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Investigation of Noise Sources in Three-Stream Jets using Turbulence Characteristics 
 

Marcie Alberta Stuber 
 

ACADEMNIC ABSTRACT 
 

Key areas of noise sources are investigated through comparison of eddy convection velocity 

and turbulence measurements in three-stream nozzles. A Time-Resolved Doppler Global 

Velocimetry (TR-DGV) Instrument was applied to the Nozzle Acoustic Test Rig (NATR) at 

NASA’s Aero-Acoustic Propulsion Lab (AAPL) to measure convection velocity. Particle image 

velocimetry (PIV) measurements provided mean velocity and turbulence intensity. Eddy 

convection velocity results were obtained from the TR-DGV data for three-stream nozzle 

configurations using a cross-correlation approach. The three-stream cases included an 

axisymmetric and an asymmetric nozzle configuration. Results of the VT TR-DGV convection 

velocity were compared to NASA PIV mean and turbulence intensity data. For the axisymmetric 

case, areas of high convection velocity and turbulence intensity were found to be from 4 to 6 

diameters downstream. Comparison of convection velocity between the axisymmetric and offset 

case show this same region as the greatest reduction in convection velocity due to the offset. These 

findings suggest this region along the centerline near the end of the potential core is an important 

area for noise generation with jets and contribute to the noise reductions seen from three stream 

offset nozzles. An analysis of a one-dimensional wavepacket model was completed to provide 

understanding of the effect of the various convection velocities seen in the flow. Comparison of a 

wavepacket with a convection velocity of 0.6  to a wavepacket with a convection velocity of 

0.8  showed that an increase in convection velocity shifts the wavenumber spectrum to higher 

wavenumbers as expected. It was also observed that for the higher convection velocity 

wavepacket, higher frequencies are more acoustically efficient, while mid frequencies are the most 

efficient radiators in the lower convection velocity case. Using mean velocity, turbulence intensity, 

and convection velocity areas of likely to generate noise are identified and possible fundamental 

mechanisms responsible for the noise generation are discussed. 
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Marcie Alberta Stuber 
 

GENERAL AUDIENCE ABSTRACT 
 

Noise from the jet exhaust plumes of aircraft engines continues to be a problem in the 

aerospace field, specifically for applications where high speeds and temperatures are required. This 

study works to identifity the noise producing areas in a high speed, heated jet plume for a new type 

of exhaust nozzle configurations. Identification of the noise producing regions will allow desing 

of quieter aircraft engines. Traditionally, there are two streams in the exhaust of aircraft engines. 

This research is a study of a new exhaust nozzle configuration with an additional third exhaust 

stream. Specifically, two three-stream nozzle configurations are studied: one that is symmetric and 

one with the third stream shifted relative to the other exhast streams which is called the offset 

configuration. Past studies have shown that three stream jets and offset three stream jets offer noise 

reductions. Of the two configurations studied, the offset configuration offers greater potential for 

noise reduction. The flow field of three stream jet and a three stream shifted jet are analyzed. Flow 

properites relating to the speed of the jet, the level of turbulence, and the speed at which flow 

structures convect are analyzed for the symmetric three stream nozzle. The region along the jet 

centerline is identified as a likely noise producing area based on analysis of the flow properties. 

Comparison of the three stream symmetric configuration with the three stream offset configuration 

shows  the offset configuration reduces the convection speed of structure along the jet centerline. 

This reduction in convection velocity is an explanation for the noise reduction caused by the offset 

nozzle configuration. A simple mathematical model to describe how the flow structures convect is 

developed in order to better understand how the differenct convection speeds observed impact 

noise production. Many researchers in the past have suggested that the area of high shearing caused 

by the velocity difference between the jet and the surrounding is the dominant noise producing 

region, however, analysis of the experiemental results from this research has found the centerline 

region as a likely noise producing region.  Results from the model, therefore, were obtained for 

both the high shearing region and the centerline region previously identified for both jet 

configurations. It was found that the region along the centerline showed a greater difference in 

likeliness to produce noise, further suggesting that the reigon along the centerline is important for 

noise production. 
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1. Introduction 

Noise from supersonic jet plumes has been a problem in the aviation industry since the 

introduction of aircraft engines [1]. Although advances have been made in the reduction of jet 

noise, these advances have primarily been for transonic and subsonic commercial applications. 

Renewed interest in supersonic transport vehicles through the Commercial Supersonic Technology 

(CST) project of the Advanced Air Vehicles Program (AAVP) at NASA has prompted research in 

mitigating jet noise in heated, high speed jet plumes [2].  Based on the set performance and noise 

goals of the program, new engine technologies are being researched. One of the more promising 

ideas is a variable cycle or adaptive cycle engine which would all for a third exhaust stream, in 

addition to the bypass and core streams that are already commonplace in aircraft engines [2].  

Recent computational and experimental work has shown that nozzles with a tertiary stream offer 

a potential for noise reduction [2, 3]. Additional studies have shown that asymmetry in jet plumes 

reduced jet noise on the locally thick side [4, 5, 6]. The asymmetry was introduced by offsetting a 

secondary or tertiary stream in the radial direction. 

Research on heated, high speed jet noise is also of interest to the Navy. Due to the stricter 

performance and size requirements of military tactical engines, significant advances have not been 

made for jet noise from military tactical engines. The US Department of Veterans Affairs (VA) 

spends over $1 billion each year on hearing loss claims, with 28% of those from the Navy [8]. In 

the past, to protect service persons from hearing loss due to jet noise, the Navy put significant 

effort into improving hearing protection for service persons. While advances in hearing protection 

have been made, with advanced designs offering protection up to 47 dB, noise levels for those 

working in close proximity to aircraft can exceed 140 dB [9]. New efforts have now been made by 

the Navy to better understand the fundamental mechanisms causing noise in jet plumes at 

conditions seen in military aircraft engines.  

Overall, a better understanding of the physics producing jet noise can lead to better engine 

design with reduced jet noise. Further, continued research on techniques to reduce noise, such as 

the use of a third stream, is vital to address the jet noise problem in both supersonic transport 

vehicles and military tactical aircraft.  

