as point mp. The merging of

the jets is due to the asymmetric nature of the entrainment rates, which results in a

region of sub-atmospheric pressure between the jets [70]. In the converging region, strong

circulation can be induced between the two jets. Therefore, this zone is termed as the re-

circulation zone. If the spanwise velocity profile is extracted, reverse flow may be detected

in the converging region due to the recirculation [71]. By contrast, no reverse flow can be
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found in the merging region and the combined region, which are bounded by the combined

point cp. The combined point is defined as the point with the maximum velocity along

the symmetry plane. In the combined region, the velocity profile resembles a single jet.

In other word, there exists self-similarity in the traversed jet profiles.

recirculation zone

Figure 2.19: Development of dual identical jets in a quiescent flow [70]

Fujisawa et al.[71] utilised PIV to study the flow characteristics of the two parallel

plane jets of different velocities. Then found that when the jet velocity ratio decreases,

both trajectories move to the high velocity side and the width of the combined jet is

reduced. Also, the height of the converging region decreases. Therefore, the jet velocity

ratio is a key factor that affects the development of the dual jets. Investigations of Yin

et al.[72] using twin circular jets mainly focus on the effects from Reynolds number on

the interference between two jets, which is reflected through Reynolds shear stress and

turbulent energy. Their test results concluded that the larger the Reynolds number is,

the stronger the inference is. Karimpour et al.[73] numerically extended the investigation

to the effects on the merging from different jet slot widths and momentum fluxes. In their
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study, the concept of nozzle-separation-to-nozzle-width (ζ) was proposed, written as:

ζ =
Z√
w1/w2

(2.10)

where Z, w1, w2 represent the spacing of the jet axes and the width of two jets. If the

merging distance (Xm) is defined as the streamwise distance from the beginning of the

combined region i.e. cp to the jet exist. It is found that for equal jets (w1 = w2), the scaled

merging distance (χm), which is the ratio of Xm and Z, is independent of the nozzle width

provided that ζ is large enough(ζ > 18). This finding was also experimentally validated

by Baratian et al.[74]. Moreover, Karimpour et al.[73] also observed that for unequal jets

(w1 6= w2), χm is relatively independent of the momentum flux ratio under the condition

of 0.2 < M1/M2 < 0.9. However, the role of ζ in the dual jets still needs to be confirmed.

2.2.1.3 Acoustics of the Low Speed Turbulent Jet

The noise of the turbulent jet is a very broad research topic, which involves noise gener-

ation, propagation, reduction, etc. As such, the research area can be subdivided into, in

terms of the jet velocity, subsonic jet noise, transonic jet noise, supersonic jet noise and

hypersonic jet noise. Also, in terms of the jet exit shape, there are subdivisions such as

the round jet noise, planar jet noise with high aspect ratio or low aspect ratio, etc. There

are distinctions in the mechanism of the noise generation among those subdivisions.

Research on the jet noise commenced in the year of 1952 because it was this year

when the first one of the two epoch-making papers by Sir James Lighthill was published

[75, 76]. Generally, these two papers have been regarded as marking not only the be-

ginning of jet noise research but also the birth of the discipline “Aeroacoustics” [77]. In

those papers, Lighthill established the renowned Acoustic Analogy Theory, which helps

to identify sources of the aeroacoustic noise. The fundamental idea of the theory is to

transform the compressible equation of motion into a form that can represent acoustic

wave propagation. Therefore, the equation is given as:

∂2ρ

∂t2
− c252 ρ =

∂2Tij
∂xi∂xj

(2.11)
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where Tij is the Lighthill stress tensor and it can be written as:

Tij = ρvivj + (p− ρc2)δij (2.12)

p and τij are the fluctuating pressure and viscous stresses. δij is the Kronecker delta.

Within the framework of the Acoustic Analogy Theory, the left side of Equation 2.11 is

regarded as the acoustic wave propagation and the right side is the sources that generate

the sound field. In addition, the source terms involve second spatial derivatives and they

are referred as quadrupoles [77]. Also, he suggested that the quadrupoles are related

to particular eddies that are inside turbulence. One important result that is from the

Acoustic Analogy Theory is the 8th Power Law [78] for the jet noise. More specifically,

Lighthill established that the sound intensity radiated by a jet (Ij) scales with 8th power

of the jet velocity, i.e. Ij ∼ U8
j .

Later on, effects of other factors on the jet noise were extensively investigated, e.g. tem-

perature and enthalpy fluctuations. For example, it is found that the turbulent velocity

fluctuations are correlated to the temperature fluctuations [79]. As such, an assumption

was made that the dipole source is dominant instead of the quadrupole in a heated jet,

which is in effect related to the enthalpy ratio. Experimental data [80, 81, 82] supported

this view and a source term U6
j was added. Furthermore, Fisher et al. [83] assumed that

the Reynolds stress term and the entropy are independent and uncorrelated. As a result,

the term U4
j appears as a monopole. Therefore, a general form of the sound jet intensity

can be written as:

Ij ∼ AU8
j +BU6

j + CU4
j (2.13)

where A, B and C are complex functions depending on the flow conditions. In particular,

on the planar jet, Munro and Ahuja [84, 85] tested the jets with an aspect ratio between

100 and 3,000 (12 cases). Measurements were conducted at different observation angles θ

with an equal distance r. They found that the sound intensity scaling can be expressed

as:

Ij ∼
ρ2mU

8
j L

2
eq

ρ0c5r2
(1−Mccosθ)

−5 (2.14)
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where ρm is the density of the mixing region and ρ0 is the ambient mean density. Leq

is an equivalent length scale, Mc is the convective Mach number. The equivalent length

scale is written as:

Leq = w
3
4 l

1
4
span (2.15)

w and lspan are the streamwise width and spanwise length of the jet outlet.

To identify noise sources is a core research area related to a turbulent jet noise. How-

ever, there is no clear answer to this apparently simple question, despite fifty years of

research [86]. Obviously, the mechanisms of the jet noise generation are highly correlated

to the turbulence structure. It is observed [87, 88] that turbulence inside the jet and the

free shear layer consists of both large turbulence structures and fine-scale structures. The

large turbulence structures are somewhat more deterministic than the fine-scale turbu-

lence motion. They dominate dynamics and overall mixing processes of the jet and free

shear layers [77]. Besides, it is found that the turbulent structures are not completely ran-

dom but more coherent and orderly [89, 90]. More importantly, those coherent structures

were recognised as being involved in the jet noise generation since the early 1970s [86].

After a few years, it became clear that the large turbulence structures are an important

direct noise source of the supersonic jet [77]. By contrast, they are not as same important

as in the subsonic jets [77]. To be more specific, early measurements on the low speed

data implied that there is an additional important noise source because the noise emission

does not follow the U8
j law [91]. Several investigations suggested that the additional noise

source, also the main noise source, may be the turbulent air stream passing the exit lip of

the jet nozzle (classic lip noise) [91, 92, 93], i.e., more general, the noise of the jet nozzle

edge blowing. Moreover, it has been indicated that the classic lip noise follows a U5
j law

[93]. It is worth noting that in the air curtain validation carried out by Oerlemans and

Bruin [19], it was found that the noise emission of the air curtains also followed U5
j law.

Therefore, they concluded that jet nozzle edge blowing was the main mechanism for the

air curtain self-noise generation.

2.2.2 Turbulent Jet in the Crossflow

The turbulent jet injected into a crossflow, compared to the jet in a quiescent flow, is

inherently a more complex regime. Due to its various engineering applications, it has been
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widely investigated. In this section, characteristics of this flow regime are introduced.

2.2.2.1 Single Jet in Crossflow

1. Overview

In terms of one jet in the crossflow, the turbulent jet emerges from an orifice or slot

in a steady stream. Shortly, the jet bends over downstream after some distance for the

entrainment of ambient fluid with crossflow momentum. More specifically, Figure 2.20 is

a flow visualization image of a turbulent planar jet issuing into a steady crossflow, which

blows from the left side. It is clearly shown that the jet bends towards downstream and

continuously spreads. The incoming crossflow decelerates and changes its direction when

it approaches the windward boundary of the jet as if it was blocked by a rigid body.

However, the jet and incoming crossflow interact with each other. For example, the jet

entrains fluid from the crossflow and consequently gets defected. Generally, for the non-

buoyant jet, the development of the jet can be subdivided into Momentum-Dominated

Near Field (MDNF) and Momentum-Dominated Far3D Field (MDFF) [94]. Prior to the

Figure 2.20: Flow visualisation of a planar jet in the crossflow

discussion of these two regimes, an important concept has to be introduced, which is the

momentum length scale (lm) [44, 95, 96]. The general expression for all 3D jets is written

as:

lm =

√
M0

U∞
(2.16)
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where M0 is the jet momentum flux. For a round jet, M0 = πd2Uj/4. d is diameter of

the jet orifice. In addition, for 2D planar jet, Haniu and Ramaprian proposed a specific

expression of the momentum length scale, in which M0 = wU2
j . The expression is written

as [42]:

lm =
M0

U2
∞

= wK2 (2.17)

where K is the velocity ratio that is equal to Uj/U∞. To describe these two fields, a 2D

Cartesian coordinate system is established and will be used in the remainder of this thesis.

As schematically shown in Figure 2.21, the crossflow blows from the left to the right. The

origin of the system coincides with the centre of the primary jet outlet, regardless of the

single jet or the dual jets geometries. The X axis is streamwise, pointing downstream,

and the Y axis is vertical and points to the top. Therefore, in Figure 2.21 when y << lm,

the jet-induced momentum is significantly larger than the crossflow, therefore the jet is

only slightly affected by the ambient and accordingly the jet entrainment is similar to a

jet in the stagnant fluid with a slight deflection. When y >> lm, the jet is significantly

bent over, and the jet behaviour is analogous to an advected line puff [97]. These two

regimes are respectively termed as MDNF and MDFF. As shown in Figure 2.20, MDNF

is obvious because the deflection near the jet slot is slight until MDFF is approached.

U 

Uj

Y

w

X

Figure 2.21: 2D Cartesian coordinate system established for the jet in crossflow

2. Jet Trajectory and Edges

The mean jet trajectory describes the extent to which the jet penetrates into the

crossflow [98]. To date, there are different ways of jet trajectory definition. Prior to

the introduction of these definitions, the natural system that is conventionally used is

established. As shown in Figure 2.22 (a), this natural system is for a round jet, which

possess 3 axes, i.e. α, β and γ. α is the trajectory of the jet, also termed as the centreline.
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(a)

Local section
Local section

j

（b）

Figure 2.22: Natural system for the jet: (a) 3D round jet (b) 2D planar jet

When α is found, in an arbitrary normal plane of α, termed as local section hereinafter,

β is the locus of those points with maximum velocity in their own planes that are parallel

to the plane X−Y . γ axis is perpendicular to α and β. In 2D system, the natural system

is also established without γ, shown in Figure 2.22 (b).

Therefore, it is concluded that α is the core of the natural system because the other

two axises are based on α. In general, the jet trajectory (α) can be defined as the locus of

the velocity maxima, scalar concentration maxima or vorticity maxima in local sections.

Otherwise, the time-averaged streamline that originates from the centre of the jet exit can

be used as the trajectory [98]. As such, different definitions can yield different trajectories.

For example, the trajectory based on the maximum local velocity penetrates 5-10% deeper

(+Y ) into the crossflow than the corresponding scalar concentration trajectory [42, 99,

100]. Despite distinctions in these definitions, the round jet trajectory is found to scale

with K and d, i.e.[98]:

y

Kd
= A(

x

Kd
)B (2.18)

where A and B are two constants. In terms of the planar jet, normally treated as a 2D jet,

the study by Ramaprian and Haniu [42] provides the best model to predict the trajectory

of such flows to be found in the literature to date. Applications foreseen by these authors

were cooling tower plumes, smoke stack exhausts and thermal discharges into rivers,
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etc. In their study, they examined two-dimensional buoyant (heated) jets issuing into a

hydraulic flume perpendicular to the direction of flow. To be more specific, in the absence

of significant buoyancy effects, an assumption was made that the behaviour of the jet only

depends on its initial (kinematic) momentum flux and the crossflow velocity. Therefore,

a dimensionless analysis of the relevant variables can be conducted, which yields:

y

lm
∝ (

x

lm
)1/2 (2.19)

where lm is the momentum length scale for the 2D jet mentioned above. Based on the

experiment data, Equation 2.19 was corrected and the model is written as:

y

lm
= 1.2(

x

lm
)0.54 (2.20)

As discussed earlier, the jet continuously spreads with the deflection. In order to be

applied for flow-induced noise reduction, it is necessary to discuss the edge of the jet.

Unlike the turbulent jet in a quiescent flow, there is no axisymmetry in the presence of

crossflow momentum. In particular, for a 2D jet, the windward and the leeward edges

develop separately with the spreading. Therefore, the definition of the jet edge in crossflow

is distinct from the quiescent ambient. For example, in the round jet study, the edge of

the jet can be defined as a curved surface. In the surface, the velocity excess that is

above the undisturbed crossflow is 10% of the maximum excess in the local section. This

definition was first introduced by Squire[101]. Moreover, due to the 3D characteristics of

the round jet, the edge of the round jet can be subdivided into leading edge, trailing edge,

etc., illustrated in Figure 2.23 [102].

For the planar jet, Ramaprian and Haniu [42] used the half jet width b1/2 to define

the edges. More specifically, as shown in Figure 2.22 (b), the edges are the locus of

those points in the local sections with a velocity that is equal to half of the maximum.

Here α coincides with the trajectory defined by the local velocity maxima. b11/2 and b21/2

represent the windward and the leeward half widths of the jet respectively. In addition,

some factors that affect spreading of the jet are worth noting. In particular, the curvature

of the jet trajectory produces stronger mixing in the windward edge and reduces mixing

in the leeward edge, which can result in a larger growth rate in the jet windward part and

a smaller one in the lower part for spreading [42]. However, the presence of the finite edge

40



Literature Review 2.2. TURBULENT JET

Figure 2.23: Leading edge and trailing edge of the round jet (A-A’, B-B’, C-C’ are
different local sections) [102]

velocity may counteract these trends [42]. More precisely, there is coflow on the windward

part and contraflow on the leeward part. Obviously, the coflow is from the crossflow, but

the contraflow is induced by the strongest recirculation below the jet, illustrated in Figure

2.22 (b).

The measurement data on the planar jet edges are described in Figure 2.24 [42] and

experimental conditions are reported in Table 2.3. In addition, a straight line with a slope

of 0.11, which corresponds to the same planar jet in a quiescent flow is plotted [103]. It

is found that the overall spreading is slightly larger than the jet in the absence of the

crossflow.

Studies discussed above have made significant achievements in the research of the jet

trajectory as well as the edge. Especially the work by Ramaprian and Haniu [42], which,

as mentioned earlier, obtained the best model to date for the planar jet. Furthermore,

significant conclusions on the planar jet edge were drawn, which was referred to by Oer-

lemans and Bruin [19] to find the optimised position for the bluff body to reduce noise

using an air curtain (Section 2.1.3).

3. Entrainment and Recirculation

As mentioned earlier, the entrainment of the ambient fluid with crossflow momentum
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Figure 2.24: Spreading of the planar jet half width [42]

Table 2.3: Experimental conditions in the study of Ramaprian and Haniu [42]

Test No. Uj(m/s) U∞(m/s) K w(mm)
301000M 0.3 0.03 10 5
300905M 0.3 0.03 9 5
300605M 0.3 0.05 6 5

underlies the deflection of a jet in crossflow. It has been observed that similarity exists

in the entrainment mechanism with that of the vertical turbulent jet. However, when

the crossflow is introduced, some unique characteristics are worth noting. To begin with,

the entrainment rate can be enhanced. However, it is extremely complicated to directly

measure the entrainment rate of the jet in a crossflow. This inference was achieved from

the concentration decay over the jet trajectory [99].

Secondly, the intrusion of external momentum from the entrainment has been found

to be the explanation to the complicated inherent structures in the jet, as schematically

shown in Figure 2.25, [104]. Camussi and Stella [104] have made the best summary to date

on these structures, which classify these structures into two groups. More specifically, the

group one refer to those structures which are induced by the interaction among the jet,

crossflow and wall. This group include Counter-Rotating Vortex Pair (CRVP), Horseshoe

Vortices (HSV), Wall Vortices (WV) and Upright Vortices (UV). The group two consist
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of those structures that exist in the free jet as well, but whose vorticity evolution and

destabilization are influenced by the crossflow, e.g. Ring-Lie Vortices (RLV).

Figure 2.25: Main vortical sturctures formed in a jet in the crossflow-stream (crossflow)
[104]

Moreover, the main recirculation zone below the jet is the characteristic induced by the

entrainment that has a direct influence on the noise reduction. In particular, due to the

shielding from the jet, ambient fluid below the jet loses its crossflow momentum. As such,

it tends to be entrained into the jet more than other regions. The strong entrainment

transports fluid in the upper part of the zone below the jet, which results in the pressure

difference between the upper and the lower parts. As a consequence, fluid will return from

the upstream to the zone in the lower part. The entire process explains the existence of

the main recirculation, which can be observed in the streaklines in Figure 2.26 [105].

Discussions on the recirculation zone can be found in many studies [42, 105, 106, 107].

For example, work by Ahmed et al.[107] has performed measurements on the recirculation

zone using PIV. More specifically, two tests with different momentum ratios were mea-

sured. The time-averaged results are presented in Figure 2.27 [105]. Note that the one

on the top of each sub-figure is the result from the test with a smaller momentum ratio.
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Figure 2.26: Streakline plot of the single plane jet in a crossflow [105]

Figure 2.27 (a) shows the streamlines of those cases. The streamline pattern provides an

approach to defining the dimension of the recirculation zone [105]. More specifically, the

height and length of the recirculation zone can be determined by the streamline that orig-

inates from the downstream edge of the jet slot. It is also worth noting that bifurcating

characteristic can be found due to the presence of the flow three-dimensionality [108]. As

obviously shown in Figure 2.27 (a), a higher momentum ratio can result in a larger recir-

culation zone. Figure 2.27 (b) is the normalized mean streamwise velocity contour. It can

be observed that the jet can accelerate the streamwise motion of the crossflow over the

jet for both cases and the acceleration increases with the momentum ratio. In addition,

the low velocity region appears to be in the centre of the recirculation zone. Figure 2.27

(c) shows the turbulence intensity. In the case with a lower momentum ratio, the highly

turbulent flow created by the jet is closer to the wall when compared to the case with

higher momentum ratio. However, in the top part of the crossflow, the case with lower

momentum ratio spans the turbulence much less than the case with higher momentum ra-

tio. In terms of distribution, the normalised Reynolds stress contour in Figure 2.27 (d) is

in agreement with the turbulence intensity. In particular, the high Reynolds stress region

is also close to the wall in the case with lower momentum ratio. As for the magnitude,

it is found that the Reynolds stress dramatically increases with the momentum ratio. In

summary, the momentum ratio has a significant impact on the development of the jet in

a crossflow, including the recirculation zone.
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(a) (b)

(c) (d)

Figure 2.27: Mean patterns of the recirculation induced by the jet in a crossflow with
different momentum ratios: (a). Streamlines; (b). Normalized streamwise velocity; (c).
Turbulence intensity; (d). Normalised Reynolds stress [105]

2.2.2.2 Tandem Jets in Crossflow

Tandem jets in crossflow can be frequently observed in engineering applications. For

example, waste water discharge and cooling jets on the turbine blades. This thesis aims

to validate a proposal for the landing gear noise reduction using dual jets. Therefore,

studies on the tandem jets in crossflow to date that were found in the literature are

reviewed.

Tandem jets in a quiescent flow has been discussed in Section 2.2.1.2. When an ambient

crossflow is introduced, the flow field of tandem jets will become more complicated. In
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Figure 2.28: Tandem jets in crossflow [109]

particular, the merging and combination of these two jets still occur like in a quiescent

flow. Furthermore, unique characteristics also exist as a result of the interaction with the

crossflow. For example, jet defection. More specifically, the leading jet, also referred to as

the upstream jet, is deflected more than the downstream jets (or rear jets) [97, 109, 110],

shown in Figure 2.28 [109]. This is because the leading jet shelters the rear jets so that

the rear jets are discharged into an ambient with less crossflow momentum.

In the 1970s, many significant studies were carried out on tandem jets in crossflow.

One of the earliest was by Schwendemann [111]. This work measured trajectories of the

tandem jets with normal and inclined injections. Then the measurement was referred

to by Ziegler and Wooler [112] to compare their analytical models. In their models,

the leading jet is assumed to be not influenced by the presence of the rear jets until

intersection occurs. By contrast, the rear jet is modified by the leading jet and behaves as

an equivalent single jet injected into the crossflow with less dynamic pressure. One more

study that is worth mentioning in the same decade is by Kamotani and Greber [110],

who conducted investigations on twin jets with a close spacing in the crossflow. They

found that the downstream jet almost remains vertical until it meets the wake of the

upstream one. As introduced earlier, for the single jet in a crossflow, in the MDNF where

y/lm << 1, the jet almost keeps to be vertical. This concept can be also extended to the

tandem jets. For example, the work by Kamotani and Greber [110] revealed that MDNF

of the rear jets can be increased due to the existence of the front jet. In other word, the

ambient fluid sheltered by the upstream jet possesses much less crossflow momentum.
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In the following decades, more progress was achieved. Isaac and Schetz [113] con-

ducted simulation on the tandem jets in crossflow. More specifically, their work extended

the momentum integral approach that had been developed for the single jet [114] to the

prediction of jet trajectories. The core of the approach is a set of coupled nonlinear or-

dinary differential equations, which were solved numerically based on the fourth order

Runge-Kutta method. Their models also take the interaction between the two jets into

account, by modifying the drag coefficient sensed by each jet. The simulation was com-

pared with the measurements by Ziegler and Wooler [112] and the results showed good

agreement with the experiment. Here it is worth noting that their simulation was only

applied to predict the trajectories before the two jets intersect. In order to explain this,

the subdivided regions from the dual jets in quiescent flow are brought in the study with

a crossflow. More specifically, the flow field of the tandem jets can be subdivided into

the converging region, merging region and combined region like in a quiescent flow, which

are illustrated in Figure 2.29. I and II represent the trajectories of the front jet and the

rear jet before the merging point, III is the combined trajectory. As such, the simula-

tion by Isaac and Schetz [113] only worked on the trajectories I and II. A more careful

measurement on the velocity and surface pressure was performed by Schetz et al. [115]

on the dual jets in a crossflow, which concentrates on the converging region and merging

region. Furthermore, a comparison between the measurement and the simulation by Isaac

and Schetz [113] was also conducted in this work, which confirmed the validation of the

simulation. Later on, the work by Issaac and Jakubowski [116] extended the measurement

on the turbulence intensity and Reynolds shear stress.

Subsequently, due to the development of the fluid measurement technology, more and

more significant studies were carried out, Ali [109] in his master project did a systematic

study on the tandem jets in a crossflow. In his work, Laser-Induced Fluorescence technique

(LIF) and Acoustic Doppler Velocimetry (ADV) were used to measure the flow field of

interest with dyed water jets. In the dual jets geometry, he found from the LIF tests

that the jet merging phenomena is mainly dependent on the spacing between the two

jets as well as the length scale (lm). Therefore, the regime can be summarised as three

subdivisions: closely spaced jets, moderately spaced jets and widely spaced jets. In the

closely spaced jets, 2D and 3D spacing in their tests, both jets merge inside MDNF. Then

47



Literature Review 2.2. TURBULENT JET

Figure 2.29: Schematic of the subdivisions in tandem jets in crossflow: A. Converging
region; B. Merging region C. Combined region

the jets entrain each other with concentration gradient reducing. It has been observed

that the merging in the closely spaced jets, i.e. the converging region and merging region

can be compared to the jets in a quiescent flow, and the combined jet resembles a single

jet with a larger width. The LIF concentration contour of the closely spaced jets is shown

in Figure 2.30.(a). In the moderately spaced jets, for example, with 10D spacing shown

in Figure 2.30.(b), when the merging occurs, the front jet has bent over but the rear

jet still stays in the MDNF. In the widely spaced jets, when merging, both jets have

gone beyond MDNF, depicted in Figure 2.30.(c). Moreover, measurements on the post-

merging, i.e. combined region, were also conducted in his study. It is concluded that the

LIF concentration distribution is similar to a single jet. One more interesting experimental

approach in the work of Ali [109] that is worth mentioning is the individual jet isolation

measurement in the tandem jets set-up, which only dyed one water jet instead of both

in the LIF. This approach can respectively show the trajectory of each jet in the tandem

jets set-up with a clearer view. Ali [109] compared these trajectories in the multiple jets

geometries and confirmed the less deflection in the rear jets.

