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Abstract 

 

There is an increasing interest in studying supersonic jet noise due to the immense 

noise level and poor understanding of the generation mechanisms.  In many earlier 

studies, some nonuniform nozzle geometries were proposed to attain noise reductions 

in supersonic jets.  However, the effectiveness and efficiency of noise reduction vary 

with the nozzle geometries and the fundamental mechanisms responsible for noise 

reduction are still unclear due to limitations of experimental measurement techniques 

for supersonic jet flows.  Thus the present effort aims to study the noise radiated from 

different nonuniform nozzles to provide an experimental database for detailed 

characterizations.  An equally important goal is to study acoustic properties in the 

near-field region to better understand the effect of nozzle exits on the generation of 

different noise components.  In the present study, six lip-modified nozzles were 

designed and their detailed acoustic fields are compared to that of the circular baseline 

nozzle.   

 

Two different stepped nozzles were firstly tested at over- and perfectly- expanded 

conditions.  The far-field noise spectrum analyses show that the stepped exits play an 

insignificant role in altering noise emissions at perfectly-expanded condition.  At 

over-expanded condition, however, the longer stepped nozzle produces significant 

noise reductions at the sideline and upstream quadrants, while the shorter stepped 

nozzle does not.  To explore the physics responsible for the observed noise reduction, 

detailed near-field acoustic measurements were conducted to locate the sources of 

different noise components.  The location, extent and intensity of large-scale 



 

 

ix 

 

turbulent noise are slightly modified by stepped nozzles at different azimuthal angles.  

More importantly, no prominent behaviour of broadband shock noise appears to exist 

in the near-field of the longer stepped nozzle.  Subsequently, cross-correlation 

technique was employed to study the effects of nozzle geometry on the spatial 

structure of acoustic field.  Baseline and stepped nozzles lead to large coherence noise 

sources at far downstream regions and the noise coherence region appears to be 

enlarged by the stepped nozzles, especially for the longer stepped nozzle.  

 

An experimental investigation for the stepped nozzles was also conducted at under-

expanded conditions. When compared to the circular baseline nozzle, far-field 

acoustic measurements show that stepped nozzles lead to significant noise reductions 

at certain polar and azimuthal angles.  Detailed spectral analysis shows that the noise 

reduction is mainly due to reduction in broadband shock associated noise and 

elimination of jet screech phenomenon.  Subsequently, qualitative schlieren 

technique was employed to visualize the resulting shock structures and the results 

show that shock cell structures within the jets are asymmetrically modified by stepped 

nozzles.  Quantitative schlieren measurements were performed to correlate the shock 

structures and density gradient fields with the resulting noise components.  The 

results also show that the reduction in broadband shock associated noise is related to 

the lower shock strengths, as demonstrated by the density gradient profiles.  

 

Additionally, acoustic fields of bevelled, double-bevelled and stepped nozzles were 

compared using detailed far-field acoustic measurements at different jet expansion 

conditions.  At perfectly-expanded condition, the lip-modified nozzles lead 



 

 

x 

 

insignificant effect on noise emission, while they generate prominent noise reduction 

at forward quadrant for imperfectly expanded jets.  Particually, the S60 nozzle 

produces the highest noise reduction of 5.5dB and 6dB at conditions of NPR=2.8 and 

4, respectively.  At under-expanded condition of NPR=5, the B60 is the optimal 

nozzle configuration where it generates the maximum noise reduction of 9dB at ϕ=90° 

and θ=180°.  It should be mentioned that the studied nozzles occasionally generate 

noise tradeoff at shallow polar angles, i.e. ϕ≤50°, where they produce comparable or 

slightly higher noise level to the baseline nozzle.  

 

Finally, the effects of nozzle trailing shape on screech radiation are also investigated 

through acoustic measurements at an under-expanded condition of NPR=5.  Bevelled 

nozzles eliminate jet screech by producing asymmetric shock structures which results 

in instability waves within the jet column, as well as mismatches in phase and 

amplitude.  Additionally, double-bevelled nozzles produce symmetric shock 

structures and amplified screech intensity, even when jet-mixing effects have been 

significantly enhanced.  To study the screech dynamics, wavelet transform was 

employed to analyze the near-field microphone signals.  Jet screech and harmonics 

of different nozzles are highly unsteady and undergo non-periodic and stochastic 

temporal variations.  Subsequently, near-field acoustic measurements were 

conducted to locate the screech sources.  Double-bevelled nozzles have significant 

impact upon screech intensity levels and peak noise locations, as well as conferring 

different changes along different measurement planes.   
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Chapter 1 Introduction 

1.1 Background  

Supersonic jets have been studied over the past few decades through numerous 

experimental, numerical and theoretical means, primarily due to their direct relevance 

in propulsion techniques, jet engine noise control and others, just to name a few.   

Unlike low-speed subsonic jets where compressibility effects are negligible, 

supersonic jets typically produce a multitude of unique flow structures and behaviour 

that interact mutually.  In particular, researchers will have to be mindful of shock 

diamond structure formations, compressible shear layer effects, interactions between 

the large- and small-scale structures, as well as turbulent flow mixing, among others.  

Hence, there remain significant areas of exploration in terms of elucidating 

supersonic jet flow behaviour and one particular area of interest for the present study 

is jet noise generation, propagation and mitigation. 

 

It is well-accepted that supersonic jet noise can be grouped into two main 

components- turbulence mixing noise and shock associated noise [1].  The former is 

produced by the mixing effect of turbulent structures within the shear layer, which 

can be further divided into fine- and large- scale turbulent mixing noise.  Shock 

associated noise is generated by the complicated interactions between large-scale 

turbulent structures and shock systems, which can be further subdivided into screech 

and broadband shock associated noise (BSAN) as they are related to different flow 

mechanisms with respective different acoustic features presented.  Though significant 

progress has been made on understanding supersonic jet noise in recent years, the 
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fundamental mechanism of the noise generation is still not well understood, 

especially for non-conventional nozzle geometries.  Direct correlations between noise 

generation and the interactions of flow structures remain scarce due to the difficulty 

in supersonic flow measurements.  Some researchers tried to use numerical 

simulation based on Reynolds-Averaged Navier-Stokes (RANS) or Large Eddy 

Simulation (LES) to study the mechanics of supersonic jet noise.  While continuous 

progresses had been made in the past decades, simulation accuracy remains a problem, 

especially in the prediction of noise generation and propagation. 

 

Interestingly, past studies on passive noise control have suggested that mitigation of 

supersonic jet noise can be achieved by controlling the generation and propagation of 

turbulent structures and shock cells present in the supersonic jets.  One promising 

approach lies in the use of asymmetric nozzle geometries to control the flow 

structures.  Asymmetric nozzle exits can plausibly enhance mixing effects within the 

jet shear layer to decrease the convective velocity of large-scale turbulent structures 

and reduce the strength and length of quasi-periodic shock cells in it.  This provides 

the primary motivation for the present work – will and how such nozzle geometries 

mitigate the usual screech tone and broadband associated noise produced by 

supersonic jets? 

 

1.2 Objectives  

In the current thesis, a fundamental scientific study of supersonic jet noise and how 

different nozzle geometries achieve noise reductions was conducted.  Detailed 
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experiments were carried out in both flow and acoustic fields in order to find out more 

upon the physics of supersonic jet and the mechanism underpinning noise reduction.  

 

1.3 Outline of the thesis 

This thesis will be organized into eight chapters:  

- Chapter 1 provides an introduction  of the problem statement, objectives and 

the layout of the thesis; 

- Chapter 2 presents an extensive literature review on supersonic jet flow, 

noise sources of the supersonic jets, microphone distance for far-field 

measurements, model scale effect and noise reduction mechanism; 

- Chapter 3 describes experimental setups and measurement procedures 

together with the measured jet operating conditions; 

- Chapter 4 presents the experimental results of stepped nozzles at two under-

expanded conditions.  Detailed far-field acoustic measurements have been 

conducted to investigate the acoustic characteristics of stepped nozzles.  

Subsequently, both qualitative and quantitative schlieren techniques were 

employed to investigate the flow fields of different jets for a better 

understanding of the physical mechanism associated with noise reduction.  

- Chapter 5 discusses the experimental results of stepped nozzles at over- and 

perfectly expanded conditions.  Beside investigating far-field acoustic 

characteristics of stepped nozzles, detailed near-field measurements have 

been conducted for studying how nozzle geometry affects the generation of 

different noise components.  Additionally, microphone signals were analysed 
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through cross-correlation and coherence function to study the effects of 

nozzle steps on the spatial structure of near-field acoustic field.   

- Chapter 6 presents the investigations on reducing supersonic jet noise by 

bevelled and double-bevelled nozzles.  Extensive far-field acoustic 

measurements were conducted for bevelled and double-bevelled nozzles at 

different expanded conditions to characterize the noise radiations.  

Subsequently, near-field acoustic measurements were conducted for a better 

understanding of the effects of bevelled and double-bevelled nozzles on the 

radiations of different noise components; 

- Chapter 7 presents the investigations on screech radiated from nonuniform 

nozzles at an under-expanded condition.  Detailed near- and far-field acoustic 

measurements have been conducted for bevelled and double-bevelled nozzles 

to study the effect of nozzle exit shape on screech and harmonic generations.  

Meanwhile, schlieren and Pitot tube measurements have been conducted to 

study the resulting flow fields of the jets for exploring the relationship 

between the mixing effect enhancement and the screech generation;  

- Chapter 8 presents a summary of the conclusions and the recommendations 

for future works.  
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Chapter 2 Literature Review 

2.1 Background of supersonic jet 

Before going into the details of supersonic jet noise, some background of supersonic 

jet and some important parameters will be introduced in this section.  To generate a 

supersonic jet, a convergent-divergent (C-D) section is used to accelerate the flow 

from subsonic to supersonic.  The subsonic flow will accelerate in convergent section 

to achieve sonic condition at throat location.  Then after downstream of the throat, 

the sonic flow will further accelerate in divergent section and reach an appropriate 

Mach number at nozzle exit (Me).  The cross-section of a traditional C-D nozzle is 

shown in Figure 2-1.  Diameter of the nozzle exit is denoted as D.  Nozzle-pressure-

ratio (NPR) is defined as the ratio between stagnation pressure (Pt) of the reservoir to 

the ambient pressure (Pꝏ).  This parameter is used to define jet flow condition.  Jet 

Mach number (Mj) can be calculated from the following isentropic equation [Eq. (1)] 

by assuming the jet is fully developed:   

 

𝑁𝑃𝑅 =
𝑃𝑡
𝑃∞
= [1 +

(𝛾 − 1)

2
𝑀𝑗

2]

𝛾
𝛾−1⁄

 (1) 

where γ represents the specific heat ratio of the studied gas (γ =1.4 for air).  

 

When NPR equals to the design value (NPRd), the jet is operating under perfectly-

expanded condition, which is free of any significant shock cells.  When a jet operates  
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Figure 2-1 Cross-section of a traditional circular C-D nozzle.  

 

at off-design conditions, many shock cells will be produced in the jet column due to 

pressure recovery.  If NPR is greater or lesser than NPRd, it is known as under-

expanded condition or over-expanded condition respectively.  Three different 

features of schlieren images under various running conditions, i.e. NPR=2.8, 3.4 and 

5, are shown in Figure 2-2(a)-(c).  When a jet operates at off-design conditions, the 

average jet diameter (Dj) deviates from the nozzle exit diameter because of the 

discrepancy between the pressure in the jet and the atmosphere pressure.  The 

following isentropic formula [Eq. (2)] is used to evaluate the average jet diameter Dj 

near the nozzle before the jet grows strongly divergent by assuming the jet is fully 

expanded:  

 

𝐷𝑗

𝐷
= [
1 +

𝛾 − 1
2 𝑀𝑗

2

1 +
𝛾 − 1
2 𝑀𝑑

2
]

𝛾+1
4(𝛾−1)

(
𝑀𝑑
𝑀𝑗
)
1
2 (2) 

 

Since cross-comparisons with other scale acoustic measurements are very important, 

frequency is usually non-dimensionalized as Strouhal number.  The Strouhal 
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a)    NPR=2.8  

b)    NPR=3.4 

c)     NPR=5 

 

Figure 2-2 Schlieren visualization of a NPRd=3.4 C-D nozzle under (a) over-

expanded condition, (b) perfectly-expanded condition, (c) under-expanded condition 

[2]. 

 

number (St) is defined in Eq. (3) where frequency ( f ) is non-dimensionalized by 

flow characteristic frequency ( fc ): 

 𝑆𝑡 =
𝑓

𝑓𝑐
   (3) 

where 𝑓c =
𝑈𝑗

𝐷𝑗
 and Uj is the jet velocity calculated from Mach number Mj. 

 

A brief summary of supersonic jet noise sources will be introduced in the next section. 

Some other important parameters will be introduced when they initially appear. 
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2.2 Noise components 

It is widely accepted that there are two main supersonic jet noise components - mixing 

noise and shock associated noise.  The mixing noise can be divided into fine-scale 

and large-scale turbulent noise components while the shock associated noise can be 

subdivided into screech and broad-band shock associated noise.  The frequency and 

intensity of shock associated noise, which arises only when shock cells appear in the 

jet column, have important relationships with shock cell length and strength.  

Additionally, different components will contribute to the dominant noise level at 

different far-field locations.  The following sections will elaborate on the details of 

supersonic jet noise sources.  

 

2.2.1 Mixing noise 

Mixing noise is induced by interactions between different turbulent flow structures. 

It is one of supersonic jet noise components where its frequencies cover a broad range.  

The noise is dominant at downstream locations with an arc angle of less than 90°, if 

the downstream axis is taken as a reference.  This is also the only noise component 

for subsonic and perfectly-expanded jets.  The theory of aerodynamic noise was 

firstly developed by Lighthill [3].  The theory was derived from mass and momentum 

conservation equations, with respect to the mixing noise produced by equivalent 

quadrupoles.  However, Tam et al. [4] found that this theory may not always lead to 

the accurate predictions of the actual noise spectra, and hence they further proposed 

that the turbulent mixing noise should be divided into fine- and large- scale turbulent 

noise respectively.  
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Large-scale turbulent noise is dominant in the downstream region and responsible for 

the peak levels in noise emissions.  When the convective velocity of the turbulent 

structures is supersonic, Mach waves will be generated.  Mach waves have distinctive 

propagation angles that are related to their convective Mach numbers.  The radiated 

angle, μ, is defined as:  

 
𝜇 = 𝑠𝑖𝑛−1(

1

𝑀𝑎
) (4) 

 

The stochastic instability-wave model was first developed by Tam and Chen [5], in 

which they mathematically describe the behaviours of large-scale turbulent structures. 

This was followed by subsequent studies [6-8] to explain and demonstrate motion of 

large flow structures, which is responsible for Mach wave radiation.  This theory 

treats the large-scale turbulent structures as linear superposition of instability waves 

and emits Mach waves described by the wave wall analogy.  When issued from a 

nozzle, the instability waves initially possess small amplitudes, which then grow 

rapidly to reach a maximum at a certain downstream location.  After that, the 

instability waves will break down into small-amplitude waves.  As the sequential 

growth and breakdown phenomenon occurs, the frequency band underpinning the 

wave number (k) spectrum will broaden.  Mach waves will begin to radiate when 

phase velocity reaches supersonic stage.  The phase velocity is determined by ꞷ/k, 

where ꞷ is angular frequency.  Mach waves also exist in subsonic flows as turbulence 

mixing induces significantly different frequency components, and some of them can 

reach supersonic velocities sufficient to emit Mach waves.  
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Figure 2-3 Empirical similarity spectra of large-scale turbulent noise and fine-scale 

turbulent noise [4]. 

 

Compared to the well-studied large structure noise, the mechanism responsible for 

the generation of fine-scale turbulent noise remains relatively unknown.  However, 

there is no doubt that fine turbulent structures can create instabilities that induce noise.  

Tam et al. [4] proposed two empirical similarity spectra, which were deduced from a 

significant amount of experimental data, so as to fit the noises generated from large 

and fine flow structures respectively.  As shown in Figure 2-3, large-scale turbulent 

noise has a narrow band peak and roll off at both high and low-frequency regions 

with higher gradients, while fine-scale turbulent noise has a broadband peak where 

the noise level reduces gradually.  Fine-scale turbulent noise emits omnidirectionally, 

while large-scale turbulent noise has strong directivity that only dominates at shallow 

angles relative to the downstream axis.  As the jet shear  
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Figure 2-4 Shock cells of a supersonic jet at under-expanded condition [9]. 

 

layer has both fine and large turbulent structures, the noise at any location should be 

a combination of both noise components.  Any differences between two locations will 

be due to the relative weight factor between the two noise components. 

 

2.2.2 Shock associated noise 

When a supersonic convergent-divergent nozzle operates under off-design condition, 

some quasi-periodic shock cells will be produced in the jet column as shown in Figure 

2-4 [9].  As large-scale turbulent structures in the shear layer continuously interact 

with the shock cells, shock associated noise will be generated and its level is 

comparable to that of turbulent mixing noise.  Shock associated noise has two 

components, broadband shock associated noise and discrete noise tone (screech), 

which have very distinct features and can easily be identified in noise spectrum.  

Figure 2-5(a) and (b) show the noise spectra and schlieren image taken from a C-D 

nozzle (NPRd=3.4) at under-expanded condition (NPR=5) respectively.  Broadband 

shock associated noise has a broad frequency band, while screech’s frequency range 

is rather narrow.  However, when a supersonic jet is free of significant shock cells 

under perfectly-expanded condition (NPR=NPRd=3.4) as shown in Figure 2-6, there 

will be no shock associated noise but only turbulent mixing noise. 
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(a) Noise spectra of C-D nozzle 

Figure 2-5 (a) Noise spectra of circular nozzle ( NPRd=3.4 ) measured at under-

expanded condition ( NPR=5 ) with (b) the schlieren image [2]. 

 

Figure 2-7(a) and (b) show the noise spectra and the schlieren image of a jet at over-

expanded condition ( NPR=2.8 and NPRd=3.4 ) respectively.  From Figure 2-7(a), it 

can be observed that distinct broadband associated noise dominates at sideline and 

upstream regions which is caused by interactions between the large-scale turbulent 

structures and the quasi-periodic shock structures in the jet column.  Furthermore, it 

can be found that broadband shock associated noise frequency will gradually decrease 

as observation angle relative to downstream axis decreases.  The discrete peaks as 

shown in Figure 2-5(a) are screech tones.  The phenomenon is originally observed by 

Powell [10] who also gave a convincing explanation as 

(b) Schlieren image [2] 
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(a) Noise spectra of C-D nozzle 

 

Figure 2-6 (a) Noise spectra of circular nozzle ( NPRd=3.4 ) measured at perfect-

expanded condition ( NPR=3.4 ) with (b) the schlieren image [2]. 

 

demonstrated in Figure 2-8 [12], that a downstream screech propagates back to the 

vicinity of the nozzle lip and excites instabilities of the shear layer.  Subsequently, 

the excited instability waves grow in scale as they convect downstream, where once 

again, the instability waves generate acoustic waves propagating upstream and form 

a feedback loop. These interactions will continue as the flow progresses.  

 

As shown in Figure 2-7, when the angle of observation location increases from 80° 

to 115°, the peak frequency (fp) of broadband shock associated noise decreases while 

the frequency of the screech noise peak remains constant.  However, at any locations, 

the frequency of broadband shock associated noise peak is always higher than that of 

screech noise.  Due to the frequency relationship between these two  

(b) Schlieren image [2] 
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  (a) Noise spectra of C-D nozzle 

Figure 2-7 (a) Noise spectra of circular nozzle ( NPRd=3.4 ) measured at over-

expanded condition (NPR=2.8) with (b) the schlieren image [2]. 

 

 
 

Figure 2-8 Mechanisms operating in a resonant screech loop, rectangular jet, aspect 

ratio=9, Mj=1.5; rod spacing is 3.5 times the smallest nozzle dimension [12]. 

(b) Schlieren image [2] 
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noises, Tam et al. [11] proposed that screech is just one special case of broadband 

shock associated noise and frequency of screech tone can be determined by the 

following semi-empirical equation, after many comparisons were made between 

experimental observations and simulation results: 

 
𝑓𝐷𝑗

𝑈𝑗
≅ 0.67(𝑀𝑗

2 − 1)
−
1
2 [1 + 0.7𝑀𝑗 (1 +

𝛾 − 1

2
𝑀𝑗
2)
−
1
2
(
𝑇∞
𝑇𝑗
)

−
1
2

]

−1

 (5) 

where Tꝏ and Tj are the atmospheric and jet temperature respectively.  

 

2.3 Scaled measurements 

To study fundamental mechanisms of supersonic jet noise, many researchers carried 

out numerical simulations based on Reynolds-averaged Navier Stokes (RANS).  

However, it fails to provide much information related to the noise generation as 

temporal evolution of the flow structures is not solved [13, 14].  In recent years, 

numerical schemes based on LES  have been emerged because of more details of 

transient large-scale eddies that mitigate the requirement of using semi-emprical 

modeling for predicting noise radiation [15-18].  More importantly, less 

computational sources are required by LES compared to DNS (direct numerical 

simulations).  Though many pregresses have been made, the accuracy of numerical 

simulation is still with many challenges due to the magnitude of acoustic fluctuation 

is several order smaller than that of the flow fluctuation [15].  Therefore, experimental 

study is still an important means for predicting supersonic jet noise and studying the 

effect of nozzle geometries on noise emission. 
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Jet noise studies have been done using real aircraft by Norum et al. [19].  However, 

this is rather expensive and impractical and thus smaller scaled model measurements 

are sought after [20-22].  To avoid acoustic contamination, model scale experiments 

are often conducted in an anechoic chamber where the room is covered with sound-

absorbing material to simulate the acoustic free-field condition.  The accuracy and 

discrepancy of the model scale measurements have been assessed by many 

researchers [23-25].  The physical similarity of nozzle geometry is the first 

requirement for predicting the full-scale jet noise accurately.  The discrepancy 

between inner and outer geometries can generate significant difference in the noise 

spectrum.  For instance, screech is highly sensitive to the nozzle thickness since it 

affects the efficiency of acoustic feedback loop [12].  Another parameter is the 

Reynolds number, which plays an important role in scaled jet noise measurements.  

Viswanathan [26] showed that an extra hump arising in low-frequency region 

contaminates the noise spectrum when the jet operates at subsonic condition with low 

Reynolds number and suggested that the minimum Reynolds number should be 

around 4×105 for obtaining clean acoustic results .  

 

2.4 Acoustic far-field region 

Jet noise is produced as the jet flow develops and the dominant noise source occurs 

around the end of the potential core.  Therefore, jet noise cannot be simply treated as 

a compact noise source radiated from a particular location.  For a subsonic jet, the 

potential core length is roughly four times the nozzle diameter [27].  In contrast, for 

supersonic jet, the potential core can be extended to much further downstream 
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locations where the length can reach eight times of nozzle diameter or more [28].  

Zaman [29] previously suggests that measurements of subsonic jets can be treated 

without correcting for the noise source location due to the relative short potential core 

length.  However, this is not the case for supersonic jet measurements due to the wider 

noise source distribution, especially for heated jets.  The extended noise source region 

is long enough to distort the spherical spread scaling of acoustic data to different 

radial positions [28].  To overcome the issue, the measuring microphone should be 

placed at acoustic far-field region where the noise can be treated as spherically 

radiating from its origin.  Many researchers have previously studied the true outer 

edge of near-field region of high speed jets where the noise can be scaled linearly to 

farther radial locations[30, 31].  Viswanathan [32] suggested that a radial distance of 

approximate 35D can sufficiently represent the acoustic far-field region for jet noise 

measurements.  

 

2.5 Jet noise reduction techniques 

In the past decades, supersonic jet noise has been extensively studied and documented 

to understand the mechanism and influential factors underpinning the noise 

generation [1, 33-36].  As more and more public concerns on environmental pollution 

of supersonic jet noise, a number of noise reduction technologies have been 

developed, such as modification of nozzle shape [37-43], plasma actuators [44], 

microjets [45, 46], wire device [47] and Mach wave elimination [48, 49].  

Modification of nozzle shape is one of the promising technologies in application 

because of its relatively easy design without much penalties, such as thrust loss or 
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weight increase.  For instance, Viswanathan [42] and Viswanathan and Czech [43] 

experimentally studied the thrust performance of nozzles with bevel angles of 24° 

and 45° at various engine operating conditions and found that the studied bevelled 

nozzles produced approximately 0.2% thrust penalty at cruise power.  More 

importantly, the thrust degradation can be improved for dual-stream engine as the 

secondary flow generated by fan can significantly alleviate the jet plume deflection 

[42].   

 

The effects of chevron nozzles with various geometric parameters on noise levels 

were investigated by Callender et al. [50, 51].  Far-field measurements demonstrate 

that the chevron nozzles lead to 3 to 6 dB noise reductions at aft polar angles, where 

low-frequency noise emission is dominant.  Furthermore, near-field measurements 

show that peak noise is shifted towards the upstream region and its intensity decreases 

spatially.  However, chevron nozzle could impose thrust loss and weight increase 

where the penalties highly depend on the nozzle geometric parameters, such as the 

number and penetration of the chevrons [52].  Heeb et al. [53] studied the combined 

effects of fluidic injection and chevron nozzle designs on jet noise mitigation.  The 

experimental and computational study indicates that significant noise reduction is 

achieved through suppression of low-frequency turbulent mixing noise and shock 

associated noise.  Additionally, flow field measurements indicate that shock strength 

can be reduced by more than 50% and shock cell spacing shortened by around 10%.  

Bevelled and tabbed nozzles for suppressing jet noise were also investigated by 

Wlezien and Kibens [37].  Their experimental results show that the acoustic 

characteristics are radically changed by these asymmetric nozzles at NPR=4 and 
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overall sound pressure level (OASPL) is sensitive to the exact nozzle trailing-edge 

design and azimuthal angle (i.e. noise level is reduced at certain angles while 

augmented at others).  Subsequently, Viswanathan [42] and Viswanathan and Czech 

[43] conducted detailed acoustic measurements on bevelled nozzles with various 

bevel angles.  Their results show that bevelled nozzles generate significant noise 

reductions at aft polar angles where peak noise emissions occur, especially in the 

plane of the longer nozzle lip.   