Papamoschou et al. [10] have shown that a component of supersonic jet noise, the radiation 

efficiency, is a function of the acoustic convection Mach number of the turbulent eddies in the jet. 
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The acoustic eddy convection Mach number is defined as, / , the eddy convection velocity 

divided by the ambient speed of sound. The radiation efficiency is therefore a function of the eddy 

convection velocity of the turbulent structures in the jet. Past computational work by Papamoschou 

et al. [10] has also shown that radiation efficiency scales non-linearly with  the eddy acoustic 

convection Mach number. Due to the non-linearity, a reduction in the acoustic eddy convection 

Mach number is the most effective method for reducing jet noise. Measuring eddy convection 

velocity in jets, therefore, will provide insight into the mechanisms for reducing noise in heated, 

three-stream axisymmetric and offset jet streams which have been devised based upon the 

hypothesis that they reduce convection velocity. 

To measure eddy convection velocity a Time-Resolved Doppler Global Velocimetry (TR-

DGV) instrument was applied to heated three-stream axisymmetric and asymmetric offset nozzle 

configurations at the NASA Aero-Acoustic Propulsion Lab (AAPL) located at Glenn Research 

Center [11]. The current work aims to better understand the fundamental physics which cause 

tertiary streams and offset streams to reduce jet noise. It will be shown that comparison of eddy 

convection velocity and flow characteristics obtained using two component PIV allows 

identification of key areas in the flow responsible for noise generation. Investigation of differences 

between convection velocity in the axisymmetric and asymmetric configurations will reveal 

differences which contribute to the noise reduction in the offset configuration. Defining these areas 

improves nozzle designs by targeting regions that will be most efficient in reducing jet noise. In 

addition to experimental studies, an analytical one-dimensional wavepacket model is developed to 

provide insights in regard to the effect of convection velocity on radiated noise. This work presents 

the combined analysis of experimentally measured turbulence characteristics and the evaluation 

of a basic wavepacket model to provide a better understanding of the mechanisms causing noise 

generation in heated three-stream jets. 

1.1. Overview 

This thesis is divided into six chapters and an appendix. The first chapter describes the 

motivation for a better understanding of the noise sources in heat, high speed three stream jets, 

which is the subject of the current work. Chapter 2 provides an overview of free, single and mutli-

stream jets, along with a review of relevant jet noise literature. The characteristic features and 

properties of single and multi-stream jets are described along with a review of jet noise topics such 
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as classical acoustic analogies, the determination of the radiating components of jet noise, and the 

importance of large scale structures in jet noise. Chapter 3 provides a review of correlations 

measurements in jet noise research. Correlations measurements for noise source identification and 

convection velocity calculation are reviewed. Chapter 4 describes the methods used for collecting 

and processing the convection velocity data. In addition, a description of the wavepacket model 

used to better understand the effect of convection is given along with assumptions made for this 

model. Chapter 5 details the results for the VT TR-DGV convection velocity for both the 

axisymmetric and the offset configurations and the comparison with the NASA PIV mean and 

turbulence intensity data. Results for the wavepacket model are also discussed in this chapter. 

Chapter 6 summarized the conclusions of the current work. 

 

2. Background and Review of Relevant Literature 

The following section provides background information and a review of literature relevant to 

the author’s work. Section 2.1 gives a background on free jets including the structure of free jets 

along with a discussion on how characteristic properties are defined and calculated. A background 

of jet noise theory is discussed in Section 2.2 followed by a review of multi-stream jets in Section 

2.3.  

2.1. Overview of Free Jets 

A free jet consists of a fluid exhausting from a nozzle into the surrounding medium. A diagram 

of a simple, single stream, free jet is shown in Figure 2.1. The surrounding medium can be at rest 

(as is the case for many laboratory and field experiments) or the surrounding medium may be 

moving relative to the jet (as is the case for the exhaust of aircraft engines when in flight). An 

initial region called the potential core exists just beyond the nozzle exit. In this region the 

turbulence is low, and the velocity of the fluid is close to the velocity at which the fluid exits the 

nozzle. A shear layer develops between the fluids moving at different velocities. The shear layer 

is dominated by instabilities in the form of turbulent eddies, which develop between the faster 

moving fluid and the surrounding medium. The turbulent eddies entrain the slower surrounding 

medium, and the shear layer grows as the eddies convect downstream. Eventually, the shear layer 

grows large enough that it interacts across the opposite sides of the jet. The potential core ends at 
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which point the shear layer region overcomes the potential core region. The jet plume then enters 

an adjustment region and eventually reaches the fully developed region [12]. The length of the 

potential core is affected by both the Mach number and temperature of the jet. An increase in the 

Mach number results in an increase in the potential core length, while an increase in the 

temperature results in a reduction in the potential core length [10, 11]. For jet noise, the primary 

regions of interest in jets are the initial developing shear layer before the potential core ends and 

the region immediately downstream of the potential core [12]. These regions extend approximately 

a distance of four to ten jet diameters downstream of the nozzle exit plane. For simplification the 

terms free jet and jet will be used interchangeably in this work.  

 

The growth of the shear layer was studied by Brown and Roshko [15] to understand the effects 

of density on the spreading rate. It was found that the overall compressibility of the jet had a greater 

effect on the change in spreading rate of the shear layer compared to the density ratio of the two 

mixing fluids. In addition, a measure of the compressibility was found to be the symmetric 

convection Mach number calculated using Equation (2.1),  

  =
−
+

 (2.1) 

where the subscripts one and two denote the faster moving fluid and the slower moving fluid, 

respectively. For single stream jets, the slower moving fluid may be the ambient surrounding so 

 may be zero.  

 

2.1.1. Characteristic Properties of Free Jets 

The characteristic velocity of the jet used for normalization is the isentropic exit velocity 

which is found using the isentropic relations. In many cases, the isentropic relation using the ratio 

of the total pressure to the static pressure is used to calculate the isentropic exit velocity. For a 

 
Figure 2.1. Diagram of single stream free jet 
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subsonic or ideally expanded supersonic jet, the static pressure of the exiting fluid is the same as 

the pressure of the surrounding fluid which simplifies the isentropic relation shown in Equation 

(2.2).  

 = 1 +
− 1
2

 (2.2) 

The isentropic Mach number is determined from Equation (2.2) for a given pressure ratio. The 

isentropic exit velocity is calculated using the definition for Mach number given by Equation (2.3).  

 = /  (2.3) 

The definition requires the local speed of sound in the exiting fluid, since the speed of sound in 

the fluid may be different from the surrounding medium due to differences in temperature. The 

local speed of sound is calculated using Equation (2.4). 