PIV, as a more informative fluid measurement technique, was also applied in the

tandem jets in a crossflow. For example, Gutmark et al. [117] experimentally compared

the dynamics of the single round jet and dual round jets in a crossflow. In the study,

the single jet geometry was obtained by shutting off the orifice of the front jet in the

dual jets configuration. As such, the single jet possesses same conditions with the rear
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(a) Closely spaced jets (x/D = 3) (b) Moderately spaced jets (x/D = 10)

(c) widely spaced jets (x/D = 15)

Figure 2.30: LIF concentration of the dual jets in the crossflow [109]

jet in the dual jets configuration. This approach helps clearly reveal the influence from

the front jet on the rear one. Moreover, the streamwise velocity profile was used to locate

the merging point of the two jets. To be more specific, Figure 2.31[117] illustrates the

streamwise velocity profiles at different y after normalization. It is observed that there are

two peaks in the orifice proximity (y = 0.33rd, y = 0.67rd). Obviously, they are on the

trajectory of each jet. However, those two peaks decrease with y, especially the front one

(y = rd, y = 1.33rd). This can be explained by the merging process of the two jets. When

y goes higher (y = 1.67rd, y = 2rd), the front peak disappears and only one peak, with a

much reduced height, can be observed. It is suggested that the two jets have combined

into one in this area. In addition, the comparison of the turbulence kinetic energy between
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the single jet and dual jets was carried out, shown in Figure 2.32[117]. It is found that the

interaction between the jets affects the shear layer on both leeward and windward sides

of the jets. Also, a quantitative comparison can be made through streamwise profiles,

shown in Figure 2.33 [117]. More examples can be given on the studies of the tandem jets

in a crossflow using PIV, e.g. work by New and Zang [118] investigated trajectory scaling

of the tandem twin jets in crossflow based on PIV data. Therefore, it has been validated

that PIV can be of great use for the investigation of this flow regime.

Figure 2.31: Normalised streamwise velocity profile of the dual jets at different y [117]

(a) Single jet (b) Dual jets

Figure 2.32: Turbulent kinetic energy acquired from PIV [117]
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Figure 2.33: Streamwise turbulence kinetic energy of the dual jets at different y [117]

2.2.2.3 Acoustics of the Jet in Crossflow

When the jet is ejected into the crossflow, the interaction with the ambient will cause

substantial effects on the jet noise. However, few investigations have been carried out on

the acoustics of the jet in a crossflow. The only relating work that can be found in the

literature was conducted by Oerlemans and Bruin [19] as an acoustic consideration for

the air curtain used for landing gear noise reduction. To be more specific, they found that

for a single jet with different speed and slot width, the noise emission increases when the

crossflow is introduced and the scale of the increase is dependent on the frequency. Also,

when the jet speed is fixed, an acceleration of the crossflow speed will result in more noise

as well. They found that the noise increase may be partially explained by the increased

slot corner noise, shown in Figure 2.34 [19]. The slot corner noise is more obvious in the

low speed jet than the high speed jet, which suggests that it is related to the curvature of

the deflected crossflow around the planar jet. This is because, with a larger momentum

flux, the high speed jet has a less curvature than the low speed jet.

As discussed earlier, jet noise may impede implementation of the air curtain applica-

tion. Therefore, the dual-jet air curtain is proposed, which will be described in detail and

validated in the following chapter.
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Figure 2.34: Noise map (4kHz) for the 8-mm jet in a 70m/s crossflow with different jet
speeds [19]

2.2.3 Summary

In this chapter, research on the turbulent jet related to this study is reviewed, which

involves both fluid mechanics and aeroacoustics. The review begins with a single jet in

the quiescent flow by inducing its development, half width, self-similarity etc. Because

dual jets are used in this study to reduce landing gear noise, research on the tandem jets

are also summarised as well as the jet noise. Moreover, the performance of the turbulent

jet in a crossflow is discussed in the second section. Likewise, the review in this section

first focuses on the single jet in crossflow. Due to the interaction with the crossflow, the

development of the jet is significantly different from the quiescent flow, which is reflected

on the trajectory, edges, entrainment, etc. Further, when more jets are situated in the

crossflow, more complexity will follow on. As such, the characteristics of the tandem jets

in a crossflow are described in this section. In addition, information on the acoustics of

the jet in the crossflow is also reported.

The research review in this chapter lays a theoretical foundation for the investigation

in the following chapter.

2.3 Contributions of the Thesis

This thesis advances the study of an interesting flow regime in the aspect of fluid mechanics

and aeroacoustics: dual planar jets in a crossflow. Also, the corresponding application

applied as a technology to reduce landing gear noise is discussed. The contributions of

the thesis include the following:

• Proposal and validation of the use of dual planar jets in the crossflow as a noise
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reduction technology for the landing gear

• Proposal of an approach to optimise the configuration of air curtains to improve the

shielding provided to a bluff body, thereby improving flow-induced noise reduction.

• Investigation into the combined use of dual air curtains and perforated fairings for

the reduction of flow-induced noise.

• Proposal of a novel approach to defining the leeward edge of a planar jet in crossflow.

• Characterization of the recirculation structures for dual planar jets in the crossflow.

• Characterization of the development of dual planar jets in the crossflow.

In the following chapters, these contributions will be discussed in detail.
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Chapter 3

Experimental Rig and
Instrumentation
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In this chapter, the experiment rig, measurement instrumentation and data process

algorithms are introduced in details.

3.1 Experimental Rig

All experimental investigations in this study were carried out in the rig within Fluids,

Acoustics and Vibration Lab in Trinity College Dublin. As illustrated in Figure 3.1, the

experimental rig consists of a low-speed open-jet wind tunnel, a planar jet generator and

a test platform. In addition, a microphone array is attached on top of the platform. More

specifics will be also depicted in this section.

I

II

(b)

(a)

III

IV

(c)

Figure 3.1: Schematic of the experimental rig (not in scale): (a) 2D View (b) 3D View
(c) meshes for controlling jet speed (I. microphone array; II. jet outlet and its mesh for
reducing speed; III. honeycomb structure IV. aluminium extrusion bar)
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3.1.1 Low Speed Open-Jet Wind Tunnel

The open-jet wind tunnel was powered by a 5.5kW centrifugal blower. As illustrated in

Figure 3.1, the length of the nozzle is 1000mm and the outlet size is 75mm × 75mm.

Between the blower and the nozzle, a plenum is connected as shown in Figure 3.2 (a).

The dimension and internal structure of the plenum are reported in Figure 3.2 (b). In

order to ensure a low turbulence intensity in the crossflow and to uncouple the flow from

the centrifugal blower, two layers of honeycomb screen are installed inside the plenum.

The flow speed of the wind tunnel can be up to 70m/s, and the speed can be controlled

by adjusting intake area of the centrifugal blower.

(a) Cut-off

(b) Schematic

Figure 3.2: Cut away view of the plenum of the low speed wind tunnel

3.1.2 Planar Jet Generator

The planar jet generator is operated by a 2.2kW centrifugal blower, a cubic plenum and a

few jet nozzles. Both 2D and 3D section views of the generator are respectively illustrated
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in Figure 3.1(a) and Figure 3.3. A hole is drilled in the bottom of the plenum as the flow

inlet, which is linked to the blower through a hose. The height of the plenum is 540mm and

the size of the horizontal section is 424mm×424mm. Likewise, one layer of the hexagonal

grid honeycomb with 6mm edge length is installed inside the plenum to uncouple the flow

and the blower. Moreover, baffles are added inside the plenum to reduce the recirculation.

These devices can reduce the turbulence intensity of the planar jet ejected.

Since the main focus of this study is the multiple planar jets in crossflow, the required

jet generator should be able to produce more than one jet with controllable speed. As

such, the number of the jet nozzles in this generator is designed to be changeable for

specific tests. In particular, the outlet of the jet nozzles is rectangular with a constant

spanwise length of 100mm. However, the width of the outlet can be modified as required.

When there are tandem planar jets, the nozzles are managed to be parallel with each other.

Furthermore, the speed of the planar jet can be manipulated mainly by adjusting the inlet

area of the blower. Moreover, in the multiple jets configuration, jet speed difference can

be attained by placing a mesh between the plenum and the jet nozzles as the mesh has

different porosity. Examples of the mesh utilised in this study are shown in Figure 3.1

(c). As such, the required speed for each jet can be achieved after calibration.

Figure 3.3: Plenum of the planar jet generator

3.1.3 Test Platform

As shown in Figure 3.1, an endplate, referred as the test platform, is attached to the wind

tunnel nozzle and flush with the nozzle outlet. The test platform is assembled with three
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main plates and some minor pieces, which allow the planar jet nozzle to be flush with

the platform as well. Additionally, it is symmetric with respect to the centreline with a

size of 1000mm × 1000mm. The platform enables a 3/4 open test section, on which the

test object can be installed. In addition, the entire system is supported by aluminum

extrusion frame.

3.2 Micromanometer

Micromanometer is a microprocessor-based precision measuring instrument for flow ve-

locity, mass flow and pressure measurement. Due to the ease of set-up and the rapidness

of measurement, it was utilised to preliminarily measure the flow velocity.

In this study, the instrument is the FCO510 Micromanometer supplied by the Furness

Controls, which is shown in Figure 3.4. The specification of this instrument can be found

in the manual [119]. This micromanometer is equipped with a sensitive ultra low-range

differential pressure transducer, which has a resolution down to 0.001 Pa. In addition,

as an instrument based on the principles of Pitot tube, this micromanometer is supplied

with some necessary accessories including twin core silicon tubing and a 200mm long Pitot

static probe. In the measurement of this study, the probe was installed to preliminarily

measure the crossflow flow and the jet velocity.

Figure 3.4: Measurement chain of the Dantec Dynamics Hotwire System and 55P11
probe
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3.3 Hot-wire Anemometry

Hot-wire Anemometry operated in the constant temperature mode was utilised to measure

flow speed and turbulence level in this study. The anemometry uses a very fine alloy wire,

usually tungsten alloy on the order of several micrometers, electrically heated up to some

temperature above the ambient. When air flow passes the wire, it has a cooling effect

due to forced convection. As the electrical resistance of most metals is dependent upon

the temperature of the metal, a relationship can be established between the resistance of

the wire and flow speed. In brief, the essence of this technique is the principle of forced

convection and its effects on the electrical resistance of the metal wire. The advantage of

the hot-wire anemometry can be summarized as high accuracy, high frequency response,

high signal-to-noise ratio, flexible data process, etc [120]. Also, the hot-wire probe can be

used over a very wide range of velocity measurements provided an accurate calibration is

conducted.

Figure 3.5: Measurement chain of the Dantec Dynamics Hotwire System and 55P11
problem [121]

In the experiment, the Dantec CTA system was utilised to do the data acquisition

and the probe was Dantec 55P11. A schematic of the measurement chain and the probe

is shown in Figure 3.5 [121]. The hot-wire system can work with a sampling rate up to

120kHz. The probe allows measuring one velocity component in the 3D system. .

The accuracy of the measurement is dependent on the quality of the calibration.
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(a) Calibration facilities (b) Probe set-up

Figure 3.6: Hot-wire probe calibration

Therefore, a self-contained calibration unit was built in the lab, shown in Figure 3.6 (a).

The unit consists of a compressed air supply, a settling tank, an Alicat mass flow meter,

a probe mount and a few jet nozzles for different velocity ranges. The flow meter has a

reading range of 0 − 400 SLPM (Standard Litre Per Minute), which is equivalent to a

velocity range of 0− 70m/s with the selected nozzle. Prior to the calibration, the probe

was mounted outside the nozzle outlet but inside the core region of the jet flow so as to

calibrate the probe with the same flow speed read from the flow meter, depicted in Figure

3.6 (b). In addition, a thermal couple was attached downstream to the probe. On one

hand, it could measure the ambient temperature of the reference flow, which was used

for correction further discussed later; on the other hand, the downstream measurement

did not interfere the flow passing the wire. After the calibration, a fifth-order polynomial

curve was fitted, with the voltage signal from the wire resistance and velocity as the

variables. As drawn in Figure 3.7, the polynomial is the hot-wire test basis.

Since the ambient temperature of the calibration and the tests is different and the heat

transfer is dependent on the temperature difference between the wire and the ambient

flow, an inherent measurement error exists in the hot-wire anemometry, especially for the

constant temperature mode, i.e. the effects of ambient temperature drift. Therefore, it

is necessary to carry out a correction. The equation used in this study is proposed by

Bearman[122], which is written as:

Ecorr =

√
Tw − T0
Tw − Ta

.Ea (3.1)
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Figure 3.7: Calibration curve

where Ea is the acquired voltage. Tw, T0 and Ta are the sensor temperature, the am-

bient reference temperature in the calibration and the ambient temperature in the data

acquisition respectively.

Figure 3.8: Set-up of the hot-wire measurement

In the how-wire measurement, in addition to the instrument introduced above, a

traverse was configured to control the measurement location in the flow, shown in Figure

3.8. The traverse was installed on top of the extrusion frame or beside the platform.

It involved taking hot-wire measurements at set intervals in the vertical or horizontal

directions perpendicular to the flow. The displacement of the traverse was achieved

through a servo-motor mounted on a slider-type support, which was controlled by Matlab
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code. It is worth noting that the measurements of different instruments including hot-

wire, PIV, microphone array etc. were not simultaneously conducted, thereby they would

not interfere with each other. More information on the hot-wire measurement location

will be reported in the corresponding results section.

3.4 PIV

Particle Image Velocimetry, abbreviated as PIV, is an optical method for quantitative

flow measurement, which allows obtaining both instantaneous and time-mean (after being

processed) fluid properties. In this section its principles and the set-up are introduced.

3.4.1 Fundamentals of PIV

PIV requires of seeding the fluid with tracer particles, which is assumed to faithfully follow

the flow motion. With the help of high power laser, the fluid with entrained particles is

illuminated and visualised. Consequently, the motion of the seeding particles is used to

calculate speed and direction (the velocity field) of the flow so that it can be investigated.

Main advantages of PIV can be summarised as non-intrusive technique, good resolution

and accuracy, velocity field reconstruction, etc.

Laser

Lens set

Camera

Seeding

Flow

Figure 3.9: Typical PIV set-up

As Figure 3.9 shows, a typical 2D PIV system is generally equipped with a high power

laser, a set of lenses, a digital image recording camera and seeding devices. To be more

specific, the most commonly used laser is pulsed Neodyme-YAG (Nd:YAG) laser, doubled
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in frequency (532 nm). The pulse duration and the repetition rate are dependent on

the flow regime of interest and the hardware configuration. The lens set, in which there

are concave and convex lenses, is to generate the laser plane on which the camera is

focused. As for the camera, digital images recording is generally conducted via a CCD

sensor (Charge-Coupled Device) which converts photons to an electric charge based on the

photoelectric effect [123]. In the PIV test, when the flow field is visualised using the laser

plane and particles, the camera captures numbers of image pairs simultaneously with the

pulse of the laser. Those images are subsequently processed through the cross-correlation

function to obtain the velocity vector field.

Figure 3.10: PIV Cross-correlation process [124]

Figure 3.10 [124] illustrates general process of the cross-correlation, which can be

summarised as four core steps [125, 126, 127]:

1. Divide the images into a rectangular grid of much smaller regions, defined as inter-

rogation windows.

2. Correlate each interrogation windows in the first image with the corresponding one

in the second image.

3. Locate the displacement peak and compute the velocity vector.

4. Assemble the flow velocity field.

The interrogation window size must be properly chosen. On one hand, it should

be large enough to achieve statistically a significant number of homogeneous particles
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contained within it; on the other hand, it needs to be adequately small so that the second

order effects, i.e. displacement gradient can be neglected. For instance, an image with a

resolution of 1280× 1280 pixels can be divided into 20× 16 interrogation windows if the

window size is 64× 64 pixels and therefore a total of 320 velocity vectors can be attained.

Additionally, in order to achieve more vectors, an overlap of the interrogation windows can

be adopted instead of using smaller window size. For the same case above if a 50% overlap

is used, 1209 vectors can be obtained. Furthermore, in practical terms, the multi-pass

correlation is often conducted. To be more specific, the first iteration is used to find an

estimate of the corresponding velocity vector. Subsequent iterations use this information

to shift the interrogation windows accordingly. In this way, a more precise cross-correlation

can be obtained as the number of related flow particles between interrogation windows

is maximized. The standard cross-correlation expression to calculate the vector fields is

written as:

C(∆x,∆y) =

x<p,y<p∑
x=0,y=0

I1(x, y)I2(x+ ∆x, y + ∆y),−p
2
< ∆x,∆y <

p

2
(3.2)

where C is the 2 dimensional correlation coefficients for the displacements ∆x and ∆y; p is

the number of pixels along on dimension of the interrogation window; I1 and I2 denote the

image intensities of two corresponding interrogation windows. More information on the

fundamentals of 2-D PIV, e.g. data quality evaluation and effects of the seeding particles,

can be found in the monograph [128].

3.4.2 PIV Set-up

Figure 3.11 illustrates the test set-up in this study. To be more specific, the DaVis low-

speed PIV system was utilized. The system consists of a 15MJ New Wave Solo PIV

Double Pulse Laser– the Nd:YAG laser, a DaVis Flowmaster 3 CCD camera, a lens set

and a seeding system. As shown in Figure 3.11, the laser source was installed on top

of the extrusion frame. The laser beam was reflected, focused and ultimately diverged

into a sheet through an optical laser set. The laser set utilised in the study is similar

to the example shown in Figure 3.12. This example includes 3 lenses: two concave for

diverging and one convex for converging. The first lens is a diverging lens and the second
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Laser

Laser sheet

Dark background

Camera

Lens set

Figure 3.11: PIV test set-up

one is a converging lens. These two lenses are mainly used to focus the beam on the

height of interest. Also, they can compress the circular beam into an ellipse. The third

lens is responsible for widening the beam waist. As described in Figure 3.12 [129], the

eccentricity of the ellipse is enlarged through the third lens so that the required width and

sharpness of the laser sheet for the measurement plane can be achieved. In addition, the

location adjustment of the beam waist can be managed by varying the distance between

the second and the third lenses.

Figure 3.12: Example of a typical optical lens set in PIV
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Moreover, a DaVis Flowmaster 3 CCD camera was attached parallel to the laser sheet.

The distance from its lens to the sheet could be manipulated for different measurement

purpose, which will be further reported in the corresponding sections. However, the lens

was always adjusted to focus on the measurement plane. The camera can capture image

pairs with the pulsing laser, and a resolution of 1280× 1280 pixels can be achieved. For

each test case, a number of coupled images were captured at 4Hz and the time between

two paired images, i.e. ∆t was 10 µs.

The seeding process was carried out through Phantom 135 smoke system, which has

a particle diameter size of 0.2µm. Because the test section was an open environment, in

order to obtain a flow with steady particle intensity, the entire room of the lab was seeded

by the smoke system. The seeding process was conducted by injecting particles into the

wind tunnel blower, which can dramatically accelerate the process. Additionally, a black

cardboard was placed 10cm away behind the measurement plane as the dark background,

which could help improve the quality of the process.

3.5 Flow Visualization

Flow visualization is the technology in fluid dynamics applied to make the flow patterns

visible so as to obtain qualitative or quantitative information on the flow regime of interest.

To date, a variety of approaches have been developed to cater for different research needs,

e.g. surface flow visualization, particle tracer methods, optical methods etc. In this study,

the laser based flow visualization is utilised. To be more specific, particles are initially

added into the flow and a laser sheet is generated to illuminate the flow field. As such,

with the help of the camera, jet spreading can be captured and visualised.

In the test, the laser source used is a laser pointer with a wavelength of 532nm±10nm

at 5mW . Likewise, an optical lens set was set to generate the laser sheet as required, in

which there are two lenses. The first one is a convex lens with a long focal length, which

can focus the laser on the area of interest; the second one is a concave lens that is used to

diverge the beam and generate the laser sheet. The entire set-up is shown in Figure 3.13

(a). Moreover, a Nikon D3300 CCD camera was utilised to take photos of the jet pattern.

In order to acquire a time-mean visualization, for each case, 50 pictures were captured
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(a) Laser source and the optical set-up (b) Examples of the flow visualization

Figure 3.13: Flow visualization used in the study

and averaged. Examples of the flow visualization results are reported in Figure 3.13 (b).

In addition, in order to quantitatively measure the pattern of the jet, a photo cali-

bration was carried out prior to the tests. Firstly, the camera was fixed on the tripod

horizontally. After being focused on the laser sheet, the camera took a calibration photo

as shown in Figure 3.14. More specifically, there is a cube in the photo, the real dimen-

sion of which is 200mm × 10mm. The top edge of the cube is as long as 200mm with

a total pixel number of 3,490 and the height of the cube is 100mm with a total pixel

number of 1,470. Therefore, an average can be achieved for the resolution of the photo,

which is equal to 16.5p/mm (pixel per millimetre). With this resolution, a 2-D Cartesian

coordinate system can be established, with the centre of the primary jet outlet to be the

origin. This system is as same as the one introduced earlier. As such, every point can be

localised in the system.
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Figure 3.14: Flow visualisation calibration photo

3.6 Acoustic Measurement

In this section, acoustic measurements conducted by the microphone array are introduced.

3.6.1 Microphone Array

As discussed earlier, a microphone array was mounted on top of the extrusion frame to

carry out acoustic measurements. As illustrated in Figure 3.1.I, the array has a planar

semi-circle shape with a diameter of 600mm. It is kept parallel to the test platform and

equipped with 25 KE 4 Sennheiser electret microphones. Sensitivities of these microphones

were checked using a microphone calibrator. In addition, a camera was attached to the

centre of the array, which allows noise localisation to be based on real cut-out background.

The array has an irregular pattern, shown in Figure 3.15(a). This irregular pattern can

reduce the typical spatial aliasing of the regular array. In the experiment, the array was

placed 620mm higher than the end-plate. This relatively short distance was chosen so as

to achieve a maximum signal-to-noise ratio (SNR). The auxiliary data acquisition system

was National Instrument DAQ system NI PXI-1033 together with signal amplifiers. The

specification of the data acquisition system can be found in the user manual [130]. The

sampling frequency was set to be 100kHz in the experiment because the audible range

of human hearing is 20Hz− 20kHz and the Nyquist-Shannon sampling criterion requires

that the sampling rate is at least twice of the maximum component frequency needed to

be measured. Additionally, the sampling duration was made to be 6s. A front view of

the array is shown in Figure 3.15 (b).
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Figure 3.15: Microphone array

3.6.2 Noise Spectral Analysis

Noise spectrum analysis was carried out using two approaches: auto-spectrum from one

microphone in the array and 1/3 octave band spectrum as an average of all microphones.

Principles of these two methods are introduced in the following.

3.6.2.1 Auto-Spectrum

The auto-spectrum is calculated based on Fast Fourier Transform (FFT) and Power Spec-

trum Density (PSD) [131, 132] described in the following.

Fourier integral, which is required by the random signal in the determination of its

continuous frequency spectrum, is written as:

x(t) =

ˆ ∞
−∞

X(f)ej2πftdf (3.3)

where f is the frequency and x(t) can be regarded as a summation of all continuous

sinusoid spectra. Note that X(f) is a complex quantity as a function of f from −∞ to

∞, termed as Fourier Transform of x(t) and expressed as:

X(f) =

ˆ ∞
−∞

x(t)e−j2πftdt (3.4)

In practical applications, infinite limits do not exist when a signal is sampled for analysis.

As such, the expression of the Fourier Transform in a finite range (0, T ) is written as:

X(f, T ) =

ˆ T

0

x(t)e−j2πftdt (3.5)
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Also, the signal is sampled discretely. For discrete data x(t), which has N sampling points

with an equal time interval of ∆t, the Fourier Transform can be calculated as:

X(fk) =
N∑
n=1

xne
(−j 2πkn

N
)∆t k = 1, 2, ..., N (3.6)

where fk is the discrete frequency values for the computation of X(f, T ) and it is usually

calculated as fk = k/T . xn is the signal value at time n∆t. This is the Discrete Fourier

Transform (DFT). The results of the DFT is a N × 1 complex matrix. Additionally, Fast

Fourier Transform (FFT), which is described as “the most important numerical algorithm

of our lifetime” [133], is a collection of algorithms for the fast computation of DFT.