 

The main idea behind modifying nozzle shape is to alter the flow field by enhancing 

mixing effects in the shear layer and then further suppressing far-field noise.  The 

improved jet mixing promotes interactions between different jet flow structures and 

rapidly transport flow momentum from high speed potential core to relative low 

speed turbulent structures in the shear layer.  This can confer significantly favourable 

effects on noise suppression.  Firstly, the convective velocity of large-scale flow 

structures in the jet decreases and this results in reduction of low frequency mixing 

noise. Secondly, improved mixing effect generates more fine turbulent structures in 

the jet shear layer which will increase the noise level in high frequency region.  The 

approach essentially shifts noise energy from the low frequency region to high 

frequency region.  Thirdly, since these interactions between shear layer and potential 

core alter the strength of the shock cells and their length, both the intensity and 

frequency of shock associated noise can also be modified.  So, noise reduction can 

be achieved by reducing the peak noises or through the transfer of the acoustic energy 

to the high frequency band beyond the audible range if the shape of nozzle is carefully 

designed [54].  
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Chapter 3 Experimental Setups and Procedures 

3.1 Design of the baseline nozzle 

The focus of the present study is on how the nozzle exit shapes affect the flow 

structures within the jet column as well as the resulting acoustic emission in near- 

and far-field regions.  Hence, a consistent and uniform flow before nozzle exit is an 

essential requirement in this study.  Between the nozzle exit and expansion sections, 

there is a straight section connecting the two parts.  If there is no optimization process 

done on it, the discontinuity between straight and expansion flow sections will induce 

many shock structures in jet column as shown in Figure 3-1.  The shocks induced by 

the discontinuity will be reflected in straight flow section and then interact with the 

exit of the nozzle or interact among the shocks which are induced by the designed 

nozzle exit.  This series of complex actions and interactions will result in very 

complicated flow field, which is difficult to interpret unambiguously and 

subsequently challenging to distinguish whether the different acoustic emissions are 

caused by (i) the pre-designed profile nozzle exit, or (ii) the discontinuity in internal 

section of the nozzle, or (iii) the interactions between the shocks induced by the 

discontinuity and those induced by the pre-designed nozzle exit profile.  

 

There are many methods for optimizing the transition between the divergent and the 

straight flow sections to eliminate shocks in the nozzle, such as using large radius of 

circular fillet or the Method of Characteristics (MOC) technique to smooth the 

transition.  The MOC technique is relatively complicated to implement, so some 
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Figure 3-1 Schematic of shocks induced by the discontinuity between the convergent-

divergent and straight sections. 

 

researchers used large radius circular fillet to alleviate or eliminate the internal shocks.  

Wu and New [2] conducted RANS simulations to study supersonic jet flows issued 

from nozzles based on circular fillets of different radii (i.e. 3.9D, 11.8D and 23.6D) 

with that based on MOC technique, where D represents the nozzle diameter. The 

results showed that when the radius of circular fillet is 23.6D, the transition is able to 

provide air flow with satisfactory quality which is almost equal to the one based on 

MOC technique.  Therefore, in current study, the circular fillet of 23.6D radius was 

adopted as transition profile for baseline nozzle with D=12.7mm. 

 

To create asymetrical jet at the nozzle exit, six different lip-modified nozzles are 

designed as shown in Figure 3-2 and their acoustic characteristics are compared with 

those of the baseline nozzle. The lip-modified nozzles are designed by imposing 

bevelled, double-bevelled and stepped cuts upon the baseline nozzle with inclination 

angles of 30 and 60 relative to the mean nozzle height, respectively. For the ease of 

reference, these nozzles will be named as baseline, B30, B60, DB30,  
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Figure 3-2 Trailing edge shapes of the studied baseline and asymmetrical nozzles. 

 

DB60, S30 and S60 nozzles hereafter, where B, DB and S denote bevel, double-bevel 

and stepped, respectively. The detailed designs of the lip-modified nozzles will be 

introduced when they appear in the corresponding Chapter.  Note that this study is a 

scientific study to probe into fundamental nature of noise generation and emission 

control through modifying the nozzle trailing edge shape and inclination angle.  It is 

believed that the current study will be helpful for reducing noise level in high-speed 

applications such as material deposition via supersonic flow based cold-spraying for 

protecting health, e.g. hearing, of  the workers. 

 



 

23 

 

 
 

Figure 3-3 Schematic of compressed air supply system 

 

3.2 Compressed air supply and control system  

The experiments of this study were conducted at Temasek Laboratory, National 

University of Singapore.  The compressed air supply system consisted of two 

compressors, two commercial gas tanks, an air-dry system and a serial of ball  



 

24 

 

Table 3-1 Jet operating conditions 

NPR Md Mj uj (m/s) Dj/D Rej
 Tt (K) 

2.8 1.45 1.31 392 0.97 5.24×105 300 

3.4 1.45 1.45 422 1.00 6.51×105 300 

4 1.45 1.56 444 1.03 7.66×105 300 

5 1.45 1.71 471 1.09 9.59×105 300 

 

valves as shown in Figure 3-3.  Compressed air from gas tank with a 68.95 bar 

maximum working pressure was piped into the jet chamber through a series of 

regulators and control valves and a series of perforated plates were fitted within the 

jet rig to reduce turbulence before the jets exhausted from it.  Additionally, a pressure 

gauge was employed to monitor the instantaneous pressure of the air flow before it 

entered the nozzle apparatus.  More complete information about the jet rig can be 

found in [55].  Note that the turbulence level at the nozzle exit had not been measured 

prior to the present experiments.  Lastly, the uncertainty in the jet velocity is 

approximately within ±1.9% of the target value at 95% confidence level [56]. 

 

To investigate the flow field and acoustic performance of the different nozzle 

configurations, four different jet expansion conditions of NPR=2.8, 3.4, 4 and 5 are 

studied here.  For the present baseline supersonic jet configuration, Wu and New [2] 

observed that perfect jet expansion occurs at NPR=3.4.  The stagnation temperature 

of the air in the jet chamber was kept constant at 300K.  Table 3-1 outlines the 

operating conditions along with the jet Mach number, Mj, jet velocity, uj, fully-

expanded diameter to design diameter ratio, Dj/D, Reynolds number, Rej and 

stagnation temperature, Tt.   
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Figure 3-4 (a) Schematic diagram of the Pitot-static tube with static pressure hole; (b) 

schlieren image of the Pitot tube immersed in supersonic jet 

 

3.3 Pitot tube system 

Typically, static pressure probe and Pitot-static tube are used to measure static 

pressure and total pressure respectively in a supersonic flow.  As a static pressure 

probe immersed in a supersonic flow however, a shock will be induced before the 

probe. The pressure measured by the side hole, which is located at 10Dp after the tip 

of Pitot-static tube as shown in Figure 3-4(a), can be used to represent the static 

pressure before the shock [57].  Note that Dp is the inner diameter of Pitot static tube.  

However, the shock induced by tube will be reflected by the jet shear layer and then 

would impinge the side hole at some measured location as demonstrated with the 

schlieren image shown in Figure 3-4(b).  Hence using this method to measure static 

pressure is not accurate.  Another commonly used method is assuming that static 

pressure in the jet is a constant and equals to the atmosphere pressure [58].  Though 

this assumption is not accurate in the supersonic part of the  
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Figure 3-5 (a) Pitot tube system; (b) schematic of Pitot tube immersed in supersonic 

jet 

 

jets operating at off-design conditions, it is reasonable for subsonic part of these jets.  

Therefore, this result can provide some information about jet spreading and some 

qualitative information about the potential core length.  More importantly, the result 

can also be used to validate the accuracy of numerical simulation.   

 

The Pitot tube was used to measure total pressure or mean Mach number distribution 

of the issued jet.  A rake consists of 5 Pitot tubes was mounted on a 2D traverse 

system as shown in Figure 3-5(a).  Each Pitot tube with 1mm diameter hole was 

mounted 12.7mm apart.  Every Pitot tube was connected to a pressure sensor (Setra 

207) with ±0.13% full scale accuracy by a soft plastic tube.  A National Instrument 

DAQ board (NI-PCI-6014) was employed to acquire measurement data.  A National 
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Instrument LabVIEW™  code was used to precisely control the movement of the 2D 

traverse and collect electrical output signal of the pressure sensor.   

 

The data processing method used by Veltin [58] was employed to convert total 

pressure to Mach number here.  In the supersonic region of the jet, a bow shock is 

generated before the Pitot tube as shown in Figure 3-5(b).  The Raleigh-Pitot tube 

formula as shown in Eq. (6) was then used to relate Mach number and ratio of the 

measured total pressure to the static pressure before the shock:   

 
𝑃𝑡2
𝑃1
= [
(𝛾 + 1)𝑀

1
2

2
]

𝛾
𝛾−1

[
𝛾 + 1

2𝛾𝑀1
2 − (𝛾 − 1)

]

1
𝛾−1

 (6) 

In the equation, Pt2 is the total pressure measured by Pitot tube, P1 is the static 

pressure before the shock which is assumed as the atmosphere pressure and M1 is the 

Mach number before the bow shock.  In the subsonic region, Eq. (7) was used to 

derive the isentropic flow Mach number.  In this equation, Pt is the total pressure 

obtained by Pitot tube, while P1 and M1 are the static pressure and Mach number at 

the measured location respectively. 

 𝑃𝑡
𝑃1
= [1 +

(𝛾 + 1)𝑀1
2

2
]

𝛾
𝛾−1

 (7) 

 

The measured Pitot tube results of the baseline nozzle had been previously compared 

with those of numerical simulations by Zang et al. [59].  As shown in Figure 3-6(a) 

and (b), the velocity profiles at five downstream locations of x/D=1, 2, 4, 7 and 10 

are extracted at NPR=2.8 and NPR=4 conditions, respectively.  Note  
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Figure 3-6 Velocity profile comparisons of the baseline nozzle extracted at 

downstream locations of x/D=1, 2, 4, 7 and 10 between Pitot tube measurements and 

simulations for (a) NPR=2.8 and (b) NPR=4 [59]. 

 

that each profiles are shifted to the right location with a magnitude of 2 for 

differentiating them.   It can be observed that the Pitot tube measurement results agree 

with the simulations well.  A closer examination reveals that the measurement and 

simulation results at NPR=2.8 match each other well throughout the locations, while 

the discrepancy happens at far downstream location of x/D=10 at NPR=4.  It is 

believed that the discrepancy is caused by the relative large size of the probe where 

the overall precision could be affected by the spatial averaging effect and interference 

effect of shocks produced by the probe.  It also could be resulted from  
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Figure 3-7 Locations for Mach number contour measurements 

 

the assumption made by the Pitot tube measurement that the pressure inside the jet is 

equal to the ambient pressure. 

 

In mean Mach number distribution measurements, most streamwise measurement 

locations were x = 1D, 2D, 4D, 7D, 10D and 15D, except when finer resolution 

measurements were conducted for some of the nozzles under high NPR conditions.  

However, for all the cases, the range of measurements was within -3≤ y/D≤3 with the 

step of 0.2D and the respective streamwise locations, i.e. x/D, are demonstrated in 

Figure 3-7.  For geometrically modified nozzles, the measurements were conducted 

at both baseline plane (XY-plane) and orthogonal plane (i.e. XZ-plane), which will 

be presented in the later chapters.  Pitot tube measurements were also conducted to 

monitor the variation of Pitot tube pressure along the jet centreline, which provides 

an indicator for evaluating the potential core length within the jet column [60, 61].  

The measurements were taken in the range of 0≤x/D≤15 with 0.1D interval along the 

jet centreline. 



 

30 

 

 
 

Figure 3-8 Velocity profiles of baseline nozzle at downstream location of x/D=1 with 

various NPR values.  

 

To provide database for numerical simulation, Pitot tube data were processed to 

extract velocity profiles at the location near the nozzle exit.  Figure 3-8 presents 

velocity profiles of baseline nozzle at the location of x/D=1 under various NPR 

conditions.  Note that the location of x/D=1 was selected to represent the location 

near the nozzle exit as the Pitot tube was blocked by the extended nozzle lip at the 

exit for asymmetrical nozzles.  It can be observed that the velocity profiles at x/D=1 

are in the shape like a sharp ‘top-hat’ that the air velocity grows rapidly from the jet 

shear layer to the potential core and then keeps at high level in the potential core.  

From the velocity profile shape, the width of shear layer and potential core can be 

determined. By increasing NPR value from 2.8 to 5, the jet potential core width and 

centreline velocity increase gradually.  At imperfectly-expanded conditions, i.e. at 

NPR=2.8, 4 and 5, there are more obvious velocity fluctuations in the potential core 

due to the presence of shock structures. 
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Figure 3-9 Schematic of modified Z-type schlieren system  

 

3.4 Schlieren system  

Due to laboratory space constraints, a modified Z-type schlieren system as shown in  

Figure 3-9 was used for both qualitative and quantitative purposes in the present study  

[2, 62].  The schlieren system consists of optical components that include a source 

aperture, two 300mm focal length parabolic mirrors, a knife-edge, and an IDT NX4-

S1 high-speed camera with a 105mm, f 2.8 lens.  An LED light source was used to 

provide 200W broadband light, which was then reflected and collimated by the two 

parabolic mirrors, before passing through the test section where the supersonic jets 

issued.  Subsequently, a vertical knife-edge was used at the focal plane which 

produced schlieren images that revealed the refractive index gradient in the test 

medium on the camera.  The exposure time of the camera was set at 30s with a 

capturing frame rate of 1000 FPS.   
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For the refractive index of an axisymmetric flow, the Snell’s Law can be written as:  

 
휀𝑦 = 2y∫

𝑑𝛿

𝑑𝑦

∞

𝑟

𝑑𝑟

(𝑟2 − 𝑦2)0.5
 (8) 

where εy is the angular deflection of the light ray, y is the location of displaced 

transverse ray, δ is the refractive index difference and r is the radial distance from the 

centreline.  The light intensity of “zero refraction” which corresponded to ambient 

condition was obtained by extracting the pixel intensity value along a line in the 

image background.  Subsequently, the well-established Abel transformation was used 

for Eq. (8) to calculate the density gradients in the supersonic jet flows.  Note that the 

Abel transformation is generally used for axisymmetric flows due to its nature.  For 

non-axisymmetric jets, the top and bottom halves of the experimental data were 

processed independently before stitching together along the nozzle centreline for 

obtaining the full flow field results.  This method has been shown to be capable for 

providing reasonable density gradient fields of asymmetrical nozzles as proved by 

Mariani et al. [63].  The details of the set-up, the calibration and data processing can 

be found in Settles [62] and Mariani et al. [63]. 

 

3.5 Far-field acoustic arrangements  

The acoustic measurement experiments were conducted in an anechoic chamber 

measuring 2.35m × 2.35m × 2.35m internally, the walls of which were covered by 

0.304m × 0.304m × 0.152m sound absorption foam (Illbruck SONEX super) with an 

absorption coefficient of 1.0 for frequencies above 500Hz.  A 1/8inch Brüel & Kjær 

(B&K) Type 4138-A-015 pressure-field microphone was vertically mounted  
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Figure 3-10 Schematic of acoustic arrangements.  

 

on a pivot system and set at grazing incidence to acquire far-field acoustic 

measurements.  The circular arc of the microphone locations as shown in Figure 3-10 

was centred at the nozzle origin with a radius of 48D.  Note that Viswanathan [32] 

had earlier suggested that a microphone distance of approximately 35D is sufficient 

for far-field jet noise measurements, and that distances ranging from 47D to 49D for 

relatively similar far-field measurements have been adopted by Wlezien and Kibens 

[37], Munday et al. [64] and Heeb et al. [65] previously.  The measurement interval 

was =10, with the exception of the last location at 115 where wall restriction 

limited it to =5.  The azimuthal angle, , was measured along the YZ plane around 

the nozzle circumference at intervals of θ=30 as 
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Figure 3-11 Schematics illustrating the polar angle, , and azimuthal angle, θ.  

Azimuthal angles θ=0° to 180° at 30 intervals and at an arbitrary polar angle, , are 

shown as an example: (a) stepped, (b) bevelled and (c) double-bevelled nozzles.  

 

shown in Figure 3-11.  Microphone real-time signals were obtained at a sampling rate 

of 200kHz with 3s sampling time per measurement by a National Instruments PXI-

6143 data acquisition board installed in a National Instruments PXIe-1082 chassis.  

The measurements had been validated through comparing the measured data with 

those of an earlier study conducted by Kuo [66]. 



 

35 

 

 
 

Figure 3-12 Noise spectra comparisons between sample time ts=2s and ts=3s for 

baseline nozzle conducted at NPR=5 with polar angles ϕ=30°, 50° and 70°. 

 

 
 

Figure 3-13 Repeat experiments for baseline nozzle at NPR=5 and polar angle ϕ=30° 

with sample time ts=2s. 

 

To investigate the effect of data acquisition sample time on noise spectra distributions, 

the measurements for baseline nozzle at NPR=5 and polar angles ϕ=30°, 50° and 70° 

were repeated at sample time ts=2s and 3s, respectively.  As shown in Figure 3-12, 

the noise spectra of ts=2s and ts=3s match each other well at the polar angles.  Figure 

3-13 shows noise spectra of repeated measurements for baseline nozzle at NPR=5 

with sample time ts=2s and polar angle of ϕ=30°.  It can be observed that the 
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discrepancy between noise spectra of the measurements repeated five times is 

negligible.  It suggests that the jet is statistically steady during the periods of ts=2s 

and 3s and no inherently unsteady problem affects the results. 

 

3.6 Near-field acoustic arrangement 

In order to map the near-field acoustics, eight B&K pressure type 4944B microphones 

were mounted at 2D intervals on a linear rake fixed on a 2D traverse system as shown 

in Figure 3-14.  The traverse system was moved radially outward and axially by steps 

of 0.4D to produce a grid of 40 points ×10 points, covering a 3.6D x 15.6D rectangular 

plane as shown in Figure 3-15.  The rake positioning uncertainty was approximately 

±0.002mm.  Due to jet spread variations of the nozzles under different operating 

conditions, the divergent angles (α) used by the rake were determined from both Pitot 

tube measurements and schlieren visualizations to ensure that the boundaries of the 

ensure accuracy, the circular arc was aligned using a laser-based director and the error 

in the microphone position was approximated to be ±0.001.  Furthermore, the polar 

angle of the arc, , was measured from the downstream jet axis.   

 

A circular traverse controlled using National Instruments LabVIEW™ software was 

developed to precisely control the pivot system at locations from =30 to 115.  The 

polar angle measurement grids were as close to the jet shear layers as possible.  The 

origin of the measurement grid was aligned to the nozzle exit centre and the distance 

between the origin and nozzle exit centre was 0.8D (or 1.07D if the 
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Figure 3-14 Arrangements for near-field acoustic measurements 

 

 

 

Figure 3-15 Grid setup and orientation of near-field acoustic measurements. 

 

microphone diameter is considered) to avoid the jet directly impinging on the 

microphones.  The resulting database of microphone signals was analysed to map the 

contours for overall sound pressure level (OASPL) and sound pressure level (SPL) 
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of selected Strouhal numbers pertinent to the different noise mechanisms.  Near-field 

microphone signals were recorded at a sampling frequency of 140 kHz with 2 s 

sampling time by a National Instruments PXIe-4498 multiple channel data 

acquisition board installed in the National Instruments PXIe-1082 chassis.  Before 

the experiments were conducted, the microphone protective grid caps were removed 

to eliminate their effects on the microphone frequency responses. 

 

Both near- and far-field acoustic data were analysed according to the approaches 

described in [64, 66].  Firstly, raw voltage signal from each microphone was 

converted to pressure data through the microphone calibration constants and a high-

pass 4th-order Butterworth filter at 500 Hz was employed to avoid the signal being 

contaminated by environmental or electronic noise.  Secondly, the data were 

converted into blocks of 4096 samples and a Hanning window function with 50% 

overlap was employed to avoid missing information.  Subsequently, a Fast Fourier 

Transform (FFT) was employed for each block data to produce narrow-band spectra 

of SPL in decibel scale (dB) based on a reference pressure of 20 μPa.  Finally, noise 

spectra derived from all blocks were averaged and then non-dimensionalized to SPL 

per Strouhal number using Eq. (9): 

𝑆𝑃𝐿
𝑆𝑡𝑟𝑜𝑢ℎ𝑎𝑙⁄ =

𝑆𝑃𝐿(𝑓)
𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ
⁄⏟            
𝑟𝑎𝑤 𝑆𝑃𝐿

− 10 × log10 ∆𝑓⏟        
𝑠𝑐𝑎𝑙𝑖𝑛𝑔 𝑡𝑜 1𝐻𝑧 𝑏𝑎𝑛𝑑𝑤𝑖𝑑𝑡ℎ

+ 10 × log10 𝑓𝑐⏟        
𝑆𝑡𝑟𝑜𝑢ℎ𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑠𝑐𝑎𝑙𝑖𝑛𝑔

 (9) 

The Strouhal number, St, is defined in Eq. (10) as: 

 𝑆𝑡 =
𝑓
𝑓𝑐
⁄   (10) 

where fc is the characteristic frequency of the jet plume.  
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All microphones were calibrated by a B&K acoustic calibrator Model 4231, which 

can generate acoustic waves at a constant level of 94 dB at 1 kHz frequency.  

According to the free-field correction curves, the far-field microphone can provide 

flat responses up to 30 kHz and an accuracy within ±1 dB between 30 kHz and 100 

kHz, while the near-field microphones have flat responses up to 10 kHz and an 

accuracy within ±1 dB between 10 kHz and 50 kHz.  Additionally, the overall 

uncertainty of the measurement is approximately ±1.1 dB of the target value at 95% 

confidence interval [56]. 
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Chapter 4 Near and Far-field Acoustic 

Measurements for Stepped Nozzles at Over- and 

Perfectly-expanded Supersonic Jet Flow Conditions 

(NPR=2.8 and 3.4) 

4.1 Introduction  

In this chapter, the acoustic emissions and flow fields for two different stepped 

nozzles are investigated to explore the efficacy of using unique lip-modified nozzle 

designs to control supersonic jet noise emissions.  The concept of stepped nozzle is 

relatively similar to that of bevelled nozzle, in the sense that it is designed to produce 

systematic asymmetry in both the jet flows and shock structures.  A stepped nozzle 

with 45° inclination was tested by Wlezien and Kibens [37] some time back and their 

results show that it does not lead to significant acoustic improvement over the 

baseline nozzle at NPR=4, while substantial noise reduction was observed at 

NPR=2.8.  It should be mentioned that their study had not touched much upon the 

flow behaviour aspects, flow mechanism(s), source(s) of the noise emssions and 

nozzle geometries, thus their correlations with one another remain largely unknown. 

The objectives of the current study are twofold - Firstly, to study whether the similar 

effect of stepped nozzles on noise radiation happens at over- and perfectly- expanded 

conditions.  Secondly, if noise reduction occurs, detailed near- and far- field acoustic 

characteristics will be investigated for a better understanding of the physical 

processes.  In the current investigation, detailed far-field acoustic measurements were 

conducted to study the effects of stepped nozzle  



 

41 

 

 
 

Figure 4-1 Geometries of baseline and stepped nozzles.  

 

upon noise emission that is the impact on turbulent noise and shock noise.  

Subsequently, schlieren visualizations were conducted to investigate shock system 

formations and capture qualitative information on the shock structures.  Lastly, 

detailed near-field acoustic measurements were performed to study the effects of 

stepped nozzle upon near-field acoustic emission, which will be helpful in further 

understanding the physical mechanisms associated with jet noise reduction. 

 

4.2 Nozzle geometries 

The geometries of the circular baseline and stepped nozzles are shown in Figure 4-1.  

The baseline nozzle (which is used as a basis for comparisons in the acoustic and 

flow fields here) comprised of a convergent-divergent section with an exit-to-throat 

area ratio of 1.144, followed by a straight section.  As mentioned in earlier Chapter 

3, the junction between the two sections had been smoothed and optimized to 

minimize shock formations in order to avoid them contaminating the resulting jet 
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flows.  The two stepped nozzles were actually designed based on the same baseline 

nozzle such that the longer and shorter nozzle lips coincide with 30 and 60 

inclinations about the nozzle mean height, as illustrated in Figure 4-1(b) and (c) 

respectively.  Such a design approach would ensure that the mean-heights of all 

nozzles here remain similar and consistent to that adopted by earlier studies by 

Wlezien and Kibens [67], Wlezien et al. [37] and Longmire et al. [68]. 

 

For ease of identifying the measurement planes, a Cartesian coordinate system is 

defined such that the origin is consistently located along the cylindrical axis indicated 

by the red dots.  As such, the plane connecting the longer and shorter lips is known 

as XY-plane while the orthogonal plane is known as XZ-plane.  The baseline and 

stepped nozzles have the same internal diameter of D=12.7 mm and 0.5 mm wall 

thickness, as well as possessing the same design Mach number of Md=1.45.  All test 

nozzles were fabricated using stainless steel and the internal surface was carefully 

polished to minimize flow issues due to wall roughness.  Lastly, while the initial 

baseline nozzle wall boundary layer was not measured during the study, simulations 

conducted by Zang et al. [59] on the same nozzle, jet apparatus and flow condition at 

NPR=4 indicated that they are most likely to be turbulent here. 

 

4.3 Far-field acoustics 

With the goal of characterizing the effects of stepped nozzles on acoustic radiation in 

mind, far-field acoustic measurements were first conducted for baseline and 
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Figure 4-2 Noise spectra of baseline and stepped nozzles at various polar angles along 

θ=0°: (a) NPR=2.8 and (b) NPR=3.4. 