 =  (2.4) 

The characteristic dimension for the flow is the jet diameter, and dimensions are commonly given 

in terms of the jet diameter.  

A common parameter used to define the flow from a jet is the Reynolds number. The Reynolds 

number is a ratio of the inertial forces of the flow to the viscous forces in the flow, and is found 

through the definition given in Equation (2.5). 

 =  (2.5) 

The density of the flow is found using the ideal gas law given in Equation (2.6),  

 =  (2.6) 

and the dynamic viscosity is found using Sutherland’s relation assuming that it is only a function 

of temperature [16]. 

 

2.2. Jet Noise Fundamentals 

In the study of jet noise three physically distinct regions exist: the acoustic far field, the near 

field, and the vortical turbulent region. The region of the jet itself is the vertical, turbulent region 

and is dominated by hydrodynamic pressure fluctuations [17]. The region far from the jet is termed 
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the acoustic far field. In this region only acoustic waves are present which are described by the 

wave equation [18]. The region between the jet and the acoustic far field is called the near field. 

In this region fluctuations from both hydrodynamic fluctuations and acoustic sound waves are 

significant. The hydrodynamic fluctuations are from the turbulence of the adjacent jet, while the 

acoustic sound waves are the beginning of the acoustic field [17]. 

Noise from jets is composed of three components, screech tones, broadband shock noise, and 

turbulent mixing noise [19]. Noise due to screech almost entirely radiates in the upstream direction 

[19]. Screech tones are primarily observed in supersonic, cold jets operated at over-expanded 

conditions and is found to decrease in intensity with increasing temperature [20]. Broadband shock 

noise is generated due to shock cell structures in supersonic jet plumes. The shock cell structures 

are formed due to flaws in the nozzle geometry and/or operating the nozzle at off design conditions 

[20]. Turbulent mixing noise is generated by the turbulence in the shear layers of the jet. A defining 

characteristic of turbulence is the cascade of length scales ranging from the smallest Kolmogorov 

scales to the largest energy containing region [21]. For turbulent mixing noise the scales are loosely 

separated into fine scale and large scale turbulence; the fine scale turbulence is considered the 

mechanism generating background noise while the large scale turbulence is considered the 

dominant noise source [19]. The noise from jets have a dominant noise direction which for high 

speed jets is downstream in directions at small polar angles from the jet axis. 

A jet is defined as supersonic if the fluid is moving faster than the speed of sound in the fluid. 

For the current work the flow is heated and is not supersonic with respect to the speed of sound 

within the jet, so screech and broadband shock noise are not of interest for this study. The focus 

will be on turbulent mixing noise. A discussion of relevant literature for turbulent mixing noise 

theory is found in the following subsections. 

 

2.2.1. Classical Jet Noise Theory 

Lighthill [22] developed his acoustic analogy in 1952 with the goal to relate properties of the 

jet flow to acoustic properties. While flow physics are governed by the Navier-Stokes equations, 

the acoustic properties of the flow are governed by the wave equation. Lighthill was able to relate 

the flow physics to the acoustic through recasting the Navier-Stokes equations in terms of the wave 

equation. In doing so, Lighthill was able to identify the sources of jet noise, as any terms that were 
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not part of the linear wave propagation equation. The resulting source was termed the Lighthill 

stress tensor, and is given in Equation (2.7). 

 = + ( − ) −  (2.7) 

Based on this analogy the noise sources are due to differences in stresses in the flow itself, both 

Reynolds stresses and stresses due to pressure and viscosity, and those in the acoustic field. The 

acoustic field is defined as the region around the jet which does not contain the hydrodynamic, 

turbulent fluctuations of the jet, and is often called the ambient medium. Lighthill [23] further 

hypothesized that all stresses except those due to the Reynolds stresses, , are negligible. 

In order to make the acoustic analogy Lighthill assumed that the flow was moving slow 

relative to the surrounding medium; however, as many flows of engineering interest are moving 

much faster the acoustic analogy needed to be corrected. Although Lightill recognized the 

importance of convection in his theory, Ffowcs-Williams [24] improved the acoustic analogy to 

better take into account the effects of convection and showed that the acoustic intensity should be 

modified by the factor given in Equation (2.8),  

(1 − cos( ))  (2.8) 

where  is the angle to the jet axis. This factor is often called the convection amplification factor. 

The convection Mach number is defined as the ratio of the convection velocity to the speed of 

sound of the ambient medium and is the convection Mach number of the large eddies in the jet.  

Researchers such as Ribner [25], Goldstein and Howe [26], and Ffowcs-Williams and 

Maidanik [27] continued to make improvements on the acoustic analogy. The results of these 

improvements are summarized in more detail by Bailly et al. [28]. Further development of the  

acoustic analogy by Papamoschou et al. [10] have shown that the noise radiation efficiency is 

dependent on the turbulence intensity in the jet, the coherence of the structures in the jet, and the 

convection Mach number of the large structures. The noise radiation efficiency scales linearly with 

turbulence intensity while non-linearly with the convection Mach number. Papamoschou shows 

that for a 50% reduction in turbulence intensity, only a 3 dB reduction in noise is observed, while 

a 33% reduction in convection Mach number results in a 10-15 dB reduction in noise observed. 

Therefore, a reduction in convection Mach number would generate the largest reduction in radiated 

noise.  
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2.2.2. Radiating and Non-Radiating components 

In order for fluctuations produced within the jet to radiate to the acoustic far field the 

disturbance causing the fluctuation, also called eddies, must be traveling faster than the speed of 

sound in the ambient medium [18]. Therefore not all fluctuations will radiate to the far field and 

generate noise. As the noise in the far field is of primary interest, a method for separating the 

radiating and non-radiating components is necessary. Transforming Lighthill’s equations in the 

frequency-wavenumber space, as shown by Crighton [12], provides a method for determining the 

radiating components. In the frequency-wavenumber space all frequencies contained within the 

flow will radiate to the far field while only a portion of the wavenumbers will contribute to the far 

field noise. For each frequency the wavenumber that divides the radiating and non-radiating 

components can be found using Equation (2.9).  