Prior to the discussion of PSD, the mean square value ψ2 is introduced, which measures

the combined tendency and dispersion of a signal. It is written as:

ψ2 = E[(x)2] = lim
N→∞

1

N

N∑
n=1

(xn)2 (3.7)

For a random signal x(t), it is demonstrated that its mean square value, ψ2
x equals to the

sum of the individual ψ2 of the harmonic components (cn). Thus,

ψ2
x =

∞∑
n=−∞

E[(cn)2] (3.8)

Therefore, ψ2
x consists of discrete contributions in each frequency interval ∆f . Here the

Power Spectrum, Pxx(fx) is defined as the contribution to ψ2
x in ∆f . As such,

Pxx(fk) = E[(cn)2] (3.9)

Thus,

ψ2
x =

∞∑
n=−∞

Pxx(fk) (3.10)

The discrete Power Spectra Density (PSD), Sxx(fk) is defined as:

Sxx(fk) =
Pxx(fk)

∆f
(3.11)

which is the power spectrum divided by the frequency interval. Hence, if the signal is, for

example, pressure fluctuation with the unit of Pa, then the unit of PSD is Pa/Hz.
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As mentioned earlier, the sampled signal is always discrete with finite length in prac-

tice. Additionally, data are averaged in the frequency domain so as to reduce its random

error. For instance, there is a real signal x(t) which has a total length of Nt (number

of the elements). It is divided into ns equal segments that have a length of Ns. Each

segment is denoted as xi(t) and i = 1, 2, ..., Ns. Note that ns = Nt/Ns. Therefore, the

PSD for the discrete data, two sided, can be calculated as:

Ŝxx(fk) =
1

Nt∆t

ns∑
i=1

|Xi(fk)|2 k = 1, ..., Ns (3.12)

which is related to the DFT. In acoustics, it is customary to use one sided PSD, meaning

that it is obtained by integrating over the positive frequency range. The one sided PSD

is written as:

Ĝxx(fk) =
2

Nt∆t

ns∑
i=1

|Xi(fk)|2 k = 1, ...,
Ns

2
(3.13)

Generally for noise study the auto-spectrum in dB is preferable. The corresponding dB

spectrum is achieved from one sided PSD by:

dB = 20log10

√
Ĝxx(fk)∆f

Pref
(3.14)

where Pref is the reference pressure, conventionally Pref = 2 × 10−5Pa. In the test, the

auto-spectrum from one specified microphone was used to perform analysis.

3.6.2.2 One Third Octave Band Spectrum

The human audible range has been separated into eleven unequal segments, where the

highest frequency is twice of the lowest frequency. These segments are termed octave

bands. Furthermore, one octave band can be separated into three ranges, referred as the

one third octave bands. Details of the octave bands and one third octave bands can be

found in Appendix A.

In spectral analysis, the mean square pressure is determined in each of contiguous

frequency bands, and it is plotted as a function of the band centre frequency [134]. Prior

to calculating the one third octave band spectrum, the mean square sound pressure density

on the average of each band, i.e. PSD of each band, needs determining. The algorithm

of PSD calculation has been introduced earlier. If pi is the mean square sound pressure
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density on the average in the ith band, Pi is the band mean square sound pressure level,

then,

P 2
i = p2i∆f1 (3.15)

where ∆f1 is the corresponding bandwidth. Conventionally, the one third octave band

spectrum is expressed in dB as well. Therefore, the Sound Pressure Level (SPL) of each

band in dB is written as:

dBi = 20log
Pi
Pref

(3.16)

Moreover, in order to evaluate the overall acoustic performance of an experimental test,

the one third octave band spectrum as an average of all microphones in the array was

utilised. To calculate the averaged spectrum, dB level in each band of each microphone

requires determining. For example, if dBij denotes the dB level of the jth microphone in

the ith band, then the average of all microphones in that band is written as:

¯dBi = 10log(

∑M
j=1 10

dBij
10

M
) (3.17)

Therefore, the averaged spectrum of all microphones in the one third octave bands can

be achieved. Moreover, one more formula is introduced to subtract one noise source from

the one third octave band spectrum. In particular, if dBall is the overall SPL measured in

one band, including noise source S. When all noise sources are shut off except S, another

SPL can be attained, which is in effect the SPL of S and denoted as dBs. Therefore,

the noise that is generated by S is isolated, i.e. dBs. Supposing S is an unwanted noise

source, it can be eliminated from dBall by:

dBe = 10log(10
dBall
10 − 10

dBs
10 ) (3.18)

where dBe is the SPL with the elimination of noise source S. This method was used to

perform SNR correction, which will be discussed in the subsequent corresponding section.

Note that all one third octave band spectra presented in the following of this thesis are

the average of all microphones.

72



Experimental Rig and Instrumentation 3.6. ACOUSTIC MEASUREMENT

3.6.3 Beamforming

Beamforming is a microphone-array-based measurement technique for sound source local-

ization from medium to long measurement distances. It has become a standard method

for the spatial noise mapping and has been compared to the acoustic camera [135].

The core of the beamforming algorithm can be described as Delay-And-Sum (DAS)

of the microphone array signals. More specifically, the array is virtually focused on each

point of the measurement plane as shown in Figure 3.16 [136]. After one microphone is

picked up as the reference, the relative time delays of other microphones will be calculated

and summed. In addition, beamforming can be carried out in either frequency domain or

time domain.

Figure 3.16: Principle of beamforming [136]

3.6.3.1 Beamforming Algorithm

In order to explain beamforming algorithm, a point sound source, radiating a sound signal

at an arbitrary location X in a Cartesian coordinate system is assumed, denoted by So.

Meanwhile, there are a number of microphones located in the same Cartesian coordinate

system, whose positions are described by ξi = (xi, yi, zi). Here the subscript refers to the

microphone number from 1 to M . Therefore, the directional vector of each microphone

referred to So is calculated as:
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ri = ξi −X (3.19)

As such, the acoustic pressure induced by So in the position of each microphone, i.e. ξi

is expressed as:

fi(ξi, t) =
σ(t− τi)

4π|ri|
(3.20)

where σ is the emitted source and τi is the time delay between the emission from So and

the acquisition by ith microphone. Thus, τi can be calculated as:

τi =
|ri|
c

(3.21)

c is the speed of sound. In the following, beamforming algorithms in frequency domain

and in time domain will be respectively introduced.

1. Frequency domain beamforming

Beamforming in the frequency domain, also referred as the conventional beamforming,

is the original method for noise localization using beamforming. However, it is limited

to processing narrowband frequency. Although several broadband approaches have been

developed, conventional beamforming is still widely used mainly due to its considerably

shorter process time and concentration on the particular frequency.

Prior to the beamforming process, DFT is conducted to the time pressure signals fi(t)

recorded by each microphone as:

F (f) =

Ts
Fs∑
i=1

fie
(−j 2πkiFs

Ts
)∆t k = 1, 2, ...,

Ts
Fs

(3.22)

where Ts and Fs are the sampling time and sampling frequency, ∆t is the time interval

between each sampling and ∆t = 1/Fs. The core of beamforming in frequency domain

(DAS) can be fundamentally expressed in Equation 3.23. To be more specific, G is a point

in the grid of the virtual image plane, whose location is denoted as XG. The complex

beamformer output power from G is denoted by BFFD, then BFFD of the frequency of

interest (foi) is calculated as:

BFFD(XG, foi) =
1

M2
h(XG)HGh(XG) (3.23)
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where h is the steering vector with a size of M × 1. hH is the Hermitian matrix of h.

Each element of h is written as:

hi = e−j2πfoiτi (3.24)

G in Equation 3.23 represents the Cross Spectral Matrix (CSM) of the microphone signals.

It is a M ×M matrix. If gij denotes the element in ith row and jth column, i.e. the ith

jth microphone, it is a result of convolution expressed as:

gij = 〈Fi(foi)F ∗j (foi)〉 (3.25)

BFFD is a complex number. In order to make it referable using SPL expressed in dB, it

is transformed by:

dBS = 20log
|BFFD(XG, foi)|

Pref
(3.26)

2. Time domain beamforming

A systematic algorithm of beamforming in time domain is first introduced by Dougherty

[137], which brought in several benefits to the noise source localization. The main advan-

tage of this approach is the ability to deal with short pulses, transients, and broadband

signals directly. Moreover, it can depict an averaged sound pressure level distribution

within the sampling time.

Figure 3.17 [138] illustrates the key procedures of the beamforming in time domain.

As mentioned earlier, τi is the time duration of the sound prorogation from the source to

each microphone. Likewise, if one microphone is chosen as the baseline, for example, the

one with minimum τi, then the time delay of other microphones can be expressed as:

∆i = τi −min(τi) (3.27)

As such, if the pressure signals simultaneously acquired by each microphone are written

as pi(t−∆i), the beamforming output from G can be attained by:

BFTD(XG) =

√√√√ 1

Ts

ˆ Ts

0

[
1

M

M∑
i=1

pi(t−∆i)

]2

dt (3.28)

Likewise, the beamformer is refereed to the sound pressure level in dB, expressed as:
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Figure 3.17: Procedures of time domain beamforming [138]

dBTD = 20log
|BFTD(XG)|

Pref
(3.29)

As mentioned earlier, beamforming in time domain is a time-average analysis for the

broadband signal. However, it may not be as informative as the beamforming in the

frequency domain in terms of particular frequencies or bands. Thus, a filter is usually

coupled with the time domain beamforming. For example, one third octave bandpass

filter, which is also adopted in this study. More specifically, prior to the beamforming,

raw data were pre-processed with the one third octave bandpass filter. Therefore, the

noise localization will concentrate on the frequency range of the band as required.

3. Diagonal deletion

When the microphone array works, the auto-power that does not contain usable source

localization information is occasionally higher than the useful cross-power between micro-

phones. As a consequence, the contrast can be limited in the final beamforming output.

Sijtsma [139] indicated two examples: 1. microphones are affected by aerodynamic distur-

bances when tests are conducted inside a close wind tunnel section; 2. coherence between

microphones can be lost as a result of sound propagating through a turbulent medium,

e.g. shear layer. Therefore, diagonal deletion is widely utilised to reduce the microphone

self-noise by subtracting the auto-power.

76



Experimental Rig and Instrumentation 3.6. ACOUSTIC MEASUREMENT

For beamforming in the frequency domain, the diagonal deletion can be simply carried

out by zeroing the diagonal elements of G. Therefore, the new beamforming output is

written as:

BFFDdd(XG, foi) =
1

M2
h(XG)HĜh(XG) (3.30)

ĝij is the element of Ĝ, which is calculated as:

ĝij =

gij i 6= j

0 i = j
(3.31)

The expression of the beamforming in the time-domain is written as:

BFTDdd(XG) =

√√√√√ 1

Ts

ˆ Ts

0


[

1

M

M∑
i=1

pi(t−∆i)

]2

− 1

M2

M∑
i=1

p2i (t−∆i)

 dt (3.32)

4. Shear layer correction

When the sound propagates through the shear layer between an open-jet flow and a

quiescent air, it will be refracted and the refraction depends on the flow Mach number and

propagation angles, which will affect the accuracy of the beamforming noise localization to

some extent. Therefore, it is necessary to apply a correction for the refraction effects. In

recent literature, not much theory has been established on how these effects work on the

sound propagation, but some early studies [140, 141] have laid good research foundation.

Amiet[142] extended the research to including the wave spreading effects of refraction

and developed a simplified method to perform the correction, experimentally verified by

Ahuja et al [143]. Procedures of using Amiet method expressed in the Cartesian coordinate

system are described in the following [142, 144, 145].

Figure 3.18 [144] depicts the modelling of the shear layer correction, in which the shear

layer is assumed to be with a zero thickness. A Cartesian coordinate system is established,

whose origin coincides with a point sound source (S). Height from the shear layer to the

point source is h. One microphone is placed outside the flow, whose position is described

by (xi, yi, zi). I denotes the intersection point between the wave ray SI and the shear

layer. Due to the refraction, an equivalent microphone position is assumed, termed as the

corrected observer (C). rm, r1 and r2 are the length of SM , SI and IM respectively. In
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Figure 3.18: Ray geometry in the shear layer correction method [144]

addition, the acoustic wave arriving at C appears to be from a retarded source R and the

retarded distance is rr with the nominal sound speed c0 (sound speed in quiescent air).

In this study, rr is assumed to be equal to rm.

The nominal wave propagation time from the source to the microphone is written as:

t0 =
rm
c0

(3.33)

However, the actual propagation duration is expressed as:

ta =
r1
c1

+
r2
c0

(3.34)

Since S is the origin, expressions of r1 and r2 are written as:

r1 =
√
x2I + y2I + z2I (3.35)

r2 =
√

(xi − xI)2 + (yi − yI)2 + (zi − zI)2 (3.36)

where (xI , yI , zI) represents location of I, which can be obtained by assuming that C

coincides with I in Equation (A23) from reference [142]. Therefore, an equation set to
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calculate (xI , yI , zI) can be derived as:
xI√

x2I+(1−M2
∞)(x2I+z

2
I )
− (1−M2

∞) xi−xI√
(xi−xI)2+(yi−yI)2+(zi−zI)2

yI√
x2I+(1−M2

∞)(x2I+z
2
I )
− yi−yI√

(xi−xI)2+(yi−yI)2+(zi−zI)2

zI = h

(3.37)

where M∞ is the Mach number of the crossflow. With Equation 3.37 postilion of I

can be localised. As Equation 3.34 shows, the effect of convection on the acoustic wave

propagating speed within the test section is taken into account, and incorporated into a

model for source-to-microphone propagation [144]. As such, the actual speed of sound

within the test section is written as:

c1 =
xI√

(x2I + y2I + z2I )
M∞c0 +

√
(

xI√
x2I + y2I + z2I

M∞c0)2 + c20 − (M∞c0)2 (3.38)

Variables calculated above are used to correct the shear layer effect by modifying the time

delay. For example, in the frequency domain, instead of Equation 3.24, element of the

steer vector is written as:

ĥi = e−j2πfoiτ̂i (3.39)

where τ̂i is the time delay in terms of the actual propagation time.

3.6.3.2 Array Calibration

As mentioned above, the microphone array pattern has substantial effects on the beam-

forming noise localization. In order to validate the effectiveness of the microphone array

pattern in the noise localization, a response test to the simulated monopole was carried

out. More specifically, a monopole point source, as shown in Figure 3.19 is assumed to be

in the origin of a spatial Cartesian system, i.e. (0, 0, 0). In the meanwhile, a virtual semi-

circular microphone array with the same pattern as the real array is placed inside, parallel

to the X-Y plane. The distance between the array and the X-Y plane is 620mm, thereby

the configuration matches up with the experimental set-up. The calculation of the sound

pressure signal acquired by each microphone can be referred to Equations 3.19–3.21.
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Figure 3.19: Configuration of the beamforming simulation

The validation was carried out for the beamforming in both time domain and fre-

quency domain. The dynamic range, which is the level of the sidelobes relative to the

main lobe, was calculated. In the frequency domain, beamforming was performed with

different frequencies of interest (frequency of monopole source was set to be equal to the

frequency of interest), the dynamic range of the frequency domain beamforming at differ-

ent frequencies of interest are reported in Table 3.1. Moreover, the corresponding noise

localization is illustrated in Figure 3.20.

Table 3.1: Dynamic range of the frequency domain beamforming simulation at different
frequencies of interest

Frequency of Interest 1kHz 2kHz 4kHz 5kHz 6kHz 15kHz
Dynamic Range \ 20.3dB 28.8dB 28.3dB 22.3dB 27.7dB

As is depicted in Table 3.1, the dynamic range is dependent on the frequency of inter-

est. For 1kHz, the dynamic range is very small and the sidelope can not be recognised.

Also, the total colorbar range is only 7.8dB. Therefore, the main noise sources cannot be

distinguished in this frequency. When it equals to 2kHz or higher, the dynamic range can

be over 20dB, which is adequately large. In terms of the noise localization in Figure 3.20,

the contour describes the SPL distribution on the virtual plane of interest. To begin with,
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it is found that the peak of the contour at all frequencies coincides with the monopole

source. However, side lobe level at low frequencies is so high that the resolution of the

low frequency is not satisfying. This is in agreement with previous conclusions that the

resolution of the array (ROA) is dependent on the array size and frequency of interest foi

(or wavelength λ) when the microphone number is fixed. i.e.

ROA ∝ λ

d
=

c

foiD
(3.40)

In other word, the higher the frequency of interest is, the better the resolution can be.

Hence, considering the unsatisfying resolution and dynamic range at low frequencies, in

this study, the beamforming in frequency domain was only carried out for foi ≥ 5kHz.

(a) 1kHz (b) 2kHz

(c) 4kHz (d) 5kHz

(e) 6kHz (f) 15kHz

Figure 3.20: Beamforming noise localization with simulated monopole source (frequency
domain)
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Table 3.2: Dynamic range of the time domain beamforming simulation with a monopole
source at different frequencies

Monopole Frequency 1kHz 2kHz 4kHz 5kHz 6kHz 15kHz
Dynamic Range \ 17.6dB 19.5dB 16.8dB 17.1dB 8.3dB

Likewise, similar conclusions can be also found in the time domain beamforming. In

particular, time-domain beamforming using the array pattern was also validated. As a

broadband algorithm, time-domain beamforming can process data in a broadband fre-

quency range within a time interval, and it does not require a frequency of interest.

However, the resolution is dependent on the signal frequency. Therefore, the monopole

source was still used to distinguish the variation of the resolution, processed as a broad-

band signal. The dynamic range is reported in Table 3.2 and the corresponding noise

localization is shown in Figure 3.21. Note that due to the dramatically longer process

time compared to the frequency domain beamforming, a more coarse virtual grid was

adopted for the time domain. Thus, there is less refined contour in Figure 3.21 compared

to Figure 3.20.

Table 3.2 reports the dynamic range in time-domain noise localization, the adequate

dynamic range can be attained only when the monopole frequency is high enough. Like-

wise, in 1kHz the main the dynamic range is very narrow. It is found that the resolution

of the beamforming increases with the monopole frequency, despite that the monopole

is well localised by the peak of the contour. Therefore, the time domain beamforming

was only conducted for those one third octave bands whose lower limit is higher than

5kHz. Besides, it is worth noting that obvious ghost sources arise in Figure 3.21.(f),

whose monopole is at 15kHz. Considering the dynamic range is over 3dB, those high

frequency range results are still adopted.

As introduced earlier, beamforming was superimposed on the cut-out captured by

the camera attached to the array. As such, the corresponding calibration requires to

be performed ahead of the beamforming, termed as image calibration. The calibration

is aimed to establish a Cartesian coordinate system in the background cut-out. More

specifically, the platform was attached with orthogonal axises, i.e. the white cross shown

in Figure 3.22. Note that in Figure 3.22 the nozzle of the wind tunnel is in the centre

of the right side. A few grid lines were marked on the axises with equal intervals, with
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(a) 1kHz (b) 2kHz

(c) 4kHz (d) 5kHz

(e) 6kHz (f) 15kHz

Figure 3.21: Beamforming noise localization with simulated monopole source at different
frequencies (time domain)

which the cut-out resolution could be calculated (603Pixels/m). Then two indices of the

origin in the image matrix were then picked up, which essentially represent the relative

location of the origin in the image matrix. With the resolution of the cut-out and indices

of the origin, noise sources could be localised on the cut-out.

To validate the accuracy of the noise localization, a calibration technique using one

small speaker was conducted. In particular, the speaker was placed on the test platform

with different positions as illustrated in Figure 3.23. This speaker generated a tonal signal

or broadband signal. Beamforming in the frequency domain and in the time domain was

carried out respectively to localise the speaker. For example, the results of the time

domain are reported in Figure 3.24.
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Figure 3.22: Calibration photo

Speaker

Figure 3.23: Microphone array calibration using one speaker

In Figure 3.24, the speaker emitted broadband noise at different positions and beam-

forming was carried out. Note that to facilitate reading, the background photo was

transformed compared to the calibration photo in Figure 3.22, thereby the wind tunnel is

in the centre of the bottom side. This view will be used in the following of the study. In

this view, the crossflow blows from the bottom to the top. As such, X axis is streamwise

and the Y axis is spanwise. The localization results show that the peak of the SPL contour

correctly localises the position of the speaker, which validates the accuracy of beamform-

ing in the time domain. Likewise, same tests were conducted for the frequency domain

beamforming. However, the speaker emitted tonal signal instead of the broadband. The

84



Experimental Rig and Instrumentation 3.7. TEST CONDITIONS

tonal signal was set to be at different frequencies and in different positions. Results also

confirmed the accuracy of noise localization. Due to a large number of pictures, results

are not displayed in this thesis.

(a) Position I (b) Position II (c) Position III

Figure 3.24: Speaker source localization (time domain)

3.7 Test Conditions

In this section, the test conditions of the experimental rig are introduced, including the

crossflow conditions and background noise conditions.

3.7.1 Crossflow

As mentioned in Section 3.1.1, the crossflow velocity can be manually controlled by ad-

justing the inlet area of the blower, which allows the crossflow speed to vary within the

range in 0− 70m/s. Besides, prior to each measurement, the blower had run enough long

time to obtain stable flow conditions, e.g. temperature, which particularly affects the hot-

wire measurement. The hot-wire measurement was initially carried out to characterise

the crossflow. A spanwise section of the crossflow was measured using the hot-wire, which

is 100mm downstream from the outlet of the wind tunnel. In the measurement plane,

a grid was schemed to perform the measurement and the traverse mentioned above was

used to control the sampling position in the grid. The grid spans from the centre of the

nozzle to the right side of the flow with a 60mm offset, and its height is 40mm. There

are 13 columns of sampling positions inside the grid, the spacing between the columns

is 5mm. In each column, the vertical spacing between two sampling points begins from
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1mm at the bottom and then alters to 2mm when the height exceeds 30mm. Note that

this measurement grid will also be used for how-wire tests in the remainder of this thesis.

In the calibration case, U∞ was controlled to be 50m/s

(b)(a)
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Y
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m
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) 

Figure 3.25: Characteristics of the crossflow spanwise section: (a). normalised mean
flow velocity; (b). turbulence intensity

Figure 3.25 provides a comprehensive display of the hot-wire results used to determine

the normalised mean flow velocity and turbulence intensity of the measurement plane.

In Figure 3.25, the relative position of the nozzle outlet is illustrated in scale. From

the normalised mean flow velocity contour, it is found that the boundary layer has an

influence on the flow less than 10 mm high from the test platform. In the horizontal

direction, the velocity begins to decrease when close to the right edge proximity of the

nozzle outlet. From the contour in Figure 3.25 (b), it is observed that the central region

of the nozzle outlet possesses a turbulence intensity within 2%. The high turbulence level

is found in the shear layer on the side and boundary layer in the bottom.

3.7.2 Background Noise

The background noise of the rig can be attributed to a variety of noise sources, e.g.

the blower. It was characterised so that pressure fluctuations induced by the sources of

interest that will be discussed later can be distinguished.

Figure 3.26 illustrates the spectral of the background noise in the human audible range

(20Hz − 20kHz). (a) is the auto-spectrum achieved from Microphone No.1 and (b) is

the one third octave band spectrum averaged through all microphones. Both are in the
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logarithm scale. In Figure 3.26 (a) it is found that the background noise fluctuates when

the frequency is less than 1kHz and would dramatically decline when the frequency is

greater than 1kHz. As such, it is suggested that the background noise mainly concentrates

in the low frequency range that is less than 1kHz. Additionally, the peak of the spectrum

is found to be around 320Hz. It is unclear where this peak is from, but a possible

explanation can be the blade passing frequency of the blower. In Figure 3.26 (b), the

background noise likewise begins to dramatically decline after 1kHz. Therefore, the

frequency range of interest will be over 1kHz.
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(a) Auto-spectrum achieved from Microphone
No.1
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(b) One third octave band spectrum averaged
through all microphones

Figure 3.26: Noise spectra of the background noise
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Chapter 4

Noise Reduction using Dual Planar
Jets
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In this Chapter, investigations on the use of dual planar jets geometry for the flow-

induced noise reduction are introduced.