 

stepped nozzles at NPR=2.8 and 3.4 that is at over- and perfectly- expanded 

conditions respectively.  Only the results at θ=0 will be presented here as the results 

at other azimuthal angles show little variations (please refer to Figure A1-1 of 

Appendix).  Figure 4-2(a) shows the noise spectra of all three nozzles at NPR=2.8 

and =30, 50, 70, 90 and 110 along θ=0.  Note that, in each figure, the nozzle 

geometry is indicated by a grey region demonstrating the nozzle orientation and the 

respective measured polar angle.  At the downstream location associated with =30, 

the relatively smooth curves suggest that noises radiated from the baseline and 

stepped nozzles are dominated by turbulent mixing noise [4, 70, 71].  Closer 

examination further shows that stepped nozzles exert moderate impact upon overall 

turbulent mixing noise level, where noise levels are sampled at =30° and =0° and 

90°.  Note that the results are not included here for brevity but can be found in Figure 
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A1-2(a) and (b) of Appendix (see Page 179) which shows only approximately 2-3 dB 

difference.  It is worthwhile to mention that Kerechanin et al. [41] visualized jet shear 

layer structures emanating from their asymmetrical nozzles and observed that the 

nozzle trailing edge configuration imparts little effects on the mixing effects at 

perfectly-expanded condition.  More importantly, they also found that mixing effects 

are only slightly enhanced by their asymmetrical nozzles at over-expanded condition.  

Since mixing effects are related to turbulent mixing noise levels, it may be inferred 

from Kerechanin et al. [41] that turbulent mixing noise associated with stepped 

nozzles is not expected to deviate much from the baseline nozzle at the present over-

expanded condition. 

 

Returning to Figure 4-2(a), as the polar angle increases from =50 to 110 where the 

microphone moved from downstream to upstream region, the noise spectrum of S60 

nozzle gradually shows prominent noise reductions at high frequency region, while 

S30 nozzle produces similar noise level relative to baseline nozzle across the low and 

high frequency regions.  A close examination shows that a broadband “hump” arises 

in the noise spectra of baseline and S30 nozzles, which becomes progressively 

prominent as  increases.  Many previous studies [10, 71, 72] have postulated that 

the “hump” is associated with BSAN, the latter of which is due to interactions 

between large-scale turbulent structures and shock system within the jet potential core.  

In contrast, S60 nozzle does not produce such an effect due to a change in the shock 

structure, which will be further discussed later.  Note that S30 nozzle produces 

relatively similar noise distribution as compared to the baseline nozzle at various 

polar locations.  It suggests that the use of S30 nozzle at the present flow conditions 
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only moderately modifies the fundamental turbulent jet mixing behaviour and shock 

characteristics, which will be further explained in the later schlieren image section.  

In contrast, S60 nozzle shows more differences in flow field over the S30 and baseline 

nozzles at the over-expanded condition, indicating that stepped nozzles need to 

possess significant length differences before they begin to exhibit significant noise 

spectrum differences.  In particular, it is worthwhile to point out that earlier studies 

by Power et al. [74], Kuo et al. [66] and Heeb et al. [75] had also led to the similar 

observations of noise characteristics by different nozzle configurations, especially at 

over-expanded conditions similar to the present study.  

 

Figure 4-2(b) shows noise spectrum comparisons between the baseline and stepped 

nozzles at NPR=3.4.  Under perfectly-expanded condition, noise spectra of the three 

nozzles almost overlap with each other across the entire frequency range at various 

polar locations.  One exception will be that of S30 nozzle, where it produces a slightly 

higher noise level than the other two nozzles at the Strouhal number region from 

St=0.5 to 1 at = 110.  The slight noise increase is likely due to minor imperfections 

in the S30 nozzle, which lead to some weak shocks appearing in the jet as visualized 

in Schlieren image.  From the noise spectrum comparisons, it appears that noise 

emissions have not been significantly altered by the present nozzle trail-edge 

modifications under perfectly-expanded conditions.  More interestingly, the noise 

emissions for the three nozzles at various polar locations can be attributed to turbulent 

mixing because of the relatively smooth and continuous noise spectra without any 

additional discrete and broadband peaks [4, 69, 70].  It is not difficult to appreciate 
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this if one considers that a perfectly-expanded jet should be free of any significant 

shock structures.  

 

It is well accepted that turbulent mixing noise can be further subdivided into fine- 

and large-scale turbulent noises that are associated with different noise generation 

mechanisms [4, 69, 70].  To identify the two different noise components, 

autocorrelation function is used to analyse far-field microphone signals taken at 

NPR=3.4 [69, 70].  The normalized autocorrelation, ηnn(τ), is defined as: 

 𝜂𝑛𝑛(𝜏) =
〈𝑃𝑛(𝑡)𝑃𝑛(𝑡 + 𝜏)〉

〈𝑃𝑛2(𝑡)〉
 (15) 

where Pn(t) is the pressure-time signal measured by nth far-field microphone, 𝜏 is the 

retarded or delay time and ˂ ˃ refers to ensemble or time-averaged.  Autocorrelation 

function provides a useful measure for the time-scale of the sound field coherence.  

From the definition, the autocorrelation coefficient will be unity at delay time τ=0.  

For a totally random signal, the time delay signal P(t+τ) has an equal probability to 

be positive or negative.  Therefore, the time-averaged quantity of <Pn(t)Pn(t+τ)> will 

become zero even for a small 𝜏 .  Thus, the half-width of the normalized 

autocorrelations is related to noise coherence and it can be used as an indicator to 

distinguish the fine- and large- scale turbulent noises as they have different features 

on the coherence [69]. 

 

Figure 4-3 shows the normalized autocorrelation results for far-field microphone 

signals of the baseline nozzle under perfectly-expanded condition.  Note that the  
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Figure 4-3 Autocorrelation results for far-field microphone signatures of baseline 

nozzle under perfectly-expanded condition (NPR=3.4). 

 

results for the two stepped nozzles are similar at the condition.  It can be observed 

that two distinct shapes are formed by the autocorrelations.  The two at =30° and 40° 

are alike with relatively broader peaks, while the rest at other polar angles possess 

narrower peaks.  In particular, the half-width of autocorrelation function at =30° is 

large with significant “troughs”, which is a typical characteristic of large-scale 

turbulent noise [70].  In contrast, the half-widths of the autocorrelation functions for 

 ≥50° are almost similar except for small variations in the troughs.  The narrow half-

widths and shallow troughs suggest that the noise components at these locations can 

be attributed to fine-scale turbulent noise [70].  Interestingly, the half-width and 

trough at =40° are intermediate between the two distinct  
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Figure 4-4 Comparisons between similarity spectra and experimental spectra for 

baseline nozzle at various polar angles under NPR=3.4. 

 

autocorrelation shapes.  It is believed that this location is in the transitional region of 

the two different noise emission types.   

 

Two different empirical similarity spectra proposed by Tam et al. [4], which are 

termed as large-scale similarity spectrum (LSS) and fine-scale similarity spectrum 

(FSS) respectively, are also utilized to curve fit the experimental noise spectrum to 

identify the two turbulent noise components.  Figure 4-4 shows a comparison between 

the similarity spectra and experimental spectra of the baseline nozzle at various polar 

angles and NPR=3.4.  It can be discerned that the noise spectrum for = 30° agrees 

well with large-scale similarity spectrum, while those for  ≥50° agrees well with 

fine-scale similarity spectra.  The preceding comparisons  
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Figure 4-5 OASPL comparisons of baseline and stepped nozzles at various polar 

angles along θ=0: (a) NPR=2.8 and (b) NPR=3.4. 

 

demonstrate that the present measurement results are reasonable and consistent with 

those of Tam et al. [4].  More importantly, earlier autocorrelation results have shown 

that large-scale turbulent mixing noise dominating at =30, while fine-scale 

turbulent mixing noise is prevalent when  ≥50, have also been confirmed. 

 

Figure 4-5(a) shows OASPL comparisons of the baseline and stepped nozzles at 

various polar angles and NPR=2.8 along the shorter lip side.  It can be observed that 

the noise levels of both baseline and S30 nozzles initially decrease between =30 

and 80, before reaching a plateau at  ≥90 where the BSAN becomes dominant.  

This observation is in-line with expectations and consistent with earlier study [66].  

This is likely due to the peak noise generated by the large-scale turbulent 

structures/instability waves being only dominant in shallow polar angles.  With the 

microphone being moved out of the peak noise region, the noise will decrease 

continuously until the shock noise prevails at the upstream region.  In contrast, the 

noise level of S60 nozzle decreases continuously as the polar angle increases, where 

it achieves a minimum level at =110.  Additionally, S30 nozzle produces slight 
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noise increments at upstream polar angles, presumably due to slightly higher shock 

noise levels relative to the baseline nozzle at the same corresponding locations.  The 

higher shock strengths could have resulted from either inevitable minor 

manufacturing imperfections along the S30 nozzle internal wall, or shock interactions 

upstream of the S30 nozzle exit that could not be visualized through schlieren flow 

images.  On the other hand, significant noise reductions were produced by S60 nozzle 

at both sideline and upstream quadrants, with a maximum noise reduction of 5.6 dB 

achieved at =110. 

 

Figure 4-5(b) presents OASPL comparisons of the baseline and stepped nozzles at 

NPR =3.4.  Unlike the earlier jets where strong shock structures exist, the noise levels 

for all three nozzles reduce as the polar angle increases under perfectly-expanded 

conditions.  It is not surprising that the OASPL curves of the stepped nozzles do not 

differ much from that of the baseline nozzle.  Recall that the noise spectra of the three 

nozzles almost overlap with one another across the entire frequency range and at 

various polar angles, as shown in Figure 4-2(b) earlier.  Nevertheless, S60 nozzle 

produces slightly lower noise levels as compared to the baseline nozzle, while the 

opposite is true for S30 nozzle.  It is worthwhile to highlight that the slight noise 

increase of S30 nozzle at upstream polar angles is most likely due to slight 

imperfections in the nozzle internal walls, if the overall behaviour is taken into 

consideration.  Along the longer lip side as shown in Figure 4-6(a) and (b), the trends 

associated with noise reduction generated by the stepped nozzles are similar to those 

observed along the shorter lip side.  Therefore, the results will not be elaborated here 

for the sake of conciseness.  
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Figure 4-6 OASPL comparisons of baseline and stepped nozzles at various polar 

angles along θ=180: (a) NPR=2.8 and (b) NPR=3.4. 

 

To summarize, S60 nozzle generates significant noise reduction at upstream quadrant 

under NPR=2.8 but not for S30 nozzle.  Additionally, the use of stepped nozzles at 

NPR=3.4 leads to insignificant effects on noise emission. This suggests that the 

turbulent mixing effect of the supersonic jet has not been significantly modified by 

stepped nozzles at perfectly-expanded condition and modifying nozzle exit shape for 

noise reduction is not a useful strategy at such a flow condition. 

 

4.4 Azimuthal acoustic directivity 

Figure 4-7(a) and (b) present the acoustic azimuthal directivity results for the stepped 

nozzles at NPR=2.8.  At =30, the two stepped nozzles produce slightly higher noise 

levels and at certain azimuthal angles.  Based on the detailed noise spectra taken at 

various azimuthal locations (shown in Figure A1-3 of Appendix), the elevated noise 

levels can be attributed to slightly higher levels of turbulent mixing noise associated 

with the stepped nozzle jet shear layer characteristics.  In  
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Figure 4-7 Azimuthal acoustic directivity of stepped nozzles at NPR=2.8 along: (a) 

=30 and (b) =90. 

 

particular, S60 nozzle tends to produce higher noise levels than the S30 nozzle 

between =90and 180, due to enhanced shear layer mixing effects in that region, 

which will be presented in later schlieren section.  In contrast, however, at =90 

where shock noise is expected to dominate, the situation becomes more complex.  

While S60 nozzle produces significant noise reduction of approximately 4 dB across 

the azimuthal angles, S30 nozzle attains practically similar noise levels as the baseline 

nozzle.  However, it is also worthwhile to mention that S30 nozzle produces 

discernible noise increase over the baseline nozzle between θ=60 and 120 locations.  

Further analysis of the detailed noise spectra at these locations (shown in Figure A1-

4 of Appendix) revealed that S30 nozzle produces slightly higher shock noise levels 

over the baseline nozzle.  The phenomenon will be further explained in the later 

schlieren section.  

 

The noise reduction capability of the S60 nozzle can be attributed mainly towards the 

mitigation of shock noise as explained before.  Interestingly, the insignificant noise 

azimuthal directivity of stepped nozzles implies that the mean strength of the shock 

structures keeps at a similar level at various azimuthal planes, even though  
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Figure 4-8 Azimuthal acoustic directivity of stepped nozzles at NPR=3.4 along: (a) 

=30 and (b) =90. 

 

the shock structures are altered asymmetrically.  Figure 4-8(a) and (b) show the 

corresponding acoustic azimuthal directivity results when the NPR increases to 3.4 

(i.e. perfectly-expanded condition).  At both polar angles, stepped nozzles generate 

insignificant azimuthal directivity and produce noise levels comparable to that of the 

baseline nozzle.  Note that while the S60 nozzle OASPL at =30 and =180 appears 

to be higher than those of the two other nozzle types, this can be attributed to either 

an increase in turbulent mixing noise level caused by the significant nozzle step, or 

the presence of very weak shocks due to manufacturing imperfections in the S60 

nozzle internal wall.  The difference in OASPL is approximately 1-2 dB and close to 

the present experimental uncertainty level as well.  Nevertheless, the preceding 

observation confirms that stepped nozzles will not modify noise radiation at 

perfectly- expanded condition, even though the nozzle exits are asymmetric.  In 

general, the noise radiated from the two stepped nozzles do not possess significant 

azimuthal directivity at over- and perfectly- expanded conditions, which is strongly 

different to the cases at under-expanded conditions shown in Chapter 4.  It suggests 

that the azimuthal directivity of stepped nozzles is highly dependent on the jet 
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condition where the noise directivity becomes progressively prominent with NPR 

value. 

 

4.5 Schlieren visualizations 

Far-field acoustic results presented earlier had shown that the use of nozzles has 

insignificant effects on acoustic emission at NPR=3.4, where only large- and fine-

scale turbulent noises exist.  Additionally, they also demonstrated that two different 

noise components, namely large- and fine-scale turbulent noises, are dominant at 

downstream and upstream regions, respectively.  This and the following sections will 

now focus on NPR =2.8 condition, where schlieren visualizations and near-field 

acoustic measurements will be used to have a better understanding of the mechanism 

underpinning noise reduction behaviour associated with S60 nozzle.  To begin with, 

schlieren images of supersonic jets issued from the baseline and stepped nozzles at 

NPR=2.8 are presented in Figure 4-9(a) to (c).  For the baseline nozzle shown in 

Figure 4-9(a), quasi-periodic diamond shock patterns are formed within the jet 

column.  Due to the use of an over-expanded condition, jet expansion is suppressed 

as the ambient pressure is higher than the static pressure inside the nozzle.  As such, 

oblique shocks are formed at the nozzle lip, where they subsequently reflect and 

propagate within the jet column.  As the jet convects downstream, the shock cells will 

dissipate as mixing from the jet shear layer dominates.  Interestingly, there is a 

prominent Mach disk [77] formed at the first shock intersection point, due to a strong 

mismatch between the pressure inside and outside the jet column.   
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Figure 4-9 Schlieren images captured at NPR=2.8 along XY-plane for (a) baseline, 

(b) S30 and (c) S60 nozzles [76]. 

 

For S30 nozzle schlieren image taken along XY-plane as shown in Figure 4-9(b), two 

different shock systems are observed to be produced, where they originate from 

different locations of the nozzle.  The first shock system generated from the shorter 

lip is reflected by longer nozzle lip wall before it proceeds to reflect within the jet 

column as it propagates downstream.  The second shock system is produced by the 

longer nozzle lip, where it subsequently intersects with the first shock system before 

being reflected by the jet shear layer.  Despite the more complex shock formations 

and interactions, it should be noted that the resulting shock cell patterns within the jet 

potential core bear resemblance to the diamond shock patterns produced by the 

baseline nozzle.  Additionally, the shear layer characteristics for S30 and baseline 

nozzles are quite similar, hence turbulent mixing noise levels should be quite similar 

between these two nozzles as well.  Indeed, noise spectra results presented earlier 

confirm the observation.  Interestingly, the jet exhausted from the S30 nozzle 
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undergoes mild jet plume deflection toward the longer nozzle lip side due to pressure 

relief lag between the shorter and longer nozzle lip regions [2, 78, 79].   

 

Corresponding schlieren image for S60 nozzle taken along XY-plane is shown in 

Figure 4-9(c) and it is clear that the two shock systems seen in the S30 nozzle 

previously are essentially reproduced here.  A slight difference can be observed where 

the first shock system induced by the shorter nozzle lip is reflected off the lower 

nozzle wall twice before it intersects with the second shock system produced by the 

longer nozzle lip.  Hence, the more significant length difference between the shorter 

and longer nozzle lips of S60 nozzle plays an important role.  Furthermore, the 

presence of two shock systems produced by a longer step length renders the overall 

shock structures and the behaviours of stepped nozzles are more complicated and 

asymmetric than the baseline nozzle.   

 

Note that visually speaking, shocks within close proximity of the two stepped nozzle 

exits appear to be stronger than that of the baseline nozzle – this is especially the case 

for S60 nozzle.  This seems contradict to the earlier observation from Figure 4-2(a) 

that BSAN noise can be mitigated by S60 nozzle.  However, this is not the case 

because shock noise is more associated with the shock structures located at 

downstream regions rather than the first shock cell near the nozzle exits [80, 81].  

This argument will be further explored and elaborated in the next section, where near-

field acoustic results will be presented and discussed.  Interestingly, shock structures 

produced by the S60 nozzle are not as diamond-like and persistent downstream as 

S30 and baseline nozzles.  It is plausible that close proximity and  
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Figure 4-10 Schlieren images captured at NPR=2.8 along XZ-plane for (a) S30 and 

(b) S60 nozzles [76]. 

 

interactions between the shocks produced by different segments of the S60 nozzle 

within the jet potential core enhance the breaking-down of strong shock cells. 

 

Lastly, schlieren images for S30 and S60 nozzles at NPR=2.8 taken along XZ-plane 

are shown in Figure 4-10(a) and (b) respectively, in which the two jets are generally 

symmetrical.  For S30 nozzle, only the shock initiated from the longer nozzle lip is 

visible and the shock structures are more persistent downstream than the S60 nozzle.  

Interestingly, the average shock cell length of the S30 nozzle is notably longer than 

that of baseline nozzle presented in Figure 4-9(a) earlier.  Take for instance, the 

average length of the first three shock cells for S30 nozzle is 0.87D, while that for 

baseline nozzle is 0.70D.  Note that the lengths of the first three shock cells produced 

by the baseline and S30 nozzles are indicated in Figure 4-9(a) and Figure 4-10(a) 

respectively.  More importantly, no prominent shock structures can be discerned for 

S60 nozzle even within close proximity of the nozzle lip.  This will, however, be 

consistent with the earlier observation that S60 nozzle can significantly reduce 

downstream shock strengths.  
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4.6 Near-field sound pressure map 

As demonstrated in the schlieren visualizations, the use of stepped nozzles leads to 

rather complex and asymmetric quasi-periodic shock cell patterns.  Additionally, 

compared to the other two nozzles, S60 nozzle demonstrates its ability in reducing 

shock strengths at downstream locations, even though the strongest shock is 

generated within close proximity of the nozzle exit.  Hence, it will be beneficial for 

the present study if the near-field noise signatures were to be investigated alongside 

as well.  Near-field sound pressure contours contain a good deal of information on 

the jet noise source, especially in terms of estimating the location, extent and intensity 

of the specified noise source [64, 51].  In the present study, it should be highlighted 

that the microphone measurement grids were located beyond the supersonic jet shear 

layers, which resulted in slightly different divergent angles of the maps between each 

measurement case.  By and large, however, they do not differ too much.  In the 

comparisons of the near-field acoustic contours, some noise sources could be muted 

by adopting a uniform legend range due to large amplitude difference between them.  

Thus, the legend range will be varied slightly in order to better highlight the noise 

sources.   

 

Figure 4-11 shows near-field acoustic maps of large-scale turbulent noise for all 

nozzles at NPR=2.8 across various azimuthal angles.  The Strouhal number of each 

map is determined from the corresponding far-field noise spectrum peak at =30, 

where large-scale turbulent noise is dominant.  Comparing these results, it is easy to 

find a striking resemblance among them.  In particular, closely-spaced contours 

radiating from the jets that extend to the aft angles can be observed.  These trends  
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Figure 4-11 Near-field acoustic maps for large-scale turbulent mixing noise at 

NPR=2.8 for (a) baseline, (b) S30 and (c) S60 nozzles. 

 

are in agreement with many past studies that pointed out that large-scale turbulent 

noise has strong directivity towards the downstream direction [64, 71, 81].   Tam et 

al. [71] have previously explained the significance of these loops, in which they are 

caused by the growth, saturation and decay of instability waves issuing from the 

nozzle.  It can also be observed that the axis extent of the noise source in each figure 
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is quite significant.  Take for instance, the noise source of the baseline nozzle can be 

seen to extend from x/D=1 to 12.  More interestingly, both stepped nozzles lead to 

approximately 6 dB peak level reductions at θ=180 as shown in Figure 4-11(b)(iii) 

and (c)(iii) respectively.   

 

Near-field acoustic contours for BSAN noise of all nozzles at NPR=2.8 and selected 

azimuthal angles (θ=0, 90 and 180) are shown in Figure 4-12.  The Strouhal 

number of each figure is determined from the corresponding BSAN peak frequencies 

observed in the far-field spectrum at =90, where BSAN is dominant.  As mentioned 

before, no prominent BSAN noise was observed in the far-field noise spectra of S60 

nozzle and hence, the baseline nozzle Strouhal number was used for S60 nozzle 

instead.  It can be observed that both baseline and S30 nozzles produce a single lobe 

noise distribution pointing in the upstream direction near the nozzle, which will make 

it consistent with the near-field BSAN behaviour in [51, 64].  The propagation path 

is also consistent with the far-field observation that BSAN noise is dominant in the 

upstream direction as shown earlier in Figure 4-2(a).   

 

Unlike the large-scale turbulent noise mentioned earlier where the source extends 

significantly in the downstream direction shown in Figure 4-11(a) to (c), BSAN noise 

is fairly localized and generated within a limited region near the nozzle as 

demonstrated in Figure 4-12(a) and (b) where the sources of baseline and S30 nozzles 

are centred at approximately x/D=5 and x/D=4, respectively.  This shows that the 

source of BSAN has shifted slightly towards upstream for S30 nozzle.  Additionally, 

it also strongly suggests that BSAN noise is generated by a shock  
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Figure 4-12 Near-field acoustic maps for BSAN at NPR=2.8 for (a) baseline, (b) S30 

and (c) S60 nozzles.  

 

other than the one adjacent to the nozzle exit.  This will explain why shocks within 

close proximity of S60 nozzle exit play insignificant roles in BSAN generation as 

shown in Figure 4-9(c) earlier.  More importantly, compared to the baseline nozzle, 

S30 nozzle generates a slightly higher BSAN intensity at θ=0 and 90, while 

maintaining a comparable level at θ=180.  Comparing Figure 4-12(a) and (b)(ii), it 
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can be found that the BSAN Strouhal number of S30 nozzle at θ=90 is significantly 

lower than that of the baseline nozzle.  It is because the average shock cell length is 

prolonged by S30 nozzle along this plane, which can be observed in Figure 4-9(a) 

and Figure 4-10(a) for baseline and S30 nozzles respectively.  

 

For S60 nozzle as shown in Figure 4-12(c), the near-field acoustic contours show that 

the noise source moves further upstream and centres approximately at x/D=3 at 

selected azimuthal angles.  The peak noise intensity is approximately 6 dB lower than 

those of the other two nozzles at θ=0.  This is consistent with the earlier far-field 

noise spectra shown in Figure 4-2(a) that significant noise reduction can be achieved 

by S60 nozzle at the same Strouhal number in the upstream quadrant.  More 

interestingly, the noise source does not produce any prominent directional lobe and 

seems to propagate in all directions.  This is distinctly different from the BSAN 

propagation characteristics of baseline and S30 nozzles, where only single lobe 

beaming in the upstream direction is produced as seen earlier.  The noise associated 

with this Strouhal number is likely to be more associated with fine-scale turbulent 

noise rather than BSAN, because of its omnidirectional propagation characteristics 

[70].  Therefore, it can be conjectured that BSAN noise is actually mitigated by S60 

nozzle even in the near-field region by the significant reduction of the downstream 

shock strengths. 

 

Figure 4-13 shows the OASPL contours for all nozzles at NPR=2.8 and selected 

azimuthal angles.  The peak noise region of the baseline nozzle centres at 

approximately x/D=5 and extends from x/D=1 to 10 as shown in Figure 4-13(a).  In  



 

63 

 

 
 

Figure 4-13 Near-field acoustic maps for OASPL at NPR=2.8: (a) baseline, (b) S30 

and (c) S60 nozzles. 

 

contrast, the size of peak noise region is notably reduced for the S30 nozzle, where 

the axial extent becomes x/D=0 to 6 with subtle differences across the azimuthal 

angles as shown from Figure 4-13(b)(i) to (iii).  Additionally, the peak noise source 

of S30 nozzle is slightly more upstream and centred at approximately x/D=3 location.  

The maximum peak noise level of S30 nozzle is comparable to that of the baseline 
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nozzle with the exception that a slight noise reduction of approximately 2 dB occurs 

at θ=180.  For the S60 nozzle, the peak noise region varies significantly with the 

azimuthal angle.  In particular, the centre of the noise region is located at 

approximately x/D=2.5, 3.5 and 6 at θ=0, 90 and 180 respectively.  More 

importantly, significant noise reduction of about 6 dB is achieved at θ=180. 