 = /  (2.9) 

Since the disturbance must be traveling faster than the ambient speed of sound the 

wavenumbers that radiate will be less than the wavenumber corresponding to the ambient speed 

of sound for a given frequency found using Equation (2.9), which provides a method for filtering 

the radiating and non-radiating components of the near field pressure. This approach was used by 

Tinney and Jordan [17] on near-field acoustic microphone measurements. Tinney and Jordan 

identified two characteristics of the radiating components being a low-frequency, coherent 

component that radiates at large angles to the jet axis and a high-frequency, less coherent 

component that radiates at small angles to the jet axis. 

More recently Du and Morris [29] developed a method to separate radiating and non-radiating 

components from simulation data. Characteristics of the radiating and non-radiating field are found 

through comparison of noise sources inferred from the far field to noise sources inferred from the 

near field. Using a wavepacket model to represent the noise sources for both methods, pressure 

field results from the wavepacket model inserted into the wave equation found good agreement 

with CFD results. A main difference in the noise sources found were the convection speeds. The 

near field results had lower convection speeds due to the non-radiating components. 
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2.2.3. Large Scale Structures in Turbulent Jets 

Flow visualization experiments conducted by researchers such as Mollo-Christensen [30], 

Brown and Roshko [15], and Papamoschou and Roshko [31] revealed the existence of large 

turbulent structures in shear layers of jets. Multiple researchers noted that from flow visualization 

the structures typically had one convection speed in its lifetime. Additional experimental studies 

by McLaughlin et al. [32] showed that the structures observed were non-deterministic in both space 

and time and appeared as trains of vortices with initially increasing amplitude upon exiting the 

nozzle then eventually decaying as the vortex moves downstream.  

Studies by Tam and Morris [33] showed that these large structures can be modeled as 

instability waves. Using the instability waves as a model, Tam and Morris were able to create a 

solution that coupled the near and far field and showed that the large scale structures are important 

for noise generation. Tam et al. [34] have shown that the far field spectra from microphone 

measurements of jets can be decomposed into two similarity spectra: one for small scale turbulence 

termed the fine scale spectra (FSS), and one for large scale structures termed the large scale spectra 

(LSS). At large polar angles to the jet axis a combination of the FSS and LSS fits spectra well, 

while at small polar angles to the jet axis, the dominant noise direction, the LSS fits the spectra 

well which has a peak at low frequencies. From these measurements it is clear that large scale 

structures are important for noise generation in the dominant noise direction. Applying the 

similarity spectra to microphone measurements Morris [35] was able to generate wavenumber 

spectra using an acoustic analytical model which demonstrated the effect of radiating and non-

radiating components in jet noise. 

Crighton and Huerre [36] demonstrated that a windowed, sinusoidal wave serves as a basic 

model for the large scale structures observed in jets. This wavepacket model will produce noise in 

the far field for both supersonic and high subsonic conditions, and also predicts the directivity of 

the noise radiation. The importance of the windowing is shown through supposing a wavepacket 

with no windowing with a single frequency. The wavenumber spectrum will be a discrete value, 

shown in Figure 2.2.  
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(a) (b) 

(c) (d) 

(e) (f) 

Figure 2.2. Diagram of noise generation for wavepackets (a) sinusoidal wave with 
supersonic convection speed (b) wavenumber spectrum for wave with supersonic convection 

speed (c) sinusoidal wave with subsonic convection speed (d) wavenumber spectrum for 
wave with subsonic convection speed (e) Gaussian windowed sinusoidal wave with subsonic 

convection speed (f) wavenumber spectrum for Gaussian windowed sinusoidal wave. The 
red line denotes the division between radiating and non-radiating components, wavenumbers 

below the line radiate, the shaded region, will radiate 
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For wavepackets traveling with a supersonic convection speed, it will radiate to the far field 

since the wavenumber of the single frequency wavepacket is less than the wavenumber based on 

the speed of sound. This is shown in Figure 2.2b, where the red vertical line denotes the 

wavenumber that divides the radiating and non-radiating components. Wavenumbers below the 

line, in the shaded region, will radiate. If the wave were traveling with a subsonic convection speed 

then the wavepacket will not radiate to the far field, shown in Figure 2.2d.  Applying a windowing 

function such as a Gaussian window to the sinusoidal wave results in the wavenumber spectra to 

no longer be discrete. The windowing causes the wavepacket to have a range of wavenumbers, 

shown in Figure 2.2f. The range of wavenumbers causes a broadband spectrum, so even 

wavepackets with subsonic convection speeds may radiate a portion of their energy to the far field  

[37]. 

This method of noise generation is especially important for heated, high-subsonic jets. In 

heated jets the speed of sound in the jet is increased due to the temperature so that even if the Mach 

number of the jet is subsonic, the large structures in the jet are still traveling faster than the ambient 

speed of sound [20]. This fact is important especially for the current work as the jet has a high 

subsonic Mach number but the jet is heated to three times the ambient temperature. Additional 

research has found that although large scale structures, which wavepackets model, contain less of 

the overall turbulent energy in jets, these coherent structures are more acoustically efficient than 

disorganized structures [18].  

Researchers have used wavepackets in acoustic models to represent structures observed in 

jets. A detailed look into evidence of wavepackets and applications of wavepackets by other 

researchers is given by Jordan and Colonius [18]. Du and Morris [29] used a wavepacket model 

as the boundary conditions to the 3D pressure wave equation and successfully obtained pressure 

levels in the far field that were in good agreement with pressures predicted by numerical CFD 

solvers. Kastner and Samimy [38] used a modified wavepacket model to model the noise events 

from microphone measurements that were found to correlate with the breakdown of structures 

observed using a MHz rate imaging system. The modified wavepacket model successfully 

reproduced the trend seen in the correlations between the MHz imaging system and the 

microphone measurements. 
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2.3. Multi-Stream Jets 

Most jets from aircraft engines contain more than one stream. Most current aircraft engines 

contain both a core stream and a bypass stream. The additional stream changes the jet plume and 

causes noise reductions. The additional momentum from the bypass stream causes turbulent 

mixing with the core and slows down the convection speeds in the flow. For heated, high speed 

jets the slowing of convection speeds can cause the structures to become subsonic with respect to 

the ambient medium [39]. Therefore, noise reductions due to secondary streams are considered to 

be due to slowing of convection speeds in the shear layer. As explained in Section 2.2.2 when the 

convection velocity is subsonic the noise will not radiate to the far field. 