4.1 Test object and Set-up

As a proof-of-concept study, a generic landing gear assembly was selected to be the test

object, which is represented by tandem rods, shown in Figure 4.1 (a). The choice was made

based on the mechanisms of the landing gear noise generation, which were summarised

in Section 2.1.1. First of all, the flow impinging to the rods can generate turbulence,

vortex shedding, boundary layer etc., which are a direct noise source that also exists in

the landing gear. Secondly, the turbulent wake of the upstream rod can interact with

the downstream rod, which can result in more noise emission. In the landing gear, the

interaction between bluff bodies can be found as well. Thirdly, tandem rods can be

simplified as a 2D system in a side view, which can facilitate the test set-up and data

analysis.

(a) (b)

Figure 4.1: (a) Tandem rods used in the experiment; (b) Schematic of test set-up for
the single-jet

In experimental tests, the diameter of the tandem rods (D) is 4mm. The pitch between

two rods is denoted as P . Previous studies[146, 147] concluded that the specific values of

P/D can lead to different flow regimes. For instance, when 2.5 < P/D < 3.2 intermittent

shedding can be detected in the region between two cylinders and the vortex shedding

occurs on the rear cylinder. In other word, the vortex shedding mainly takes place and is

well established behind the downstream rod. Meanwhile, the interaction exists between

the wake of the upstream rod and the downstream rod. The flow features are similar to
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the landing gear. As such, it was adopted and P/D was made to be 3 in this study. The

rods were supported by two blocks and the span of the rods was much longer than the

crossflow width so that those two blocks would not be blown to generate extra noise. For

example, the set-up of the single jet geometry is schematically shown in Figure 4.1(b). In

addition, the distance from the wind tunnel nozzle to the centre of the primary jet outlet,

denoted as lp, was configured to be 185mm. Note that the dimension of lp was fixed in

this study, regardless of the variation of the slot width and the jet number.

(a) F (b) F-R

(c) F-AC (d) F-AC-ACu

(e) F-R-AC (f) F-R-AC-ACu

Figure 4.2: Geometries of the test campaign

In this study, there are six geometries that were tested. If F, R, AC and ACu are used

to denote the crossflow, rods, primary air curtain and upstream air curtain respectively,

these six geometries can be abbreviated as F, F-R, F-AC, F-AC-ACu, F-R-AC and F-

R-AC-ACu (Figure 4.2). In particular, F is the geometry only with the crossflow. This

one was tested as the noise baseline or background noise. Note that when the test was

performed, the outlets of the air curtains were sealed to avoid additional cavity noise.

In F-R, the rods were installed in the optimised position found in the following section.

This position was kept unchanged in all tests with the rods for comparison. Likewise,

all outlets of the air curtains were sealed. F-AC and F-AC-ACu are configurations with

the air curtains, but the rods are not placed inside. These two geometries were adopted
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to characterise the air curtain noise. At last, the rods were replaced to discuss the noise

reduction in F-R-AC and F-R-AC-ACu. In addition, in the geometry with dual air cur-

tains, i.e. F-AC-ACu and F-R-AC-ACu, two configurations with different air curtain

speed pairs were tested, which will be further discussed in the subsequent section.

Herein, it is worth mentioning again that the sole air curtain in the single-jet geometries

and the downstream air curtain in the dual-jet geometries are termed as the primary air

curtain (or primary jet). The second air curtain in the dual-jet geometry is termed as

the upstream air curtain (or upstream jet). The slot widths of the primary jet and the

downstream jet are donated as wp and wu. The dimensions of wp and wu in this Chapter

are 10mm and 8mm. In the experimental set-up, the space between the near sides of two

jets, d was 50mm in the dual-jet geometries.

Y

X

a

b

Figure 4.3: Schematic of the rods position

Moreover, the relative position of the rods to the primary jet is illustrated in Figure

4.3, which is depicted in the same Cartesian ordinate system used throughout this thesis.

In Figure 4.3, a is the distance between the origin and the centre of the primary jet outlet,

b is the top height of the rods. Values of a and b will be optimised and determined in the

flowing section. Hereinafter, the optimised values of a and b are termed as the shielding

position and the shielding height of the planar jet regardless of the jet number, which are

denoted as a0 and b0.

4.2 Shielding Optimization

As mentioned in Section 2.1.3, the air curtain can deflect the incoming flow (crossflow),

thereby reducing the local flow speed around the bluff body. In other word, the shielding

to the bluff body plays a crucial role in the noise reduction using the air curtain. The
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Figure 4.4: Computational domain of the flow simulation

flow structure in the shielding area of an air curtain is described in detail in Section

2.2.2.1, e.g. the recirculation zone. The complexity of the shielding area necessitates

optimization in the use of the air curtain for noise reduction. To be more specific, how

to find the shielding position and the shielding height for a particular jet. Therefore, the

optimization was conducted in this chapter using CFD simulations.

4.2.1 Numerical Approach

In order to optimise the use of the air curtain for noise reduction, including both the

single-jet and the dual-jet geometries, it is of great importance to investigate the flow

regime, which can be simplified as the planar jet in crossflow. As such, the steady CFD

simulation is employed to predict the flow features.

4.2.1.1 Computational Domain and Boundary Conditions

The entire computational domain for this study is illustrated in Figure 4.4, which repro-

duces the exact configurations used in the accompanying experiment introduced above.

For the planar jet in crossflow, symmetry exists related to the centre plane of the regime.

In this study, a 3D simulation was adopted to approximate the flow and the side bound-

aries were set to be translational periodic.

In Figure 4.4, the same Cartesian coordinate system is established, with the parameters
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of this domain represented using different symbols. In particular, h denotes the height of

the crossflow inlet, which can eject the crossflow with a speed of U∞. From the crossflow

inlet to the origin, the horizontal distance of the confinement, likewise, denoted as lp. In

order to capture potential flow features at the exit region of the nozzle, the nozzle depth is

set to be 3wp. The jet is ejected with a speed of Ujp from the bottom of the nozzle so that

it can fully develop before being deflected. The distance from the origin to the right side

limit of the domain, including a half width of the primary jet outlet and the confinement

downstream to the primary jet, is controlled to be 60.5wp, which is long enough to capture

the flow characteristics. Moreover, when the dual-jet geometry is simulated, one more jet

nozzle, i.e. the upstream jet with a speed of Uju, is added inside the rig. The nozzle is

highlighted in the red color in Figure 4.4 and the depth is 3wu. As mentioned above, the

distance between near-side edges (d) is used rather than between centres. In terms of the

entire domain, the height (Y direction) is set to be 4h excluding the jet nozzle depth, and

the length (X direction) is 60.5wp + lp. Besides, as mentioned earlier the translational

periodic boundary condition is adopted for the front side and the back side of the domain

in Figure 4.4. As such, the width (Z direction) of the domain is set to be 0.5wp to reduce

the computational cost. Because dimensions of the domain were controlled to reproduce

the accompanying experiment, h, lp, wu and wp designed to be 75mm, 185mm, 8mm and

10mm respectively.

On the boundary conditions of the air curtain inlet, previous numerical studies[148,

149, 150, 151] with the major focus on the planar jet (in crossflow or coflow) generally

utilised a parabolic velocity profile for the jet inflow condition. Likewise, in this study

the primary jet outflow velocity profile is adopted and expressed as [148]:

ujp
Ujp

= 1− (
xp

0.5wp
)8 (4.1)

where xp is the local spanwise coordinate (X direction) whose origin is in the centre of the

inlet. Ujp is the amplitude of the planar jet velocity (maximum velocity at the centre of

the nozzle). In this study, it is also used to denote the primary jet speed. The turbulence

level is defined through the turbulent kinetic energy k and the turbulent dissipation ε[152].
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More specifically,

k = Ij(uj)
2 (4.2)

ε = Cµ
k

3
2

0.03e
(4.3)

The turbulence intensity Ij is made to be 5%. Additionally, the boundary condition of

the crossflow is managed to be similar with the jet except that the turbulence intensity

is higher (6%). Additionally, all confinement is non-slip walls and other boundaries are

opening air, allowing the flow to leave and re-enter the domain freely. Velocities of each

simulation case are listed in Section 4.2.3.

4.2.1.2 Turbulence Model

The correct turbulence model should be used in order to resolve the major flow features in

the computational domain. Turbulence strongly affects the important global features of

the flow, so an accurate and reliable prediction of turbulent flow phenomena is essential.

Based on the flow physics and computational requirements, depending on the generated

grid and accuracy, a decision on the suitable turbulence model can be made [153, 154]. In

this case, the conservation laws for incompressible flow, namely continuity, and momentum

equations are used together with an appropriate turbulence model for CFD simulations.

The primary factor in achieving accurate results is the choice of turbulence model, rather

than the other investigated parameters. The RANS turbulence models are broadly used

in practical modelling for suitable accuracy and efficiency. Through a comprehensive

investigation, the effect of the different turbulence models on the results is investigated

in this study, trying to make the final decision on the appreciate model. As a common

problem in k − ω turbulence model, the model is extremely sensitive to the inlet free

stream turbulence properties. The specific formulation of the Shear Stress Transport

(SST) turbulence model allows switching between k − ε and k − ω behaviours depending

on the level turbulence in the flow fields, in an attempt to use the best of both and

also avoid the common problems in each of them. SST model is found to suit best in

order to achieve most accurate results, as a compromise between well modelling the major

turbulent features in the computational domain and keeping the computational costs as

low as possible.
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4.2.1.3 Meshing and Calculation

(a) single-jet configuration

(b) dual-jet configuration

Figure 4.5: Front view of the meshes used for the numerical study

Meshing is a crucial part of the entire CFD process and it has a great influence on the

solver convergence and accuracy. In this study, a few factors were considered for the mesh

generation. To be more specific, in order to capture the laminar and transitional boundary

layers correctly, the location of the nearest grid cell to the wall should approximate y+ = 1.

In the meantime, since the interaction region of the planar jet and crossflow is relatively

more complicated, a refined grid should be adopted in this region. The ICEM CFD

was employed to create the mesh in this study. As is illustrated in Figure 4.5, mesh

examples of both the single-jet and the dual-jet configurations are illustrated in a front

view. Furthermore, the section of x = 0 from a side view of the mesh is shown in Figure

4.6. As discussed earlier, the translational periodic boundary condition is applied to the
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ZZ

Figure 4.6: Side view of the mesh used for the numerical study (x=0)

front side and back sides of the mesh, which means the 3D simulation is in effect equivalent

to a 2D flow. Therefore, the thickness of the mesh has little impact on the simulation

result, and the number of the mesh layers on the side view can be managed to be very

a few to reduce computational cost. Thus, as illustrated in Figure 4.6, there are only 2

layers on the side view of the mesh in this study.

In CFD simulation, the refinement level of mesh can lead to variation in the simula-

tion results to a different extent, which necessitates the analysis of the mesh resolution

independence, which is termed as the mesh sensitivity analysis. In this study, the sensi-

tivity of the mesh was carefully investigated. For instance, five meshes with the different

refinement of the single-jet, whose sizes are reported in Table 4.1, were used to assess the

impact of grid resolution on results of velocity profiles at different locations. The process

for the mesh sensitivity study is described in the following in detail. Figure 4.7 gives the

flow speed contour of the test case acquired by PIV experiment (both U∞ and Ujp were

designed to be 40m/s, from the measurement U∞ = 40.23m/s, Ujp = 40.15m/s). Both

X and Y are normalised and non-dimensionalised by wp. the acquisition of this PIV data

will be discussed in the flowing section. Then four vertical speed probes were extracted

at X/wp =-3, 3, 6 and 9 respectively, termed as P1, P2, P3 and P4 in Figure 4.7. Profiles

of these four probes have been used for numerical model validation as well, which will be

also described in the subsequent section.

Figure 4.8 is the corresponding speed profiles of the four probes acquired by simula-

tions, which displays Y/wp against u/U∞. Note that in order to highlight the difference
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U

Figure 4.7: Speed probes for the numerical mesh independence study as well as model
accuracy validation (The PIV velocity contour of the flow field with U∞ = 40.23m/s and
Ujp = 40.15m/s, i.e. Case 6 in Table 4.2)

Table 4.1: Meshes with different refinement used for sensitivity study (Single-jet)

Mesh No. 1 2 3 4 5
Nodes 270,744 303,648 367,860 404,775 496,044

clearly, a limited range of Y/wp is shown. It is found that the simulation is less indepen-

dent of the mesh downstream (P4) than the upstream (P1). As such, P4 can be used

to conduct the mesh independence evaluation. In Figure 4.8.(d), Mesh 3 is only at most

1% (percentage offset against Mesh 5) away from Mesh 5, i.e. the finest one. With a

good order of approximation, we can proceed with Mesh 3 as it is acceptable that the

final selection causes only 1% difference from the finest one while having much less com-

putational cost. Therefore, Mesh 3 is sufficient enough to obtain a numerical solution,

which is independent of the grid resolution and was used for the simulations in this study.

Likewise, the mesh independence analysis was also performed for the dual-jet configura-

tion and the final mesh possesses 500,688 nodes. In addition, it is advisable to use 2nd

order upwind discretization scheme for mean flow, turbulence and transition equations.

All calculations were carried out using ANSYS CFX 14.5 as the solver.
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Figure 4.8: Mesh sensitivity analysis over speed profiles at different locations: (a)
P1(X/wp =-3); (b) P2(X/wp =3); (a) P3(X/wp =6); (a) P4(X/wp =9)

4.2.2 PIV frame assembly and set-up

As mentioned earlier, the model was validated through 2-D PIV experiment. The exper-

iment was carried out with the rig described in Section 3.1 and Section 3.4. However,

due to the limitation of PIV frame size, the conventional 2-D PIV measurement cannot

capture the entire development of the jet in a crossflow. Therefore, a frame assembly

approach was conducted in this study, which is introduced in this section.

Since the proposal of PIV was put forward, this technology has been applied to a

wide range of flow research [104, 155] to provide a quantitative measurement of the flow

field. In the meantime, the improvement in both data process algorithm and hardware

installation has been progressing. So far in addition to the normal 2-D PIV, there are

3-D stereoscopic PIV, micro-PIV, tomographic PIV, etc., which have been developed for

various applications. Most of these new types are equipped with more than one camera

or special cameras. However, it is not rare that there is only one normal 2-D PIV system

in the lab with a single camera. When the analysis is conducted, due to the limitation of

the camera view range, it is difficult to fully capture the flow field of interest. In addition

to adding one more camera, one solution is to enlarge the window size by moving the

camera farther from the focus plane. However, the resolution can be drastically reduced

is this way is utilised. As such, an approach to assembling frames is adopted for the time

mean analysis in this study, which is able to achieve a complete flow structure of interest.

In particular, when a large number of PIV image pairs at different positions are processed
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and averaged to acquire time-mean flow field, the algorithm can assemble these frames

into a continuous one. Note that these frames continuously distribute in the streamwise

direction with partial overlap. This approach was used to investigate the flow regime of

the jet in a crossflow. The method will be depicted in detail in the remainder of this

section and the algorithm is introduced through an example of dual jets in the crossflow.

The data are processed with Davis software and an open-access Matlab toolbox–PIVMat.

Davis was used to carry out data acquisition and process the raw image pairs to achieve

vector flow field. The vector flow field then was post-processed with PIVMat [156].

Figure 4.9: Schematic of the PIV test set-up

1.Algorithm

The entire PIV set-up is schematically shown in Figure 4.9 (a), in which two planar

jet outlets are inside the crossflow. As introduced earlier, the centrelines of the wind

tunnel, endplate and jet outlets aligned with each other. The LaVision Flowmaster 3

CCD camera was attached beside the endplate so that the lens was parallel to the laser

sheet. The distance from the laser sheet to the lens, dcf was controlled to be 500mm. As

a consequence, the size of camera view range was 125.31mm×83.92mm, 125.94mm was

the dimension of lw in Figure 4.9 (b). Note that the X coordinate of the frame left limit is

-71.09mm, and the right limit is 38.22mm . In addition, the camera could be horizontally

traversed to a different position beside the endplate to attain another view range of the
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flow. In the meantime, the laser sheet could move as well along with the camera.
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Figure 4.10: Mean flow fields of F1 and F2

The PIV assembly begins with paired image acquisition. In particular, there are two

sampling positions, i.e. C1 and C2 in Figure 4.9 (a). The camera was traversed and

successively situated at C1 and C2. It is worth noting that calibration was conducted

only at C1. Then the translation between C1 and C2 is denoted as lw−∆l, which must be

smaller than lw. In this experiment lw−∆l was controlled to be 100mm. 500 paired images

were acquired at each position respectively. Those images were processed with multi-pass

correlation of 32×32 (50% overlap) and 16×16 (25% overlap) in Davis. The file extension

of the result data that Davis saved is “.vc7”, which can be directly loaded and processed

in Matlab using the toolbox for the post-process. There are a few PIV process toolboxes

that can be downloaded online with free access such as PIVlab, Openpiv, PIVMat. In

this study PIVMat was utilised to perform the analysis. The data were loaded for each

frame in Matlab, as a structure array. The array includes two matrices and two vectors,

which are the core data in the entire array. These two matrices, with a size of 85 × 107

in this study, contain the velocity components in X and Y respectively at each pixel. As

such, the results were averaged so that a time-mean flow field can be achieved at different

positions, shown in Figure 4.10 (a) and (b). As the two matrices possess same structure

but different element values, they can be respectively denoted by one capital letter. In

other word, one capital letter can be used to denote both matrices, A for F1 and B for

F2. As such, the mean of A and B can be expressed as:
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Ā = {a1, a2, ..., aβ−1, aβ}α×β (4.4)

B̄ = {b1,b2, ...,bβ−1,bβ}α×β (4.5)

where α = 85 and β = 107. In the meantime, their corresponding coordinates are

provided in the two vectors mentioned above, termed as the coordinate vectors. These

two vectors contain the position information in two orthogonal directions, i.e. X and Y.

More specifically, 107 elements in X direction and 85 elements in Y direction. It is worth

noting that when the camera is traversed, the coordinate vectors will not vary with the

camera position because the calibration is referred to its own frame. Thus, these two

vectors in both F1 and F2 are denoted as Xβ and Yα for X and Y respectively. Elements

inside these vectors are the real X and Y coordinates of each pixel rather than the pixel

indices, and the vectors hereinafter are expressed as:

Xβ = [x1, x2, ..., xβ − 1, xβ] (4.6)

Yα = [x1, x2, ..., xα − 1, xα] (4.7)

As such, the number of the elements in stream-wise dimension inside ∆l can be written

as:

n = [β × ∆l

lw
] (4.8)

where“[ ]” gives the round integer of the inside value.

The new assembled frame is a combination of F1 and F2 with removing the superpo-

sition in F2. Therefore, the length of the new frame is as long as 2lw−∆l and the matrix

size for the new assembled frame should be as long as 2β−n. In addition, a coefficient is

added inside for the correction, denoted as co. The value of co is dependent on continuity,

which can be any of 0, 1, 2, etc. As such, the new assembly is as long as 2β − n+ co. If

denoted as M̄, the assembled mean velocity matrix can be written as:

M̄ = {a1, a2, ...aβ−1, aβ,bn+c,bn+c+1, ...bβ−1,bβ}α×(2β−n+co) (4.9)

Furthermore, the assembled coordinate vectors for X axis can be expressed as:
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X’ = {x1, x2, ...xβ−1, xβ, xβ+δ, xβ+2δ, ...xβ+(n−c−1)δ, xβ+(n−c)δ}1×(2β−n+co) (4.10)

where δ is the real position interval between two adjacent values in Xβ. Note that δ is a

constant regardless of in Xβ and Xβ, and the value is only dependent on the calibration.

Obviously, the assembled coordinate vectors for Y remains to be same, i.e.

Y’ = Yα (4.11)

Then the new array including M̄,X’ and Y’ can be achieved and shown using PIVMat

(Figure 4.11). The assembled PIV frame was used to validate CFD model in this Chapter.

Moreover, the investigations on the leeward edge of the jet in a crossflow in Chapter 5 is

based on the assembled frame as well.
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Figure 4.11: Assembled frame of F1 and F2

2. Selection of co

This approach can be of good use when there is a limited field of view for the PIV

camera. Therefore, it is necessary to discuss the quality of this assembled frame. As

an assembly of multiple frames, continuity plays an important role. As mention earlier,

continuity has a direct influence on the choice of co. Therefore, the variation of the

continuity with co can be criteria for the selection between the choices of co.

For the continuity analysis in this study, horizontal velocity profiles are used. More

specifically, Figure 4.12 is the same assembled frame depicted above. It has been known

that the joint is somewhere around X = 38.22(mm), whose uncertainty due to the round
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Figure 4.12: Example of the continuity analysis probes

calculation mentioned above as well as the value of co. Therefore, three random horizontal

probes were extracted to evaluate the continuity, starting from 30mm and ending at

40mm. However, those probes should be averted from being inside the area with high

velocity gradient. This is because the velocity profile from the high gradient area may

be mistaken as incontinuous. For example, those in Figure 4.12, they are y = 18.61mm ,

y = 28.11mm and y = 70.88mm. These probes, their corresponding velocity profiles are

shown in Figure 4.13 with different co. In the meantime, the junction inside each sub-

figure and its adjacent positions are highlighted with a rectangle. From the comparison

between different co, it is clear shown that the continuity of the speed profile is affected

by the value of co. The best continuity occurs when co = 1. Therefore, in this study co

was set to be equal to one.

The performance of this assembly method is obviously affected by other factors as

well, e.g. the dimension of lw, ∆l and dcf , set-up of the multi-pass correlation, etc. In

this study, they are not discussed.

4.2.3 Simulation Campaign and Numerical Model Validation

In this study, a serious of systematic and parametric simulations were conducted. Table

4.2 reports the initial conditions of all cases. In particular, Cases 1-10 are for the single-

jet geometries corresponding to F-AC and Cases 11-17 are for the dual-jet geometries

corresponding to F-AC-ACu. Meanwhile, in order to validate the numerical modelling,

both single-jet and dual-jet models were compared with the experimental cases that have
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Figure 4.13: Continuity analysis of the frame assembly

same flow initial conditions, i.e. Cases 6 and Case 17. The validation of the single-jet

modelling is described in the following as an example.

(a) (b) (c) (d)

Figure 4.14: Comparison between experiment and simulation in terms of the normalised
speed profile of the validation sections: (a)P1 (b)P2 (c)P3 (d)P4

As mentioned earlier, the numerical model for F-AC was validated with experimental

data acquired by PIV. To be more specific, Case 6 in Table 4.2 was checked based on the
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Table 4.2: Simulation matrix

Run No. U∞ Ujp Uju wp wu
1 60 m/s 60 m/s / 10mm /
2 50 m/s 60 m/s / 10mm /
3 50 m/s 50 m/s / 10mm /
4 50 m/s 40 m/s / 10mm /
5 50 m/s 30 m/s / 10mm /
6 40 m/s 40 m/s / 10mm /
7 30 m/s 30 m/s / 10mm /
8 50 m/s 50 m/s / 8mm /
9 50 m/s 50 m/s / 12mm /
10 50 m/s 50 m/s / 14mm /
11 50 m/s 50 m/s 40m/s 10mm 8mm
12 50 m/s 50 m/s 30m/s 10mm 8mm
13 50 m/s 50 m/s 20m/s 10mm 8mm
14 50 m/s 40 m/s 30m/s 10mm 8mm
15 50 m/s 40 m/s 20m/s 10mm 8mm
16 50 m/s 30 m/s 20m/s 10mm 8mm
17 40 m/s 40 m/s 30m/s 10mm 8mm

experimental data from PIV with identical test set-up and initial conditions. Since the

key to reducing the noise is to reduce the impinging speed, the flow speed is the most

important factor that needs to be taken into account and therefore, it was chosen to be

the validation criterion. In other word, speed profiles of the sampling sections as same as

those used for sensitivity study (Figure 4.7) were compared. Figure 4.14 shows the velocity

profiles of both experimental and numerical results. All graphs were plotted with Y/wp

against u/U∞. As illustrated in Figure 4.14, the trend of the profiles from the simulation

is in good agreement with experimental data. However, in terms of the value for each

sampling point, the difference between simulation and experimental results still exists. If

the difference is quantitatively defined as (rsim − rexp)/rexp, where r is u/U∞, it is found

that for each sampling point the difference is within 10%. Therefore, it is reasonable to

conclude that this model is sound enough to be applied for the flow prediction. Likewise,

same validation process was conducted for the simulation model with dual jets by Case

17. Within the error range, it can be applied for the prediction as well.
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4.2.4 Optimization

4.2.4.1 Theoretical Model

Unlike the circular jet which has far more engineering applications, the planar jet has

attracted less research interest. For the single planar jet in crossflow, the study by

Ramaprian and Haniu[42] provides the best model to date to predict the trajectory of

the air curtain in the flow regime, which has been introduced in Section 2.2.2.1. In the

model, the centreline of the jet is written as:

y

lm
= 1.2(

x

lm
)0.54 (4.12)

As mentioned in Section 2.2.1, one linear jet issuing into a quiescent air spreads with a

half width can be expressed by Equation 2.8. If the virtual origin is ignored, i.e. making

C2 = 0. Equation 2.8 can be simplified as:

b1/2(x) = C1x (4.13)

with x being the distance along the centreline of the jet from the exit slot. C1 a co-

efficient varying between 0.09 and 0.12 (Table 2.2[56]). However, the planar jet in a

crossflow possesses significantly different flow conditions due to the co-flowing ambient

velocity along the windward edge, the strong curvature along the edge trajectories and

the consequence of a recirculation zone which can develop under the leeward side of the

jet. These three factors influence the stability and entrainment of the outer and inner

shear layers. Ramaprian and Haniu[42] found that the planar jet in a crossflow tends to

have a larger spreading rate. If the width of the jet is estimated to be:

b1/2(s) = Cbs (4.14)

where s is the curved centreline trajectory in the natural system (Figure 2.22 in Section

2.2.2.1) and Cb is the proportionality constant, which was found to be between 0.12 and

0.15 in their studies.