4.7 Noise coherence 

In conducting the near-field acoustic measurements, signals from the 8 microphones 

along the rake were simultaneously acquired.  As such, these signals were analyzed 

through cross-correlation and coherence functions to study the effect of the nozzle 

steps on the acoustic field spatial structures [27, 82-84].  The coefficient of a 

normalized cross-correlation function η12(𝜏) is defined as:  

 𝜂12(𝜏) =
𝑅12(𝜏)

√𝑅11(0)√𝑅22(0)
 (16) 

where R12 is the cross-correlation function, R11 and R22 are the autocorrelation 

functions, and τ represents the time delay.  Similarly, the coherence function γ12
2 (𝑓) 

of two signals is defined by:  

 𝛾12
2 (𝑓) =

|𝐺12(𝑓)|
2

√𝐺11(𝑓)√𝐺22(𝑓)
 (17) 

where G12 is the cross spectral density between two signals, and G11 and G22 are the 

single- sided power spectral densities.  

 

Figure 4-14 presents the axial cross-correlation results for the baseline nozzle at  
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Figure 4-14 Axial cross-correlation results for the baseline nozzle at NPR=2.8 and 

θ=0 with reference microphone (Mic) set to (a) Mic1, (b) Mic4 and (c) Mic8. The 

second microphone refers to another microphone on the rake. The first microphone 

(Mic1) was located at (x/D=-0.3, y/D=1.5). 

 

NPR=2.8.  Note that the first microphone along the rake was located at (x/D=-0.3, 

y/D=1.5) and the rake was in the direction along the jet spread as shown in Figure 

3-15.  The interval between each of the eight microphones is 2D.  To ease the 

presentation, the microphones will be named as Mic1, Mic2, ….., Mic8 sequentially 

from here onwards.  Therefore, Mic8 is the microphone at the utmost downstream 

location.  When Mic1 is set to the reference microphone, there is very low coherence 

as shown in Figure 4-14(a).  Particularly, the peak correlation level steeply decreases 

from 1 to about 0.3, when the second microphone is changed from Mic1 to Mic2.  

Note that the cross-correlation function works as autocorrelation function when the 
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microphone signal correlates by itself.  Thus, the peak correlation level is unity when 

Mic1 is set as the second microphone.  If microphones further downstream were set 

to be the second microphone (i.e. setting Mic3, Mic4,….Mic8 as the second 

microphone successively), the correlation level will be almost reduced to the 

background level.  When Mic4 is set as the reference microphone, dramatic changes 

in the correlation plot can be observed.  As shown in Figure 4-14(b), the peak 

correlation value will be decreased gradually as the separation distance between the 

reference and the second microphones increases in the downstream direction.  

Surprisingly, a correlation level of 0.24 can be observed for Mic8 as shown in Figure 

4-14(b).  In contrast, the signal is less correlated to those of upstream microphones.  

Particularly, the peak correlation level is dramatically reduced as the second 

microphone moves upstream.  For example, the correlation drops to 0.24 even for the 

adjacent Mic3.  When the utmost downstream microphone, Mic8, is set as reference 

microphone, the correlation decreases slowly while the second microphone moves 

progressively upstream as shown in Figure 4-14(c).  A discernible correlation value 

of 0.1 can still be observed for Mic3.  In general, these observations suggest that there 

is a large coherence noise source at far downstream locations, while it is not the case 

for regions near the nozzle.  This trend is consistent with the previous studies [85, 

86], especially Viswanathan et al. [85] referred the region with highly coherent noise 

as an equivalent source. 

 

To find out whether the stepped nozzles have any effects on the large coherence noise 

source, corresponding axial cross-correlations determined for S30 and S60 nozzles at 

NPR=2.8 are shown in Figure 4-15(a) and (b) respectively.  For  
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Figure 4-15 Axial cross-correlation under NPR=2.8 at θ=0 with Mic8 as reference 

microphone for: (a) S30 and (b) S60 nozzles.  

 

conciseness, comparisons are only made along the θ=0 location due to results along 

the longer lip side present similar trends as shown in Figure A2-1 of Appendix.  As 

mentioned earlier, the large coherence noise source happens at far downstream region 

and hence, Mic8 is set to be the reference microphone.  It can be observed that the 

peak correlation levels of S30 and S60 nozzles decrease slowly as the second 

microphone moves upstream.  Recall that the correlation levels of Mic1 and Mic2 for 

the baseline nozzle drop to background level, as shown in Figure 4-14(c) earlier.  

Interestingly, Mic2 still shows a discernible correlation level of 0.07 for S30 nozzle, 

while Mic1 and Mic2 produce correlation levels of 0.07 and 0.1 respectively for S60 

nozzle.  It is believed that the noise coherence region has been enlarged by the stepped 

nozzles, especially for the S60 nozzle. 

 

Figure 4-16 shows the axial variation of the coherence function for all nozzles at θ=0.  

For each curve in the plots, a 6-point moving-average smoothing was applied to each 

curve to smooth out random fluctuations.  Note that the location and direction of the 

microphones remain similar to those used for the cross-correlation  
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Figure 4-16 Axial coherence function results at NPR=2.8 and θ=0 with Mic8 as 

reference microphone for (a) baseline, (b) S30 and (c) S60 nozzles.  

 

analysis.  Mic8 was the reference microphone and Mic7 to Mic1 were successively 

used as the second microphone.  It can be observed that all nozzles produce high peak 

coherence levels at low Strouhal numbers, and that the levels decrease when Strouhal 

number increases.  The latter behaviour is particularly rapid when the axial separation 

distance between the reference and second microphone increases.  Additionally, 

coherence level in low Strouhal number region is prominent even at a large axial 

separation distance from the reference microphone, such as for Mic3.  It suggests that 

the large coherence source in downstream region can be attributed to low frequency 
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noise, which would make it consistent with another earlier study by Viswanathan et 

al. [85].  However, the root cause for the large coherence source in the near-field 

region remains unknown and warrants further investigations.  Take note that the 

results of axial coherence function for the three nozzles along θ=180 have not been 

presented due to similar trends are observed as shown in Figure A2-2 of Appendix.  

 

4.8 Summary 

Compared to the two stepped configurations which always generate significant noise 

reduction at under-expanded conditions and ϕ˃50°, the noise radiation of the two 

nozzles is highly different at over- and perfectly-expanded conditions.  OASPL 

results at NPR=2.8 show that the S60 nozzle produces significant noise reduction at 

the sideline and upstream quadrants, where a maximum noise reduction of 5.6 dB is 

achieved at =110 and θ=0.  In contrast, S30 nozzle produces relatively similar 

noise profiles as the baseline nozzle at various polar angles.  Noise spectra reveal that 

BSAN is suppressed by S60 nozzle at NPR=2.8.  At NPR=3.4, stepped nozzles do 

not have significant effects on the noise production, as compared to the baseline 

nozzle.  Subsequently, autocorrelation analysis was conducted on the far-field 

microphone signals to identify fine- and large-scale turbulent noises.  Results show 

that, for a given azimuthal angle of θ=0, noise signature at =30 can be attributed 

to large-scale turbulent noise.  In contrast, fine-scale turbulent noise is the major 

contributor when   ≥50.  Schlieren visualizations show that stepped nozzles produce 

complex and asymmetrical quasi-periodic shock cells.  Additionally, S60 nozzle 

appears to reduce downstream shock cell strengths over the other two nozzles.  It is 
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postulated that BSAN is generated by interactions between large-scale turbulent 

structures and shock waves at downstream locations.  Hence, any reductions of shock 

strength would result in the mitigation of BSAN levels.  

 

Near-field acoustic results of the baseline and stepped nozzles at NPR=2.8 show that 

large-scale turbulent noise has strong directivity towards the downstream direction 

with a significant axial extent.  In contrast, BSAN is relatively localized and occurs 

in a limited region near the nozzle.  Additionally, the location, extent and intensity of 

large-scale turbulent noise and OASPL are slightly modified by stepped nozzles at 

different azimuthal angles.  More importantly, the BSAN seems to be eliminated by 

S60 nozzle in the near-field region, which is consistent with the observations of far-

field noise spectra.  Lastly, microphone signals were analysed through cross-

correlation to study the effects of nozzle steps on the spatial structure of acoustic field.  

The results show that the baseline and stepped nozzles lead to large coherence noise 

sources at far downstream regions and the noise coherence region appears to be 

enlarged by the stepped nozzles, especially for S60 nozzle.  Lastly, coherence 

function results also show that large coherence noise can primarily be attributed to 

low-frequency noises.  
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Chapter 5 Mitigation of Supersonic Jet Noise 

Through Stepped Nozzles at Under-expanded 

Conditions (NPR=4 and 5) 

5.1 Introduction 

As observed in  Chapter 4, the present stepped nozzle configurations can significantly 

alter the noise radiation at over-expanded conditions, while it is not the case at 

perfectly-expanded condition.  Particularly, significant noise reduction is achieved 

by the stepped nozzles at NPR=2.8 along forward and sideline quadrants through 

suppressing BSAN.  Additionally, the stepped nozzle with 60° inclination 

significantly reduces the downstream shock strength within the jet column, which is 

believed to be the reason for mitigating BSAN radiation in near-field region.  In this 

Chapter, the noise characteristics of the current stepped nozzles will be further 

investigated at under-expanded conditions of NPR=4 and 5.  Quantitative flow 

analyses will be employed for better understanding the relationship between shock 

noise emission and flow structures within the jet.  

 

5.2 Far-field noise spectra  

During the present investigation, a significant number of acoustic measurements were 

taken at different polar and azimuthal angles for baseline and stepped nozzles.  Along 

an azimuthal plane, noise spectra at =30, 50, 70, 90 and 110 are   
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Figure 5-1 Noise spectra of baseline and stepped nozzles at =30, 50, 70, 90 and 

110, taken at NPR=4 along (a) θ=0 and (b) θ=180.  

 

presented as noise spectra are observed to be more sensitive towards these polar 

locations.  Figure 5-1(a) present noise spectrum comparisons of baseline and stepped 

nozzles at NPR=4 and different polar angles along the shorter lip side (θ=0).  Starting 

from =30, it can be discerned that noise radiated from the three nozzles are 

dominated by turbulent mixing noise, due to the relatively smooth spectra curves [70, 

71].  However, as the polar angle gradually increases from =50 to 110, the baseline 

nozzle produces a broadband “hump” in the spectra that becomes increasingly 

prominent in the upstream region.  This “hump” is related to broadband shock 

associated noise (BSAN), which has been extensively investigated in many previous 

studies [72, 73].  There is a persistent reduction of the dominant frequency associated 

with the “hump” as the measurement location moves progressively upstream as well.  

In contrast, the two stepped nozzles generate significantly lower BSAN levels relative 
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to the baseline nozzle as the measurement locations moves progressively upstream.  

The noise spectra of the baseline and stepped nozzles along the longer lip side 

(θ=180) are also compared as shown in Figure 5-1(b).  At =30, S30 nozzle 

generates significant noise reduction at low frequency region and comparable noise 

level to baseline nozzle at high frequency region, while S60 produces similar noise 

level to baseline nozzle across the whole frequency region.  At sideline and forward 

quadrants, the two stepped nozzles generate comparable shock noise level to each 

other and they both substantially reduce BSAN level relative to baseline nozzle, 

which are similar to the results along the shorter lip side.  

 

Figure 5-2(a) shows noise spectrum comparisons of the baseline and stepped nozzles 

at NPR=5 along the shorter lip side.  It can be observed that the overall amplitudes of 

the spectra are discernibly higher than those of NPR=4 as shown in Figure 5-1(a) and 

(b) due to the greater under-expansion condition of the jet flows.  The figure also 

shows that the baseline nozzle produces a distinct sharp frequency peak other than 

that associated with the BSAN “hump” from =50 onwards.  Furthermore, the 

frequency of the sharp peak remains invariant at approximately St=0.25, which is 

consistent with a value of approximately St=0.24 in [66].  The sharp peak frequency 

is also always lower than that associated with the BSAN, regardless of the polar angle.  

This discrete peak is associated with the screech tone and the above observations are 

consistent with studies reported previously [11, 12].  Note that there is no discernible 

screech tone observed at NPR=4 for the baseline nozzle in Figure 5-1(a), presumably 

due to the use of thin nozzle lip walls here [12].   
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Figure 5-2 Noise spectra of baseline and stepped nozzles at =30, 50, 70, 90 and 

110, taken at NPR=5 along (a) θ=0 and (b) θ=180. 

 

The spectra of the two stepped nozzles display lower overall BSAN levels relative to 

the baseline nozzle as well as do not show any observable jet screech.  The noise 

comparisons for the baseline and stepped nozzles along the longer lip side at NPR=5 

are presented in Figure 5-2(b).  The results present similar trends to those along the 

shorter lip side.  More importantly, along the azimuthal plane of θ=180°, the two 

stepped nozzles also do not generate discernible screech level at various polar angles, 

which demonstrates that the imposition of simple step configurations upon a 

conventional baseline nozzle here could mitigate jet screech effectively. 

 

Figure 5-3(a) shows OASPL comparisons of baseline and stepped nozzles at various 

polar angles and NPR=4 along the shorter lip side.  It is unsurprising that all  
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Figure 5-3 OASPL comparisons of baseline and stepped nozzles at various polar 

angles at NPR=4 along (a) θ=0° and (b) θ=180°.  

 

three nozzles possess relatively similar overall noise levels at =30, as they share 

comparable turbulent noise level at both low and high frequencies as shown in Figure 

5-1(a) earlier.  However, it can also be observed that both stepped nozzles lead to 

increasingly significant noise reductions as the polar angle increases to =110/115.  

Specifically, S30 nozzle produces a maximum noise reduction of 4.8 dB at =115, 

while S60 nozzle leads to a maximum noise reduction of 6 dB at =110.  Along the 

longer lip side shown in Figure 5-3(b), the two stepped nozzles also 

generatesubstantial noise reduction at the region of  ≥40 and they both achieve the 

maximum noise reduction of approximately 5 dB at =115.  Take note that S30 

nozzle generates prominent noise reduction at shallow polar angles of =30 and 

=40 due to it suppresses low frequency turbulent noise significantly as shown in 

Figure 5-1(b).   

 

At NPR=5 and θ=0° as shown in Figure 5-4(a), note that there are drastic fluctuations 

in the OASPL of the baseline nozzle between =30° to 50°.  Closer  
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Figure 5-4 OASPL comparisons of baseline and stepped nozzles at various polar 

angles at NPR=5 along (a) θ=0° and (b) θ=180°. 

 

 
 

Figure 5-5 Noise spectra of the baseline nozzle taken at ϕ=30°, 40° and 50° at NPR=5. 

 

inspection of their noise spectra (shown in Figure 5-5) reveals that the OASPL 

reduction from =30 to 40 is due to large-scale turbulent noise transiting to fine-

scale turbulent noise.  However, the presence of significant screech tone and 

broadband shock noise at =50 leads to an increase, before it decreases again.  

Regardless, similar to NPR=4 condition, the two stepped nozzles generate 

comparable overall noise level relative to the baseline nozzle at =30 with 

progressively larger noise reductions from =50 to 115.  This trend also can be 
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observed along the longer lip side shown in Figure 5-4(b).  However, it should be 

highlighted that S60 nozzle leads to a higher noise reduction than its S30 counterpart 

at NPR=5.  For instance, along the shorter lip side, S30 nozzle produces a maximum 

noise reduction of 3.5 dB at =100, while S60 nozzle produces a reduction of 5.2 

dB at the same azimuthal angle.  Lastly, a closer re-examination of Figure 5-2(a) and 

(b) shown earlier reveals that S60 nozzle is more effective in BSAN suppression than 

S30 nozzle at certain polar locations, which in turn leads to variations in noise 

reduction efficacies. 

 

5.3 Azimuthal directivity 

As the stepped nozzle shapes are asymmetric, noise emissions will vary with the exact 

polar and azimuthal locations.  Acoustic measurements were taken at different 

azimuthal angles to investigate the azimuthal directivity of the noise emissions.  Note 

that it has been previously established that turbulent mixing noise and shock noise 

dominate at downstream and upstream regions respectively [70, 71], which has also 

been demonstrated by the present results depicted in Figure 5-1 earlier.  Hence, the 

microphone is positioned at ϕ=30 and 90 respectively, which represent the different 

noise emission regions, and then rotated to various azimuthal locations to map out 

the azimuthal characteristics systematically.  As all test nozzles are symmetric about 

the XY-plane, measurements were conducted from θ=0 to 180 at 30 intervals, 

such that measurement data were acquired at seven different azimuthal angles for 

each polar angle on one side of the symmetry plane. 
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Figure 5-6 Azimuthal acoustic directivity of baseline and stepped nozzles at NPR=4 

along (a) =30  and (b) =90. 

 

Figure 5-6 presents the azimuthal noise measurement results of all test nozzles at 

NPR=4 condition.  At =30 shown in Figure 5-6(a), S30 nozzle produces moderate 

noise reduction levels relative to the baseline nozzle across all azimuthal angles.  In 

contrast, S60 nozzle produces slightly higher noise levels across all azimuthal angles 

as compared to those of the baseline nozzle.  Interestingly, S30 nozzle leads to 

maximum and minimum noise levels along the shortest and longest lip regions (i.e. 

θ=0 and 180 respectively).  On the other hand, such relationships are not observed 

for the S60 nozzle.  As large-scale turbulent mixing noise is dominant along ϕ=30 

plane as shown in Figure 5-1(a), the noise directivity of S30 nozzle is likely to be 

caused by the variations in the jet shear layer mixing effects along different azimuthal 

planes. 

 

Moving to a larger polar angle plane along =90 as shown in Figure 5-6(b), both 

stepped nozzles produce significant noise reductions across all azimuthal locations.  

In this case, S30 nozzle generates a relatively symmetrical noise distribution about 

θ=90 location, while S60 nozzle produces a minimum noise level at θ=0.  In  
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Figure 5-7 Azimuthal acoustic directivity of baseline and stepped nozzles at NPR=5 

along (a) =30 and (b) =90.  

 

particular, while noise levels for both stepped nozzles are closer between θ=0 and 

90, that for the S60 nozzle incurs a moderate increase over the S30 nozzle test case 

between θ=120 to 150.  As such, azimuthal directivity of S60 nozzle along =90 

plane can be mostly attributed to the azimuthal variations in the shock structures and 

strengths due to the location is dominated by shock noise.  

 

Figure 5-7 shows azimuthal acoustic comparison of the baseline and stepped nozzles 

at NPR=5 condition.  At ϕ=30, the two stepped nozzles produce noise levels that 

vary azimuthally as shown in Figure 5-7(a).  In particular, they possess moderate 

noise reduction between θ=40 to 110, while produce relatively similar noise levels 

as compared to the baseline nozzle at other azimuthal angles.  Additionally, the noise 

levels of S30 and S60 nozzles are quite close to each other across all azimuthal angles 

and they both incur maximum noise reductions at approximately θ=90.  This is likely 

due to enhanced mixing effects within the jet shear layer along this location, caused 

by additional small-scale flow structures generated by the sharp steps at this 
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azimuthal plane.  In fact, these small-scale flow structures can be visualized in the 

schlieren results presented later.   

 

In contrast, moving to ϕ=90°, significant noise reduction is achieved while exhibiting 

negligible noise variations across different azimuthal angles as shown in Figure 

5-7(b).  Furthermore, S60 nozzle produces slightly lower noise level than S30 nozzle 

across all azimuthal angles.  In general, the above observations demonstrate that the 

noise radiation of stepped nozzles is less uniform azimuthally, and likely to be related 

to how the flow and shock structures are asymmetrically arranged.  More importantly, 

Figure 5-6 and Figure 5-7 show that the noise reduction effectiveness of these stepped 

nozzles is sensitive towards many factors, such as polar and azimuthal angles and the 

NPR of supersonic jet flows, where non-optimal conditions may lead to noise 

increments as demonstrated in Figure 5-6(a) instead.  Due to the interplay of complex 

modifications to the flow fields and noise generation mechanisms by using stepped 

nozzles, there will be variations in the dominant noise components at different polar 

and azimuthal angles as well.   In particular, both the flow fields and shock systems 

are significantly distorted to become highly asymmetric along the XY-plane, which 

results in noise radiations that are highly complex. 

 

5.4 Broadband shock associated noise 

As discussed in the previous section, the stepped nozzles can reduce noise levels at 

both NPR=4 and 5 conditions by suppressing the amplitude of the shock noise  
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Figure 5-8 Example of how the peak amplitude and Strouhal number of shock noise 

components were extracted from a narrowband noise spectrum for the baseline nozzle 

at NPR=5 and =90°.  The peak frequency and corresponding amplitude are indicated 

by circles.  

 

components significantly along the sideline and upstream quadrants.  When ϕ˃50°, 

the noise reductions produced by the two stepped nozzles are similar at NPR=4, while 

the S60 nozzle is more effective in noise reduction than S30 nozzle at NPR=5.  

Additionally, the noise reduction of the stepped nozzles has been observed to be 

sensitive to azimuthal locations.  Therefore, it will be insightful to document and 

compare the amplitudes and Strouhal numbers of the shock noise components based 

on the nozzle configurations and azimuthal angles.   

 

To illustrate, Figure 5-8 shows an example of how the peak amplitude and Strouhal 

number of shock noise components were extracted from a narrowband noise spectrum 

for the baseline nozzle at NPR=5 and =90°.  Firstly, the jet screech tone was isolated 

from the noise spectrum by a peak locating algorithm.  Secondly, a spectra function 

provided by Kuo et al. [35] was chosen over simple Gaussian distribution [87, 88] to 

extract the fundamental characteristics of BSAN as shown by the red curve in Figure 
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5-8, due to its ability to fit the non-symmetric broadband spectral peak better.  This 

was undertaken to exclude any screech harmonics from the determination of BSAN 

characteristics.  The spectra function used here can be expressed as: 

 𝑆𝑃𝐿(𝑆𝑡) = 𝑆𝑃𝐿𝑝 + 10 ∗ log10[𝑒
−(
𝑆𝑡𝑝
𝑆𝑡
−1)

2

/𝑤𝑠ℎ
2

] (11) 

 

where SPLp and Stp are the values of BSAN peak amplitude and corresponding peak 

Strouhal number respectively and wsh is the normalized characteristic width of BSAN 

spectral component.  Since jet screech has not been observed for the two stepped 

nozzles even at NPR=5, only the amplitudes and Strouhal numbers of BSAN at 

various azimuthal locations have been documented.  Furthermore, plausible 

explanations for screech elimination by stepped nozzles will be discussed in the 

following section.  

 

After the above-mentioned procedures had been implemented upon the relevant 

measurement results, Figure 5-9 shows a comparison among the measured BSAN 

amplitudes.  At both under-expanded NPR=4 and 5 conditions, it is clear that the use 

of stepped nozzles can suppress BSAN peak amplitudes significantly at =90.  It 

should be highlighted that BSAN amplitude increases with NPR regardless of nozzle 

configuration or azimuthal orientation, as shock strength naturally increases as the 

NPR deviates further away from the design condition [72, 73].  For statistically 

comparing the noise performance, BSAN amplitudes of the stepped nozzles along 

ϕ=90° at various azimuthal angles are averaged.  At NPR=4, both the  
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Figure 5-9 Comparisons of BSAN peak amplitudes for baseline and stepped nozzles 

at NPR=4 and 5 along =90. 

 

stepped nozzles generate comparable reduction in BSAN level, where the average 

difference is within 0.5dB.  In contrast, at NPR=5, the average reduction in BSAN 

level of the S60 nozzle is 2dB higher than that of the S30 nozzle.  In general, at the 

under-expanded conditions, both the S30 and S60 nozzles produce significant 

reduction in BSAN amplitude at ϕ=90° with the level ranged from 6.0dB-11.5dB at 

various azimuthal locations. 

 

Peak frequency associated with BSAN has been extensively studied in many earlier 

studies.  In particular, Harper-Bourne and Fisher [89] and Tam and Tanna [72] made 

use of Eq. (12) to evaluate fBSAN: 

 𝑓𝐵𝑆𝐴𝑁 =
𝑢𝑐

𝐿𝑠(1 − 𝑀𝑐  𝑐𝑜𝑠𝜙)
 (12) 

where uc is the convective velocity of large-scale turbulence structures, Ls is the shock 

cell length, Mc is uc normalized by the ambient sound speed and  is the polar angle.  

According to the equation, BSAN peak frequency will continuously  
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Figure 5-10 Measured BSAN peak Strouhal number as a function of NPR value for 

baseline and stepped nozzles at =90. 

 

decrease if the microphone is gradually shifted from a downstream location to an 

upstream one, which can also be observed in Figure 5-1(a). 

 

Figure 5-10 shows a comparison between BSAN peak Strouhal numbers determined 

at various azimuthal angles.  It can be readily discerned from the figure that BSAN 

peak Strouhal numbers associated with the two stepped nozzles are generally 

significantly higher than that of the baseline nozzle at NPR=5, especially the case for 

S60 nozzle.  In contrast, at NPR=4, the two stepped nozzles tend to produce slightly 

lower BSAN Strouhal numbers, with the exception of the S30 nozzle producing a 

significantly higher BSAN Strouhal number than the other test configurations at 

=90.  Intriguingly, this particular test configuration produces the lowest Strouhal 

number gain at NPR=5, as compared to other test configurations.  Hence, current 

results suggest that the noise reduction behaviour of stepped nozzles may not be 

consistent with variations in the NPR, at least for the test configurations used here. 
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Figure 5-11 BSAN peak Strouhal numbers at (a) NPR=4 and (b) NPR=5 for the 

baseline nozzle as a function of polar angle, and their comparison with Eq. (12) 

derived from Tam and Tanna [72]. 