 While current aircraft engines only contain up to two streams, future engines for supersonic 

transport vehicles may contain a third stream [2]. Studies by Henderson [3] have shown that three 

stream nozzles reduce high frequency in both the peak noise direction and at side angles to the jet. 

Additional studies by Henderson et al. [5] showed that the tertiary stream had the largest noise 

reduction when the area ratio of the bypass to the core was low. Additionally, the noise reduction 

was greatest when the core was at supersonic conditions and when a forward flight Mach number 

was not simulated. 

For both secondary and tertiary streams numerous researchers have shown that offsetting the 

secondary or tertiary stream to create a locally “thicker” stream on one side and a locally “thinner” 

stream on the opposite side offer additional noise reduction potential. Computational studies by 

Dippold et al. [7] demonstrated that the thicker side of the jet had reduced turbulent kinetic energy. 

Papamoschou et al. [4] developed models for three stream jets with offsets which highlighted the 

importance of proper determination of convection Mach number. Henderson et al. [5] conducted 

acoustic measurements on three-stream jets and three-stream jets with an offset. The measurements 

showed up to an 8 dB noise reduction was possible, comparing the tertiary offset configuration 

with an axisymmetric two stream configuration. Henderson and Wernet [40] characterized the flow 

using PIV measurements and showed a reduction in turbulence intensity on the locally “thicker” 

side of the jet stream. Papamoschou and et al. [4] also studied three-stream jets with offsets. 

Acoustic measurements showed that axisymmetric three-stream jets did not offer any benefit for 

noise reduction, while offset configurations offered up to 5.1 dB reduction. 



13 

 

Recent studies by Papamoschou and Phong [41] of the convection velocity in offset two 

stream jets showed that adding the secondary stream reduced the convection velocity greatly in 

the first few nozzle diameters. It was concluded that the reduction in convection velocity resulted 

in the primary potential core no longer being a dominant noise source; rather the secondary shear 

layer became the dominant noise source. Additionally, when the secondary stream was offset, an 

elongation of the secondary potential core is observed while the primary potential core is reduced. 

The reduction of the convection velocity was determined as the mechanism causing the noise 

reduction observed in offset configurations. 

 

3. Review of Correlation Measurements in Jets 

Correlation measurements have been used extensively in the study of jet noise for the purposes 

of noise source identification and convection velocity calculation. Correlations between noise 

events with flow events have been used as a means to identify noise sources within the flow. Noise 

events are measured using microphones while flow events are acquired from velocity or flow 

visualization measurements in the jet. A review of correlations used for noise source identification 

will be explained in Section 3.1. Two point space-time correlation measurements are used to 

calculate the convection velocity of turbulent structures in the jet. As explained in Section 2.2.1 

proper determination of convection velocity is important for accurate acoustic predictions of jet 

noise. Section 3.2 gives a review of various techniques used to measure two point, space-time 

correlations for convection velocity determination. The process of calculating convection velocity 

using two point space-time correlations is described in Chapter 4.  

3.1. Correlation Measurements for Noise Source Identification 

Correlating events in the flow with microphone measurements in the far field is a method used 

to identify important noise producing regions of jets. Panda et al. [42] correlated various velocity 

and density signals in the flow with microphone measurements in the far field. The highest 

correlation between flow measurements and microphone measurements was when  (a 

component of the Lighthill stress tensor) was correlated with the microphone measurements. The 

locations of strongest correlations were along the centerline. Correlations along the lip line ( /  

= 0.5) were found to only be significant if the convection velocity of the turbulent eddies was 
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supersonic. A study by Hileman et al. [43] on an unheated, Mach 1.28 ideally expanded jet also 

identified the centerline as an important noise generation region. Using correlations between flow 

visualization images and microphone measurements, structures were identified just before a noise 

emission event. The structures were upstream of the end of the potential core and were observed 

to break down just prior to a noise emission event. Additionally, an increase in image intensity 

was observed just past the end of the potential core during the noise emission event. Hileman et 

al. suggest the breakdown of flow structures is caused by the interaction of the shear layers 

reaching the potential core which then cause noise emission.  

Veltin et al. [44] correlated microphone measurements in the far field with flow visualization 

using Optical Deflectometry (OD) on a Mach 1.75 jet. Axial locations 4 diameters downstream 

and 10 diameters downstream of the nozzle exit were peak correlation locations. These locations 

correspond to points before and after the end of the potential core. Papamoschou et al. [45] also 

correlated OD flow visualization measurements with microphone measurements. Based on the 

correlations the shear layer was identified as a noise source region. It was also noted due to the 

directivity of the coherence that the convection speed of the turbulent eddies is an important factor 

in noise generation. 

3.2. Correlation Measurements for Convection Velocity 

Numerous researchers have measured convection velocity using space-time correlations of 

velocity signals or flow visualization measurements. Velocity measurements come from a variety 

of measurement techniques such as hot wire anemometry and advanced laser diagnostics. Flow 

Visualization methods include OD, Double-exposure planar-laser induced fluorescence (PLIF), 

and visualization from condensation of seed particles.  

 Davies et al. [46] measured two point, space-time correlations using hot wire anemometry on 

cold, subsonic jets. A radial profile for convection velocity was measured that differed from the 

mean velocity profile. In the core the convection velocity was lower than the mean, while at larger 

radial locations in the shear layer the convection velocity was greater than the mean velocity. Based 

on these results, the researchers concluded the assumption of Taylor’s hypothesis (that the mean 

velocity and convection velocity are the same) used in many analyses does not hold for jets. 

Physically, a convection velocity lower than the mean in the core seems unlikely as pointed out by 

Lau et al. [47]. It is more likely that the hot wire probe, while in the core, was influenced by the 
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convection velocity of the slower moving structures in the shear layer. In this way the convection 

velocity measured in the core was lower than the mean. Overall, the convection velocity of the 

vortices in the shear layer was measured to be 60% of the isentropic exit velocity. Morris and 

Zaman [48] also used hot wire anemometry to calculate convection velocity in a cold, subsonic 

jet. Their measurements included a greater number of measurement locations and found a similar 

value for the convection velocity of turbulent structures of 62.3% of the isentropic exit velocity.  

Although hot wire anemometry has been used successfully in high speed shear flows [49], 

taking measurements is still difficult due to the fragility of hot wires [50]. Additional difficulties 

arise in heated jets as the metals in hot wires can begin to oxidize in the high temperatures [51]. 