Validation of the theoretical model was conducted through flow visualization. Figure

4.15 shows the results for the single-jet (U∞ =50.45 m/s, Ujp = 50.23 m/s) and the dual-

jet (U∞ = 50.45 m/s, Ujp = 49.86 m/s, Uju = 40.96 m/s) geometries. Each of them
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(a) Single air curtain

(b) Dual air curtains

Figure 4.15: Results of the flow visualization

is an average of 50 images. The contrast ratio and brightness of them were enhanced

and adjusted to highlight the flow pattern. More importantly, as discussed earlier, those

pictures were calibrated and accordingly the same 2-D Cartesian coordinate system used

throughout this study was established, which enables the jet centreline trajectory as well

as the edges to be superimposed. From Figure 4.15.(a), it is found that the model can

well capture the curvature of the jet in the outlet proximity. But being a quadratic curve,

the model cannot well predict the jet pattern further downstream. This downstream

inaccuracy may be explained by the recirculation induced by the air curtain. Therefore, an

improved model, which can better describe the flow pattern, especially further downstream
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is required. Moreover, the same curves were superimposed on the dual jets geometry as

well, which will be discussed later on.

4.2.4.2 Numerical Analysis

Figure 4.16.(a) is an example of the speed contour acquired with CFD simulation for

Case 3. In addition, the streamline that passes the centre of outlet is illustrated, which

is defined as the centreline trajectory of the primary jet for both single-jet and dual-jet

geometries. As seen in Figure 4.16.(a), a low speed area is induced behind the air curtain

due to the shielding from the crossflow. However, inside the low speed area, there is a

relatively high speed flow in the endplate proximity, but the speed of this part is still much

lower than the region beyond the shielding. As shown in the corresponding streamline

graph in Figure 4.16.(b), this part can be attributed to the recirculation that is induced

by the air curtain itself. As a consequence, this low speed area, as well as the recirculation

inside, should be taken into account in order to find the best relative position.

As introduced earlier, the shielding position and shielding height are determined based

on the simulation. When an air curtain is applied to flow-induced noise reduction, its

shielding height must be adequate to fully shelter the bluff body so that noise can be

maximally reduced. However, the high jet speed required by a high shielding height can

lead to an increase in the jet noise emission, not to mention the accompanying extra energy

consumption. As such, taking all factors discussed above into account, it is reasonable

to make the shielding position, a0 align with the centreline peak, where in effect the

maximum shielding stays when a jet is given.

For the single jet, a parametric analysis was performed with the model in order to

determine the dependence of the centreline trajectory on U∞, Ujp, R and wp. Results

are shown in Figure 4.17. Because the cases in Figure 4.17(b) and (c) have same wp,

both of them are normalised by wp. Figure 4.17(a) shows how the peak of the centreline

increases with slot width when the velocities are kept constant (Cases 3, 8, 9 and 10).

This is a result of the increase in the momentum of fluid and the peak also occurs further

downstream. Figure 4.17(b) shows the response of an air curtain to a change in velocity

ratio, R for a fixed wp of 10mm (Cases 2-5). This is in effect a study of the increase in jet

velocity when all other parameters are kept constant. As expected, the maximum height

108



Noise Reduction using Dual Planar Jets 4.2. SHIELDING OPTIMIZATION

(a) Speed contour (b) Streamline

Figure 4.16: Example of the flow pattern acquired with CFD simulation

increases with R. Figure 4.17(c) confirms how the trajectory depends on the velocity

ratio (Cases 1, 3, 6 and 7). It is observed that when R is kept constant, the change of the

speed pair will not affect the jet trajectory.

As discussed earlier, the shielding position is set to align with the centreline peak,

shown in Figure 4.18.(a). For acoustic tests, both U∞ and Upj are controlled to be 50m/s,

i.e. Case 3. From Figure 4.17(c) it is concluded that a0 is 14.2wp, which is 142mm. In

order to determine the value of b0, the vertical speed profile of Case 3 at X = 14.2wp

is extracted and shown in Figure 4.18.(b), along with Cases 11 and 14. As depicted in

Figure 4.18.(b), the speed initially increases from zero. This increase can be explained

by the recirculation induced by the air curtain itself, which is in agreement with the

conclusion made from the speed contour and streamline. When the local extreme value

is passed and the speed begins decreasing, it means that the profile has penetrated into

the recirculation. Once the increasing trend begins again, the speed will shortly approach

to the main stream level. In another word the profile has gone beyond the air curtain

shielding area.

b0 is determined based on the characteristics of the velocity profile at a0. As discussed

earlier, the noise emission of the rods is positively correlated to the impinging flow speed,

that is to say, the key to reducing noise is to reduce the local flow speed. As such, the

easiest idea is to define and use a speed threshold to find the shielding height in the speed

profile at the shielding position. Then the rods can be placed below so that the impinging
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Figure 4.17: Centrelines of the primary air curtain in a crossflow in the single-jet
geometries: (a) U∞ = 50m/s, Ujp = 50m/s. Independent variable is wp (b) U∞ = 50m/s,
wp = 10mm. Independent variable is Ujp (b) U∞ = 50m/s. Independent variables are
U∞ and Ujp (U∞ = Ujp)

speed will be lower than the threshold speed. There are some considerations that must

be clearly noted. On one hand, the threshold should be low enough to ensure reduced

impinging speed; on the other hand, the threshold must ensure a sufficient shielding height

to fully shelter the rods. Therefore, a compromise has to be agreed and the threshold

was accordingly set to be a quarter of the maximum speed in the profile in this study. In

Figure 4.18.(b), the limit found with the threshold is marked in each profile. For Case 3,

the limit is (0.25, 3), which means that the shielding height of Case 3, b0 is 3wp. As such,

the top of the rods should be lowered than 3wp, i.e. b < b0. In order to avoid blowing due

to the leeward edge curvature, the height was made to be 28mm. In summary, a and b

were controlled to be 142mm and 28mm. In this chapter, they were kept to be constant

in all geometries and configurations with the rods to facilitate comparison. Figure 4.19

displays the velocity contour of Case 3, 11 and 14 in the range of interest. Moreover, the

rods were illustrated with two white circles in scale at the optimised position. The dual

jets geometry will be discussed later on. As shown in Figure 4.19 (a), rods are obviously

inside the low speed region below the air curtain and higher than the relatively high speed

endplate proximity. This confirms that the optimised position attained with the threshold
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Figure 4.18: (a) Schematic of the rods position (b) Speed profiles at X = 14.2wp

can achieve a low local flow speed for the rods.

(a) Case 3 (F-AC) (b) Case 11 (F-AC-ACu-1)

(c) Case 14 (F-AC-ACu-2)

Figure 4.19: Velocity contour of the flow field and relative position of the tandem rods
(in scale)

4.3 Single-Jet Configuration

In this section, the acoustic performance of the single jet air curtain is tested. The

explanation on the noise reduction is given based on aerodynamic measurements.
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4.3.1 Acoustic Measurement

The acoustic performance was evaluated through measurements from the microphone

array. To begin with, the overall performance was assessed through the averaged one

third octave band spectra of all microphones. The measured SPL was corrected based

on the SNR, which is based on the algorithm introduced in Section 3.6.2.2. To be more

specific, the spectrum of F is shown in Figure 4.20, used as the background noise (baseline

noise). If the SNR of other case compared to the background noise was smaller than 3dB,

the sound level was set to be equal to the level of F, which in effect is an upper limit

for the actual level. If the SNR was higher than 3dB, the sound levels were corrected on

a pressure basis. For example, both original and corrected spectra of F-R are shown in

Figure 4.20. The difference is more obvious in the high frequency range. Hereinafter, all

one third octave band spectra shown were corrected based on the background noise.
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Figure 4.20: SNR correction

Figure 4.21, illustrates the noise characteristics of F, F-R, F-R-AC and F-AC. First of

all, it is clearly shown that all spectra, including those in the subsequent figures, overlap

with each other in the frequency range lower than 1,250Hz. As such, it can be concluded

that noise in this range is mainly attributed to the background noise despite the SNR

correction. Therefore, the discussion in the following will exclude this range. As shown

in Figure 4.21(a), in F-R there is the main tone which is as noisy as 108.8dB in the band

of 2,000Hz. In the meantime, the SPL of F-R is much higher than that of other spectra

at different frequencies. In order to confirm the location of the main noise sources, noise

maps acquired by time domain beamforming with one third octave band filter are shown.
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Figure 4.22 and Figure 4.23 are typical examples of the noise map for each case at the

frequency of 4,000Hz and 10,000Hz respectively. The noise map in Figure 4.22 (a) and

Figure 4.23 (a) for F-R confirm that rods are a strong noise source. In addition, note that

the colour bar range of the contour was set to be large enough (21dB for Figure 4.22 and

22dB for Figure 4.23) to clearly show the SPL comparison with different cases. Therefore

aliasing problem can deteriorate to some extent, especially for the low frequency range.

However, it is validated that the localization still works fine for the main noise source in

each map.
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Figure 4.21: One third octave band spectra related to the single-jet air curtain config-
uration

By contract, SPL level of F-R-AC is much lower than F-R. In order to improve the

description of the noise reduction, the relative SPL level, i.e. ∆SPL [34] is presented in

Figure 4.21(b), in which all are referred to F-R. Note that for diagrams of ∆ SPL in this

thesis, the reference can be different. Therefore, the reference will be clearly indicated

in the caption. As Figure 4.21(b) shows, the noise reduction using an air curtain can be

3-15dB for different frequencies. For example, the tone at 2,000Hz can be well removed

and reduced by 15dB. Moreover, due to the SNR correction, it is, in effect, an upper limit

of the actual noise level that is determined here. Therefore, the actual noise reduction

can be slightly more. Thus, it is confirmed that with an air curtain a substantial noise

reduction can be achieved.

Furthermore, in F-AC, i.e. the case that rods were removed, an SPL reduction can

be found when compared to F-AC-R. In the low frequency range (≤5,000Hz) ∆SPL is

higher than the high frequency range (>5,000Hz). The only explanation is that the rods

still produce noise when the air curtain is turned on and can be a main noise source.
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Particularly, in the low frequency range, after removal of the rods in F-AC, the SPL

is equal to the background noise. Therefore, the rods are the only noise source in this

frequency range in F-R-AC. In the high frequency range, SPL of F-AC is still higher than

the background level even though the rods were no longer there. The only difference in

the set-up here is the introduction of the air curtain. Thus, it is concluded that air curtain

itself can be another main contributor to the total noise emission. These conclusions can

be further confirmed by the noise map. As seen in Figure 4.22(b) and Figure 4.23(b),

apart from substantial SPL reduction compared to F-R, the main noise source is the rods

at 4,000Hz and air curtain outlet at 10,000Hz respectively.

(a) F-R (b) F-R-AC (c) F-R-ACu-AC1 (d) F-R-ACu-AC2

Figure 4.22: Noise source map with one-third octave band filter centred at 4,000Hz

(a) F-R (b) F-R-AC (c) F-R-AC-AC1 (d) F-R-AC-AC2

Figure 4.23: Noise source map with one-third octave band filter centred at 10,000Hz

In addition to the one third octave band spectrum, the auto-spectrum from one micro-

phone, though not from an overall perspective like the one third octave band spectrum,
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can reflect more characteristics of the sound signal with directivity. However, in terms

of directivity measurement, those microphones were not installed as a directional array,

and the measurements were not conducted in an anechoic chamber. However, the spatial

distribution of those microphones can to some extent reflect the directivity of the noise

emission. Microphones No. 1 and No. 19 were nicely situated upstream and downstream

to the rods in the centreline, illustrated in Figure 4.24. As such, the auto-spectra from

these two microphones were analysed to characterise the acoustic performance of each

test in the downstream direction and upstream direction.

Y

X

No. 1 No. 19

Microphone array

Figure 4.24: Directivity Schematic of the Microphone No. 1 and No. 19 in the array
(not in scale)

Figure 4.25 shows the auto-spectra from microphone No. 1 and No. 19 respectively.

Overall, those measurements from these individual microphones are in agreement with

the averaged one third octave band. For example, the highest peak of F-R in both No. 1

and No. 19 stays in the frequency of 2, 000Hz, inside the same band that the peak stays

in the one third octave band spectra. Furthermore, it is observed that there are two main

peaks in the spectrum of F-R regardless of the microphone number, which stays around

2, 000Hz. The strongest main tone, i.e. the one with higher frequency, should correspond

to the vortex shedding of the downstream rod. By contrast, the second main tone is from

the vortex shedding of the upstream rod. As introduced above, intermittent shedding

can be detected in the region between two cylinders, not as strong as the main vortex

shedding behind the downstream rod, which also explains why the sound pressure level

of the strongest main tone is dominant.

In terms of the directivity, SPL from microphone No. 1 and No. 19 at the same
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frequency is not comparable because the distances from rods to these two microphones

are not equal. However, trend of the SPL variation in a same frequency range can be

compared to observe sound pressure distribution at different frequencies related to the

directivity.

In the F-R spectra of Figure 4.25(a) and (b), two obvious tones can be both detected,

which is independent on the microphone location. However, the relative SPL varies with

the directivity. For the upstream microphone No. 1 , the SPL of two tones is nearly

equal. However, for the downstream microphone No. 19 the second highest tone is

over 3dB lower than the maximum. As such, it is concluded that intermittent shedding

from the upstream rod can have a stronger influence to the upstream acoustic field than

the downstream. Furthermore, it is found that some peaks exist in the frequency range

9, 000Hz < f < 10, 000Hz for microphone No. 19, but they can be hardly detected in No.

1. A possible explanation is that these peaks may be mainly from the interaction noise

between two rods. To be more specific, the wake of the upstream rod can interact with

the downstream one and generate interaction noise, the propagation of which may depend

on the direction. One proof is that when there is the air curtain (F-R-AC), these peaks

are suppressed. As for those spectra belonging to other geometries, no obvious difference

can be observed
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Figure 4.25: Auto-spectra related to the single jet geometry from Microphone No. 1
and No. 19 in the array

4.3.2 Flow Measurement

To further investigate the mechanism of the noise generation and reduction, flow measure-

ments using hot-wire anemometry were conducted, introduced in Section 3.3. To be more
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Thermal Probe 

(a) (b)

P

1D

P/2 1.5D

Figure 4.26: Hot-wire measurement: (a). measurement set-up (b). schematic of the
test section (not in scale)

specific, the hot-wire, at a sampling rate of 100kHz, was used to measure the velocity and

Reynolds stress as well as to calculate fluctuation spectra. Due to the limitation of the

experimental instrumentation, it is impossible to measure the real impinging speed and

Reynolds stress on the test body surfaces. Thus, some typical test sections were chosen,

which can reflect the flow variation among different configurations. Since the test body

position was chosen based on CFD simulations, the impinging speed to the entire tandem

rods, as a whole entity, can be decreased by the air curtain, thereby reducing the overall

noise emission. This reduction has been validated above. In terms of the interaction noise,

the key to the reduction is to diminish convection velocity and turbulent stress from the

upstream rod. As such, measurements with a hot-wire were undertaken in two planes.

Figure4.26(b) schematically illustrates the measurement sections (dotted red lines),

which started from Line A and ended to Line B. Line A was the centreline of the rod

section and parallel to the endplate. Line B was 1D higher than line A. The entire

measurement was conducted inside the centre plane of the open-jet tunnel. The first

section was in the middle of the gap between two rods, which approximately measured

the impinging speed and Reynolds stress to the downstream rod. The second section was

1.5D behind the downstream rod, which enabled the measurement of the wake behind

the downstream rod. As introduced earlier, the hot-wire support tube with the probe was

mounted on a vertical traverse connected to a servo motor. The samples were taken every
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0.125D in each section. As for the Reynolds stress, since the single-wire hot-wire (Dantec

55P11) could only measure the velocity in one dimension, the streamwise component was

chosen, i.e. u′u′. This is also dominant over the other stress term. The real test set-up is

shown in Figure 4.26(a), and the thermal probe set inside the downstream flow field was

used to perform the thermal correction.
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Figure 4.27: Profiles of the test section in the middle of two rods

Figure 4.27 and Figure 4.28 show the profiles from the two test sections. Y axis is

the altitude referred to the centre of the rods, denoted as h′, non-dimensionalised by

the radius of rods D/2 . Also, the fluctuation velocity and Reynolds stress have been

non-dimensionalised by U∞ and U∞
2 respectively as the X axis. As illustrated in Figure

4.27.(a), F-R unexpectedly begins with lower velocity than the F-R-AC at a low height.

More precisely, in the range of 0 < 2h′/D < 0.7. CFD simulations have demonstrated that

flow speed in the area behind the air curtain could be significantly reduced. Therefore,

the mechanism of the slight increase in the flow speed between the rods is ambiguous, but

it can be possibly attributed to the recirculation induced by the air curtain. Although

velocity in the F-R profile is lower than F-R-AC in the low height range, it increases from

2h′/D = 0.7 and shortly reaches the crossflow velocity level. By contrast, F-R-AC keeps

to be with low velocity and does not increase. A characteristic height must be indicated,

which is 2h′/D = 1. The height corresponds to where the top edge of the rods is. At

this characteristic height u/U∞ = 0.18 for F-R-AC and u/U∞ = 0.5 for F-R. Acoustic
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tests have already shown that interaction noise reduction can be achieved using the air

curtain. It is suggested that in term of the interaction noise, flow velocity in the region

that is close to top edge of the rods plays more important role than the centre.

Apart from velocity, turbulence level also influences the noise emission. Figure 4.27.(b)

depicts the Reynolds stress term, which is the sign of the turbulence level. Obviously,

u′u′ peaks around 0.9 < 2h′/D < 1.3 in F-R as a result of the vortex shedding from

the upstream rod. In contrast, the peak can be eliminated through the introduction of

the air curtain. Likewise, in the regions with low height (2h′/D < 0.75) and high height

(1.5 < 2h′/D), Reynolds stress in F-R-AC is higher than F-R due to the low turbulence

level of the crossflow. Therefore, a similar conclusion can be made that the impinging

turbulence level at the characteristic height is dominant over others in terms of interaction

noise generation; the air curtain is able to reduce the impinging velocity as well as the

turbulence level to the downstream rod at the characteristic height.
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Figure 4.28: Profiles of the test section behind the downstream rod

Figure 4.28 is the measurement results of the downstream section, in which both u

and u′u′ can be significantly reduced when the air curtain is on. More specifically, u of

F-R is much lower than F-R-AC at all sampling points. As for Reynolds stress shown

in Figure4.28(b), firstly it is found that u′u′ peaks at 2h′/D = 1. Undoubtedly, at this

height, the peak is a direct result of the vortex shedding. However, the Reynolds stress

is reduced in F-R-AC.
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Figure 4.29: Velocity fluctuation spectral at h′/r=1

In order to further validate the elimination of the vortex shedding using the air curtain,

the spectra of velocity fluctuation in F-R and F-R-AC were analysed. Since the character-

istic height behind the downstream rod is the main region where vortex shedding occurs,

data acquired from this height in the downstream section were chosen to calculate the

spectra. Data of the velocity fluctuation were averaged over 110 blocks, using a block size

of 4,096. The calculation algorithm is as same as the one used for the auto-spectrum,

which has been introduced in Section 3.6.2.1 . The fluctuation spectra are also referred

to U∞ and expressed in dB by:

dB = 20log
u′

U∞
(4.15)

Figure 4.29 is the results. It is observed that the fluctuation level stays high in the low

frequency range that is below around 400Hz in the spectrum of F-R. Then it declines with

an increase of the frequency. An important characteristic here is that there exists two

fluctuation peaks. It is observed that appearance of the first peak is to some extent similar

to those peaks in the acoustic auto-spectrum because they all possess continuity with

the adjacent frequencies. It suggests that this one is mainly from the vortex shedding.

However, the second peak shows a sudden increase, which does not correspond to the

fluctuation of the flow. A possible explanation is that this peak may come from the

flow-induced vibration of the hot-wire support. More specifically, the flow speed was high
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when there was no air curtain. As a consequence, the flow may have induced vibration of

the hot-wire probe holder, which also can be recorded by the wire. Because this vibration

is from the flow fluctuation, there is no continuity shown in the spectrum. In F-R-AC,

overall speaking the fluctuation significantly decreases for all frequencies. In particular,

those two peaks have been well removed by the air curtain. Removal of the first peak

can fundamentally explain the tone reduction in the noise spectra in Figures 4.21 and

4.25, i.e. removal of the vortex shedding. The removal of the second peak is because

the flow-induced vibration has been weakened with less local speed around the hot-wire

holder.

4.3.3 Summary

This section discussed the noise reduction using one air curtain. Explanations to the

entire scenario are discussed in the following. When the crossflow blows the rods, in

addition to the main vortex shedding established behind the downstream rod, which in

effect is the cause of the main noise tone, intermittent shedding also form behind the

upstream rod. On one hand it can directly induce noise production; on the other hand,

the wake of the upstream rod will interact with the downstream rod and consequently

generate extra noise. When the air curtain is turned on, the recirculation induced by

the air curtain mentioned above can result in complex local flow around the rods. As

such, despite significant noise reduction, the rods can be one of the main noise sources

in addition to the air curtain. On the air curtain self-noise, Oerlemans and Bruin[19]

have conducted the most significant investigations to date. They concluded that for the

subsonic planar jet without cross-flow, the dominant mechanism for jet noise generation

is the jet mixing and the slot edge blowing. Since no information can be found on the

effect of crossflow on the noise emission of the planar jet, it is reasonable to make such

inference that when the crossflow is introduced, more jet mixing noise will be generated

than in a quiescent flow. Furthermore, since the jet bends over downstream, shown in

Figure 4.15 (a), more edge blowing noise can be generated. Therefore, the air curtain

itself can be another main noise source after it turns on.
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4.4 Dual-Jet Configuration

In this section the dual-jet air curtain geometry is proposed and investigated to further

reduce landing gear noise.