 

Figure 5-11 compares the BSAN peak Strouhal numbers as a function of the polar 

angle at NPR=4 and 5 with those predicted by Eq. (12) (Tam and Tanna [72] defined 

uc=0.7uj as an empirical result for adopting the equation).  The comparison shows 

that the measured Strouhal numbers of the present baseline nozzle under both 

operating conditions are in good agreement with the formula.  Additionally, Figure 

5-11(b) shows that results from Kuo et al. [66] agree well with the formula and the 

present measurements as well.  Closer examination shows that the peak BSAN 

Strouhal numbers determined by Kuo et al. [66] are slightly higher than the current 

results at various polar angles, that would be due to the minor differences in the nozzle 

geometries used.  From the two plots, it also can be observed that the Strouhal 

numbers of stepped nozzles at ϕ=90° remain close to the predicted values by the 

formula, even though they vary slightly with the azimuthal angle as compared to 

those of the baseline nozzle. 
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Figure 5-12 Schlieren images captured for baseline and stepped nozzles along XY-

plane at (a) NPR=4 and (b) NPR=5. Camera exposure time was set to 30μs with the 

knife-edge oriented vertically [90]. 

 

5.5 Schlieren imaging 

Schlieren images of supersonic jets issuing from all the test nozzles at NPR=4 and 5 

are presented in Figure 5-12(a) and (b) respectively.  For the baseline nozzle shown 

in Figure 5-12(a)(i) and (b)(i), axisymmetric quasi-periodic diamond pattern shock 

cells are formed within the jet columns.  However, it can also be noticed that when 

the NPR value is increased from 4 to 5, the shock cells become visibly more persistent 

and the shock cell length increases from approximately 1.26D at NPR=4 to 1.68D at 

NPR=5.  The longer shock cell length leads to a lower BSAN peak Strouhal number 

value [72, 73], which is consistent with the acoustic observations  
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Figure 5-13 Shock structures and interactions for (a) S30 and (b) S60 nozzles along 

XY-plane at NPR=5. Camera exposure time was set to 30μs with the knife-edge 

oriented vertically [90]. 

 

in Figure 5-10 earlier.  For the S30 nozzle schlieren images taken along the symmetry 

plane shown in Figure 5-12(a)(ii) and (b)(ii), it is observed to produce three different 

shock systems that originate from different parts of the nozzle.  This can be better 

appreciated in Figure 5-13(a), where a close-up view of the shock cell structures and 

interactions at NPR=5 is presented.  The first shock system indicated by the blue line 

is induced along the shorter nozzle lip due to static pressure mismatch between inside 

and outside of the jet column. The second shock system denoted by the green line 

emanates from the inner walls of the nozzle and is likely to be associated with the 

asymmetric boundary layer distribution along the nozzle inner wall.  It intersects the 

first shock system near the shorter nozzle lip, where it subsequently reflects off the 

upper jet shear layer towards the lower jet shear layer, from which it will continue to 

be reflected within the jet column.  Lastly, the third shock system demonstrated by 

the red line is produced along the longer nozzle lip, where it intersects with the first 

and second shock systems, before being reflected within the jet column.  Hence, it 

can be seen that more complex, asymmetric and multiple shock systems are formed 
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when stepped nozzles are used.  Note that the solid and dash lines represent oblique 

shocks and expansion waves, respectively.  

 

Corresponding schlieren images taken along the symmetry plane for S60 nozzle at 

NPR=4 and 5 are shown in Figure 5-12(a)(iii) and (b)(iii) respectively.  The three 

different shock systems observed for S30 nozzle previously are essentially 

reproduced here.  However, the exact shock patterns are slightly different, since the 

length difference between the shorter and longer nozzle lips is much more significant 

for S60 nozzle than for S30 nozzle.  Take for instance, the first shock system 

originating from the shorter nozzle lip is initially reflected by the lower nozzle wall 

before proceeding to be reflected within the jet column as it propagates downstream.  

The behaviour of the second shock system that emanates from the inner wall of the 

nozzle, as well as that of the third shock system that originates from the longer nozzle 

lip, remains relatively similar to what have been observed for the S30 nozzle.  At 

NPR=5, the shock system produced by the shorter nozzle lip will be reflected right at 

the longer nozzle lip due to the elongation of the shock cell when NPR increases, 

leading to a situation whereby it will merge with the shock system produced by the 

longer nozzle lip to form a thin shock band shown in Figure 5-13(b).   

 

In general, the resulting shock system becomes more intense as the NPR increases 

from NPR=4 to 5, which would explain the increase in the BSAN amplitudes with 

the NPR in Figure 5-10 earlier. It should also be noted that stepped nozzles lead to 

vectoring of the jet columns towards the shorter nozzle lip regions, particularly  
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Figure 5-14  Schlieren images captured for S30 and S60 nozzles along XZ-plane at 

(a) NPR=4 and (b) NPR=5. Camera exposure time was set to 30μs with the knife-

edge oriented vertically [90]. 

 

when the NPR increases from NPR=4 to 5.  This phenomenon has been observed by 

the authors of [2, 78] earlier for asymmetric bevelled nozzles and in-line with the 

notion that there is a pressure relief lag between the longer and shorter nozzle lips for 

such asymmetric nozzles [79, 91].  Note that the deflection direction is associated 

with the jet expanded condition where jet plumes of over- and under- expanded 

conditions deflect toward the longer and shorter nozzle lip, respectively, as shown in  

Figure 4-9(b) and Figure 5-12(b)(ii).  

 

Lastly, schlieren images taken along XZ-plane (i.e. orthogonal to XY-plane) for both 

stepped nozzles at NPR=4 and 5 are presented in Figure 5-14(a) and (b) respectively.  

Along this plane, the jet flows are more symmetrical about the nozzle cylindrical axes.  

Due to the partial blockage of the jet flows by the longer nozzle lips, it is difficult to 

distinguish shock system origins and formations associated with the shorter nozzle 

lips.  However, it can be inferred from the overlapping but  
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Figure 5-15 Close-up views of schlieren images captured along XZ-plane for baseline 

and stepped nozzles at NPR=5 with 1μs camera exposure time in conjunction with 

horizontal knife-edge orientation to better highlight the jet spreads [90].  

 

symmetrical shock structures that they do not differ too much from the diamond-

shaped shock structures observed in the baseline nozzle earlier on.  Furthermore, 

there is a length discrepancy between the shorter and longer nozzle lips, the shock 

systems produced by the former and latter will form earlier and later respectively, 

thus leading to overlapping shock cell structures as shown in Figure 5-14.  

 

Equally interesting, the two stepped nozzles possess wider jet spreads than the 

baseline nozzle along the XZ-plane.  This can be clearly observed in Figure 5-15 

where additional schlieren images taken using a shorter camera exposure time of 1µs 

in conjunction with horizontal knife-edge orientation are presented - the shorter 

exposure time render the jet shear layer clearer than those shown in Figure 5-14 
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earlier.  The wider jet spreads are likely due to additional small-scale flow structures 

induced by the sharp steps between the shorter and longer nozzle lips, which have 

been visualized partially in Figure 5-13 earlier as dark lines emanating from the sharp 

nozzle steps.  Other than improving the mixing between the jets and the ambient 

through wider jet spreads (i.e. evident in the increased narrowing of the jet column 

when the sharp step occurs earlier for S60 nozzle), the formation of these flow 

structures and associated flow disruptions appear to mitigate jet screech tone as well.  

Firstly, it is plausible that flow changes conferred upon conventional circular 

supersonic jets by the nozzle steps disrupt the aeroacoustic feedback loop through 

blocking the acoustic feedback path for upstream-travelling acoustic waves 

interacting with the nozzle lip [34, 92].  Note that similar behaviour has also been 

observed by Raman [12] and André et al. [87].  Secondly, asymmetric shock 

structures generated by the stepped nozzles, shown in Fig. 4-14(a) and (b), will 

produce phase and amplitude mismatches within the jet columns, which contributes 

toward disrupting the acoustic resonance and leads to jet screech mitigation [10].  

Lastly, unlike the case for the baseline nozzle, it is difficult to establish a direct 

quantitative relationship between the shock cell length and the resulting BSAN 

behaviour for stepped nozzles, due to the complex shock formations and jet vectoring.  

Nevertheless, qualitatively speaking, the shock cell lengths do appear to be 

lengthened when the NPR increases from NPR=4 to 5.  
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5.6 Quantitative calibrated schlieren  

It is well known that BSAN is caused by interactions between large-scale turbulent 

structures and shock structures within the jet potential core.  Harper-Bourne and 

Fisher [89] were among the first to predict BSAN characteristics by relating shock 

strength to a parameter β that relates to jet velocity and found that the intensity (I) of 

BSAN is proportional to the parameter raised to the power of four.  To be specific, 

the relationship can be expressed as  

 𝐼 ∝ 𝛽4, 𝑤ℎ𝑒𝑟𝑒 𝛽 = √𝑀𝑗
2 − 1 (13) 

Subsequently, Tam and Tanna [72] provided a new theoretical model for BSAN 

generation and radiation, where the parameter β was modified to  

  𝛽(𝑀𝑑≠1) = √𝑀𝑗
2 −𝑀𝑑

2  (14) 

for a convergent-divergent nozzle.  Apparently, the parameter β is insufficient to 

evaluate shock strengths when the shock structures are altered by asymmetric nozzle 

geometries (such as the stepped nozzles used here).  Furthermore, quantitative 

information on shock strengths obtained through experimental measurements are 

rather limited, and this lack of quantitative experimental data has compelled many 

studies to compare between numerical simulation results and qualitative schlieren 

visualization [2, 53, 93].  One of the reasons for the lack of experimental data on 

shock strengths is due to the limitations of conventional experimental techniques.  

Take for instance, the use of intrusive Pitot tubes or hot-wire probes for supersonic 
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flow measurements will inevitably modify the original shock structures such that the 

original acoustic field becomes distorted [94]. 

 

While partial success has been achieved through laser Doppler velocimetry (LDV) 

for time-average velocity measurements [33, 95], various problems associated with 

beam steering effects from sharp density gradients (in dual-beam implementations) 

and seed particles passing through shock waves render LDV implementations 

challenging.  Particle image velocimetry (PIV) has similar problems associated with 

seeding particle distributions as well [96, 97].  As such, the present study made use 

of non-intrusive quantitative calibrated schlieren technique to measure the density 

gradients of the supersonic jet flows here, such that shock strengths and BSAN 

amplitudes may be better correlated.  The technique has recently been used 

successfully by Mariani et al. [63] and readers are referred to the paper for more 

details.  For the results presented here, experimental data was processed about the 

baseline nozzle centreline and reflected to obtain the full density gradient results.  As 

for the stepped nozzles, the full density results were obtained by processing the top 

and bottom halves of the experimental data, before stitching together along the nozzle 

centreline.  This accounts for the discontinuous nature of the contours along the 

nozzle centreline and is due to the implementation of the Abel transformation  here, 

where either the top- or bottom-half of the experimental data could only be processed 

at a time.  As such, these results should be used for comparisons of the general trends 

only. 
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Figure 5-16 Density gradient contours along XY-plane for baseline and stepped 

nozzles at (a) NPR=4 and (b) NPR=5 [90].  

 

Figure 5-16 shows the density gradient contour results determined for the baseline 

and stepped nozzles along the symmetric XY-plane.  In the figure, negative and 

positive contour regions represent expansion and compression regions respectively, 

and the ranges of the density gradient magnitudes are kept constant throughout for 

ease of comparison.  For the baseline nozzle, an alternating and regular sequence of 

expansion and compression regions within the jet column at the two NPRs can be 

observed.  As the jet static pressure is higher than the ambient pressure, expansion 

occurs at the nozzle lip immediately after the supersonic jet was exhausted.  This 

leads to a regular series of expansion and compression regions captured through the 

present calibrated schlieren measurements, as well as diamond-like shocks to 
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propagate within the jet column progressively downstream.  It should also be 

mentioned that the shock cell lengths for the baseline nozzle at NPR=4 and 5 are 

consistent with those discerned from the qualitative schlieren images presented 

earlier.  

 

In contrast, the resulting expansion and compression regions for stepped nozzles are 

more complicated.  Closer inspections of their density gradient results shown in 

Figure 5-16 indicate that they are highly asymmetric.  In particular, it would appear 

that the shocks emanating from the longer nozzle lips dominate with a resulting “zig-

zag” shock pattern reflecting within the jet column.  As with the baseline nozzle, the 

shock strength increases with an increase in the NPR as well.  Figure 5-17 presents 

corresponding density gradient contour results for the stepped nozzles taken along 

XZ-plane.  In this case, the shock patterns are much more regular and symmetric 

about the nozzle centreline.  While it appears that the results seem to have more 

expansion and compression regions as compared to the baseline nozzle, this is not the 

case as they merely reflect the earlier comment on the overlapping of the two shock 

systems produced by the shorter and longer nozzle lips.  Schlieren imaging is a light-

integration technique and hence, both shock systems will be visualized and therefore 

quantified through calibrated schlieren approach. 

 

To compare the average shock strengths between the baseline and stepped nozzles 

quantitatively, density gradient profiles were extracted at 0.2D radially away from 

the jet centreline.  This location was selected in order to better identifying the shock 

structures, especially for the stepped nozzles.  Due to the stepped nozzles 
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Figure 5-17 Density gradient contours along XZ-plane for S30 and S60 nozzles at (a) 

NPR=4 and (b) NPR=5 [90].  

 

undergoing prominent jet plume deflections along the XY-plane, canted jet 

centrelines approximated from earlier schlieren images were used instead. Density 

gradient distributions of the baseline nozzle at NPR=4 and 5 at 0.2D radially away 

from the jet centreline were extracted and presented in Figure 5-18.  It can be 

observed that the density gradient magnitude oscillates about the centreline in a 

highly regular manner, due to the formation of regular shock diamonds within the jet 

column.  When the NPR increases from 4 to 5, the amplitudes and frequency of the 

density gradient oscillations can be seen to increase and decrease respectively.  Since 

the average shock strength can be evaluated by averaging the difference between 

adjacent peak and valley amplitudes [65, 98], the average peak-valley amplitude 

difference was estimated and can be seen to increase from 249 kg/m4 to 637 kg/m4 

when NPR increases from 4 to 5.  Hence, this provides direct evidence that the 

average shock strength increases with the NPR.  More interestingly, this is 
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Figure 5-18 Density gradient profiles of the baseline nozzle along radial distance 

0.2D off jet centreline at NPR=4 and 5 [90].  

 

consistent with the BSAN amplitude of baseline nozzle increasing with NPR as 

previously shown in Figure 5-9 earlier. 

 

Figure 5-19 presents a comparison of density gradient profiles between baseline, S30 

and S60 nozzles at different azimuthal planes.  The results indicate that the density 

gradient profiles of the two stepped nozzles do not demonstrate regular oscillatory 

patterns, which is considered to be a direct consequence of the asymmetric shock cell 

structures found in the jets.  To compare further, the shock strengths associated with 

the three test nozzles were estimated based on the earlier procedures.  Results show 

that the stepped nozzles can significantly reduce the shock strengths at various 

azimuthal angles at both NPRs.  In addition, it can also be discerned that the S60 

nozzle tends to be more efficient in shock strength reduction than the S30 nozzle at 

various azimuthal angles under NPR=5 condition.  For instance, at NPR=5 and 

θ=180°, the average peak-valley amplitude difference of the baseline nozzle is 637 

kg/m4, while those of the S30 and S60 nozzle are 440  
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Figure 5-19 Density gradient profiles of baseline, S30 and S60 nozzles at 0.2D away 

from the jet centrelines along θ=0, 90 and 180 at (a) NPR=4 and (b) NPR=5 

conditions respectively [90].  

 

kg/m4 and 291 kg/m4 respectively.  In contrast, the situation is more complex at 

NPR=4.  In particular, S60 nozzle produces a slightly lower average peak-valley 

amplitude difference at θ=0 than its S30 counterpart, while the opposite is true at 

θ=90 and 180.   
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Generally speaking, these average shock strength results agree well with the earlier 

observations on BSAN amplitude trends for all the three test nozzles.  It should be 

highlighted that many earlier studies found that large screech amplitude reductions 

can lead to amplification of the BSAN level [76, 99].  In the present study, however, 

both stepped nozzles manage to eliminate screech tone and suppress BSAN level at 

the same time.  This observation suggests that shock strength reduction could play a 

more important role than jet screech in determining the BSAN amplitude, at least for 

the present nozzles investigated. 

 

5.7 Summary 

Acoustic measurements have been conducted for a circular baseline and two stepped 

nozzles at underexpanded NPR=4 and 5 conditions and results demonstrate that 

stepped nozzles can alter supersonic jet noise generation and radiation significantly.  

Specifically, stepped nozzles produce significant noise reductions relative to their 

baseline counterpart at high frequencies along the sides and forward polar quadrants.  

Close examinations of their noise spectra reveal that noise reductions can be mainly 

attributed to BSAN suppression and jet screech elimination. Major differences in 

OASPL at different polar and azimuthal angles are also observed, where stepped 

nozzles can significantly reduce the overall acoustic energy radiated.  For instance, 

at NPR=4 condition and θ=0, the maximum noise reductions produced by S30 and 

S60 nozzles are 4.8 dB and 6 dB respectively.  
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BSAN amplitudes and Strouhal numbers at different azimuthal angles along ϕ=90 

are studied based on curve-fitting distributions of a spectra function.  The amplitude 

is observed to increase with NPR progressively regardless of nozzle configuration or 

azimuthal orientation.  At both NPRs, stepped nozzles always lead to significant 

reductions in the BSAN amplitudes with the extent of reduction dependent upon the 

azimuthal angle.  Subsequent quantitative schlieren results show that changes to the 

BSAN amplitudes correlate well with the variations observed in the mean shock 

strengths, where lower shock strengths lead to lower BSAN levels.  In contrast, 

mitigation of jet screech is postulated to result from the disruption of the aeroacoustic 

feedback mechanism occurring at the nozzle lips by the step geometries.  

 

On the other hand, the present results do not show consistent trends between BSAN 

Strouhal numbers, NPR value and azimuthal angle.  At NPR=5, Strouhal numbers of 

the stepped nozzles are apparently higher than those of the baseline nozzle at various 

azimuthal angles.  However, the behaviour is fundamentally different at NPR=4.  In 

particular, both stepped nozzles produce slightly lower BSAN Strouhal numbers, 

with the exception of the S30 nozzle at =90.  Qualitative schlieren visualizations 

show that stepped nozzles produce wider jet-spreads than those of the baseline nozzle, 

and while the baseline nozzle produces prominent quasi-periodic shock cells that are 

symmetric about the jet centreline, those generated by stepped nozzles intersect in a 

complex, non-periodic and asymmetric manner along their incline-planes.  This 

suggests that it may not be possible to directly correlate between the BSAN Strouhal 

numbers and shock cell lengths for an asymmetric design.  
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Chapter 6 Aeroacoustic Measurements of 

Bevelled and Double-bevelled Nozzles at Over-, 

perfectly- and Under-expanded Conditions 

6.1 Introduction 

In earlier studies, a number of nozzle geometries have been proposed and are 

successful in suppressing supersonic jet noise.  Callender et al. [50] experimentally 

investigated a baseline and three chevron nozzles over a wide range of operating 

conditions.  They [50] found chevron nozzles are most effective in reducing low 

frequency noise at aft directivity angles and the chevron penetration is the main factor 

to control the tradeoff between low frequency noise reduction and high frequency 

noise augmentation.  Bridges and Brown [100] studied the relationships between 

chevron geometric parameters and far-field noise by varying chevron penetration, 

chevron length, chevron count and chevron symmetry.  The results show that a nozzle 

with high chevron counts produces good low frequency noise reduction without much 

penalty of high frequency noise augmentation, which often occurs for the nozzle with 

low chevron counts.  However, the chevron application could impose other penalties 

including weight increase and thrust loss and the penalties are highly dependent on 

the nozzle geometric parameters, such as the number and penetration of chevrons 

[52].  Viswanathan [42] performed detailed aeroacoustic measurements on two 

bevelled nozzles and demonstrated that significant noise reduction is achieved along 

the longer lip side.  The magnitude of noise reduction is a strong function of the jet 

velocity in that it increases progressively with the jet velocity.  Subsequently, 
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Viswanathan and Czech [43] conducted detailed acoustic experiments on bevelled 

nozzles with several incline angles.  They found that the bevelled nozzles generate 

similar or greater absolute thrust as the baseline nozzle, and produce significant noise 

reduction along polar angles of peak noise emission.  Recently, Powers et al. [74] 

tested two new bevelled nozzles where the exit plane was rotated by 24° and 35° and 

found 3-4 dB noise reduction along the nozzle long lip side with less than 1% thrust 

loss.  In general, bevelled shape is a promising nozzle concept for supersonic jet noise 

suppression.   

 

The present effort is to investigate whether the effectiveness of noise reduction 

related to bevelled applications can be improved through double-bevelled cuts 

imposed at the nozzle exit.  To achieve the goal, two different nonuniform nozzle 

configurations imposed bevelled and double-bevelled cuts at the nozzle lip with 

different bevelled angles were designed.  Detailed far-field acoustic characteristics 

including noise spectra, OASPL, and azimuthal directivity are investigated for 

different types of bevelled nozzles and are compared to those of a baseline circular 

nozzle.  Near-field acoustic measurements were subsequently performed to locate 

different noise sources and to study near-field acoustic modifications made by using 

bevel cuts on the nozzle exit.  

 

6.2 Nozzle geometries 

Three different nozzle configurations were designed as shown in Figure 6-1.  The 

design of circular baseline nozzle (which is employed as a basis for comparisons in 
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Figure 6-1 Nozzle geometries of (a) baseline, (b) bevelled and (c) double-bevelled 

nozzles. 

 

the acoustic fields here) was previously explained in the Chapter 3.  The designs of 

bevelled and double-bevelled nozzles were based on the baseline nozzle but with 

bevel and double-bevel cuts respectively imposed at =30 and 60 relative to the 

nozzle lip.  As mentioned in Chapter 3, the five nozzles are named as baseline, B30, 

B60, DB30 and DB60, where B and DB denote bevel and double-bevel respectively.  

All nozzles possess same internal diameter (D) of 12.7 mm, lip thickness of 0.5 mm 

and exit-to-throat area ratio of 1.144.  Note that the perfect jet expansion of the 

nozzles occurs at NPR=3.4.  Under such condition, the jet column is free of any 

significant shock structures.  Lastly, a Cartesian coordinate system is also defined as 

shown in Figure 6-1, such that the planes connecting the shorter and longer nozzle 

lips for bevelled nozzles and the shorter and shorter lips for double-bevelled nozzles 

are the XY-planes, while the orthogonal planes are the XZ-planes.  The red dots 

located along the nozzle centreline indicate the origin of the coordinate system, where 

it coincided with the constant mean height of all nozzles, taken as the  
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Figure 6-2 Noise spectrum comparisons of baseline, bevelled and double-bevelled 

nozzles taken at NPR=3.4 and ϕ=30, 50°, 70, 90 and 110° along: (a) θ=0° and (b) 

θ=180°. 

 

average of the shortest and longest lip lengths of all lip-modified nozzles here.  Three 

different operating conditions of NPR=2.8, 3.4 and 4 are investigated, which 

represent over-, perfectly- and under- expanded conditions respectively.  The flow 

parameters related to the three conditions are detailed in Table 3-1 (see Pg. 22) 

 

6.3 Far-field acoustics  

6.3.1 Noise spectra 

Figure 6-2(a) and (b) show the noise spectrum comparisons of baseline, bevelled and 

double-bevelled nozzles at NPR=3.4 along θ=0° and 180° respectively.  Note that 

θ=0° and 180° correspond to the shorter and longer lips respectively for bevelled 
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nozzles and the shorter lips for double-bevelled nozzles as shown in Figure 3-11(a).  

It can be observed that turbulent mixing noise components are more dominant for the 

jets as the noise spectra of the three nozzles are relatively smooth.  A close 

examination reveals that fine- and large- scale turbulent mixing noises are dominant 

at forward and aft quadrants respectively, i.e. the peak is relatively sharp at low polar 

angles while it becomes flat at high polar angles [4, 70, 71].  More importantly, noise 

spectra of bevelled and double-bevelled nozzles do not deviate too much from those 

of baseline nozzle across the whole frequency region at various polar and azimuthal 

locations.  This is consistent with earlier observations for stepped nozzles at perfectly-

expanded condition as shown in Figure 4-2(b).  It confirms that nozzle exit shape 

plays insignificant role on noise emission at perfectly-expanded condition as 

turbulent mixing effect of jet is only moderately modified when the pressure inside 

the jet balances out with that of the atmosphere.    

 

Figure 6-3(a) presents noise spectrum comparisons between baseline and bevelled 

nozzles at over-expanded condition of NPR=2.8 along θ=0°.  At ϕ=30°, B60 nozzle 

leads to slight noise increments over the baseline nozzle at both low and high 

frequency regions, while B30 nozzle generates approximately 2 dB noise reduction 

at low frequency region.  As ϕ increases from 50° to 115°, both baseline and B60 

nozzles demonstrate significant shock noise indicated as broadband peak at high 

frequency region with the amplitude becoming progressively prominent [101, 102].  

As explained in earlier chapters, such behaviour is associated with BSAN and is 

caused by the interactions between large-scale turbulent structures and shock cells 

within the jet column.  In contrast, the level of shock noise is not apparent for B30  
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Figure 6-3 Noise spectrum comparisons of baseline and bevelled nozzles taken at 

NPR=2.8 and ϕ=30, 50°, 70, 90 and 110° along: (a) θ=0°, (b) θ=90° and (c) θ=180°. 

 

nozzle, which results in substantial noise reduction at polar locations of ϕ≥50.  It is 
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believed that the noise reduction is generated by reducing shock strength in 

downstream region, which results in complex interactions between the shocks 

induced by different lip segments of the B30 nozzle [2]. 

 

Figure 6-3(b) and (c) show noise spectrum comparisons of baseline and bevelled 

nozzles at NPR=2.8 along θ=90° and 180° respectively.  It can be observed that both 

bevelled nozzles produce turbulent noise levels comparable to the baseline nozzle at 

ϕ=30°.  It implies that the turbulent mixing effect of bevelled nozzles is similar to 

baseline nozzle at the planes of θ=90° and 180°.  When ϕ ≥70°, B60 nozzle produces 

comparable or slightly higher shock noise level over the baseline nozzle, while B30 

nozzle generates prominent noise reduction of BSAN at the polar locations.  This 

indicates that the B30 nozzle produces significant noise reduction by suppressing 

shock noise level at various azimuthal locations, while B60 does not produce a similar 

effect.   