Due to these difficulties, advanced flow visualization and laser diagnostic techniques have been 

developed and used to measure convection velocity in high speed jets. Doty and McLaughlin [52] 

investigated convection velocity in unheated, high subsonic and supersonic jets using correlations 

from flow visualization from an OD instrument. Based on the flow visualization images two 

dimensional correlations showed the distinct large flow structures in the shear layer have 

convection velocities 75% of the isentropic exit velocity. Another study using OD measurements 

by Petitjean et al. [53] calculated convection velocities of structures in the shear layer to be 

between 72% to 74% of the isentropic exit velocity for unheated jets with a Mach number of 0.9. 

Kerhervé et al. [54] used LDV to measure convection velocity in unheated, supersonic jets. Radial 

profiles similar to those of Davies et al. [46] which showed convection velocities just below the 

mean velocity near the core while higher than the mean velocity in the shear layer were determined. 

Measurement techniques such as Laser Velocimetry (LV), Time Resolved Particle Image 

Velocimetry (TR-PIV), TR-DGV, and Planar Doppler Velocimetry (PDV) have been used to 

measure convection velocities in heated jets. Lau [55] used LV and found heated jets had lower 

convection velocities, between 55% to 65% of the isentropic exit velocity depending on the axial 

location. He noted that for all jets the convection velocity increases axially until the end of the 

potential core where the convection velocity then decreases. Murakami and Papamoschou [56] 

used double-exposure planar-laser induced fluorescence (PLIF) system to measure convection 

velocity in supersonic jets with co-flow. The results, however, are not for true heated jets as the 

“heating” was simulated using an air/helium mixture. Adding a secondary stream resulted in a 

reduction in convection velocity from 70% to 62% of the isentropic exit velocity.  
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Bridges [57] used TR-PIV with a 25 kHz sampling frequency to study the effect of heat on 

space/time correlations in single stream jets.  He noted the greatest impact of heat was on the 

potential core length; and therefore, once the change in potential core length for heated jet was 

accounted for, the majority of one point and two point correlations collapsed. Ecker et al. [58] 

measured convection velocity using TR-DGV in a heated supersonic jet. Radial profiles showed 

the convection velocity in the core very close to the mean velocity, while convection speeds in the 

shear layer were greater than the mean velocity. These radial profiles show the expected trend of  

eddies traveling at speeds close to the mean velocity in the core. This is expected because in the 

core the turbulence intensity is low and therefore small structures would travel at speeds very near 

the mean. Ecker et al. [59] developed a scaling method that successfully collapsed convection 

velocity results for heated and unheated conditions from various researchers such as Kerhervé et 

al. [54] and Morris and Zaman [48], and Ecker et al. [58].  

The importance of proper seeding in convection velocity measurements was studied by 

Thurow et al. [60]. It was found in their studies that the seeding conditions can have a significant 

impact on the measured convection velocity. Comparing results of convection velocity from both 

correlation of PDV velocity signals and correlation of flow visualization images, which used 

natural condensation of seed particles to highlight flow features, resulted in different values 

depending on which parts of the jet were seeded. Results showed the importance of seeding the 

entire jet, including the co-flow. Using PDV and seeding all areas of the jet including the core, 

shear layer, and co-flow produced the most accurate results for convection velocity.  

At the present, time resolved convection velocity results on high subsonic, heated multi-

stream jets are insufficient. To the author’s knowledge convection velocity has not been studied 

on these types of jets. Additionally, the convection velocity studies from previous literature have 

been at limited axial and radial locations. The current study provides convection velocities at a 

greater number of axial and radial locations for a more detailed mapping of the convection velocity 

distribution within the jet. 
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4. Methods 

The following section describes the experiment set-up at AAPL along with the data processing 

and statistical approach for calculating the convection velocity. A wavepacket model is also 

introduced which will be used to provide insight into how the convection velocity of structures in 

the jet affect radiated noise.  

4.1. Experimental Methods 

Two component PIV was used to measure axial and radial velocity. For more details on the 

PIV setup and instrumentation see Henderson and Wernet [40]. Convection velocities were 

measured using the TR-DGV instrument developed by Ecker et al. [61] The system uses 2 laser 

planes and 2 photomultiplier (PMT) array detectors. The system uses a tunable, continuous wave 

Verdi V18 laser as the light source. Two overlapping laser sheets create the planar measurement 

region. The light sheets are multiplexed with a time difference of 2 μs, and flow was sampled for 

1 s with a sampling rate of 250 kHz. The multiplexing of the laser sheets was accomplished using 

two IntraAction Corp. 80 MHz acousto-optical modulators (AOMs).  

The multichannel PMT cameras consist of a two Hamamatsu H8500C PMT array detectors 

with 64 channels on each detector. For this experiment only 32 channels were used on each 

detector with 4 channels in the axial direction and 8 channels in the radial direction. The PMT 

detectors were oriented perpendicular to the measurement plane, with one on each side of the 

measurement plane. As shown in Figure 4.1, the light entering the PMT camera is split with one 

path entering an iodine cell before reaching the PMT array detector. The other path is redirected 

with a mirror and goes directly to the second PMT array detector. The focal length of the camera 

lens used in this experiment was 200 mm resulting in a magnification of approximately 1.4. This 

imaging configuration allowed for a measurement plane 34.88 mm (1.37”) in the axial direction 

and 69.76 mm (2.75”) in the radial direction. 
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The experiment was conducted at AAPL at NASA Glenn Research Center. The three-stream 

nozzle configurations were installed on the High Flow Jet Exit Rig (HFJER) in the Nozzle 

Acoustic Test Rig (NATR). The nozzles used are externally-mixed and externally-plugged as 

shown in Figure 4.2. The red area denotes the heated, core flow. The blue areas denote the unheated 

bypass and tertiary flows. The area ratios and characteristic diameters of the nozzles are given in 

Table 4.1. The subscripts, c, b, and t are used to denote the core, bypass, and tertiary streams, 

respectively. These dimensions are the same for both the axisymmetric and asymmetric 

configuration. To create the asymmetry nozzle configuration, the tertiary stream was offset by 

0.156” to create a locally “thick” side [11]. Figure 4.3 enlarges the tertiary stream to better see the 

radial offset of the tertiary stream. Typically the diameter of the nozzle is used to present results 

in non-dimensional units; however, since the nozzles studied are externally-plugged, an equivalent 

diameter is calculated based on the nozzle area. The equivalent diameter, , is based on the 

area of the core while the equivalent diameter, , is based on the total area of the three stream 

nozzle.   