4.4.1 Dual Jets Hypothesis
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Figure 4.30: Planar jets in the crossflow:(a). F-AC (b). F-AC-ACu-1 (c). F-AC-ACu-2

The proposal to use a dual planar jets geometry in order to reduce flow-induced noise

is developed according to the characteristics of tandem jets in crossflow. As mentioned

earlier, tandem jets in crossflow have been found to be much different from the single jet

[97, 110, 117]. More specifically, when the upstream jet is introduced within the primary

jet set-up, these jets merge along the deflection region as a result of interaction with the

crossflow. The trajectory and edge of the primary jet become higher. Figure 4.30 illus-

trates the related dual jets and single jet in a crossflow, with the 2D Cartesian coordinate

system. The primary jet trajectory is also marked within each schematic, defined as the

streamline passing through the origin. As shown in Figure 4.30(a), x0 is an arbitrary hor-

izontal position, while the corresponding height of the jet leeward edge, which determines

the maximum shelter given to a bluff body located downstream, is y0. In Figure 4.30(b),

the upstream jet deflects the crossflow, thereby protecting the primary jet. As such, the

primary jet leeward edge is increased as shown in Figure 4.30(b). Note that the primary

jet speed in Figure 4.30(a) and (b) are equal, and given as Ujp1. The speed of the upstream

jet is Uju1 and Uju1 < Ujp1 Therefore, an initial hypothesis can be drawn that the tandem

jets geometry could potentially lead to a lesser noise emission from a bluff body located

downstream of the set-up when compared to the single jet geometry set-up. Potentially,

a higher leeward edge provides an improved shelter for the bluff body, thereby causing
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more noise reduction. Also, the interaction noise between the crossflow and primary jet

is much lower due to further protection by the upstream jet. Finally, since the upstream

jet has a lower speed, its self-noise is less than the primary jet, and as such, less overall

noise emission is produced.

A second and more important hypothesis can be also made based on a new configura-

tion of the dual jets geometry. The idea is to maintain the shelter height used for the single

jet geometry as the same shielding height for the dual jets configuration by subsequently

reducing the speed of both primary and upstream jets, which would obviously result in jet

self-noise suppression. The second configuration is as illustrated in Figure 4.30(c), with

Uju2 and Ujp2 speed of the two jets. Note that Uju2 < Uju1 and Ujp2 < Ujp1.

These two configurations of the dual-jet geometry were tested with flow-induced noise

reduction effects as the core objective. These are denoted as F-R-AC-ACu-1 and F-R-

AC-ACu-2 herein (F-AC-ACu-1 and F-AC-ACu-2 are for the cases without rods).

4.4.2 Shielding Height Increase
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Figure 4.31: Centreline comparison of the primary air curtain in crossflow between the
single-jet and the dual-jet air curtain configurations

Prior to validation of the hypothesis, CFD simulation for dual jets in crossflow were

conducted and analysed. Firstly, a parametric analysis was performed of the effect on

the primary jet centreline from the upstream jet. Centrelines of the primary air curtain
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in each case are illustrated in Figure 4.31. More specifically, the crossflow speed is 50

m/s in all cases. The same single-jet case used for the acoustic test above is shown in

Figure 4.31.(a). Meanwhile, centrelines of the primary jet with an upstream air curtain

speed of 40 m/s is shown in Figure 4.31.(b) and more cases with different pairs of Ujp

and Uju are shown in Figure 4.31.(c), which are referred to as jet pair speed in the

remainder of the thesis. In addition, a horizontal dash line is made, starting from the

peak of the centreline in the single jet configuration, i.e. the shielding position. This

dash line links to the point in Figure 4.31.(c) that is located at same shielding position

of the single jet, penetrating Figure 4.31.(b). Apart from the horizontal dash line, three

more vertical lines are respectively drawn in each figure at the x of the single jet shielding

position, where x = 142mm. Note again that it is the shielding position (optimised X

position) for the single-jet configuration, which is used in all figures to clearly show the

comparison. With these dash lines, it is confirmed that due to shelter of the upstream

air curtain, the centreline trajectory of the primary jet can be elevated. It is suggested

that shielding of the primary jet can be also increased, which can be confirmed by the

flow visualization. Figure 4.15 (b) depicts flow pattern of the dual jets. Those curves

that have been acquired from the theoretical model of the single-jet case including the

centreline, leeward and windward edges, are also superimposed. It is clearly shown that

the leeward edge, which is the edge most related to the shielding, is obviously elevated.

So is the shielding height. In addition, it is observed from Figure 4.15 (b) that instead of

being directly averted, the primary jet is almost vertically ejected. To be more precise,

the height of the primary jet MDNF (Momentum-Dominated Near Field), which has been

introduced in detail in Section 2.2.2.1, can be increased. This may reduce the edge blowing

of the primary jet and contributes to the self-noise suppression. There are more features

that worth discussing such as the jet width expansion and the interference between two

jets. Since they are less related to the shielding, no investigation is carried out in this

study.

The second hypothesis, i.e. to keep the shielding height of the dual-jet configuration

as same as the single-jet configuration by reducing the speed of both jets, is believed to

be able to further contribute to the noise reduction. The height of the landing gear is a

fixed parameter from a perspective of practical implementation. Likewise, the position
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of the rods is fixed in this study, i.e. the optimised position. Therefore, in the dual jet

geometry, the speed of the primary air curtain can be reduced to some extent in order to

maintain equivalent shielding. As a consequence, a further noise reduction can be possibly

achieved as a benefit, not to mention less energy consumption. To date no research has

been performed to quantify the shielding height increase. Thus, it is difficult to find the

jet pair speed that can give an exact same shielding height as the single-jet. However,

compared to the leeward edge, the jet centreline is easier to localise. Previous studies

have concluded that the performance of the combined jet is similar to an elevated single

jet[97, 109, 110]. Therefore, it makes sense to use the centreline to find the equivalent

shielding. To be more specific, the height of the new centreline in the second dual jet

configuration is expected to be as same as the single jet. As mentioned earlier, the position

of the rods was kept same in all configurations for comparison. Therefore, the height of

the new centreline is expected to be as same as the single jet at x = 142mm. Among

these simulation cases, it is observed that the one with Ujp = 40 m/s and Uju = 30 m/s

has the closest height at x = 142mm. Therefore, this case together with the one in Figure

4.31(b) were used for the acoustic measurements. In summary, tests for F-AC-ACu-1 and

F-AC-ACu-2 were made to be as same as Case 11 and Case 14.

Figure 4.17 (b) and (c) display the flow speed contour of Case 11 and Case 14 from

simulations. Likewise, the rods were illustrated inside in scale. In Case 11, the low speed

area has been extended and become larger than the single-jet. The rods are still inside

but more close to the relatively high-speed part of the endplate proximity. In Case 14,

it is observed that the shielding given to the rods is approximately as high as the single

jet, and the rods are surrounded by the lowest speed flow in the contour. Therefore, it is

confirmed that Case 14 can be used for the validation of the second hypothesis.

In the experimental tests, Ujp1 = 49.86 m/s and Uju1 = 49.96 m/s in F-R-AC-ACu-1

and Ujp2 = 41.15 m/s and Uju2 = 29.96 m/s. These tests were used for the acoustic

measurements.

4.4.3 Acoustic Performance of the Dual-Jet Air Curtains

Likewise, acoustic measurements were conducted for both F-R-AC-ACu-1 and F-R-AC-

ACu-2. Their noise reduction compared to F-R is shown in Figure 4.32. It is apparent
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Figure 4.32: One third octave band spectra related to the dual-jet air curtain configu-
rations

that both F-R-AC-ACu-1 and F-R-AC-ACu-2 perform well in terms of noise reduction.

In the frequency range that is lower than 5,000Hz, both of these two configurations can

lower the broadband noise level. In particular, the main tone can be well removed and

the new SPL is equal to the background noise. It means that the rods almost no longer

made noise in this frequency range with the use of dual-jet geometries.

In the range higher than 5,000Hz, when compared to F-R, the SPL becomes much

lower as well using the dual-jet. More importantly, the advantages of using F-R-AC-ACu-

2 is clearly shown here. It is observed from the subsequent SPL that F-R-AC-ACu-2 is

quieter than F-R-AC-ACu-1. In particular, the SPL of F-R-AC-ACu-2 is as same as the

background noise in a couple of frequencies, but F-R-AC-ACu-1 always has higher SPL

than the background.
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Figure 4.33: One third octave band reference spectra related to the comparison between
the single-jet and the dual-jet configurations (∆SPL referred to F-R-AC)

The comparison of noise reduction between the single air curtain and dual air curtains
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geometries is clearly illustrated by the ∆SPL in Figure 4.33. Note that all spectra in

Figure 4.33 are refered to F-R. Overall, the total noise emission of the dual-jet cases is

much less than the single jet. The magnitude of the reduction is highly dependent on the

frequency. For example, in both dual-jet configurations, the maximum reduction appears

at 2,500Hz by 7dB. However, in F-R-AC-ACu-1 there is an increase compared to F-R-AC

at 20,000Hz, which is discussed later on. In terms of the comparison within the dual-jet

geometries, apart from being quieter than F-R-AC-ACu-1, F-R-AC-ACu-2 does not have

any increase than F-R-AC.

The noise maps are in good agreement with the spectra. More specifically, the noise

maps centered at 4,000Hz and 10,000Hz of the dual-jet geometries were also compared

in Figure 4.22 and Figure 4.23, mentioned earlier. It is observed that the rods in both

F-R-AC-ACu-1 and F-R-AC-ACu-2 are much quieter than the F-R-AC at 4,000Hz, and

a slight reduction achieved by F-R-AC-ACu2 compared to F-R-AC-ACu1 can be found.

At 10,000Hz, the F-R-AC-ACu-1 doesn’t show any superiority over F-R-AC, but F-R-

AC-AC-2 is much quieter around the nozzle. As such, it is concluded that the dual-jet

geometry is superior over the single jet geometry. Compared with the single jet air curtain,

it can achieve more reduction of the rods noise. Furthermore, the jet self-noise can be

suppressed using the improved dual jet configuration, which keeps the shielding height by

reducing the jet pair speed.
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Figure 4.34: One third octave band reference spectra related to the air curtains (∆SPL
referred to F-AC)

Further discussion on the jet noise suppression was made based on those configurations

without rods, i.e. F-AC, F-AC-ACu-1 and F-AC-ACu-2. Figure 4.34 is the ∆SPL refereed
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to F-AC. It is found that the introduction of the upstream air curtain in F-AC-ACu1

can cause more noise production than F-AC, even though it can reduce the rods noise.

This suggests that the first hypothesis is partially incorrect for the landing gear noise

reduction. To be more specific, only by the introduction of an extra jet cannot suppress

the total jet self-noise as anticipated. However, it can improve the shelter to the landing

gear and achieve further noise reductions. One obvious reason is that the upstream jet

noise including jet mixing (with crossflow) noise and edge blowing noise can contribute

to the total emission. The other is that, as shown in Figure 4.15(b), the upstream jet

bends over downstream and interacts with the primary jet. This jet mixture can be

another contributor to the noise increase. With shielding of the upstream air curtain,

the primary air curtain may generate less noise. However, this reduction cannot offset

the extra emission caused by the introduction of the upstream jet, especially at 5,000Hz,

8,000Hz and 20,0000Hz. By contrast, the acoustic performance of F-AC-ACu-2 validates

the second hypothesis. To be more specific, ∆SPL ≤ 0 in F-AC-ACu-2 and the SPL

reduction compared to F-AC can be up to 2.9dB. In particular, F-AC-ACu-2 is almost

as quiet as the background noise at 5,000Hz, 6,300Hz 12,500Hz and 16,000Hz. Therefore,

the dual-jet air curtain configuration based on the second hypothesis can be of great use

for the jet self-noise suppression. Likewise, the auto-spectra acquired from Microphone 1

and No. 19 are also reported to show the directivity. No obvious difference can be found

between two microphones, therefore, further discussion is not given here. Note again that
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Figure 4.35: Auto-spectra related to the dual-jet geometries from Microphone No. 1
and No. 19 in the array

all tests of the dual geometry were carried out with the optimised position of the single
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jet configuration to facilitate comparison. Therefore, it means that some more potential

noise reduction is possible.

4.5 Conclusions

The main objectives of this Chapter is to validate the hypotheses of the dual air cur-

tains geometry for improved landing gear noise reduction. Herein, the tandem rods were

chosen to be the test body and the single-jet configuration was first investigated with

the optimised position found by CFD simulation. Despite significant noise reduction, the

rods and the air curtain itself were respectively identified to be the subsequent main noise

sources in different frequency ranges. In response, the dual-jet geometry, including two

configurations based on two hypothesis, was proposed to further reduce the noise emis-

sion. More specifically, one possesses the same primary jet speed and the other possesses

approximately the same shielding by reducing jet pair speed. Acoustic tests revealed that

the dual-jet configurations are superior to the single-jet by achieving more noise reduc-

tion. Especially the dual-jet configuration with reduced jet pair speed can maximise the

noise reduction through decreasing the jet-self noise.

On the planar jet in crossflow, the flow visualization concluded that the existing model

for predicting the jet trajectory as well as the boundaries can well predict the jet in the

outlet proximity, but the prediction does not show a good performance in the downstream

region. Therefore, a more accurate theoretical or semi-empirical model is needed. In

addition, the flow visualization as well as the CFD simulations also revealed that the

introduction of the upstream jet can lead to a trajectory elevation, a width expansion of

the primary jet, and more importantly, shielding height increase, which contributes to the

superiority of the dual air curtains geometry.
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Chapter 5

Fluid Mechanics of the Dual Planar
Jets in Crossflow
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Dual jets in the crossflow is the flow regime that underlies the application of the dual

air curtain geometry for the landing gear noise reduction. As such, the aerodynamic

performance of the dual jets in crossflow is discussed based on PIV experiment and CFD

simulations in this Chapter.

5.1 Leeward Edge

This section proposes and describes a novel approach for the leeward edge definition of

the planar jet in crossflow.

5.1.1 Motivation of the Approach

In Session 2.2.2.1, research on the definition of the jet centreline as well as the edges

has been introduced. To be more specific, a natural coordinate system is frequently

established, with the jet centreline to be the α axis. Within the natural coordinate system,

the jet half width is used to define the edges of the jet. This approach to defining the jet

width was used by Oerlemans and Bruin [19] to fine the optimised shielding position for

the bluff body.

However, it is found that the optimised position using this approach is questionable.

First of all, on the definition. To be more specific, the jet edges are defined based on

the local section,shown in Figure 5.1. The local section is achieved as the normal plane

to the jet trajectory. In the meantime, one of the jet trajectory definitions is the locus

of the maxima in different local sections. Therefore, there is a suspect of the circular

definition. As mentioned above, there are different definitions of the jet trajectory. When

the trajectory is defined as the time-averaged streamline that originates from centre of

the jet outlet, the circular definition can be broken up because streamlines are calculated

as the curves that are tangent to the flow velocity field. Even so, it is still time-consuming

to find a series of cross-sections that are normal to the trajectory.

Second, on the model. Experimental work conducted by Ramaprian and Haniu [42]

utilised a water jet in a water flume, which possesses extremely low velocity, reported in

Table 2.3. As such, it is questionable if the model can be applied for the case with much

higher jet velocity, not to mention the difference between the water jet and the gas jet.
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Figure 5.1: 2D Natural system established for the jet in crossflow

Thirdly, the half jet width. As mentioned above, the model was applied for bluff body

noise reduction. More specifically, the bluff body was situated below the leeward edge

of the half width, which means that an impinging flow velocity to the bluff body can be

up to half of the local maximum. As discussed earlier, the reduction of the impinging

velocity is crucial to the air curtain technology. Half of the local maximum, to some

extent, is still high. Therefore, a new definition for the jet leeward edge definition, is

expected . Because the leeward edge is the edge that is most related to the optimised

shielding position,. In this section, a novel leeward edge definition approach is proposed

and validated, which can bypass the complexity of the natural system as well as the jet

trajectory. This approach aims to improve the proposal of the new jet pattern model.

5.1.2 Test Campaign

Work in this section is experimental using PIV. The rig has been introduced in detail in

Section 3.4. Likewise, PIV frame assembly approach was also carried out to extend the

view range, and the the set-up has been shown in Section 4.2.2. In this section wu and

wp were set to be 10mm&10mm and 10mm&14mm. Apart from this, the flow conditions

are reported in Table 5.1. The PIV tests covered both single-jet and dual-jet geometries

with different initial conditions. Likewise to the simulation cases, each of them was given

a run Number as shown in Table 5.1.
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Table 5.1: PIV Test matrix of the planar jet in crossflow

No. U∞(m/s) wp(mm) Ujp(m/s) wu(mm) Uju(m/s)
S010101 40.12 10 50.15 / /
S010102 40.32 10 40.32 / /
S010103 40.24 10 30.10 / /
S010201 30.15 10 49.52 / /
S010202 29.18 10 40.13 / /
S010203 30.15 10 30.11 / /
S020101 40.13 14 50.04 / /
S020102 39.24 14 40.35 / /
S020103 40.22 14 30.15 / /
S020201 30.43 14 50.23 / /
S020202 29.89 14 40.15 / /
S020203 30.02 14 30.23 / /

D0101010101 40.34 10 49.89 10 49.54
D0101010102 40.10 10 50.02 10 30.18
D0101010103 39.68 10 49.15 10 19.98
D0201010101 40.05 14 50.01 10 50.25
D0201010102 40.11 14 43.24 10 30.14
D0201010103 40.43 14 50.35 10 20.35

5.1.3 Leeward Edge Definition

The method utilised is based on PIV test results. Figure 5.2 shows the velocity contour

of Case No. S010102. The velocity profiles were extracted from a number of probes,

which are parallel to the Y axis. For example, three of these probes, P1, P2 and P3

are illustrated in Figure 5.2 and their velocity profiles are depicted in Figure 5.3. It is

observed in Figure 5.3 that there exists a similar trend between P1 and P2. To be more

specific, those two profiles begin with low magnitude at y/wp = 0 and increase to the

local maxima, which is 17.2m/s for P1 (y/wp = 0.3) and 8.5m/s for P2 (y/wp = 1.2).

With the height continuously increasing and accordingly passing the local maxima, the

magnitude declines to the local minimum and then accelerates again until it reaches the

global maximum velocity. By contrast, P3 does not display the same trend. It begins

with an increase from y/wp = 0 and fluctuates around 10m/s until y/wp = 3. Then

it increases to the global maximum. These characteristics can be also reflected in the

velocity contour. As depicted in Figure 5.2, both P1 and P2 penetrate a relative high

speed region below the planar jet while P3 is outside.

Proceeding further, a velocity threshold is utilised to define the leeward edge of the
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Figure 5.2: PIV velocity field of S010102 and examples of the velocity probes

planar jet. More specifically, the maximum of each profile can be easily localised, which

has been marked with ‘Max’ in Figure 5.3. As discussed earlier, once the planar jet is used

for the noise reduction, the bluff body should be situated below the leeward edge, which

will enable the local flow speed around the bluff body to be reduced. In other words, the

leeward edge can be regarded as the boundary between the low velocity region and the

high velocity region. As such, it is directly related to the velocity profile. Therefore, a

threshold can be used to separate those regions that are sheltered and not sheltered by

the jet. As such, the locus of the threshold in all profiles can be consequently regarded

as the leeward edge. In this study, an example of the threshold equal to one quarter

of the maximum velocity is adopted. The corresponding locations with a quarter of the

maximum speed are also marked in P1, P2 and P3 with “0.25Max”, shown in Figure 5.3.
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Figure 5.3: Velocity profile of P1, P2 and P3

As previously stated, a number of profiles were extracted from the velocity contour.
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Therefore, all points with 0.25 maximum velocity can be localised, illustrated in Figure

5.4. Note that those points with the same x/wp originate from one probe. It is found that

there is more than one point with 0.25 maximum velocity in some probes. These probes

are mainly located in the proximity of the jet outlet and the downstream region of this

contour window. It suggests that the flow field of these areas is much more complicated

than others, which can be possibly attributed to the recirculation. Herein, those points

with the highest y/wp in each probe are simply linked, shown in Figure 5.4. Therefore, a

curve can be achieved and this curve is defined as the leeward edge of the planar jet.
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Figure 5.4: Leeward edge definition

Prior to being applied for the engineering use, in general the leeward edge requires a

mathematical expression. Due to the parabolic characteristic in the normalised Cartesian

coordinate system in Figure 5.4, the second-order polynomial is attempted to fit the

leeward edge, written as:

y

wp
= f(

x

wp
) = p2(

x

wp
)2 + p1(

x

wp
)1 + p0 (5.1)

As shown in Figure 5.5, the scatter illustrates data acquired from the PIV experiment.

The fitting has been carried out and the corresponding curves are superimposed on the

scattering. Meanwhile, the value of the coefficients in the polynomial is reported in

Table 5.2. In the flow range shown, the fitting curves are in good agreement with the

experimental data regardless of wp. One exception is the most downstream point in

S010201, which can be eliminated as an outlier point. Then the error range of the fitting is

within 5% difference of y/wp for each point compared to the experimental data. Therefore,
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it is concluded that, in the single jet geometry, the leeward edge defined by the on quarter

threshold can be well captured by a second order polynomial.

P

P

(a) wp=10mm

P

P

(b) wp=14mm

Figure 5.5: Fitting of the leeward edge for the single planar jet configuration

In addition, this approach has been also validated to be useful for the dual jets ge-

ometry crossflow. To be more specific, the leeward edge of the primary jet in crossflow

was also defined with the same process introduced above. Then likewise, a second-order

polynomial was fitted to the leeward edge. Comparisons between the raw data and the

curves are shown in Figure 5.6. The good agreement confirms the validity of fitting in the

dual jets geometry. Therefore, it is concluded that the second order polynomial fitting

can be applied to the leeward edge of the primary jet, regardless of the jet number in the

crossflow.

Table 5.2: Coefficients of the second order polynomial

Run No.(Single jet) P2 P1 P0 Run No.(Dual jet) P2 P1 P0

S010101 -0.041 0.72 0.029
S010102 -0.041 0.63 -0.456 D0101010101 -0.044 0.85 1.6
S010103 -0.043 0.58 -0.32
S010201 -0.028 0.71 0.450 D0101010102 -0.036 0.86 0.32
S010202 -0.034 0.61 0.014
S010203 -0.044 0.67 -0.29 D0101010103 -0.033 0.62 0.65
S020101 -0.044 0.67 -0.11
S020102 -0.046 0.59 -0.33 D0201010101 -0.095 1.4 0.17
S020103 -0.043 0.51 -0.34
S020201 -0.039 0.77 -0.06 D0201010102 0.033 0.85 -0.036
S020202 -0.052 0.70 -0.27
S020203 -0.048 0.60 0.27 D0201010103 -0.035 0.60 0.30
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5.1.4 Shielding Curve Increase

As previously discussed, the shielding curve increase plays a crucial role in the dual air

curtains geometry for the landing gear noise reduction, which has been schematically

illustrated in Figure 4.30. In order to discuss the increase, the corresponding leeward

edge of the single jet configuration is also shown in Figure 5.6. It is obvious that shielding

curve is dramatically increased when one more jet is introduced upstream to the primary

jet.

P

P

(a) wp=10mm, wu=10mm

p

p

(b) wp=14mm, wu=10mm

Figure 5.6: Leeward edge fitting of the primary jet in the dual jets geometry

As previously stated, when the jet is given, the bluff body is schemed to be situated

below the peak of the leeward edge, which is the optimised position with the highest

shielding. The maximum shielding is termed as the shielding height. As such, in order to

discuss the shielding increase, the shielding height is compared to the single jet and the

configuration of the dual jets. The comparison related to wp = 10mm is shown in Figure

5.7, in which all cases have the same primary jet speed. Note that the single jet geometry

corresponds to the case with the upstream velocity zero. However, the comparison related

to wp = 14mm is not reported because the peak of some dual jets cases has exceeded the

frame range.

In Figure 5.7, it is found that the shielding height is positively correlated with the

upstream jet speed. It is confirmed that the introduction of the upstream jet can increase

the shielding height, which means an improved shielding can be given to the landing gear.

Moreover, it is concluded that the leeward definition approach proposed herein can be

used to quantitatively analyse the jet shielding increase in the dual jets geometry. For

the future research, a semi-empirical model could be derived based on the approach.
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Figure 5.7: Comparison of the shielding height among the single jet and the dual jets
configurations

5.1.5 Uncertainty Analysis

Validation of this approach is fully based on the PIV experiment. In addition, due to the

limitation of the frame size, the PIV time-mean frame assembly was performed, which

has been introduced earlier. However, there is uncertainty that must be addressed and

analysed.

First of all, the threshold selection. As previously stated, the leeward edge is defined

using a threshold of the maximum speed in a vertical speed profile, which, in this study,

is 0.25. Therefore, the arbitrary nature of the threshold selection is one of the main

contributors to the uncertainty of this approach.