 

Figure 6-4(a) shows noise spectrum comparisons of baseline and double-bevelled 

nozzles at NPR=2.8 along θ=0°.  At ϕ=30°, DB30 nozzle produces approximately 

2dB noise increment at low frequency region while DB60 nozzle generates about 2dB 

noise increment at high frequency region.  As the microphone is being moved from 

ϕ=50° to 110°, both double-bevelled nozzles produce prominent noise BSAN 

increments relative to the baseline nozzle, especially for the DB60 nozzle.  This 

implies that double-bevelled nozzles could enhance the shock strength within the jet 

at an over-expanded condition, which results in higher shock noise level than the 

baseline nozzle. 
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Figure 6-4 Noise spectrum comparisons of baseline and double-bevelled nozzles 

taken at NPR=2.8 and ϕ=30, 50°, 70, 90 and 110° along: (a) θ=0° and (b) θ=90°. 

 

Figure 6-4(b) shows noise spectrum comparisons of baseline and double-bevelled 

nozzles at NPR=2.8 along θ=90°.  At sideline and forward quadrants, ϕ ≥50°, the two 

double-bevelled nozzles produce similar BSAN level relative to the baseline nozzle, 

which is different from the observation along θ=0°.  It suggests that the shock 

structures have been asymmetrically modified by the double-bevelled nozzles, which 

cause the shock strengths within the jet column to vary azimuthally.  Note that the 

noise spectrum comparisons of double-bevelled nozzles along θ=180° are not 

presented due to the symmetry of the nozzles, where the noise distributions along 

θ=180° are same as those along θ=0° as shown in Figure 6-4(a).  

 

Figure 6-5(a), (b) and (c) show noise spectrum comparisons of baseline and bevelled 

nozzles at an under-expanded condition of NPR=4 along θ=0°, 90° and 
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Figure 6-5 Noise spectrum comparisons of baseline and bevelled nozzles taken at 

NPR=4 and ϕ=30, 50°, 70, 90 and 110° along: (a) θ=0°, (b) θ=90° and (c) θ=180°. 

 

180° respectively.  It can be observed that both the bevelled nozzles generate  
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significant noise reductions at sideline and forward quadrants along the different 

azimuthal planes.  Closer examination reveals that the noise reduction can be mainly 

attributed to lower BSAN levels, especially for B60 nozzle.  Interestingly, at an 

under-expanded condition of NPR=4, B60 nozzle is more efficient in suppressing 

BSAN over B30 along θ=0° and 180° planes, while the two bevelled nozzles generate 

comparable BSAN level at θ=90°.  Interestingly, this is strikingly different from the 

cases at an over-expanded condition of NPR=2.8, where B30 nozzle is more efficient 

than B60 nozzle in reducing BSAN level at various azimuthal planes.  It suggests that, 

though bevelled nozzle can produce significant noise reduction, the effect is in fact 

highly sensitive to the exact nozzle geometry and operating condition.   

 

Figure 6-6(a) and (b) show noise spectrum comparisons of baseline and double-

bevelled nozzles at NPR=4 along θ=0° and 90° respectively.  It can be observed that 

both the double-bevelled nozzles produce lower BSAN levels than the baseline 

nozzle in the region of ϕ ≥70° at the two azimuthal planes, especially for DB60 nozzle.  

Interestingly, closer examination reveals that the double-bevelled nozzles generate 

slightly lower BSAN level along θ=0° than those along θ=90° at various polar angles.  

It implies that the double-bevelled nozzles generate lower shock strengths within the 

jet column along the shorter lip side than that along the longer lip side.  More 

importantly, DB30 and DB60 nozzles undergo the screech generation at some 

locations, such as along ϕ=110° and θ=90° as shown in Figure 6-6(b), while the 

baseline nozzle does not produce screech tone at various polar angles.  However, the 

root reason for screech tone excitation by double-bevelled  
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Figure 6-6 Noise spectrum comparisons of baseline and double-bevelled nozzles 

taken at NPR=4 and ϕ=30, 50°, 70, 90 and 110° along: (a) θ=0° and θ=90°. 

 

nozzles is still unknown.  Note that the screech frequency of DB30 nozzle is slightly 

lower than that of DB60 nozzle, which would be caused by the longer shock cell 

length of DB30 nozzle in the jet column [10, 12].  

 

Figure 6-7(a), (b) and (c) show OASPL comparisons of baseline, bevelled and 

double-bevelled nozzles at various polar angles with NPR=2.8 along θ=0, 90 and 

180 respectively.  Along θ=0 as shown in Figure 6-7(a), dominant noise for all the 

test nozzles occurs at ϕ=30°.  It can be also observed that noise levels of baseline, 

B60, DB30, and DB60 nozzles initially experience a decrease between ϕ=30° and 70° 

before reaching a plateau due to increasing BSAN, with the latter becoming 

increasingly more dominant.  In contrast, the noise level of B30 nozzle decreases 

continuously with increasing polar angle due to a lack of BSAN noise component as  



 

112 

 

 
 

Figure 6-7 OASPL comparisons of baseline, bevelled and double-bevelled nozzles at 

various polar angles and NPR=2.8 along: (a) θ=0, (b) θ=90 and (c) θ=180. 

 

shown in Figure 6-3(a).  More importantly, B30 nozzle produces significant noise 

reductions within the region of ϕ ≥60° and achieves its maximum noise reduction of 

5 dB at ϕ=110°.  However, this is not the case for B60, DB30 and DB60 nozzles, 

which produce comparable or higher noise levels relative to the baseline nozzle at 

various polar locations.  For instance, compared to baseline nozzle, B60 nozzle 

generates a noise increment of 2.3 dB at ϕ=30° and DB60 nozzle produces 2.7 dB 

noise increase at ϕ=100°.  
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Along θ=90 as shown in Figure 6-7(b), DB30 and DB60 nozzles produce relatively 

similar noise levels as that of the baseline nozzle at various polar locations.  This is 

due to the two double-bevelled nozzles not significantly modifying the turbulent and 

shock noise levels along the measured plane as shown in Figure 6-4(b).  In contrast, 

the two bevelled nozzles produce obviously different noise modifications at the 

forward quadrant.  Particularly, at the region of ϕ ≥90, B60 nozzle generates 

significant noise increments, while B30 nozzle produces substantial noise reductions.  

Along the θ=180 plane as shown in Figure 6-7(c), all bevelled and double-bevelled 

nozzles produce relative similar noise level as the baseline nozzle within the region 

of 30≤ ϕ ≤50.  Interestingly, from ϕ=60° onwards, B60, DB30 and DB60 nozzles 

produce noise increments where the magnitudes increase progressively at the forward 

quadrant, especially for the DB60 nozzle.  In contrast, B30 nozzle generates noise 

reductions at sideline and forward regions, where it attains a maximum noise 

reduction of nearly 3.5 dB at ϕ=110°.   

 

Figure 6-8(a), (b) and (c) show OASPL comparisons of baseline, bevelled and 

double-bevelled nozzles at various polar angles with NPR=4 along θ=0, θ=90 and 

θ=180 respectively.  It can be observed that, at the under-expanded condition, all the 

bevelled and double-bevelled nozzles are effective in reducing noise levels at various 

azimuthal planes, where substantial noise reduction is generated by the nonuniform 

nozzles in the region of ϕ ≥50.  For instance, at θ=0° and ϕ=100°, B30, B60, DB30 

and DB60 nozzles produce significant noise reduction of 2.5 dB, 4.1 dB, 2.7 dB and 

3.7 dB respectively.  This is very different from the cases at over-expanded condition 

of NPR=2.8, where only B30 nozzle is effective in suppressing  
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Figure 6-8 OASPL comparisons of baseline, bevelled and double-bevelled nozzles at 

various polar angles and NPR=4 along: (a) θ=0, (b) θ=90 and (c) θ=180. 

 

the supersonic jet noise.  In general, bevelled or double-bevelled nozzles are 

relatively effective measures to reduce supersonic jet noise.  However, the extent of 

the benificial effects is highly dependent on the exact nozzle geometry and NPR value.  

Particularly, modifying nozzle exit shape plays insignificant effect on noise emission 

at perfect-expanded condition, while significant noise reduction is generated at over- 

and under-expanded conditions at sideline and forward quadrants.  More importantly, 

bevelled configurations cannot always guarantee a desirable effect on reducing jet 

noise at imperfectly-expanded conditions.  At an over-expanded condition of 

NPR=2.8, only B30 nozzle produces desirable noise reduction at the forward 
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quadrant, while the noise level is increased by B60, DB30 and DB60 nozzles at 

various polar angles.  In contrast, at an under-expanded condition of NPR=4, all the 

bevelled and double-bevelled nozzles generate substantial noise reductions at the 

forward quadrant, especially for B60 nozzle.  

 

6.3.2 Noise azimuthal directivity  

Investigations on azimuthal directivity are only performed at NPR=2.8 and 4 as the 

present nozzle geometries play an important role in noise emission at imperfectly-

expanded conditions.  For bevelled nozzles, the measurements were carried out from 

θ=0 to 180 at 30 intervals with seven azimuthal angles acquired along each side 

of the symmetry plane as shown in Figure 3-11(b), in order to have a more complete 

picture of the radiated acoustic field.  For double-bevelled nozzles, azimuthal 

directivity measurements were only conducted from θ=0 to 90 with Δθ=30 due to 

the symmetry of the nozzle geometries as shown in Figure 3-11(c).  Similar to 

azimuthal acoustic measurements for stepped nozzles, the =30° and 90° are selected 

for mapping azimuthal contents due to large-scale turbulent mixing noise and shock 

associated noise dominate at downstream and upstream regions respectively.   

 

Figure 6-9 (a) shows OASPL comparisons of the tested nozzles at various azimuthal 

angles and =30° at NPR=2.8.  Results indicate that azimuthal directivity of double-

bevelled nozzles is not apparent at this over-expanded condition.  At various 

azimuthal locations, DB60 nozzle produces noise level relatively similar to the 

baseline nozzle, while DB30 nozzle generates a moderate noise increase of nearly 2  
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Figure 6-9 Azimuthal directivity of bevelled and double-bevelled nozzles at NPR=2.8: 

(a) ϕ=30°, (b) ϕ=90°. 

 

dB. As turbulent mixing noise is dominant at ϕ=30°, it implies that the turbulent 

mixing effects of double-bevelled nozzles do not vary too much at different azimuthal 

planes when the jets are at the present over-expanded condition.  Interestingly, B30 

nozzle produces a slight noise reduction of nearly 1 dB when azimuthal angle is less 

than 60° and generates a similar noise level relative to the baseline nozzle at other 

azimuthal locations.  Note that minor noise changes of DB30 and B30 nozzles are 

either caused by experimental uncertainty or minor imperfections in nozzle internal 

wall, or real flow field modifications resulted by the lip-modified nozzles.  

Additionally, for B60 nozzle, the azimuthal directivity is apparently modified by the 

asymmetrical nozzle shape.  It generates a moderate noise increment of 2.3 dB at θ=0° 

(i.e. along the shorter lip side) and generates a slight noise reduction of 0.7 dB at 

θ=60°.  The azimuthal directivity of noise emission is believed to be caused by 

asymmetrical development of jet shear layer, where the turbulent mixing effect within 

the jet column is modified azimuthally by the bevelled nozzles [2, 103]. 
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Figure 6-10 Azimuthal directivity of bevelled and double-bevelled nozzles at NPR=4: 

(a) ϕ=30°, (b) ϕ=90°. 

 

When the microphone is shifted to ϕ=90° as shown in Figure 6-9(b), the azimuthal 

directivity of B60 nozzle is not that obvious.  It generates similar noise level as the 

baseline nozzle at various azimuthal locations. .  In contrast, the noise radiated from 

B30 nozzle presents a strong azimuthal directivity where it produces a substantial 

noise reduction of nearly 4 dB at θ=0 and 30 and generates a moderate noise 

reduction of approximate 2.5 dB at other angles.  Interestingly, the noise radiated 

from both double-bevelled nozzles demonstrates prominent azimuthal directivity, i.e. 

DB30 nozzle generates its minimum noise level at azimuthal locations of θ=60 and 

DB60 nozzle produces its lowest noise level at θ=90.  Due to shock noise is 

dominant at the polar location, the azimuthal directivity of B30, DB30 and DB60 

nozzles suggests that the shock structures have been asymmetrically modified by 

changing the shock strengths in the jet column azimuthally.  

 

When the jet is operated at under-expanded condition of NPR=4, the azimuthal 

directivity of bevelled and double-bevelled nozzles is significantly varied.  At ϕ=30° 

as shown in Figure 6-10(a), B30 nozzle produces similar noise level as the baseline 

nozzle at all azimuthal locations except at θ=0° and 30° where it generates slight 
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noise increase of approximately 1 dB.  In contrast, B60 nozzle produces slight noise 

reduction of nearly 1.5 dB at θ=150° and 180°, while it generates similar noise level 

to baseline nozzle at other azimuthal locations.  DB30 nozzle does not generate 

significant noise azimuthal directivity, i.e. it produces similar noise level to baseline 

nozzle at various azimuthal locations.  In contrast, DB60 nozzle produces moderate 

noise reduction of approximately 2 dB at θ=30° and 60°, while it generates similar 

noise level as the baseline nozzle at other azimuthal angles.  Wu and New [2] and Wu 

et al. [93] previously conducted RANS simulations and schlieren imagings on the 

present bevelled and double-bevelled nozzles at NPR=4 and their results show that 

the jets issued from B30, B60 and DB60 nozzles are unevenly developed at different 

azimuthal planes, which results in the jet spreads of the nozzles varying azimuthally.  

Therefore, it suggests that the azimuthal directivity of these nozzles at ϕ=30° is 

caused by the uneven jet mixing effects within the jet shear layers, where turbulent 

mixing noise is dominant at the polar location.   

 

At ϕ=90° as shown in Figure 6-10(b), the tested nozzles generate pronounced noise 

reduction at all azimuthal locations, especially for B60 nozzle where it produces 

approximately 4 dB noise reduction at θ=180°.  More importantly, B30 nozzle 

produces its minimum noise level at θ=90°, while B60 nozzle generates its minimum 

noise level at θ=180°.  Interestingly, both the double-bevelled nozzles produce their 

lowest noise level at θ=0° (along the shorter lips side) and generate its highest noise 

level at θ=90° (along the longer lip side).  In general, the noise emitted from bevelled 

and double-bevelled nozzles is uneven and azimuthal directivity varies with NPR 

value and polar angle due to complex interplay between flow field modification and 
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noise generation mechanism.  The physical mechanism underpinning the azimuthal 

directivity is associated with the asymmetric degree of shear layer development and 

shock system formations and the weight of these two factors varies at different polar 

locations.  

 

6.4 Noise sources 

To better understand the physical mechanism responsible for noise reduction,detailed 

near-field acoustic measurements were conducted at NPR=2.8 for the tested nozzles.  

Note that the near-field acoustic measurements had not been conducted at NPR=4 

due to the time constraint of using the acoustic facilities.  Nevertheless, the current 

near-field acoustic results still can be used to explore some physics related to noise 

reduction by the nonuniform nozzles.   

 

Figure 6-11(a), (b) and (c) show near-field acoustic maps of baseline and bevelled 

nozzles for large-scale turbulent mixing noise at NPR=2.8 along various azimuthal 

planes.  The Strouhal number of each contour is determined from the peak frequency 

of the corresponding far-field noise spectrum at ϕ=30, where large-scale turbulent 

mixing noise is dominant [1, 4].  In making the comparisons of the near-field acoustic 

contours, the legend range of each map varies slightly to better highlight the noise 

sources as some noise sources could be muted if adopting a uniform legend range.  

The results show that the large-scale turbulent mixing noise for baseline nozzle 

radiates at the downstream region approximately from x/D=1 to 11.  In contrast, the 

noise source region has been modified by the bevelled nozzles.   
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Figure 6-11 Near-field acoustic maps for large-scale turbulent mixing noise at 

NPR=2.8 for (a) baseline, (b) B30 and (c) B60 nozzles. 

 

For instance, along θ=0°, the noise source of B30 nozzle slightly shifts to upstream 

and reduces in size, i.e. it occurs at approximately x/D=0.5 to 8.  More importantly, 

the peak level of turbulent mixing noise is reduced by the bevelled nozzles at various 

azimuthal planes.  For instance, B30 and B60 nozzles reduce the peak levels of 

turbulent mixing noise by approximately 9 dB and 6 dB respectively along θ=180° 
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plane.  Comparing the contours from Figure 6-11(a) (b) and (c), a striking 

resemblance among them can be observed.  Particularly, it can be observed that 

closely-spaced contours radiating from the jets beaming to the aft angles.  These 

trends are in agreement with earlier observations for stepped nozzles, as large-scale 

turbulent noise has strong directivity towards the downstream direction [81, 70, 64].  

This also explains why the far-field aft quadrant is dominated by this noise 

component as shown in Figure 6-3. 

 

Figure 6-12(a) (b) and (c) show near-field acoustic maps of BSAN for baseline and 

bevelled nozzles at NPR=2.8.  The Strouhal number of each map is determined from 

corresponding BSAN peak frequency observed in the far-field spectrum at ϕ=90°, 

where BSAN is dominant [64, 72, 73].  It can be observed that BSAN noise is fairly 

localized and generated within a limited region near the nozzle, which is unlike the 

large-scale turbulent noise mentioned earlier that the source extends significantly in 

the downstream region demonstrated in Figure 6-11(a) (b) and (c).  Particularly, the 

BSAN source happens at the region approximately from x/D=1 to 6 for baseline and 

bevelled nozzles.  Additionally, the centre of peak noise region is subtly changed by 

bevelled shape of nozzle exits.  For instance, the peak noise centre of baseline nozzle 

is at nearly x/D=5, while those of B30 and B60 nozzles along θ=180° are at around 

x/D=3 and 4 respectively.  From the noise distribution lobes in the figures, it can be 

observed that BSAN also has strong directivity which propagates towards the sideline 

and upstream directions.  More importantly, B30 nozzle reduces the peak noise 

intensity of BSAN at various azimuthal planes, while B60 nozzle generates 

comparable or slightly higher peak noise level at the 
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Figure 6-12 Near-field acoustic maps of BSAN at NPR=2.8 for (a) Baseline, (b) B30 

and (c) B60 nozzles.  

 

azimuthal planes.  This is consistent with the observations of far-field acoustic 

measurements shown in Figure 6-3(a), (b) and (c). 

 

Figure 6-13(a), (b) and (c) show near-field acoustic maps of OASPL for baseline and 

two bevelled nozzles at NPR=2.8.  The results show that the intensity of peak  
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Figure 6-13 Near-field acoustic maps of OASPL at NPR=2.8 for (a) Baseline, (b) 

B30 and (c) B60 nozzles.  

 

noise has been significantly reduced by B30 nozzle along θ=90° and 180°, where 

noise reduction of approximately 4 dB is generated at the two planes.  Additionally, 

from the noise distribution lobes shown in Figure 6-13(a), (b) and (c), it can be 

observed that the peak noise for baseline and bevelled nozzles has strong directivity 

beaming towards to the upstream direction.  Interestingly, the noise extent in the  
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Figure 6-14 Near-field acoustic maps of large-scale turbulent mixing noise at 

NPR=2.8 for (a) Baseline, (b) DB30 and (c) DB60 nozzles. 

 

streamwise direction has been significantly modified by the bevelled exits.  For 

instance, the peak noise region of baseline nozzle locates approximately from x/D=1 

to 9, while those for B30 and B60 nozzle happen at nearly x/D=0 to 6 and x/D=0 to 

5.5 respectively along the plane of θ=90°.   

 

Figure 6-14(a), (b) and (c) show near-field acoustic maps of large-scale turbulent 

mixing noise at NPR=2.8 for baseline and double-bevelled nozzles.  It can be 

observed that large-scale turbulent mixing noise radiated from double-bevelled 

nozzles also presents strong directivity where it propagates in downstream direction.   
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Close examination reveals that the source region of large-scale turbulent noise is 

slightly enlarged by DB60 nozzle, while DB30 nozzle produces turbulent noise at a 

similar region as the baseline nozzle.  Particularly, along θ=0° and 90°, baseline and 

DB30 nozzles generate turbulent noise from x/D=0.5 to 12, while DB60 nozzle 

produces the turbulent noise from x/D=0.5 to 13.  Interestingly, the peak intensity of 

turbulent noise is significantly reduced by the double-bevelled nozzles, where DB30 

and DB60 nozzles produce approximately 7 dB noise reduction along the two 

azimuthal planes. 

 

Figure 6-15(a) (b) and (c) show near-field acoustic maps of BSAN for baseline and 

double-bevelled nozzles at NPR=2.8.  It can be observed that the noise source of 

BSAN is moved slightly upstream by the double-bevelled nozzles.  Along θ=0° and 

90°, the BSAN noise source for the baseline nozzle is centred at x/D=5, where those 

of DB30 and DB60 nozzles are centred at x/D=4 and 3.8 respectively. More 

importantly, the peak level of BSAN is prominently increased by the use of the 

double-bevelled nozzles, where nearly 4 dB noise increments are generated by the 

two double-bevelled nozzles along the two azimuthal planes.  Interestingly, like what 

had been observed for bevelled nozzles, BSAN radiated from double-bevelled 

nozzles also demonstrates strong directivity which propagates towards the upstream 

direction.  

 

Figure 6-16(a), (b) and (c) show near-field OASPL contours of baseline and double-

bevelled nozzles at various azimuthal planes.  It can be observed that the peak noise 

intensity is only slightly modified by the double-bevelled nozzles. Particularly, the 
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Figure 6-15 Near-field acoustic maps of BSAN at NPR=2.8 for (a) Baseline, (b) 

DB30 and (c) DB60 nozzles. 

 

peak noise intensity of baseline nozzle is approximately 149 dB, while those of DB30 

and DB60 nozzles are nearly 147 dB and 148 dB respectively along θ=0° and 90°.  In 

contrast, the noise source region is significantly shortened in the jet axial direction by 

the double-bevelled nozzles.  Baseline nozzle peak noise exists at the region 

approximately from x/D=1 to 9, while those of DB30 and DB60 nozzles are located 

within regions of x/D=1 to 5 and x/D=1 to 6 respectively along θ=0° and 90°.  Like 

what had been observed for bevelled nozzles as shown in Figure 6-13(a), (b) and (c), 

peak noise radiated from double-bevelled nozzles also demonstrates directivity 

towards the upstream direction as shown in Figure 6-16(b) and (c).  
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Figure 6-16 Near-field acoustic maps of OASPL at NPR=2.8 for (a) Baseline, (b) 

DB30 and (c) DB60 nozzles. 

 

6.5 Summary 

Far-field acoustic measurements have been conducted for baseline, bevelled and 

double-bevelled nozzles at various jet expansion conditions.  The results show that 

modifying nozzle geometry can radically change the noise emission at imperfectly-

expanded conditions.  OASPL comparisons present that bevelled and double-

bevelled nozzles generate substantial noise reductions at an under-expanded 

condition of NPR=4, especially at the forward quadrant.  For instance, B30, B60, 

DB30 and DB60 nozzles produce noise reduction of 2.5 dB, 3.7 dB, 2.7 dB and 4.1 
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dB respectively at ϕ=100° along the shorter lip side.  In contrast, at an over-expanded 

condition of NPR=2.8, only B30 nozzle produces significant noise reduction, while 

the other nozzles generate comparable or higher noise levels relative to the baseline 

nozzle at various polar and azimuthal locations.   

 

At over- and under- expanded conditions, the noise radiations of bevelled and double-

bevelled nozzles are not even and show strong azimuthal directivity.  For instance, 

along ϕ=30° and at NPR=2.8, the minimum noise level generated by B30 nozzle 

occurs along θ=0°, while that of B60 is along θ=60°.  The noise azimuthal directivity 

of bevelled and double-bevelled nozzles along ϕ=30° is believed to be caused by 

ununiform jet mixing effects in the jet shear layer while that along ϕ=90° is due to 

asymmetrical shock structures forming in the jet column.  Noise spectrum analyses 

reveal that noise reductions of bevelled and double-bevelled nozzles are mainly due 

to suppression of BSAN at the locations where the shock noise is dominant.  More 

importantly, the results also demonstrate that modifying nozzle exit shape plays 

insignificant role on noise emission at perfectly-expanded condition, where all the 

nonuniform nozzles generate similar noise spectra as those of  the baseline nozzle at 

various polar and azimuthal locations.   

 

To better understand the effects of nozzle geometries on the radiations of different 

noise components, near-field acoustic measurements for the tested nozzles at 

NPR=2.8 were conducted.  The acoustic maps demonstrate detailed information of 

the different noise sources in the near-field regions.  The results show that, for all the 

tested nozzles, large-scale turbulent mixing noise radiates from downstream region 
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with significant extent in the streamwise direction and has strong directivity towards 

the downstream direction, while BSAN noise is fairly localized and occurring within 

a limited region near the nozzle exit.  This is consistent with the observations on 

stepped nozzles earlier and confirms the directivities of the noise components.  

Comparisons of near-field acoustic maps show that bevelled and double-bevelled 

nozzles have significant effect on modifying the location, extent and intensity of 

different noise sources.  For instance, the peak BSAN intensity is reduced by around 

4 dB in near-field region at NPR=2.8 and θ=0° when the B30 nozzle is used, which 

explains why it leads to a significant noise reduction in far-field region.  
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Chapter 7 Some Observations on Screech 

Mitigation of Under-expanded Supersonic Jets by 

Bevelled and Double-bevelled Nozzles 

7.1 Introduction 

Supersonic jets operating at off-design conditions produce three different main noise 

components: turbulent mixing noise, broadband shock associated noise and screech.  