 

 

Figure 4.1. PMT Camera assembly 

Table 4.1. Nozzle Geometry 

 (in) (in) /  /  

5.2 7.87 2.5 1.0 
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The flow was seeded using three different systems: one for the core, one for the bypass, and 

one for the tertiary stream.  The core and bypass were seeded with alumina powder, and the tertiary 

(a)  (b) 

Figure 4.2. Three-stream nozzle configurations (a) axisymmetric (b) asymmetric with 
tertiary offset 

 

Figure 4.3. Three-stream nozzle configurations with enlarged tertiary streams. The red box 
denotes the thick side of the offset configuration and the green box denotes the thin side of 

the offset configuration 
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stream was seeded with a pH stabilized aluminum oxide dispersion [62]. When the laser light hits 

the particles the light is scattered and collected with the multichannel PMT cameras. 

Table 4.2 lists the operating conditions of the jet for the configurations tested. The nozzle 

pressure ratio (NPR) is defined as the total pressure divided by the ambient pressure. The nozzle 

temperature ratio (NTR) is the total temperature divided by the ambient temperature. For the 

axisymmetric nozzle configuration PIV data was provided by Henderson and Wernet to allow for 

convection velocity results from the Virginia Tech TR-DGV instrument to be compared to PIV 

mean velocity and turbulence intensity results collected by NASA [40].  

 
Table 4.3 lists the jet conditions. The conditions are the same for both the axisymmetric and 

the offset nozzle configurations. 

 

The TR-DGV instrument was mounted to a traverse to sample the flow at many axial locations 

to measure the majority of the jet plume. For all tested conditions, the instrument was moved to 4 

distinct radial locations. A model of the TR-DGV system installed at AAPL is shown in Figure 

4.4. 

Table 4.2. Operating Conditions 

 
NPRc NPRb NPRt NTRc NTRb NTRt 

Measurement 
Type 

Axisymmetric 1.8 1.8 1.4 3.0 1.25 1.25 TR-DGV/PIV 

Offset 1.8 1.8 1.4 3.0 1.25 1.25 TR-DGV 

 

Table 4.3. Jet Conditions 

 (m/s)   (m/s)  (m/s)   

519 542 335 0.956 1.42 × 106 
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4.2. Statistical Methods 

A new method was used to calculated convection velocity. This new method used the seeding 

signal instead of the traditional method which uses the Doppler-shifted velocity signal. The 

seeding signal is extracted from the raw signal recorded by the PMT detector without the iodine 

cell. The seeding signal contains information about the turbulent structures because the bursts of 

seed particles are convected with the turbulence in the jet flow. Due to the multiplexing of the laser 

sheets, the raw signal contains data when both lasers were on and off. An example of a pair of laser 

pulses from the raw signal is shown in Figure 4.5. For each raw signal from the unfiltered PMT 

detector, two seeding signals can be obtained, one for each laser. The seeding signal for each laser 

was extracted from the PMT detector raw signal by taking the mean value when the laser was on 

and subtracting from it the mean value when the laser was off. This was done for each laser pulse 

to obtain a seeding signal for each laser with a record length of 200,000 samples. 

 

Figure 4.4. TR-DGV Instrument Installed at AAPL in the NATR 

1.37” 

2.75” 
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Through the use of the TR-DGV system the seeding signal was obtained for each of the 32 

pixels simultaneously at each axial location. A second order space time correlation function can 

be calculated using the following definition [48]:  

=
1

( , , ) ( + ϛ, + , + )
/

/
= ( , , ) ( + ϛ, + , + ) (4.1) 

 
 Where  is the data acquisition time period,  is a generic mean flow fluctuation variable 

(in this case the fluctuation of the seeding signal), ϛ is the correlation streamwise spacing, ξ is the 

correlation radial spacing,  is the correlation lag time, and the bar denotes time averaging.  

The convection velocity of the eddies can be calculated using a second order space/time 

correlation function as shown by Ecker et al. [58] The correlation is calculated at each /  

location, for each Δ /  spacing provided by the four streamwise pixels at a given /  location in 

the flow. Therefore, for each /  location, the space/time correlations across the sensor in the 

axial direction can all be plotted on one figure with  as the independent variable.  

Since the correlation functions have maxima along the convection ridge, the equation ϛ =

 can be used to solve for the convection velocity, . The spacing between pixels, Δ , is 

known, so the equation can be rewritten as = Δ / . The slope, Δ / , can be determined 

from the aforementioned plots of the correlation functions [63]. Extracting the maxima of the 

correlation curves using a cubic spline and plotting the correlation lag time on the x-axis versus 

 

Figure 4.5. Example of raw signal from unfiltered PMT detector 
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spacing on the y-axis allows a linear least squares fit to be performed on the four points. The 

resulting slope of this line is the measured convection velocity. This process is shown in Figure 

4.6. The uncertainty in the calculation of the convection velocity is ±0.07 / . Details on the 

uncertainty analysis are given in the Appendix. 

 

The above explained method of calculating the convection velocity from the space/time cross-

correlation of the seeding signal is different than the common velocity measurement technique 

PIV which measures the true velocity of the flow. Although both the proposed method for 

calculating the convection velocity and PIV use space/time correlations of seed based signals, they 

provide measurements of different velocities of the flow. In PIV the time delay over which 

space/time correlations are measured is small compared to the time scales of interest in the flow. 

Because of the small time delay, Taylor’s hypothesis is valid which means that the convection 

velocity and the true velocity are equal. For the seeding signal from the TR-DGV instrument, the 

space/time correlations are over a much longer time so Taylor’s hypothesis to no longer valid. 

Since the space/time cross correlations are over a larger time, the velocity calculated includes the 

effects of convection, allowing the convection velocity on the convective ridge to be calculated.  