Secondly, the complexity. It is the frame assembly that allows the approach to capture

the full development of the jet. However, the complexity of the PIV frame assembly set-up

can increase the acquisition uncertainty of the leeward jet.

Thirdly, the two dimensional representation. This approach is fully dependent on the

2D characteristics of the planar jet in crossflow. However, as a 3D flow region, the two

dimensional representation can be a serious issue when the approach is applied for the 3D

applications, especially the mass flow that is from the corner of the jet outlet.

As such, in the future studies, in addition to the induction of a semi-empirical model

for the prediction of the planar jet, the selection of the threshold, especially its influence

on the leeward edge definition needs to be fully investigated. Also, the uncertainty of this

138



Fluid Mechanics of the Dual Planar Jets in Crossflow 5.2. RECIRCULATION

approach on the set-up and the 3D volume representation should be investigated.

5.2 Recirculation

Recirculation is one of the most important characteristics in the planar jet in crossflow,

which highly affects the shielding of the air curtain. In this section the recirculation

structure of the jet in crossflow is discussed. Figure 5.8 is the time-mean streamlines

of PIV test case D0201010101, with dual planar jets. As depicted earlier, one large

recirculation structure is induced downstream of the primary jet, hereinafter referred to

as the main recirculation. In addition, two more small recirculation structures can be

detected upstream of the primary jet. To be more precise, in the zone that is between two

jets. As introduced in the Chapter 2, previous research on twin jets in the quiescent flow

has termed the area between the two jets as the recirculation zone. When the crossflow

is introduced, however, this term can be confused with the main recirculation. Therefore,

considering its triangle-like shape, this region is termed as the Delta zone (∆ zone).

Figure 5.8: Streamlines of D0201010101 in the PIV test matrix

However, it is observed that the streamwise length of the frame, even in the assembly,

cannot fully capture the development of the main recirculation. Therefore, those recircu-

lation structures are discussed based on CFD simulations shown in Table 4.2.3 of Section

4.2. There are a few advantages when using the CFD results. First of all and most im-
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portantly, those models have been validated using PIV experimental data. Secondly, the

computational domain of those models can fully cover the development of the jets, which

allows a complete analysis of the flow regime. Thirdly, the ease of the information acqui-

sition from the CFD results process can substantially facilitate analysis. In the remainder

of this section, the Delta zone and the main recirculation are discussed.

5.2.1 Recirculation of the Delta Zone

For dual jets in crossflow, the recirculation structures upstream to the primary jet can

be detected mainly in the ∆ zone. The ∆ zone is the area between two jets. Due to the

large momentum flux that exists on both sides, fluid in this area is continuously entrained

into those two jets and as a result, the pressure gradient is generated, underlying the

generation of recirculation. It is obvious that the flow field of this zone is highly dependent

on conditions of the jets and crossflow, e.g. Uju, Ujp, U∞, etc. In addition, the geometry

of the configuration also plays an important role, such as wu, wp and d. As Table 4.2.3

shows, in this study the geometry of the configuration was kept constant. Therefore, this

study mainly focuses on the effects of the jet speed.

Figure 5.9 illustrates the streamlines of the ∆ zone. It is observed that there are two

recirculation structures in the zone, which is in agreement with the PIV result in Figure

5.8. Hereinafter, the upstream one is referred to as R1 and the downstream one is referred

to as R2. There are some interesting phenomena that can be observed from these two

structures.
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(a) No. 11 (Uju = 50m/s, Ujp = 40m/s) (b) No. 12 (Uju = 50m/s, Ujp = 30m/s)

(c) No. 13 (Uju = 50m/s, Ujp = 20m/s) (d) No. 14 (Uju = 40m/s, Ujp = 30m/s)

(e) No. 15 (Uju = 40m/s, Ujp = 20m/s) (f) No. 16 (Uju = 30m/s, Ujp = 20m/s)

Figure 5.9: ∆ zone

Firstly, it is observed that R1 is substantially larger than R2 regardless of jet velocities.
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If using SR1 and SR2 to denote the area of R1 and R2, then SR1 > SR2. However, the

quantification of SR1 and SR2 is still ambiguous. As such, the conclusions are made

based on the appearance of the streamlines. It is found that the ratio of SR1 and SR2

is dependent on Ujp/Uju. More specifically, Ujp is constant in Cases No. 11, 12 and 13.

Ujp/Uju varies among 5/4, 5/3 and 5/2. As shown in Figure 5.9 (a)-(c), the area ratio,

i.e. SR1/SR2 appears to be negatively correlated with Ujp/Uju. Moreover, the same trend

can be also observed in Figure 5.9 (d) and (e), which have same Uju but different Ujp.

In addition, one more interesting finding is that the total size of SR1 and SR2, i.e. area

of the ∆ Zone, is affected by the sum of Ujp and Uju. For example, No. 11 and No. 16

possess the largest and the smallest Ujp + Uju respectively. Correspondingly, the size of

their ∆ Zone is also the largest and the smallest. As reported in Table 4.2.3, Ujp + Uju

of No. 13 and No. 14 is equal to each other. As shown in Figure 5.9 (c) and (d), the size

of the ∆ zone is also close. However, this closeness of the zone area existing inside those

cases with same Ujp + Uju cannot be confirmed yet. Therefore, more dataset is needed.

Figure 5.10: Vector field of the flow velocity in the ∆ Zone (No.11)

Secondly, the direction of R1 and R2 are found to be opposite. As illustrated in

Figure 5.10, the velocity vectors show that the direction of R1 is clockwise and R2 is

anti-clockwise. Further to the previous comments, all recirculation structures inside the

jet in crossflow is induced by the entrainment. More specifically, fluid below the upstream

jet keeps being entrained into the jet, which in turn results in a low pressure area in the

upper side of the ∆ zone. The fluid in the bottom will continuously ascend to offset the

pressure gradient. As such, the flow direction is clockwise, which is R1. By contrast, the

downstream fluid in the ∆ zone is mostly entrained to the primary jet, which explains

the anti-clockwise direction of R2.
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5.2.2 Main Recirculation

The main recirculation exists behind the primary jet (or the rear jet in the multiple jets

configuration) in crossflow. Since the landing gear or bluff body is situated inside the

recirculation, it is one of the flow characteristics that the noise reduction is subject to.

Figure 5.11 shows the streamlines in the main recirculation of No. 3, 11, 12 and 13. No.

3 is a single-jet configuration and the rest are with dual jets. However, they all possess

equal primary jet velocity.

(a) No. 3 (singe jet, U∞ = 50m/s, Ujp =
50m/s)

(b) No. 13 (Dual jets, U∞ = 50m/s, Ujp =
50m/s, Uju = 20m/s)

(c) No. 12 (Dual jets, U∞ = 50m/s, Ujp =
50m/s, Uju = 30m/s)

(d) No. 11 (Dual jets, U∞ = 50m/s, Ujp =
50m/s, Uju = 40m/s)

Figure 5.11: Main recirculation

In Figure 5.11, it is found that when the upstream jet is introduced, the main recir-
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culation traverses downstream, and the translation is positive correlated to the speed of

the upstream jet. Also, it can be observed that not only the position but the size of the

recirculation varies with the upstream jet speed. To be more specific, the area of the

main recirculation is significantly extended with the upstream jet. When the upstream

jet speed increases, the area also becomes larger as a result. As discussed in the previous

section, the leeward edge gets elevated with the speed of the upstream jet increases. To

some extent, the shielding area is equivalent to the area of the main recirculation. As

such, it has the same trend with the shielding area.

5.2.3 Impact on the Velocity Field

Recirculation has a substantial impact on the flow field of the dual jets in crossflow. For

example, to offset pressure gradient. Moreover, the velocity contour is correlated to the

streamlines. Figure 5.12 illustrates the velocity field of No. 11 in the ∆ zone and the

main recirculation. Overall speaking, the velocity in those zones is significantly reduced

due to the shielding from the jets. Inside each structure of the recirculation, the velocity

magnitude is much lower in the centre of the recirculation than the outer region. In Figure

5.12 (a), a reversed flow, blowing from the downstream to the upstream, can be detected

below the centre of R1. It is this reversed flow that makes the magnitude of the velocity

higher in the bottom of this ∆ zone. This reversed flow can be also observed in the main

recirculation zone. As shown in Figure 5.12 (b), the bottom of the main recirculation

possesses higher velocity due to the reversed flow. This also explains why the rods can

still be a main noise.
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(a) Recirculation zone

(b) Main recirculation

Figure 5.12: Velocity contour of the flow field with streamlines (No. 11: Uju = 50m/s,
Ujp = 40m/s)

5.3 Jets Developments

As previously reviewed in Section 2.2.2.2, significant studies [97, 109, 110] have been

conducted on the development of tandem jets in crossflow. A common view has been

agreed that those jets will converge, merge and finally combine. As such, the development

of the tandem jets, for example, dual jets, can be subdivided as the converging region,

merging region and combined region, shown in Figure 5.13. However, there is not a

confirmed method to recognise these three regions. Therefore, one approach based on the

horizontal velocity profile is proposed in this section.

Research on the tandem jets in quiescent flow, as reviewed in Section 2.2.1.2, used

velocity profile to define merging and combination. Likewise, the development of the

tandem jets can be subdivided into the converging region, the merging region and the
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U �

Y

X

Figure 5.13: Subdivisions of the dual jets in crossflow: I. converging region; II. merging
region; III. combined region

combined region. In the spanwise velocity profile, two separate peaks can be found in the

converging region, two intersect peaks can be found in the merging region; only one peak

can be found in the combined region. When the crossflow is introduced, the development

of the jets can be substantially different from in a quiescent environment. In particular,

the deflection and the combination of two jets. However, due to the initial moment flux

from the jet (M0), which is normal to the crossflow and can affect the trajectory of the

jet, it is believed that in the horizontal velocity profile, one peak can be still observed for

each jet prior to the combination.

In order to validate the assumption, a series of horizontal probes were extracted from

the velocity contour of each simulation result, shown in Figure 5.14. Height of these lines

begin from y/wp = 0.5 to y/wp = 5 and the spacing between is 0.5y/wp. The profiles

are reported in Figure 5.15, which include Cases 11, 12 and 13. To highlight the peak,

the velocity is normalised by Umax, i.e. the maximum velocity in each profile. These

three cases possess same Ujp but different Uju. In Figure 5.15 (a), it is shown that at low

y/d, less than 2, two peaks can be easily detected. These two peaks are separate with

a gap between, which is marked with red lines. The gap can be characterised by two

cusp points on the side. Inside the gap, the speed is extremely low, which corresponds

to the ∆ zone. However, the width of the gap shrinks when y/d ascends and finally

disappears. Obviously, this is due to the converging of two jets. As such, the existence
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y/wu=0.5

y/wu=1

y/wu=1.5

y/wu=2

y/wu=2.5

y/wu=3

y/wu=3.5

y/wu=4

y/wu=4.5

y/wu=5

Figure 5.14: Streamwise probes for the streamwise mean velocity profile

of the gap can be used to define the converging region of the dual jet in crossflow. When

y/wp > 2, unlike those profiles of the merging region in the dual jets in quiescent flow, the

upstream peak becomes indistinct and can be hardly detected. In addition, a saddle with

the smooth curve is shown instead of the gap. Likewise, the depth of the saddle decreases

with y/wp ascending. When y/wp reaches 5, the saddle has completely disappeared. In

effect, the variation of the saddle can be explained by the velocity contour. As illustrated

in Figure 5.14, the sampling line of y/wp = 2.5 penetrates the ∆ zone where the two jets

are merging. When y/wp = 5, the sampling line has ascended over the ∆ zone, which

means two jets have combined. Therefore, the saddle can be a characteristic to distinguish

the merging region. In summary, the subdivision of development in the crossflow can be

carried out based on the gap and the saddle. More specifically, in the converging region,

two clear peaks, separated by a gap, characterised by two cusp points, can be observed

in the streamwise velocity profile. In the merging region, only one peak can be observed,

with a saddle area upstream. By contrast, in the combined region, no peaks can be

observed.

With the subdivision of the tree regions, it is possible to conduct a parametric analysis

on the development of two jets. For example, it can be concluded that in No. 11 those

sampling probes with y/wp = 0.5, 1, 1.5 and 2 are in the converging region; y/wp =

2.5, 3, 3.5, 4 and 4.5 are inside the merging region and only y/wp = 5 is in the combined
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region. Likewise, the distribution of the height in different regions of other cases as well as

No. 11 is reported in Figure 5.16 (a). When Ujp is fixed, it is found that the combination

happens and gets closer to the jet outlet with Uju decreasing. It suggests that the height

of the ∆ zone also decreases. Furthermore, No.13, No.15 and No.16 are reported in Figure

5.16 (b), which possess same Uju but different Ujp. It is observed that the combination

also gets closer to the outlet when Ujp decreases. Therefore, it is confirmed that the speed

of both Uju and Ujp has a significant impact on the development of dual jets in crossflow.

In this section, an approach to defining and recognising the sub-regions of the dual

jets in the crossflow is proposed and validated. This sub-regions include the converging

region, the merging region and the combined regions, which can be characterised by a gap

(converging region) and a saddle (merging region) inside the horizontal velocity profiles.

With the sub-region definition, it is possible to conduct a parametric analysis on the

development of two jets, which is validated through an example.
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(a) No. 11 (Ujp = 50m/s, Uju = 50m/s, Ujp =
40m/s)
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(b) No. 12 (Ujp = 50m/s, Uju = 50m/s, Ujp =
30m/s)
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(c) No. 13 (Ujp = 50m/s, Uju = 50m/s, Ujp =
20m/s)

Figure 5.15: Streamwise velocity profiles of the dual jets in the crossflow at different
y/w
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Figure 5.16: Subdivisions of the dual jets development in the crossflow

5.4 Summary

In this chapter, the flow regime of the dual jets in the crossflow was discussed. First of all, a

novel approach to defining the leeward edge of the primary jet was proposed. Based on the

PIV measurement, this approach allows the leeward edge to be mathematically expressed

using a second order polynomial. The expression facilitates the establishment of a semi-

empirical model for the leeward edge in the future study. Secondly, the recirculation of the

flow regime was discussed based on CFD simulations. More specifically, in the ∆ zone,

two main recirculation structures were detected, termed as R1 and R2. The existence

of these two structures was also validated by the PIV experiment. In this section, R1,

R2 as well as the main recirculation downstream to the primary jet were characterised.

At last, the development of the jet was investigated. The subdivision system that has

been widely utilised in the dual jets in the quiescent flow was applied in this section.

The development of the dual jets in the crossflow was also subdivided into the converging

region, merging region and combined region. Those three regions were characterised using

the streamwise velocity profile. Furthermore, the variation of the three regions with the

flow initial conditions was discussed.
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Chapter 6

Combined Use with Perforated
Fairings
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The air curtain, as a novel technology proposed for landing gear noise reduction, is

expected to not only achieve significant noise reduction, but also avoid disadvantages

that other technologies may have, such as impede the inspection, maintenance and brake

cooling. Therefore, the solo use of the air curtain technology is believed to be appropriate

for landing gear noise reduction. However, discussions on a combined use with other

technologies still make sense for reference. As such, in this chapter, investigations on

the combined use of the dual jet air curtain with other noise reduction technologies is

conducted.

In Section 2.1, the landing gear noise reduction technologies that can be found in

publications have been reviewed in detail. It is found that the solid fairing, which possesses

the highest technology readiness level, can be a good option for the combinational use

due to the ease of set-up. However, it has been observed that high speed flow deflection

onto other components and the fairing self-noise are the major disadvantages of these

fairing type, which can inhibit the successful application. As such, the perforated fairing

, abbreviated as PF in the following, has been proposed. As discussed in Section 2.1.2.1,

firstly it is found that the bleeding air through these perforating fairings can further result

in better redistribution of the airflow and yield better acoustic performance. Secondly,

it is expected to reduce the undesired noise increase from other uncovered component.

The solid fairing reduces landing gear noise by deflecting high speed flow. However, the

deflected flow may interact with other uncovered components to generate extra noise

emission. By contrast, the perforated fairing allows some flow to pass to avoid the extra

noise emission. Thirdly, the porosity can reduce the fairing weight so that a less load on

the landing gear can be attained.

In this Chapter, the combined use of dual-jet air curtain and PF is discussed for

reference.

6.1 Test Programme

In this Chapter, the combined use is discussed and investigated trough ten different ge-

ometries.

Likewise, these ten geometries were abbreviated with capital letters. As shown in
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Figure 6.1. F, R, AC, ACu and PF are respectively used to denote the crossflow, rods,

primary jet, upstream jet and PF. Therefore, these geometries are simply abbreviated as

F, F-R, F-AC, F-AC-ACu, F-R-AC, F-R-AC-ACu, F-PFu, F-R-PFu, F-R-AC-ACu-PFu

and F-R-AC-ACu-PFd. More specifically, F is the geometry in which only the crossflow

was turned on to characterise the background noise. In F, the outlet of all air curtains was

sealed to avoid possible cavity noise. In F-R, the tandem rods were situated inside within

the crossflow, in order to characterise the rods noise without any reduction technologies

used. F-AC and F-AC-ACu were conducted for characterising the flow regime and jet

noise of air curtain within the crossflow. Geometries F-R-AC and F-R-AC-ACu were

for evaluating the noise reduction of tandem rods using the single-jet and the dual-jet

geometries. Note that in this chapter a0 and b0 were achieved using the leeward edge

definition discussed above. Also note that in all geometries with dual jets in this chapter,

only one configuration of the jet speed was tested, which kept Uju same. The more

efficient configuration of the dual jets geometry introduced in the previous Chapter was

not tested. This is because the main objective of this Chapter is to investigate whether the

introduction of the perforated fairing can improve performance of the total noise reduction.

therefore, the improvement attained by the optimization of the dual jets geometry, i.e.

reducing the speed of both jets, is not discussed in this Chapter. Geometries that are

related to perforated fairings include F-PFu, F-R-PFu, F-R-AC-ACu-PFu and F-R-AC-

ACu-PFd. In F-PFu, only one piece of PF was placed inside the crossflow. This is mainly

to characterise its flow regime and noise production of the PF. Then the rods were placed

inside behind the fairing. The location was as same as that in the previous geometries. F-

R-AC-ACu-PFu and F-R-AC-ACu-PFd were conducted as two different geometries with

the combined use. In F-R-AC-ACu-PFu the fairing was placed upstream to the rods,

the position is as as same as those geometries mentioned before. While in F-R-AC-ACu-

PFp, the perforated fairing was placed downstream to the rods. Explanations and more

specifics on this geometry are introduced in the following sections.

In addition, the dimension of both wu and wp in this Chapter is 10mm. U∞, Uju and

Ujp were designed to be 50m/s, 50m/s and 40m/s. The real speed measured from the

micromanometer is reported in the following Table 6.1.
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Figure 6.1: Geometries of the tests

Table 6.1: Initial conditions of the tests

U∞ (m/s) Uju (m/s) Ujp (m/s)
F 50.12 \ \

F-R 50.23 \ \
F-AC 50.04 \ 49.52

F-AC-ACu 49.95 40.95 50.23
F-R-AC 50.04 \ 50.05

F-R-AC-ACu 49.87 40.16 50.23
F-PFu 50.15 \ \

F-R-PFu 50.23 \ \
F-R-AC-ACu-PFu 50.42 40.05 50.04
F-R-AC-ACu-PFd 50.23 40.05 50.04
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6.2 Optimal Position of the Rods

In Chapter 3, the position of the rods was optimised through the centreline of the jet based

on CFD simulations. In this chapter, the optimization is performed using the leeward

edge method described in Section 5.1.

As discussed in Section 5.1, the leeward edge of the primary jet can be fitted using

a second order polynomial. Therefore, the optimised position is attained by referring to

the leeward edge, which makes more sense than the jet centreline. To be more specific,

F-AC and F-AC-ACu were tested using PIV. Experimental data and the fitted shielding

curves are illustrated in Figure 6.2, along with the corresponding equations. Note that the

threshold to define the leeward edge is also 1/4 of the local maximum here. It is clearly

observed that the shielding curve is much higher in F-AC-ACu than in F-AC due to the

introduction of the upstream jet. As for a0 and b0, herein a0 is made to align with the

peak of the shielding curve in F-AC and b0 is equal to the height of the peak. Therefore,

it is found that (a0, b0) = (7.82wp, 1.62wp). In the meantime, at x = 7.82wp, the height of

the shielding curve in the dual jets geometry increases to 3.74wp, which is 2.12wp higher

than F-AC. Though x = 7.82wp is not shielding position of F-AC-ACu, the rods were

kept at x = 7.82wp in both F-R-AC and F-R-AC-ACu for comparison. Configuration

of the set-up remains to be as same as in Chapter 4, illustrated in Figure 4.3. The top

height of the rods was controlled to be lower than 1.62wp, which is 16mm.
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Figure 6.2: Shielding curve of F-AC and F-AC-ACu

It is worth noting that the optimised position of the rods is different from the one
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acquired in Chapter 4. First of all, in Chapter 4 the position optimization was refereed

to the jet centreline. In this Chapter, it is refereed to the leeward edge, which is more

reasonable. Secondly, the dimension used is different, i.e. 8mm for wu in Chapter 4 and

10mm for wu in this chapter. At last, these experiment sets in the two chapters were

carried out at different time stages. Though the flow has been designed to supply stable

conditions, those irresistible factors, e.g. the temperature difference between summer

and winter, can make a substantial influence on the measurement. Therefore, results in

Chapter 3 and Chapter 5 are not directly comparable.

6.3 Performance of Air Curtain

In this section, the acoustic performance of the air curtain was further evaluated through

the measurement using the array.

Figure 6.3 illustrates the averaged one third octave band spectra that are related to

the air curtain. As expected, both single and dual jets geometries can be of good use for

the flow induced noise reduction. In particular, the peak of SPL in F can be removed,

not to mention the obvious overall noise reduction. However, it is found that the SPL of

both geometries increase in the last three bands, which should be attributed to the jet

noise as discussed earlier. When it comes to the comparison between two geometries, the

difference in the low frequency range can be easily observed, which, as discussed before, is

mainly a result of the extra noise reduction achieved from the rods. In the last tree bands

where F-R-AC and F-R-AC-ACu are more noisy than F-R, it is found that the dual-jet

geometry makes slightly more noise than the single-jet.

Figure 6.5 and Figure 6.6 are the noise map attained through beamforming in the

frequency domain. In order to illustrate the performance that is related to the frequency,

the frequency of interest in the two figures is different, i.e. 7,000Hz and 14,000Hz respec-

tively. When the air curtain is on, to begin with, it is found that the rods are still the

main noise source at 7,000Hz in F-R-AC. However, at 14,000Hz the main noise source

becomes the air curtain slot. This is in agreement with what has been found in Chapter

3. Then in F-R-AC-ACu, it is observed that the sound pressure level of the rods were

further reduced when the dual jets were used. By contrast, the main noise source becomes
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Figure 6.3: One third octave band spectra related to the air curtains

the outlet of the upstream air curtain. Therefore, both spectral analysis and the noise

localization confirm the same conclusion that is acquired from Chapter 3. Namely, the

total jet noise emission cannot be reduced only by the introduction of the upstream jet.

This necessitates keeping the shielding curve approximately same by reducing both jets

speed, which has been discussed earlier in Chapter 4.
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Figure 6.4: Auto-spectra from different microphones in the array

In addition, the auto-spectra from Microphone No. 1 and No. 19 are illustrated in

Figure 6.4. As discussed before, the relative height of the two peaks can be found to

vary between two microphones due to directivity. They respectively correspond to the

vortex shedding behind the upstream rod and the downstream rod. After the air curtain

is introduced, in the low frequency range (f < 10, 000Hz) it is observed that the dual-jet

is quieter than the single-jet. By contrast, a reversed trend can be found in the high

frequency range. As such, the overall performance is in agreement with the one third
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octave band spectra.
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Figure 6.5: Noise map at 7,000Hz
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Figure 6.6: Noise map at 14,000Hz

6.4 Characteristics of PF

As introduced in Section 2.1.2.1, the introduction of PF can bring significant effects on

the flow field. Firstly, it can deflect the incoming flow to reduce the downstream flow

speed. Secondly, the incoming flow that passes through the holes can be broken up into

small vortices. Both of these features are believed to be beneficial for the noise reduction

of the landing gear. However, it is found that the characteristics of the flow field, which

dominates the noise reduction, are dependent on various factors, e.g. porosity, hole size,

etc. Therefore, the flow field of the PF is characterised in this section.
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Table 6.2: Specification of PF used in the test campaign

Parameter Value Comment
tp 1 Thickness of the fairing (mm)
dor 2 Diameter of the hole (mm)
por 3.5 Pitch between holes (mm)
φ 600 Distribution of the holes
σ 29.61% Porosity of the perforated material∗

To begin with, one sample of a generic PF was tested in this study, the specification

of which is reported in Table 6.2. Note that for a metal plate with circular holes and

triangular pitch, the porosity (σ) is calculated as: σ = d2or×90.69
por2

, where dor and Por are

the diameter of the hole and pitch between two holes.