Turbulent instability waves in the shear layer play a key role in generating these noise 

components [3, 72, 73, 104], while shock structures resulted from pressure mismatch 

between the jets and the ambient conditions are associated with the latter two 

components [72, 73].  The phenomenological description of screech was first 

provided by Powell 65 years ago [10], who recognized screech as the result of an 

aeroacoustic feedback loop involving the interactions between downstream-

travelling flow instabilities originated at the nozzle lip and shock cell structures 

within the jet column.  These interactions were understood to produce acoustic waves 

propagating towards the upstream region, which then triggered new instabilities at 

the nozzle lip and subsequently closing the loop.  After the seminal work of Powell 

[10], a number of studies [12, 19, 33, 34, 40, 105-111] have also been made to 

advance the understanding of screech.  An extensive review of the investigations was 

provided by Raman [108], though it has to be said that screech is still the least 

understood noise component associated with supersonic jets and the fundamental 

details associated with the generation process and physics of mode changes remain 

not well understood.  In particular, it is still debatable as to screech is generated at 
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multiple sources or a single point.  While some successes have been achieved in terms 

of screech frequency prediction, its amplitude prediction remains elusive as it is 

influenced by many factors, such as nozzle lip thickness, operating condition, nozzle 

shape, the presence of swirl and others [108].  Davies and Oldfield [109] further 

found that screech can be intermittent and irregular, although the reason for the 

intermittency is unclear.  

 

Recent investigations on screech mitigation have emphasized on nonuniform nozzle 

geometries due to their potentials in suppressing screech.  Several researchers [42, 66, 

110] found that screech mitigation by asymmetric nozzles is achieved through mixing 

effect enhancement, which leads to shock strength reduction within the jet column.  

On the other hand, Rice and Raman [60] attempted to reduce screech by introducing 

paddles into the jet shear layer.  While enhanced mixing effects were detected, 

screech intensity also surprisingly increased.  Raman [40] studied screech produced 

by rectangular nozzles with bevelled and double-bevelled exit shapes previously and 

found that the intensity, directivity and mode of screech are significantly altered when 

shock structures are modified by the nonuniform nozzles.  On the other hand, André 

et al. [87] found screech intensity can be also changed even though the shock 

structures are not significantly modified through using a nozzle with shallow notches 

cut into the lip to create air ejection at nozzle lip for preventing the closing of acoustic 

feedback loop.  In general, the screech radiated from nonuniform nozzles is strongly 

different from that of conventional circular nozzle and the fundamental physics 

responsible for the changes are unclear due to the related investigations remain scarce. 
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The motivation behind the present work is to better understand the nature of screech 

radiated from nonuniform nozzles, and shed some light upon the relationship between 

nozzle design, screech emission and modifications to shock structures and turbulent 

mixing effects.  To accomplish this, bevelled and double-bevelled nozzles are 

designed to systematically modify the resulting flow structures of under-expanded 

jets.  Particularly, bevelled configuration is used to create asymmetric shock 

structures, while not modifying the overall jet mixing effects significantly [2].  In 

contrast, the double-bevelled configuration is designed to generate symmetrical 

shock structures and significantly enhance the mixing effect of the shear layer [93].   

To achieve these objections, far-field acoustic measurements were conducted to 

characterize the noise radiated from the test nozzles.  Wavelet transform was 

employed for analyzing microphone signal to study transient information associated 

with screech emission.  Near-field acoustic measurements were conducted to study 

screech sources and their propagation process in near-field region.  Lastly, schlieren 

and Pitot tube measurements were conducted in order to capture shock structures and 

mean velocity fields of the jets, which could shed light on the physical processes 

associated with the resulting screech radiation.  

 

7.2 Nozzle geometries 

To investigate the effect of nozzle trailing shape on screech generation, bevelled and 

double-bevelled nozzles were designed to systematically modify the flow structures 

within the jet column.  The designs of non-bevelled, bevelled and double-bevelled 

nozzles have been detailed in earlier Chapter 6 as shown in Figure 6-1(a),  
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Figure 7-1 Noise spectra of baseline and bevelled nozzles taken at ϕ=30, 70 and 

90 with NPR=5 along: (a) shorter lip side and (b) longer lip side. 

 

(b) and (c).  The jets were operated at an under-expanded condition of NPR=5 and 

the flow parameters of the jet condition are detailed in Table 3-1.  Lastly, the 

Cartesian coordinate system and origin of the tested nozzles are also defined and 

shown in Figure 6-1.   

 

7.3 Far-field acoustics 

Figure 7-1(a) shows far-field narrowband spectra of baseline and bevelled 

configurations at ϕ=30, 70 and 90 along shorter lip side.  The polar angles are 

chosen due to different noise components such as turbulent and shock noises are 

observed to be dominant along these directions respectively [1].  It can be observed 

that the noise fields along certain polar angles can be significantly modified by the 

presence of a nozzle bevel.  At ϕ=30, large-scale turbulent mixing noise, 

characterized as relative smooth curve with peak at low frequency [70], can be seen 
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to be dominant for both baseline and bevelled nozzles, though bevelled nozzles 

generate slight noise increments (~3 dB) at the lower frequencies.  At ϕ=70 and 90 

however, bevelled nozzles are able to eliminate screech and lower BSAN levels that 

are produced by the baseline nozzle, similar to that observed by Viswanathan [42].  

While Viswanathan [42] conjectured that the screech elimination by bevelled nozzle 

is due to enhanced mixing effect in the jet shear layers, recent findings by Wu and 

New [2] pointed out that overall mixing effects are only moderately modified by 

bevelled nozzles.  Wu and New [2] conducted simulations on non-bevelled and 

bevelled nozzles and compared mass flux ratios of the test nozzles at different 

streamwise locations.  They found that the mass flux ratios of bevelled nozzles do not 

deviate too much from that of non-bevelled nozzle at over- and under- expanded 

conditions.   

 

Figure 7-1(b) shows noise spectrum comparisons of baseline and bevelled nozzles at 

ϕ=30, 70 and 90 along the longer lip side.  At ϕ=30 where large-scale turbulent 

noise is dominant, the two bevelled nozzles generate mild noise reduction at both low 

and high frequencies.  Along ϕ=70 and 90, screech is also eliminated by bevelled 

nozzles with reducing BSAN level, similar to the earlier observations made along the 

shorter lip side.  It suggests that the jet flow modifications of bevelled nozzle provide 

the benefits associated with reducing shock noise level at various azimuthal planes.  

Interestingly, BSAN of both bevelled nozzles along the longer lip side has lower peak 

frequency and higher peak value than that along the shorter lip side.  For instance, 

the peak Strouhal number and amplitude of BSAN for B30 nozzle along the shorter 

lip side are 0.66 and 128 dB respectively while those  
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Figure 7-2 Noise spectra of baseline and double-bevelled nozzles taken along (a) 

shorter lip side and (b) longer lip side at ϕ=30, 70 and 90 with NPR=5.  

 

along the longer lip side are 0.57 and 130 dB respectively.  It is believed to be caused 

by asymmetric distributions of shock structures within the jet column, where the 

shock strength and the mean shock cell length vary at different azimuthal locations 

[90]. 

 

Corresponding noise spectra comparisons between baseline and double-bevelled 

nozzles at ϕ=30, 70 and 90 are shown in Figure 7-2(a) and (b).  As shown in Figure 

7-2(a), where the results were acquired along the shorter-lip plane of the double-

bevelled nozzles, it is surprising to observe that screech is produced by these nozzles 

at ϕ=30 even while the baseline nozzle does not.  In fact, screech level of DB60 

nozzle is higher than that of its baseline counterpart by 12 dB at ϕ=90°.  Additionally, 

the screech tone has been shifted to a higher frequency by double-bevelled nozzles.  

Take for instance, the Strouhal number associated with screech for the baseline nozzle 

is 0.25, while those of DB30 and DB60 nozzles are 0.28 and 0.34 respectively.  The 
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increase in the screech frequency is believed to be caused by shorter shock cell 

lengths in the jet potential cores [11, 107].  Closer inspections of Figure 7-2(a) also 

show that double-bevelled nozzles not only produce the prime screech tone but also 

multiple harmonics of it, while the baseline nozzle only generates a prime tone. 

 

Figure 7-2(b) shows noise spectra comparisons of baseline and double-bevelled 

nozzles along the longer lip side (XZ-plane).  It can be observed that for the double-

bevelled nozzles, screech measured along the XZ-plane is similar to those observed 

along the XY-plane, even though the shock structures of double-bevelled nozzles will 

be asymmetrically modified.  Furthermore, amplitudes of screech and its harmonics 

are even higher than those along the XY-plane.  For instance, at ϕ=90, screech 

amplitudes of DB30 and DB60 nozzles along the longer lip side are 137 dB and 139 

dB respectively, while those along the shorter lip side are 122 dB and 134 dB 

respectively.  Interestingly, the number of harmonics for DB60 nozzle has also 

significantly increased along the longer lip side.  In particular, five prominent 

harmonics can be observed along the longer lip region, while only two harmonics can 

be observed along the shorter lip region.  More importantly, it can be observed from 

the preceding results that screech may not always be suppressed or eliminated by 

geometrically-modified nozzles, and non-optimal designs and/or operating 

conditions may actually lead to exacerbation of screech behaviour. 

 

To validate the current measurements, screech Strouhal number was extracted and 

compared to the empirical relation of Massey and Ahuja [111] and the result of Kuo  
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Figure 7-3 Comparisons of measured screech Strouhal numbers at NPR=5 to 

empirical relation of Massey and Ahuja [111] and Kuo et al. [66].  

 

et al. [66] as shown in Figure 7-3.  This empirical relation [111] was developed based 

on the work of Tam et al. [11] but includes the observed effect of dominant instability 

modes on jet screech as defined in Eq. (18): 

𝑓𝑠𝐷𝑗

𝑢𝑗
=
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1.1 ∗ (𝑀𝑗
2 − 1)
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3⁄
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2
𝑀𝑗
2)
−1 2⁄

√
𝑇𝑡
𝑇𝑎
]

−1

 

for 1.2≤Mj<1.8 

(18) 

where fs is screech frequency, Dj is the fully expanded jet diameter, uj is the fully 

expanded jet velocity,  is air specific heat ratio, Mj is jet Mach number, Tt is reservoir 

temperature and Ta is the ambient temperature.  The availability of this relation allows 

the screech Strouhal numbers measured for the baseline and double-bevelled nozzles 

to be compared with the empirical relation [111].  Figure 7-3 shows that the measured 

screech Strouhal number of baseline nozzle agrees well with the empirical relation 

[111] and the results of Kuo et al. [66], thus demonstrating that the current 
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measurements are reasonable.  Take for example, the Strouhal number for the present 

baseline nozzle is 0.247, while those of the empirical relation [111] and Kuo et al [66] 

are 0.245 and 0.250 respectively.  It also can be observed that the screech Strouhal 

number for DB60 nozzle is higher than the other nozzle configurations.  This 

discrepancy in the screech Strouhal numbers between the nozzles studied here 

suggests that the empirical relation may not be that suitable for geometrically-

modified nozzles, at least for the present nozzles and test conditions.  

 

To highlight the screech relative to the other noise components, the microphone was 

repositioned at predetermined near-field locations of x/D =-0.1, y/D=1.1 and z/D=0 

(θ=0°) for bevelled nozzles and x/D =-0.1, y/D=0, z/D=1.1 (θ=90°) for double-

bevelled nozzles.  In another word, the microphone is placed much closer to the 

nozzle exit at the azimuthal plane where screech is dominant.  Following the same 

signal processing method used by far-field acoustic measurements, the near-field 

noise spectra of the tested nozzles were obtained and presented in Figure 7-4.  It can 

be observed that screeches radiated from baseline, DB30 and DB60 nozzles are at 

Strouhal numbers of 0.25, 0.28 and 0.34 respectively, which are consistent with the 

far-field acoustic measurements.  The screech amplitudes of baseline, DB30 and 

DB60 nozzles are 165 dB, 175 dB and 183 dB respectively, which are relatively 

higher than those observed at far-field acoustic measurements.  However, it is within 

expectations as the acoustic signal of jet screech is improved in near-field 

measurements.  Interestingly, B30 nozzle generates relative weaker jet screech at 

St=0.25 with an amplitude of 151 dB, which is not observed at far-field acoustic  
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Figure 7-4 Near-field noise spectra for the baseline, B30, B60, DB30 and DB60 

nozzles.  Acoustic measurements were performed at x/D =-0.1, y/D=1.1 and z/D=0 

(θ=0°) for bevelled nozzles and at x/D =-0.1, y/D=0, and z/D=1.1 (θ=90°) for double-

bevelled nozzles respectively.  

 

measurements.  It suggests that the propagation of jet screech is dissipative and 

screech generated by B30 nozzle has not been detected in the far-field region due to 

relatively weak amplitude is generated.  For B60 nozzle, no screech is detected in the 

near-field noise spectrum, which is consistent with the far-field noise spectra shown 

in Figure 7-1(a).  

 

7.4 Unsteady aspects of screech and harmonic  

A good understanding of the screech dynamics is necessary to interpret the effects of 

bevelled and double-bevelled nozzles on screech generation.  For the present study, 

time-frequency analysis through wavelet transforms of the near-field microphone 

pressure signals is used to shed more light upon them.  Following the approach of 

Mancinelli et al. [112], Continuous Wavelet Transform (CWT) was calculated by 
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using a complex bump wavelet kernel, which can be expressed in the Fourier domain 

as:  

 𝜓(𝜔)̂ = (𝑒
1− 

1
1−𝜎2(𝜔−𝜇)2)𝐹(𝜔) (19) 

 𝐹(𝜔) = {1, 𝑖𝑓  𝜇 −
1

𝜎
≤ 𝜔 ≤ 𝜇 +

1

𝜎
0, 𝑒𝑙𝑠𝑒

 (20) 

where 𝜓(𝜔)̂ is Fourier transform of mother wavelet, 𝜔 is the angular frequency and 

μ and σ are parameters selected for the desired frequency resolution and time 

localization, respectively.   

 

Figure 7-5(a) shows the time-frequency scalogram obtained by bump wavelet 

transforms of the acoustic signals for baseline and double-bevelled nozzles within the 

first 2 s of each measurement, where the amplitude is the coefficient of the wavelet 

transform.  It can be observed that baseline and double-bevelled nozzles produce 

bands of strong amplitude variations with time at Strouhal numbers similar to the 

near- and far-field screech frequencies identified earlier in Figure 7-4 and Figure 7-2 

respectively.  Interestingly, the Strouhal numbers of the bands in the scalograms 

remain within very distinct narrow ranges, which implies that no screech mode 

switching is observed for baseline and double-bevelled nozzles.  This is unlike some 

supersonic jets at intermediate NPRs where screech undergoes mode switching which 

is characterized by discontinuous changes in frequency [113-115].  Upon closer 

inspection, the amplitude variations associated with baseline and DB30 nozzles are 

more abrupt with larger amplitude fluctuations, as highlighted by the white circles in 

Figure 7-5(a)(i) and (a)(ii).  Panda [116] earlier referred to this behaviour as the 

pause-and-go feature of the acoustic feedback loop, which results  
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Figure 7-5 (a) Time-frequency scalogram associated with the baseline and double-

bevelled nozzles and (b) amplitude-time plot extracted at screech Strouhal number 

for a time range of 0< t < 0.1s.  

 

in highly unsteady screech generation.  In contrast, amplitude variations for DB60 

nozzle as shown in Figure 7-5(a)(iii) do not indicate such a pause-and-go feature and 

hence, produces discernibly smaller fluctuations.   
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To probe deeper, Figure 7-5(b) shows the amplitude-time plots of the baseline and 

double-bevelled nozzles, where the data are extracted from the first 0.1 s of the 

acoustic measurements at their respective screech Strouhal numbers.  It can be 

observed that jet screech radiated from the baseline and double-bevelled nozzles 

undergo non-periodic and stochastic variations with time, although the nature of the 

fluctuations is dissimilar between them.  Furthermore, a close look reveals that the 

peak screech amplitudes for double-bevelled nozzles are typically and considerably 

larger than the baseline nozzle, where a “sharper” double-bevelled nozzle attaining 

the highest peak amplitudes.  Take for instance, the maximum amplitude of baseline 

nozzle is 637, while those of DB30 and DB60 nozzles are 1413 and 1813 respectively.  

Note that the amplitude is absolute value of the coefficient derived from the wavelet 

transform representing noise energy without unit, where the value is dependent on 

the exact analyzing wavelet.  Additionally, it can also be observed that the maximum 

amplitude of DB60 nozzle is approximately triple the level found in the baseline 

nozzle.  Further insights on screech intermittency can be deduced from the differences 

between the maximum and minimum amplitudes.  Unlike baseline and DB30 double-

bevelled nozzles, the amplitude variations are kept within a narrower range for DB60 

double-bevelled nozzle.  This implies the DB60 nozzle produces a less intermittent 

but nevertheless unsteady screech.   

 

The wavelet transform analysis was also applied for near-field acoustic signal of B30 

nozzle and the time-frequency scalogram result is presented in Figure 7-6(a).   It can 

be noted that a clear band with strong amplitude variation at St=0.25, which 

corresponds to the screech Strouhal number observed in the near- and far-field noise  
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Figure 7-6 (a) Time-frequency scalogram of B30 nozzle and (b) amplitude-time plot 

extracted at screech Strouhal number for a time range of 0< t < 0.1s. 

 

spectra results.  Interestingly, the maximum amplitude of B30 is less than half of the 

maximum amplitude generated by baseline nozzle shown earlier in Figure 7-5(a)(i).  

It also can be observed that screech generated by B30 nozzle does not undergo mode 

switching during the time period due to the band in the scalogram is within a small 

Strouhal number region, which is similar to the observations of baseline, DB30 and 

DB60 shown earlier in Figure 7-5(a)(i), (ii) and (iii).  Figure 7-6(b) shows screech 

amplitude variations of B30 nozzle in the time range of 0< t < 0.1s.  Screech radiated 

from B30 nozzles is also highly intermittent where the amplitude undergoes non-

periodic variations with time.  The time-frequency scalogram of B60 nozzles is 

presented in Figure 7-7, where it does not demonstrate any clear band with strong 

amplitude variations. Additionally, the maximum amplitude of acoustic signal 

generated by B60 nozzle is much lower than those of baseline, B30, DB30 and DB60 

nozzles. 

 

Another important point to note is that the unsteady aspects of harmonics are often  
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Figure 7-7 Time-frequency scalogram of B60 nozzle 

 

overlooked by many studies, since most studies adopted conventional Fast Fourier 

Transform analysis.  Further analysis is thus conducted and Figure 7-8 shows 

amplitude-time plots of screech and its harmonic for the double-bevelled nozzles, 

where the extracted Strouhal number of harmonic is at twice that of screech.  It can 

be observed that harmonic amplitudes of the two double-bevelled nozzles also 

undergo non-periodic and stochastic variations with time and its maximum value is 

an order lower than that of the screech.  Additionally, the amplitudes of screech and 

harmonic are affected by the nozzle geometry where a shaper double-bevelled nozzle 

produces higher screech and harmonic values.  In general, from the preceding time-

frequency analysis, it is quite clear that the transient characteristics of screech may 

be significantly modified by the use of bevelled and double-bevelled nozzles. 

 

7.5 Near-field acoustics of screech and harmonics 

In this section, details of the near-field acoustics information will be presented to 
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Figure 7-8 Amplitude-time plots extracted at Strouhal numbers of screech and 

harmonic with a time range of 0< t < 0.1s for: (a) DB30 and (b) DB60 nozzles. 

 

provide a more complete comparison between the acoustics emissions associated 

with baseline and double-bevelled nozzles.  Figure 7-9(a)-(c) present near-field 

acoustic maps at screech frequency for the baseline, DB30 and DB60 nozzles 

respectively at NPR=5.  The arrows in the map indicate shock tip locations of the 

corresponding jet observed from schlieren visualizations.  For each acoustic map, the 

maxima and the minima in the variations of sound pressure level are formed due to a 

standing wave resulting from the interactions between downstream-propagating 

hydrodynamic waves and upstream-propagating acoustic waves [116].  Raman [117] 

previously referred the local sound pressure level maxima in contour as acoustic 

“islands” indicated as circles “A” and “B” in Figure 7-9(a) for examples.  

Additionally, from the shape of the lobe, screech demonstrates a strong directivity 

propagating to the upstream direction.  For the baseline nozzle, the “island” with 

maximum intensity occurs near the 3rd shock cell tip as shown in Figure 7-9(a), 

which is consistent with many previous studies [118-120].  Tam et al. [118] and 

Raman [108] previously explained that it was due to the dominant source being  
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Figure 7-9 Near-field sound pressure level contours for (a) baseline, (b) DB30 and (c) 

DB60 nozzles associated with their respective screech frequencies at NPR=5 along 

the XY- and XZ-planes. 

 

contributed by the 3rd or 4th shock cell structure, where instability waves associated 

with turbulent and shock structures attain their high amplitudes and interact with each 

other strongly.  In contrast, the “island” with maximum intensity is shifted upstream 

by double-bevelled nozzles.  Particularly, the maximum noise level of DB30 nozzle 

is generated near the 2nd shock structure along both XY- and XZ-planes.  Note that 

XY-plane for double-bevelled nozzle is defined as the plane connecting the two 

troughs, while XZ-plane (the orthogonal plane) is defined as connecting the two 

peaks. 
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However, the situation is more complicated for DB60 nozzle.  Along the shorter lip 

side, the noise with maximum level occurs at a location near the 1st shock structure, 

while that along the longer lip side occurs at a location between the 1st and 2nd shock 

structures.  By comparing the peak screech intensity level, it can be observed that the 

peak value is suppressed by double-bevelled nozzles along the shorter lip side while 

being amplified along the longer lip side.  Close inspections of the contours show that 

there is a small mismatch between the locations of shock tips and local noise level 

maxima.  Panda [116] previously explained that the wavelength of the standing wave 

should be resulted by the combination of the acoustic and hydrodynamic wavelengths 

and follows the relationship:  

 
1

𝐿𝑠𝑤
=
𝑓𝑠
𝑎
+
𝑓𝑠
𝑢ℎ

 (21) 

where Lsw is the wavelength of the standing wave, fs is the screech frequency, a is the 

ambient sound speed and uh is the convective velocity of hydrodynamic fluctuations. 

 

Figure 7-10(a) and (b) present acoustic maps of sound pressure level at twice the 

screech frequency for DB30 and DB60 nozzles respectively at NPR=5 along the XY- 

and XZ-planes.  The results show clear near-field acoustic properties of harmonics 

radiated from double-bevelled nozzles.  It can be observed that harmonics of DB30 

nozzle along both XY- and XZ-planes are radiated from only one equivalent source 

located at far downstream region of x/D=8-10 as shown in Figure 7-10(a)(i) and (a)(ii).  

Interestingly, the propagating directions are slightly different along the two planes.  

Particularly, harmonic of DB30 nozzle beams to  
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Figure 7-10 Contours of equal sound pressure level at twice the screech frequency 

under NPR=5 condition for: (a) DB30 and (b) DB60 nozzles along the XY- and XZ-

planes.  

 

upstream direction along the shorter lip side, while it propagates to normal direction 

along the longer lip side.  In contrast, harmonics radiated from DB60 nozzle are much 

more complicated.  Along the shorter lip side as shown in Figure 7-10(b)(i), two 

separated acoustic “islands” are generated in the region near the nozzle, both beaming 

towards upstream direction.  In contrast, along the longer lip side as shown in Figure 

7-10(b)(ii), the separated acoustic islands are shifted to relative far downstream 

locations and beam to two distinct directions.  One directs to the upstream direction, 

while the other one beams to the downstream direction.  It is believed that harmonics 

generated by the two double-bevelled nozzles belong to different types as the the 

features are distinctly different.  More importantly, the maximum harmonic intensity 

of both double-bevelled nozzles along the longer lip side is about 8 dB higher than 

that along the shorter lip side.  However, the  
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Figure 7-11 Schlieren images of (a) baseline, (b) B30, (c)B60, (d) DB30 and (e) DB60 

nozzles at NPR=5 along the XY-plane [76].  

 

fundamental mechanism responsible for harmonic modifications mentioned earlier 

are still unknown. 

 

7.6 Schlieren images 

Figure 7-11(a)-(e) show the schlieren images of the five nozzles at NPR=5 taken 

along XY-plane.  It can be observed that the shock structures are significantly 

modified by the nonuniform nozzle configurations, where the behaviours of shock 

structures are more complex.  Unlike the other nozzle configurations, the shocks 

issued from bevelled nozzles are asymmetrical.  Particularly, the shock cells issued 

from B30 nozzle are irregular, which is caused by the complex intersections of shock 
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systems excited by the longer and shorter lips respectively.  In contrast, the shocks 

issued from B60 nozzle are in regular triangle pattern due to the shock system induced 

by the shorter lip being reflected right at the longer lip.  This leads to the two shock 

systems induced by the shorter and longer lips to merge together and form a strong 

shock band.  The behaviours of asymmetric shock structures generated by bevelled 

nozzles result in the excited disturbances within the jet column mismatch in phase 

and amplitude, which would be the reason for screech suppression or elimination due 

to the physical mechanisms of acoustic feedback loop do not sustain itself [10].  It 

should also be noted that, at the operating condition, jet plumes issued from the 

bevelled nozzles vector toward the shorter lip side due to pressure relief lag between 

the longer and shorter nozzle lips [79, 78, 90].  Interestingly, by imposing double-

bevels on the nozzle exits, the shock structures regain symmetry which leads to 

screech reappearing as shown in Figure 7-2.  A similar phenomenon of exciting 

screech by symmetric trailing-edge modifications was also previously observed by 

Kerechanin et al. [41]. 

 

Figure 7-12(a) and (b) show schlieren visualizations of bevelled nozzles along the 

XZ-plane at NPR=5.  Along the XZ-plane, shock structures issued from bevelled 

nozzles are symmetrical due to the top and bottom lips having the same lengths.  It 

should be noted that shock structures at downstream locations of both bevelled 

nozzles [see Figure 7-12(a) and (b)] are visually weaker than that of baseline nozzle 

as shown in Figure 7-11(a), especially for the B60 nozzle.  The weaker shock 

structures at downstream locations would result in BSAN level reductions as shown 

in Figure 7-1(a) and (b), where the weaker shocks are believed to be resulted from 
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Figure 7-12 Schlieren images of (a) B30, (b) B60, (c) DB30 and (d) DB60 nozzles at 

NPR=5 along the XZ-plane [76].  

 

 complex intersections between the different shock systems generated by the 

asymmetrical nozzle geometries [2, 90].  Figure 7-12(c) and (d) show schlieren 

images of the double-bevelled nozzles at NPR=5 taken along the XZ-plane.  It can be 

observed that the jet spreads of both double-bevelled nozzles are prominently 

narrowed along the longer lip side, especially for DB60 nozzle.  This is very different 

from the jet behaviour along the shorter lip side, where the jet spreads are 

significantly enhanced as shown in Figure 7-11(d) and (e).   

 

Interestingly, compared to that of baseline nozzle [see Figure 7-11(a)], the first shock 

cell length is elongated by double-bevelled nozzles along the shorter lip side [see 

Figure 7-11(d) and (e)] while it is shortened along the longer lip side as shown in 

Figure 7-12(c) and (d).  According to the model of Powell [10] that screech tone is 

produced by phase radiation from serials of monopole sources located at shock tips, 

the difference in shock cell length should result in screech tones with distinct 

frequencies along the two measurement planes.  However, it is obviously not the  
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Figure 7-13 Normalized Pitot tube pressure distribution along the jet centreline for 

baseline and double-bevelled nozzles at NPR=5. 

 

case for double-bevelled nozzles since screech tones detected along the two planes 

are at the same frequency as shown in Figure 7-2.  One explanation is provided by 

Tam et al. [118] that screech is generated at the 3rd or 4th shock cell rather than 

generated at each shock tip, where instability waves of turbulent and shock structures 

possess relatively high amplitudes and the discrepancy in the shock cell lengths at 

different planes will be alleviated at the far downstream location.  However, the root 

physical mechanisms associated with screech generated by nonuniform nozzles are 

still debatable.   

 

7.7 Pitot tube measurements 

To quantitatively compare the mixing effect of the baseline and double-bevelled 

nozzles, total pressure distributions measured by Pitot tube of the baseline and 

double-bevelled nozzles along the jet centreline are shown in Figure 7-13.  The decay 
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of jet centreline Pitot tube pressure could provide an indicator upon jet mixing 

behaviour associated with flow mass being entrained into the potential core [60, 61].  

That is the more drastic mixing effect in the jet shear layer, the faster decay of 

potential core.  In the figure, the x axis represents the normalized streamwise location 

x/D and y-axis is the normalized total pressure, (Pt-P0)/P0, where Pt is the total 

pressure measured by Pitot tube and P0 is the atmospheric pressure.  Along the jet 

centreline, the measured Pitot tube pressure oscillates due to the presence of 

expansion and compression waves in the jet column.  For instance, Pitot tube pressure 

of baseline nozzle decreases fast from x/D=0 to nearly 1 due to acceleration of the 

flow in the expansion wave region.  At x/D=1, the Pitot tube pressure achieves a 

minimum at the expansion wave crossover point where the accelerating flow attains 

a maximum velocity.  From x/D=1 onward, the Pitot tube pressure undergoes an 

increase in the compression wave region until at x/D=2 where the location is a shock 

wave crossover point.  The cycle of the flow acceleration and deceleration will repeat 

many times until the characteristic decay begins where the jet is fully mixed and the 

pressure value decreases continuously [61].  Therefore, the distance between adjacent 

pressure peaks can be deemed as a shock cell length and the axial extent from nozzle 

exit centre to the location where the characteristic decay starts is the potential core 

length [60, 61]. 

 

From the Figure 7-13, it can be observed that the number and strength of shock cell 

structures are significantly reduced by the double-bevelled nozzles.  Nine shock cell 

structures can be counted for the baseline nozzle while six and four shock cell 

structures can be found for DB30 and DB60 respectively.  More importantly, the  
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Figure 7-14 Mean Mach number contours of (a) baseline, (b) DB30 and (c) DB60 

nozzles along XY-plane at NPR=5. 

 

mixing effect has been significantly enhanced by the double-bevelled nozzles which 

is indicated by the reduction of potential core length.  Particularly, the potential core 

length of baseline nozzle is approximately x/D=13.8, while those of DB30 and DB60 

are x/D=8.4 and 5.2 respectively.    

 

Figure 7-14(a) to (c) present mean Mach number distributions of the baseline, DB30 

and DB60 nozzles obtained by Pitot-tube measurements along the shorter lip side.  

Due to the assumption that the static pressure within the jet is a constant and equals 

to the atmosphere pressure, the absolute Mach number value is not exactly correct in 

the supersonic regions of the jet.  However, the results can provide qualitative 

information related to jet spreading and the potential core length as the deduced 

velocities in the subsonic regions of the jet should remain correct.  As shown in Figure 

7-14(a), (b) and (c), the potential core length of baseline nozzle is nearly x/D=13.9, 
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while those of DB30 and DB60 nozzles are approximately x/D=8.7 and 5.7 

respectively.  This is consistent with the earlier observations made by the jet 

centreline Pitot tube measurements.  The shortened potential core lengths are believed 

to be caused by enhanced mixing effect in the jet shear layer.  Furthermore, Wu et al. 

[93] previously conducted numerical simulations on the present double-bevelled and 

non-bevelled nozzles and compared mean Mach number distributions of the baseline 

and double-bevelled nozzles along the jet centreline at NPR=5.  They [93] have found 

that double-bevelled nozzles produce much shorter potential core lengths than that of 

the baseline nozzle and the potential core length is associated with the bevel angle, 

where a “shaper” double-bevelled nozzle generates a shorter potential core length 

within the jet column.  Therefore, it suggests that mixing effect enhancements do not 

always produce benefits on screech mitigation or elimination.  On the contrary, the 

current double-bevelled nozzles even generate louder screech level than baseline 

nozzle, especially for DB60 nozzle along the longer lip side. 

 

Figure 7-15(a) and (b) show mean Mach number distributions of DB30 and DB60 

nozzles along the longer lip side.  It can be observed that the measured potential core 

lengths of both double-bevelled nozzles are also consistent with the earlier 

observations in Figure 7-13 and Figure 7-14.  Note that jet spreads of double-bevelled 

nozzles are narrowed along the longer lip side as shown in Figure 7-15(a) and (b), 

which is different to the wider jet spreads along the shorter lip side as shown in Figure 

7-14(b) and (c).  This is also consistent with the observations in the earlier schlieren 

visualizations.  A wider jet spread could block the acoustic 
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Figure 7-15 Mean Mach number contours of (a) DB30 and (b) DB60 nozzles along 

XZ-plane at NPR=5. 

 

 feedback path for upstream-travelling acoustic waves interacting with the nozzle lip 

and exciting instability waves in the jet shear layer near the nozzle [87].  It is believed 

to be the reason why screech and harmonics are stronger along the longer lip side 

than those along the shorter lip side. 

 

7.8 Summary 

Experimental investigations were performed for studying the effects of nozzle 

geometry on screech radiation at under-expanded conditions.  The results show that 

the jet screech emission is highly sensitive to the nozzle exit shape due to its effect 

on shock structure formation within the jet.  Bevelled nozzles are able to eliminate or 

suppress screech level due to the behaviour of asymmetric shock structures generated 

within the jet column, which results in mismatches in phase and amplitude.  In 

contrast, double-bevelled nozzles amplify screech and generate significant additional 

harmonics when shock structures regain symmetry within the jet column.  Wavelet 

transform analyses on near-field microphone signals show that instantaneous features 

of screech are apparently modified by bevelled and double-bevelled nozzles at the 
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present under-expanded condition.  Particularly, screeches radiated from baseline, 

B30 and DB30 nozzles demonstrate prominent pause-and-go behaviour, while that 

of DB60 nozzle is less intermittent.  Additionally, screech and harmonic signals of 

double-bevelled nozzles are highly unsteady and undergo non-periodic and stochastic 

variations with time.   

 

Near-field acoustic maps show that the screech generation is accompanied by 

standing wave formation, which results in many acoustic islands produced along the 

jet and propagating in upstream direction.  The intensity and source locations of 

screech and harmonic are also significantly modified by double-bevelled nozzles and 

the effects vary along different planes.  For instance, the screech intensity is 

suppressed by double-bevelled nozzles along the shorter lip side, while it is amplified 

by the nozzles along the longer lip side.  However, the root reason for these 

modifications is still unknown due to the unclear understanding of the fundamental 

screech generation mechanism, which stimulates further researches such as those by 

Raman [40] and Tam et al. [118] for screech radiated from nonuniform nozzles.  

Finally, the effect of double-bevelled nozzles on screech generation shows that 

screech suppression would not be directly contributed by mixing effect enhancement, 

which is contrary to the conjecture made by many previous studies for nonuniform 

nozzles [42, 66, 110].  
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Chapter 8 Conclusion and Recommendations 

8.1 Conclusion 

The current research focuses on investigating supersonic jet noise radiated from 

nonuniform nozzles due to their potentials in reducing the jet noise.  However, the 

understanding of supersonic jet noise radiated from nonuniform nozzles remains poor 

due to complicated physics associated with the supersonic jet flow and noise 

generations.  Additionally, the limitation of exist experimental technique for 

supersonic jet flow deters extensive studies on understanding the fundamental 

mechanisms associated with jet noise reduction.  As such, the goals of this thesis are 

to:  

(1) Perform detailed far-field acoustic measurements for different nonuniform 

nozzles at various expanded conditions to improve the understanding of 

noise reduction efficiency affected by asymmetrical nozzle trailing edges;  

(2) Through extensive near-field acoustic and flow field measurements, better 

understand the physical mechanisms underpinning the jet noise reduction for 

potentially optimizing the nozzle geometry in the future; 

(3)  Investigate the effect of nozzle geometry on screech emission to better 

understand the nature of screech radiated from nonuniform nozzles and 

provide some clues to the relationship between screech generation and 

resulting shock structures and turbulent mixing effect.  
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(4) Through wavelet analyses, to obtain transient information of acoustic signals 

and to explore the dynamics of screech and harmonic affected by bevelled 

and double-bevelled nozzles.  

 

In this thesis, six different nonuniform nozzle geometries were designed, including 

the trailing shapes with stepped, bevelled and double-bevelled cuts, where their 

acoustic and flow fields were compared to those of the baseline nozzle.  Detailed far-

field acoustic measurements were conducted for the test nozzles to characterize the 

noise radiated from these nozzles.  Near-field acoustic measurements were performed 

to locate noise sources of different noise components and study their propagation 

features in the near-field region.  Autocorrelation technique was employed for far-

field microphone signals to identify fine- and large- turbulent mixing noise, while 

cross-correlation technique was used for near-field microphone signals to study 

spatial noise coherence structure in the near-field region.  Wavelet transform analyses 

were conducted to explore transient signals of screeches and harmonics radiated from 

nonuniform nozzles.  Lastly, qualitative and quantitative schlieren visualizations 

were performed to study the resulting shock structures and the mean shock strength 

to explore the physics responsible for noise reduction.  And the major results are 

categorized and described below.   

 

1. Stepped nozzle measurements (NPR=2.8 and 3.4) 

At perfectly-expanded condition of NPR=3.4, the stepped nozzle exits produce 

insignificant effect on noise emission, where they generate similar noise level relative 

to the baseline nozzle across the whole frequency region at various azimuthal planes.  
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Additionally, the autocorrelation and similarity spectra results show that only fine- 

and large- scale turbulent noises are radiated from perfectly-expanded jets and they 

each dominate at upstream and downstream directions respectively.  At an over-

expanded condition of NPR=2.8, S60 nozzle significantly suppresses BSAN level 

through reducing the shock strength in the downstream region of the jet.  In contrast, 

S30 nozzle produces comparable or slightly higher noise level to the baseline nozzle 

at various polar and azimuthal locations due to only moderate modifications are made 

in the flow field.  For instance, along θ=0, S60 nozzle produces its maximum noise 

reduction of 5.6 dB at =110, while it not the case for S30 nozzle.  

 

Near-field acoustic measurements of the baseline and stepped nozzles show that the 

location, extent and intensity of BSAN are significantly modified by stepped nozzles 

though the effect varies at different azimuthal planes.   In the near-field region, no 

significant BSAN is detected for S60 nozzle, while that of S30 nozzle is prominent 

with the level comparable to the baseline nozzle.  This agrees well with the 

observations in far-field acoustic measurements.  Interestingly, for the baseline and 

stepped nozzles, the propagations of large-scale turbulent mixing noise and BSAN 

present strong directivities, which are in downstream and upstream directions 

respectively.  The spatial noise structures of the baseline and stepped nozzles are 

investigated through cross-correlation analyses on near-field microphone signals.  

The baseline and stepped nozzles produce coherence noise sources with large axial 

extent in the downstream region, which are mainly contributed by low frequency 

noises.  Lastly, the coherence noise region appears to be enlarged by the stepped 

nozzles along θ=0, especially for S60 nozzle.  
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2. Stepped nozzle measurements (NPR=4 and 5) 

At under-expanded NPR=4 and 5 conditions, the two stepped nozzles produce 

significant noise reductions at sideline and forward quadrants by lowering BSAN 

level and eliminating screech.  For instance, along the shorter lip side, the maximum 

noise reductions produced by S30 and S60 nozzles at NPR=4 are 4.8 dB and 6 dB 

respectively.  Curve-fitting of a spectra function [35] provides a standard measure to 

extract BSAN amplitudes and Strouhal numbers of the baseline and stepped nozzles 

at various azimuthal locations along ϕ=90°.  The results show that the stepped nozzles 

reduce BSAN amplitudes substantially at various azimuthal locations when the jets 

operate at NPR=4 and 5 conditions.  Additionally, the BSANs radiated from stepped 

nozzles are unevenly distributed where their amplitudes and Strouhal numbers vary 

significantly with azimuthal angles, which are believed to be caused by asymmetrical 

shock structures formed within the jets.  

 

Schlieren imaging results show that shock cell structures in the jet column are 

radically modified by the stepped nozzles where shock systems induced by different 

segments of the nozzle lip intersect with each other in an asymmetrical and complex 

pattern.  The jet screech mitigation is believed to be caused by disrupting the closing 

of acoustic feedback loop at the nozzle lip due to the enhanced jet spread generated 

by the stepped nozzles along XY-plane.  The density gradient fields of the baseline 

and stepped nozzles are obtained by quantitative schlieren technique, and the mean 

shock strength within the jet is evaluated through averaging the difference between 

adjacent peak and valley amplitudes of the density gradient profile.  The stepped 
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nozzles reduce the mean shock strength within the jet significantly at various 

azimuthal planes through the interactions of different resulting shock systems.  This 

also demonstrates that BSAN amplitude variations correlate well with the resulting 

mean shock strength, where lower BSAN level results from lower mean shock 

strength.  

 

3. Bevelled and double-bevelled nozzle measurements (NPR=2.8, 3.4 and 4) 

The noise characteristics of bevelled and double-bevelled nozzles are investigated 

through detailed far-field acoustic measurements at various jet operating conditions.  

The noise emission is radically modified by using bevel cuts at nozzle exits when the 

jet operates at imperfectly-expanded conditions.  However, the efficiency of noise 

reduction is highly dependent on the exact bevelled configuration and NPR value.  At 

NPR=2.8, only B30 nozzle is effective in reducing supersonic jet noise, while other 

nozzles produce comparable or higher noise level relative to the baseline nozzle at 

various polar and azimuthal locations.  In contrast, at NPR=4, substantial noise 

reductions are generated by all bevelled and double-bevelled nozzles, especially at 

the forward quadrant.  Additionally, the noises radiated from bevelled and double-

bevelled nozzles demonstrate prominent azimuthal directivity at the imperfectly-

expanded conditions, where the noise levels vary significantly with azimuthal 

location.  At perfectly-expanded condition of NPR=3.4, all the bevelled and double-

bevelled nozzles generate similar noise spectra relative to the baseline nozzle at 

various azimuthal and polar locations, which is similar to the observations for stepped 

nozzles.  This suggests that modifying nozzle trailing edge would play insignificant 

effect on noise radiation when the jet is perfectly expanded.  



 

163 

 

To investigate how nozzle trailing edge shapes affects the radiations of different noise 

components, near-field acoustic measurements were conducted for all the test nozzles 

at NPR=2.8.  The results show that significant effects are produced by bevelled and 

double-bevelled nozzles on modifying the location, extent and intensity of different 

noise components.  For instance, in the near-field region along θ=0°, B30 nozzle 

reduces peak intensity of BSAN approximately 4 dB, while the other nozzles generate 

comparable or higher peak BSAN level relative to the baseline nozzle.  More 

importantly, the acoustic maps in near-field region show that the test nozzles generate 

large-scale turbulent mixing noise in the downstream region with significant axis 

extent, while produce BSAN in a limited and localized region near the nozzle exits.  

Similar to what had been observed for baseline and stepped nozzles, large-scale 

turbulent mixing noise and BSAN radiated from bevelled and double-bevelled 

nozzles also present strong directivities propagating in downstream and upstream 

directions respectively.  

 

4. Screech generating by bevelled and double-bevelled nozzles at NPR=5  

To study the nature of screeches radiated from under-expanded jets of nonuniform 

nozzles, detailed acoustic measurements were conducted for bevelled and double-

bevelled nozzles at NPR=5.  The results show that bevelled nozzles are capable to 

suppress/eliminate screech generation due to the exciting disturbances mismatching 

in phase and amplitude, which results from the behaviours of asymmetrical shock 

structures formed within the jet column.  In contrast, double-bevelled nozzles not 

only amplify the screech level but also generate many additional harmonics due to 

the resulting shock structures in the jets regain symmetry.  Subsequently, wavelet 
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transform was employed on near-field microphone signals due to it provides a 

measure to explore transient information related to screech and harmonic radiations. 

The results show that screech and harmonic radiated from the test nozzles are highly 

unsteady and their amplitudes vary in a nonperiodic and stochastic manner with time.  

Additionally, prime screech amplitudes of the baseline, B30 and DB30 nozzles 

undergo more abrupt and larger amplitude variations compared to that of DB60 

nozzle.  

 

The near-field acoustic maps show that screech intensity and source locations are 

significantly modified by the double-bevelled nozzles.  Particularly, the location of 

screech maximum intensity is moved upstream by the double-bevelled nozzles 

though the exact location varies slightly at different azimuthal planes.  Additionally, 

for double-bevelled nozzles, screech and harmonic intensities along the longer lip 

side are much higher than those along the shorter lip side due to variations of the jet 

spread at different nozzle azimuthal planes, where an enhanced jet spread results in 

lower efficiency of acoustic feedback loop.  The near-field acoustic results also show 

that the screech generation is accompanied by standing wave formation, where many 

acoustic “islands” are generated along the jet spread beaming towards the upstream 

direction.  Finally, Pitot tube measurements show that the potential core length is 

significantly reduced by the double-bevelled nozzles, where a sharper double-

bevelled nozzle produce a shorter potential core length.  Due to potential core length 

is an indicator related to jet mixing effect, it suggests that enhanced mixing effect 

would not always result in screech suppression, which is contrary to the conjecture 

made by many previous studies [42, 66, 110]. 
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8.2 Recommendations 

1. It is well-known that turbulent structures play very important roles in supersonic 

jet noise, especially large-scale turbulent structures involved in the generation of 

large-scale turbulent noise, BSAN and screech.  Due to the limitations imposed 

by the present experimental facilities, the current study has not explored many 

details associated with the transient and unsteady aspects of vortex formations 

and developments.  It is recommended that time-resolved particle-image 

velocimetry (PIV) and computational fluid dynamics (CFD) could be employed 

in the future to study the transient flow fields for shedding more light upon 

regarding their relationships with jet noise reduction. 

 

2. Stepped and bevelled nozzles have demonstrated their potential in reducing 

supersonic jet noise.  In the future, more asymmetrical nozzle configurations can 

be studied at a larger NPR range to study noise reduction efficiency affected by 

nozzle trailing shape.  Additionally, the current research has only cross-

correlated near-field microphones to study noise coherence structure in jet axial 

direction due to the limitation of microphone number.  It is recommended to put 

more microphones in far-field locations and simultaneously acquire the signals 

from both near- and far-field microphones.  Cross-correlation technique can be 

then employed to analyze the correlation between near- and far-field microphone 

signals to investigate the relationship between near- and far-field acoustic waves 

as well as how the nozzle trailing shape affects the relationship.  
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3. The current double-bevelled nozzles amplify screech level and generate multiple 

additional harmonics.  However, the root reason is still unknown.  A future study 

could focus on measuring turbulence [121] and shock fluctuations [33], which 

could provide more physics associated with screeches generated from 

nonuniform nozzles.  The investigations also can be conducted in larger NPR 

range.  In the current study, screech is only generated at serious under-expanded 

conditions, such as at NPR=5 due to relative thin nozzle lips were adopted for 

the present nozzles [12].  It is recommended that the nozzle lip thickness can be 

increased to excite screech generation at low NPR values, at which conditions 

the screech mode switching phenomenon often happens [112].  The transient 

information of screech can be then studied by wavelet transform to explore 

whether double-bevelled nozzles have any effects on other screech phenomena, 

such as mode switching.  
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Appendix 

A1. Noise spectra of stepped nozzles 

 
 

Figure A1-1 Noise spectrum comparisons of baseline and stepped nozzles at different 

polar angles along the longer lip side (θ=180°), taken at: (a) NPR=2.8 and NPR=3.4.  

 

 
 

Figure A1-2 Noise spectrum comparisons of baseline and stepped nozzles taken at 

NPR=2.8 and ϕ=30°, along: (a) θ=0° and (b) 90°. 
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Figure A1-3 Noise spectrum comparisons of baseline and stepped nozzles taken at 

NPR=2.8 and ϕ=30°, along: (a) θ=90°, (b) 120°, (c) 150° and (d) 180°. 

 

 
 

Figure A1-4 Noise spectrum comparisons of baseline and stepped nozzles taken at 

NPR=2.8 and ϕ=90°, along: (a) θ=60°, (b) 90° and (c) 120°. 
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A2. Cross-correlation of stepped nozzles 

 
 

Figure A2-1 Axial cross-correlation at NPR=2.8 along θ=180 with Mic8 as reference 

microphone for: (a) S30 and (b) S60 nozzles. 

 

 
 

Figure A2-2 Axial coherence function results at NPR=2.8 and θ=180 with Mic8 as 

reference microphone for: (a) S30 and (b) S60 nozzles. 
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A3. Noise comparisons between bevelled and stepped nozzles 

As mentioned in Chapters 5 and 6, the lip-modified nozzles produce insignificant 

effect on noise emission, when the jet is perfectly expanded.  Additonally, the results 

in Chapter 6 show that bevelled nozzles are more efficient in reducing supersonic jet 

noise than double bevelled nozzles under imperfetly-expanded conditions at the polar 

locations of  ϕ≥50°.  To obtain the optimal nozzle geometry, OASPL distributions of 

bevelled and stepped nozzles are further compared at over- and under-expanded 

conditions.  Figures A3-1(a), (b) and (c) present OASPL comparisons of the baseline, 

B30, B60, S30 and S60 nozzles at NPR=2.8 and  

 
 

Figure A3-1 OASPL comparisons of baseline, bevelled and stepped nozzles at 

various polar angles and NPR=2.8 along: (a) θ=0, (b) θ=90 and (c) θ=180. 



 

183 

 

 
 

Figure A3-2 OASPL comparisons of baseline, bevelled and stepped nozzles at 

various polar angles and NPR=4 along: (a) θ=0, (b) θ=90 and (c) θ=180. 

 

various polar angles along θ=0°, 90° and 180°, respectively.  It can be observed that 

B60 and S30 nozzles are insufficient in noise reduction at NPR=2.8 where they 

produce similar to or slightly higher noise level than the baseline nozzle at various 

polar and azimuthal locations.  For instance, approximately 3dB noise increase is 

generated by S60 nozzle at ϕ=30° and 40° along θ=0°.  In contrast, B30 and S60 

produce prominent noise reduction at forward quadrant with the noise reduction 

progressively increasing with polar angle though they also produce comparable noise 

level to the baseline nozzle at ϕ≤50°. At NPR=2.8, the maximum noise reduction of 

5.5dB is generated by S60 nozzle at ϕ=110° and θ=0°.  Unlike what observed at 

NPR=2.8, all the bevelled and stepped nozzles generate significant  
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Figure A3-3 OASPL comparisons of baseline, bevelled and stepped nozzles at 

various polar angles and NPR=5 along: (a) θ=0, (b) θ=90 and (c) θ=180. 

 

noise reduction at polar locations of ϕ≥50° for under-expanded jets with NPR=4 and 

5 along various azimuthal locations, as shown in Figures A3-2 and A3-3.  At NPR=4, 

the maximum noise reduction of 6dB is generated by S60 nozzle along θ=0°, as 

shown in Figure A3-2(a).   At NPR=5, B60 nozzle produces relative better efficiency 

in noise reduction at forward quadrant and it generates the maximum noise reduction 

of 9dB at ϕ=90° and θ=180°.  It should be mentioned that B60 occasionally generates 

moderate noise increase at some locations, such as at shallow polar angles along θ=0° 

and 90°, as shown in Figures A3-3(a) and (b) , respectively.   
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In general, the noise radiated from asymmetric nozzles is highly complicated.  The 

noise effectiveness is affected by many factors, such as nozzle exit shape, NPR value, 

polar and azimuthal locations.  The optimal nozzle shape is not fixed, which varies 

with NPR value and measured locations.  For instance, S60 nozzle produces better 

noise reduction than other nozzles at sideline and forward quadrants along θ=0° at 

NPR=2.8 and 4 conditons.  However, at NPR=5, the maximum noise reduction is 

produced by B60 nozzle at sideline quadrant along θ=180° with occasional noise 

increment being generated at shallow polar angles.   