First of all, acoustic measurements were carried out. The measurements were con-

ducted on the geometry of Figure 6.1 (g). The installation of the fairing is described in

Figure 6.12 (a). Note that in this test all air curtain slots were sealed to avoid cavity

noise. The position and the height of PF are as same as those in Figure 6.1 (h) and (i).

To be more specific, the position of the PF was controlled to be 1mm upstream to the

upstream rod. The height of the PF was made to be 1mm higher than the top of the rods.

By contrast, in Figure 6.1 (j) PF was situated downstream to the rear rod to impair the

recirculation flow coming from downstream, in which PF was set to be 1mm far from the

rods and 1mm higher than the top of the rods. More specifics of F-R-AC-ACu-PFd are

discussed in the next section.

Figure 6.7 shows the noise map of PF at different frequencies, acquired using frequency

domain beamforming. It is clearly shown that a substantial self-noise can be made by

the fairing at different frequencies. To be more specific, Figure 6.8 is the one third octave

band spectra for F, F-R, F-R-PF and F-PF. When comparing F-PF with F, it is found

that the SPL gets much higher in the frequency range that is over 5,000Hz. But it is as

quiet as the background noise when the frequency is lower than 5,000Hz. Also, it can be

observed that despite that the fairing can make self-noise, it is still much quieter than

the rods. In particular, in the frequency range of f ≤ 5, 000, the SPL of F-PF is equal

to the background. However, the SPL of the F-R can be up to around 10dB higher than

F. In the frequency range of 5, 000Hz < f ≤ 10, 000Hz, the self-noise of the PF begins

to increase but still less than the rods. In the high frequency range over 10, 000Hz, the
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(a) 6,000Hz (b) 10,000Hz (c) 14,000Hz

Figure 6.7: Noise map of PF at different frequencies

self-noise of the PF becomes worse than the rods.
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Figure 6.8: One third octave band spectra related to PF

The noise reduction of the rods using PF was also conducted. As introduced earlier,

the fairing was installed upstream to the rods, shown in Figure 6.12 (b). From the one

third octave band spectra in Figure 6.8, it can be observed that the installation of the

fairing well reduces the rods noise. For example, the peak of F-R at 2,000Hz does not exist

any more in F-R-PF. To be more specific, it was reduced to the level of the background

noise with the fairing. However, in the frequency range of f ≥ 5, 000, SPL of the F-R-PF

is found to be higher than without PF. In the meanwhile, it is roughly equal to F-PF. As

such, there is no doubt that in this frequency range the self-noise from PF is the dominant

source and the rods almost make no noise in this frequency range.
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The auto-spectra from microphone No. 1 and No. 19 are used to illustrate more

characterises of the noise source as well as directivity. In terms of directivity, not much

difference can be detected between the spectra of F-PF and F-R-PF achieved from these

two microphones. Therefore, it is suggested that the self-noise of PF can affect both

upstream and downstream acoustic fields. In addition, these auto-spectra are in agreement

with the one third octave band. To me more specific, when comparing F-PF with F, almost

no SPL increase can be detected in the low frequency range. SPL of F-PF exceeds F when

f > 2, 500Hz, and the highest difference is over 10dB, occurring at f = 1, 4160Hz. In

F-R-PF, the rods cause extra noise emission when compared to F-R, especially in the

range of 2, 350Hz < f < 7, 650Hz. But those tones generated from the rods in F-R, no

more exist in F-R-PF and can be reduced to the background noise level. In addition, a

slight SPL increase in the frequency range of 10, 000Hz < f < 16, 000Hz can be detected

due to the rods. It is known that PF dominates over other noise sources in this frequency

range in F-PF. Total noise emission of the rods increased here, which can be possibly

attributed to the air blowing through the holes.
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Figure 6.9: Auto-spectra from different microphones in the array related to PF

As such, it is validated that PF can produce substantial self-noise. In order to in-

vestigate the mechanism of the noise generation from the fluid mechanics point of view,

hot-wire measurements were conducted. In particular, influence from the fairing on the

mean velocity and the turbulence intensity of the crossflow was measured, both of which

correlates with the noise reduction of the rods and the fairing self-noise generation. Hot-

wire traverse was used to control the sampling position, the set-up is shown in Figure 3.8.

The measurement plane was parallel to the fairing and 4mm downstream. In the mea-
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surement plane, a grid was used to scheme the sampling positions. As shown in Figure

6.10, there are 13 columns of sampling points inside the grid, between each the distance is

5mm. In each column the vertical spacing between two sampling points starts from 1mm

at the bottom and then alters to 2mm when the height is over the plate. This distribution

allows a more refined measurement of the flow downstream to the fairing. This grid was

used to characterise the PF wake.
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Figure 6.10: Test grid

Figure 6.11 is the results of the measurement, including normalised velocity profile and

the turbulence intensity. As the normalised time-mean velocity profile shows in Figure

6.11(a), the speed of flow downstream to the PF, i.e. wake flow is significantly reduced.

This to a large extent explains why the PF can reduce the rods noise. The upper edge

separates the two regions that are shielded and not shielded by the PF. The rods placed

downstream to the fairing are located at the reduced flow speed region of the fairing. The

turbulence intensity displayed in Figure 6.11(b) illustrates that turbulence intensity peaks

around the upper edge of fairing. Therefore, since the turbulence level is highly correlated

to the aerodynamic noise level, it is reasonable to conclude that the fairing self-noise in

this case is mainly as a result of edge effects (vortex shedding at edges).

In this section, measurements were carried out to characterise the PF. From the acous-

tic measurement, it is observed that despite the noise reduction of the rods that can be

achieved, using PF can induce self-noise, which mainly concentrates in the high frequency

range. Moreover, the aerodynamic measurements carried out by the hot-wire reveal that
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Figure 6.11: Results of the wake flow measurement of PF

the self-noise is mainly from the edge-blowing. As such, the combined use of the air

curtain and the PF is proposed, which will be discussed in the following section.

6.5 Combined Use with PF

As discussed earlier, the use of air curtain can significantly reduce the rods noise, especially

the dual jets geometry. However, it is observed that the recirculation introduced by the

primary air curtain can result in a local high speed area below the jet, making the rods one

of the main noise sources in some frequency range. Also, it is found that the perforated

fairing can generate substantial self-noise, which is mainly from the edge blowing of PF

by the crossflow. Therefore, a hypothesis is made here that the combined use of the dual

air curtains and the PF can improve the noise reduction using one technology alone. This

section aims to conduct the discussion on this hypothesis based on experiment.
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As shown earlier, there are two geometries of the combined use that were tested in this

section, i.e. Figure 6.1 (i) and (j). When the air curtain works, it has been found that

the existence of the recirculation can induce flow blowing to the rods from downstream.

Therefore, the geometry with the fairing added behind the rods was also tested. The

set-up is shown in Figure 6.12 (c) and (d).

As discussed in the last, the edge noise of PF is the key problem that affects the

application of fairing. Therefore, in the combined geometries, the perforated fairing should

be lower than the shielding curve of the primary jet.

(a) F-PFu (b) F-R-PFu

(c) F-R-AC-ACu-PFu (d) F-R-AC-ACu-PFd

Figure 6.12: Test set-up

Figure 6.13 shows the comparison of the acoustic performance among the correspond-

ing cases. In the low frequency range less than 5,000Hz, both configurations with PF,

regardless of the set-up, possess lower SPL than F-R-AC-ACu. This noise reduction is up

to 3 dB for F-R-AC-ACu-PFu and 3.5 dB for F-R-AC-ACu-PFd, which confirms that the

introduction of PF can further reduce flow-induced noise of the rods. Moreover, in this

range, it is found that the reduction achieved as a result of applying PF downstream to

the rods exceeds that of the upstream fairing. Therefore, it is concluded that the recircu-
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lation is a major factor that affects the subsequent noise emission of the rods. As such,

situating the perforated fairing downstream to the rods appears to be more reasonable

and beneficial than upstream.
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Figure 6.13: One third octave band spectra related to the combined use of air curtains
and perforated fairings

One more set of tests were performed to compare the self-noise of the along use of

the single-jet, dual-jet and PF. The comparison is illustrated through one-third octave

band spectra illustrated in Figure 6.14, which consists of F, F-R, F-AC, F-AC-ACu and

F-PFu. It is obvious that among these geometries, F-R is the noisiest in the frequency

range below 10,000Hz. By contrast, in the range over 10,000Hz, its SPL shows to be

completely higher than F-PFu, which has been discussed in the last section, and lower

than the dual jets only in one band. However, the single jet is still quieter than F-R.

Among those self-noise sources, to begin with it is found that they are almost as quiet

as the background noise in the low frequency range that is below 4,000Hz. When the

frequency increases, the fairing possesses the strongest self-noise, followed by the dual

jets and then the single jet. There are one distinct point that is worth noting, which is

at 5,000Hz. At 5,000Hz, PF is noisier than the dual jets but quieter than the single jet.

This can be attributed to the introduction of the upstream jet. Therefore, the increase of

SPL in other frequencies necessitates the configuration of reducing the primary jet speed,

which has been discussed in the Chapter 5

165



Combined Use with Perforated Fairings 6.6. DISCUSSIONS

0 0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8 2
Frequency(Hz) ×104

70

75

80

85

90

95

100

SP
L

(d
B

)

F
F-R
F-AC
F-AC-ACu
F-PF

u

Figure 6.14: One third octave band spectra related to the self-noise of the combined
use of air curtains and perforated fairings

6.6 Discussions

This Chapter mainly discussed the possibility of combined use of dual jet air curtains

with the perforated fairing. The acoustic performance of the combined configuration with

perforated fairing downstream to the rods produced the best result, and was undoubtedly

concluded as the best geometry. However, from a realistic and practical implementation

perspective, i.e. towards landing gear noise reduction, it is recommended to simply adopt

the dual-jet blowing configuration only. This is due to the fact that the additional noise

reduction achieved by the introduction of the perforated fairing, when compared to the

dual-jet geometry, was minor. Also, the introduction of the fairing can impede the visual

inspection, maintenance and proper brake cooling of the landing gear section, not to men-

tion the added structural weight and complexity. Moreover, there exists more potential

for noise reduction using the dual-jet configuration by reducing speeds for both jets to

achieve the same shielding height. As such, it is recommended to apply the dual-jet air

curtain geometry for the reduction of landing gear noise.
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7.1 Summary and Conclusions

In this study, a novel geometry with dual air curtains (or planar jets) was proposed and

validated to reduce landing gear noise. Previous studies have shown that the single air

curtain can be of good use for the flow induced noise reduction. It is designed to be

situated upstream to the bluff body, as a generic flow-induced noise source, to deflect the

incoming crossflow. As such, the local flow speed that impinges the bluff body can be

reduced and so can the aerodynamic noise. However, the self-noise generated from the

air curtain itself, as a new subsequent noise source, remains a limiting factor that affects

the performance of this technology, which can impede the implementation. Therefore, an

extra jet was introduced upstream to the primary jet in the dual air curtains geometry.

This novel geometry is based on the hypothesis that the introduction of the upstream jet

can enhance the noise reduction achieved using the single jet through suppression of the

jet self-noise. To be more specific, the upstream jet, which mainly possesses less speed,

can impair interaction between the crossflow and the primary jet to attain less self-noise

emission. Despite extra noise emission, the upstream jet is expected to reduce the total

noise emission. In the validation process, it was found that an improved configuration of

the dual jets can achieve lower noise emission. In particular, the speed of both jets can

be managed to be lower than the single jet instead of maintaining the primary jet speed,

while achieving the same shielding to the bluff body.

First of all, this thesis begins with an introduction to the background in Chapter

1. The introduction discussed why the aircraft noise is a serious issue and it pointed

out the large contribution of the landing gear noise to the total aircraft noise. Also, in

this chapter those technologies with high technology readiness level for the landing gear

noise reduction were mentioned. More importantly, the necessity of the new technologies

proposal was discussed.

Chapter 2 is the literature review. The first section concentrates on a systematic

review on the technologies of the landing gear noise reduction, including the air curtain.

In the review, there are (perforated) fairings, wheel hub caps, hole covering, mesh, plasma

actuator and blowing flow control in the first section. Mechanisms of the noise reduction

using these technologies were discussed. To be more specific, influences of each one on the
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flow field of the landing gear (or bluff body) and accordingly on its acoustic performance

were reviewed in detail. Comments and evaluations on these technologies were given.

Then previous studies on the air curtain application were introduced. It reviewed the

experimental work carried out in the NLR wind tunnel, which used one single planar jet

to shelter the bluff body. It was validated in this study that one single air curtain can be of

great use for the flow-induced noise reduction. Moreover, results in this study also revealed

that jet self-noise of the air curtain can be a limiting factor that affects the performance of

this technology. The second section of this chapter aims to provide a review of studies on

the fluid mechanics and aeroacoustics of the jet, including the single jet and the tandem

jets, in quiescent flow or in crossflow. The review was conducted because the air curtain,

regardless of the jet number, can be simplified as the flow regime of a jet in crossflow. In

the first part of this section, the jet in quiescent flow was discussed. An introduction to

the fundamental concepts of the jet study was given, including the development of jet,

jet half width, entrainment, etc. Also, the theory of the tandem jets and acoustics of the

turbulent jet were also involved. The second part mainly focuses on the jet in crossflow. It

begins with the development of the jet in crossflow, including MDNF and MDFF regions,

and some basic concepts such as the momentum length scale. Then studies on the jet

trajectory and edges were reported. In particular, the natural system that was frequently

used and the best theoretical model of the planar jet trajectory to date were described.

Entrainment and recirculation, which underlie the deflection of the jet, were characterised

along with some interesting vortex structure induced by them. Tandem jets in crossflow

were also discussed, characteristics of the flow regime possesses similarities to the single

jet but more complicated. In addition, information on the acoustics of the jet in the

crossflow was also provided despite being limited in scope.

Chapter 3 describes the experimental rig and instrumentation utilised in this study.

The rig used in the lab consists of a low speed open-jet wind tunnel, planar jet gener-

ator and test platform. The aerodynamic measurements were carried out using differ-

ent techniques, namely hot-wire anemometry, PIV and flow visualization. All acoustic

measurements were conducted through the microphone array. The data were respec-

tively processed with a few algorithms for different purposes, such as spectra analysis and

beamforming. In addition, the test conditions, i.e. characteristics of the crossflow and
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background noise were addressed.

In the following three chapters, results and conclusions of this comprehensive study

were reported. Chapter 4 is the core of this thesis, which is a validation of the dual jets.

More specifically, tandem rods were used as the test object being a generic bluff body

noise source. Then six different geometries were tested, including the single jet air curtain

and dual jets for comparison. Note that in the dual jets geometries, two configurations

were tested with different jet speed pairs. Prior to the acoustic measurements, it was

found through flow visualization that the best theatrical model to date is not able to

predict the jet pattern as accurately as needed. Therefore, a series of CFD simulations

were conducted in order to optimise the use of the air curtain application. The simulation

model was validated with PIV experiment. Based on simulation results, a new approach

for the shielding optimization was proposed and applied. Accordingly, the position of

the rods was found for the single jet, and it is worth noting that this position was used

in all tests with the rods for the purpose of comparison. The acoustic measurements

began with the single jet. It was revealed that the air curtain can be a subsequent main

noise source, which was in agreement with previous studies. Moreover, the rods were also

found to still produce noise in a different frequency range, which can be attributed to

the recirculation induced by the air curtain. In addition, how-wire measurements were

carried out in the centre flow between two rods and the wake flow downstream to the

rear rod. The results fundamentally explained why the air curtain can reduce noise. The

second half of this Chapter focused on the dual jets. First of all, the shielding height

increase in the dual jets was described based on the primary jet trajectory. As such, in

addition to the initial configuration of dual jets, which maintains the primary jet speed,

a new configuration was also tested. As mentioned earlier, the new configuration keeps

the shielding approximately same when compared to the corresponding single jet case, by

reducing the primary jet speed. The measurement data of both configurations revealed

that the dual jets geometry can further enhance the reduction of the rods noise emission.

In terms of the jet self-noise, the second configuration is much quieter, even than the

single jet geometry. By contrast, total jet self-noise the original configuration in dual jets

is noisier than the single jet geometry.

Chapter 5 carried out investigations on the flow regime of dual jets in crossflow. First
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of all, a novel method to define the leeward edge of the jet, also referred to the shielding

curve, was described. The method aims to avoid the complexity of the natural system

definition prior to the edge, and directly works on defining the leeward edge, which is the

most important reference to the bluff body position in noise reduction. Based on PIV

experiment, the method was tested to be useful for the primary jet in both single jet

and dual jets geometries. Moreover, it was found that a second order polynomial can be

used to fit the leeward edge. In the flowing sections of the chapter, investigations were

carried out based on the CFD simulations. To begin with, the recirculation structures

were investigated in this chapter, including those upstream and downstream zones to

the primary jet. In the ∆ zone upstream to the primary jet, which is the zone between

two jets, two recirculation structures were observed. Variation of these two structures

with the jet speed were characterised. The main recirculation that is downstream to the

primary jet was also discussed. Furthermore, the influence from the recirculation on the

velocity contour was analysed. At last part of the chapter, the development of the two

tandem jets was characterised using streamwise profiles. To be more specific, likewise

to in quiescent flow, the converging region, merging region and combined region were

defined. In addition, the turbulence properties in the flow field were also investigated.

Chapter 6 provides a comparative study on the possibility of the combined use of

dual jets with other technologies. The perforated fairing was the example in this study.

Likewise, the rods position was optimised using the leeward edge definition described

above. Then different geometries were tested, including the use of the dual jets air cur-

tain, the use of the perforated fairings and the combined use. For the combined use,

two geometries were compared: one with the fairings upstream to the rods and the other

downstream. The downstream one was proposed to shield the recirculation flow coming

from the downstream of the rods. Acoustic performance of each geometry was evaluated

based on measurement. In particular, the self-noise of the perforated fairing was charac-

terised using the microphone array and the wake flow downstream using hot-wire. Despite

the reduction of the rods noise, it was observed that the vortex shedding of the fairing

edge can induce significant noise in the high frequency range. When the dual jets were

introduced in the combined geometry, more noise reduction was achieved, especially when

the fairing was situated downstream of the rods. However, despite this slight improvement
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in noise reduction, the geometry with only dual air curtains is still recommended from an

implementation point of view.

7.2 Future Work

Work in this study is not the end of the research on the air curtain technology. On the

contrary, more work is needed due to the low technology readiness level of the dual air

curtains for the landing gear noise reduction. Therefore, future work is expected to be

but not limited to:

• Air curtain nozzle shape optimization. Previous studies confirmed that shape of

the jet nozzle is directly related to the jet noise emission. Therefore, more jet noise

suppression can be achieved through using an optimised nozzle shape.

• Shielding increase quantification. It is concluded that shielding from the air curtain

to the bluff body dominates performance of the noise reduction and introduction of

the upstream jet can increase shielding of the primary jet. In order to ultimately

design the dual jet rig for landing gear, a quantification of the shielding increase is

needed, which is foreseen to be of benefit in the implementation.

• Jet noise in crossflow. To date, little information can be found on the jet noise in

crossflow except that it is higher than the jet in the quiescent flow. As such, a more

complete characterization of this aeroacoustic sources is required.
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Octave bands and One-Third Octave
Bands
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Octave bands and One-Third Octave Bands

Table A.1: Range of the Octave bands and One-Third Octave Bands

Octave Bands 1/3 Octave bands
Lower Limit

(Hz)
Centre
(Hz)

Upper Limit
(Hz)

Lower Limit
(Hz)

Centre
(Hz)

Upper Limit
(Hz)

11 16 22
14.1 16 17.8
17.8 20 22.4
22.4 25 28.2

22 31.5 44
28.2 31.5 35.5
35.5 40 44.7
44.7 50 56.2

44 63 88
56.2 63 70.8
70.8 80 89.1
89.1 100 112

88 125 177
112 125 141
141 160 178
178 200 224

177 250 355
224 250 282
282 315 355
355 400 447

355 500 710
447 500 562
562 630 708
708 800 891

710 1,000 1,420
891 1,000 1,122

1,122 1,250 1,413
1,413 1,600 1,778

1,420 2,000 2,840
1,778 2,000 2,239
2,239 2,500 2,818
2,818 3,150 3,548

2,840 4,000 5,680
3,548 4,000 4,467
4,467 5,000 5,623
5,623 6,300 7,079

5,680 8,000 11,360
7,079 8,000 8,913
8,913 10,000 11,220
11,220 12,500 14,130

11,360 16,000 22,720
14,130 16,000 17,780
17,780 20,000 22,390

174



Bibliography

[1] U. Rosenhall, K. Pedersen, and A. Svanborg, “Presbycusis and Noise-Induced

Hearing Loss,” Ear and Hearing, vol. 11, no. 4, pp. 257–263, 1990. doi:

10.1097/00003446-199008000-00002

[2] K. D. Kryter, The Handbook of Hearing and the Effects of Noise: Physiology, Psy-

chology, and Public Health, 1994, Academic Press.

[3] P. W. Alberti, “Noise Induced Hearing Loss,” BMJ: British Medical Journal, vol.

304, no. 6826, p. 522, 1992. doi: 10.1136/bmj.304.6826.522

[4] E. Directive, “Directive 2002/49/EC of the European Parliament and of the Coun-

cil relating to the Assessment and Management of Environmental Noise,” Official

Journal of the European Communities, vol. 189, no. 12, pp. 12–26, June, 2002.

[5] R. Astley, A. Agarwal, P. Joseph, R. Self, M. Smith, R. Sugimoto, and B. Tester,

“Predicting and Reducing Aircraft Noise,” in 14th International Congress on Sound

and Vibration, Cairns, Australia, 09-12 July 2007, p. 34.

[6] M. J. T. Smith, Aircraft Noise, 1989, Cambridge University Press.
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A. Lina, J. Lumsden, and D. Ranque, “European Aeronautics: A vision for 2020,”

The European Commission, Tech. Rep., January 2001.

[8] Y. Li, X. Wang, and D. Zhang, “Control Strategies for Aircraft Airframe Noise

Reduction,” Chinese Journal of Aeronautics, vol. 26, no. 2, pp. 249–260, 2013. doi:

10.1016/j.cja.2013.02.001

175



BIBLIOGRAPHY BIBLIOGRAPHY

[9] W. Dobrzynski, “Almost 40 Years of Airframe Noise Research: What Did

We Achieve?” Journal of Aircraft, vol. 47, no. 2, pp. 353–367, 2010. doi:

10.2514/1.44457

[10] L. Leylekian, M. Lebrun, and P. Lempereur, “An Overview of Aircraft Noise Re-

duction Technologies,” Tech. Rep. 6, 2014, aerospaceLab.

[11] D. G. Crighton, “Airframe Noise,” in Aeroacoustics of Flight Vehicles: Theory and

Practice. Volume 1: Noise Sources, vol. 1, 1991, pp. 391–447.

[12] J.-F. Piet, N. Molin, and C. Sandu, “Aircraft Landing Gear Provided with at Least

One Noise Reducing Means,” May 2012, US Patent US20100108805 A1.

[13] N. Molin, J.-F. Piet, L. C. Chow, M. Smith, W. Dobrzynski, and C. Seror, “Pre-

diction of Low Noise Aircraft Landing Gears and Comparison with Test Results

(AIAA 2006-2623),” in 12th AIAA/CEAS Aeroacoustics Conference, Cambridge,

Massachusetts, 2006. doi: 10.2514/6.2006-2623
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