 

Figure 4.6. Schematic of processing for calculating convection velocity 
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4.3. Wavepacket method 

A wavepacket model is used to understand the effect convection speeds have on the radiated 

noise. Wavepackets are used to represent the pressure instability on the edge of the jet [64]; 

however, since near field pressure data is not available for this work, convection velocity from the 

seeding signal space/time correlations is instead used for this model. Past work by Picard and 

Delville [65] has shown that pressure and velocity instabilities are directly coupled. The 

wavepacket model used is based on the model proposed by Crighton and Huerre [36], and models 

the noise radiated in the peak noise direction. The wavepacket model used is a sinusoidal cosine 

function with a Gaussian window, given in Equation (4.2).  

 ( ) = cos −
( − )

exp −
( − )

 (4.2) 

 

This model uses a constant convection speed and characteristic length, given in Table 4.4. The 

characteristic length of the wavepacket was determined by making the approximated width of the 

wave packet one nozzle diameter. Another assumption of this model is the wavepacket width. The 

choice of wavepacket width will influence the results It is important to note that the width of the 

wavepacket chosen may bias the results, however, the width chosen for this study is similar to 

those used by past researchers [64]. The frequency is determined based on the range of Strouhal 

numbers typically seen in jets [35]. The convection velocities chosen for the study are based off 

chosen for the study are based off the convection speeds along the convective ridge in key areas 

that will be identified and explained in Section 5.3 

 

An example waveforms are given in Figure 4.7. From the wavepacket model a wavenumber 

spectrum can be determined. Using the method explained by Crighton [12] the components that 

are most likely to radiate are determined from the wavenumber spectrum as explained in Section 

2.2.2. Although the wavenumber spectrum determined is not the true wavenumber spectrum of the 

pressure fluctuations, information about the radiating components can still be extracted because of 

the coupling between the kinetic energy and pressure energy. Based on the wavenumber spectra, 

Table 4.4. Model Parameters 

    

/2 0.05-1.0 0.56  - 0.80  
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the speed of sound in the ambient medium, and Strouhal number, the percent of the wavenumber 

spectrum likely to radiate. 

 

 

 

5. Results and Discussion 

Results from the analysis methods described in the previous chapter are presented in the 

following sections. Section 5.1 contains results for solely the axisymmetric nozzle configuration. 

For the axisymmetric nozzle configuration NASA PIV results were available for comparison with 

Virginia Tech (VT) TR-DGV convection velocity results. Through the comparison of the NASA 

and VT data sets, areas are identified as key regions for noise sources. In Section 5.2 VT DGV 

 
 

Figure 4.7. Wavepacket Form for St = 0.4 for various convection velocities studied 
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convection velocity results for the offset nozzle configuration are discussed and compared to the 

axisymmetric convection velocity results. Section 5.3 discusses the results from the wavepacket 

model. Fundamental mechanisms responsible for the noise generation in the axisymmetric nozzle 

are discussed along with explanations for the noise reductions observed due to the offset nozzle 

configuration. Acoustic measurements were made for the nozzle configurations that were studied 

for this thesis by Henderson et. al [5]. Although for the nozzle configurations and conditions 

studied in this thesis only had reductions on the order of 1 dB to 2 dB [5], the results to be presented 

in this section show that the measurement and analysis techniques are sensitive to small changes 

in noise levels. This is a promising finding since moving forward these measurement and analysis 

techniques are likely to identify the differences driving noise reductions in three stream 

axisymmetric and offset nozzles. 

5.1. Axisymmetric Nozzle Configuration 

For the axisymmetric configuration, the NASA PIV mean velocity and turbulence intensity 

distributions are shown in Figure 5.1 and Figure 5.2, respectively. Both the mean velocity and 

turbulence intensity data are nondimensionalized by the isentropic exit velocity. The axial and 

radial coordinates have been nondimensionalized by the equivalent diameter based on the total 

area of the nozzle, . As the flow exits the nozzle the core and the bypass streams are visible 

in the NASA PIV mean velocity data. The flow exits the nozzle in the core very close to the 

isentropic exit velocity and maintains its velocity until about 5 diameters downstream. 

The potential core regions of the core and secondary streams are clearly visible in Figure 5.2, 

as the potential core is characterized by the low turbulence intensity region. From the PIV data it 

is observed that the tertiary stream seems to mix with the secondary stream at an early axial 

location, as a distinct tertiary stream is not visible in either the turbulence intensity or the mean 

velocity distributions. Based on the turbulence intensity data, the potential core seems to begin to 

be overcome by the shear layers just after 5 diameters downstream, which is where the turbulence 

intensity along the centerline begins to increase. 
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The VT TR-DGV convection velocity data is compared to the NASA PIV mean velocity in 

Figure 5.3. The convection velocity data have been nondimensionalized by the isentropic exit 

velocity. Again, the axial and radial coordinates have been nondimensionalized by the equivalent 

diameter, . A lag between the VT TR-DGV convection velocity and the NASA PIV mean 

velocity is observed in Figure 5.3. Even though the mean velocity decreases along the centerline 

of the jet, the convection speed of the turbulent structures persists for a longer distance. Although 

 
 

Figure 5.1. NASA PIV mean velocity, / , for the axisymmetric nozzle configuration 

Figure 5.2 NASA PIV turbulence intensity, / , for the axisymmetric nozzle configuration 
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more noticeable at larger axial locations, the convection velocity tends to be greater in the outer 

portion of the shear layer. This trend has been observed in previous studies [27,45,53], and is 

attributed to the entrainment of turbulent eddies with the shear layer which re-energize the shear 

layer. 

 

 

Radial profiles of the NASA PIV Mean Velocity, NASA PIV turbulence intensity and VT 

TR-DGV convection velocity are shown in Figure 5.4. The radial profiles show the gradual 

increase in convection velocity over the mean velocity as the axial location is increased. Near the 

nozzle exit and close to the centerline, the convection velocity follows the mean velocity, which 

is expected since turbulence intensity is low in the potential core. These results are consistent with 

those reported by Ecker et al. [58] At greater radial locations, the convection velocity deviates 

from the mean. The deviation is due to a rise in turbulence intensity levels caused by the 

instabilities generated in the shear layer of the jet collapsing the potential core.  

 

 

Figure 5.3 Comparison of VT TR-DGV convection velocity to NASA PIV mean velocity, 
for the axisymmetric nozzle configuration 
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As shown through Lighthill’s acoustic analogy and associated stress tensor, areas of large 

velocity fluctuations are important for noise generation [22]. As discussed in Section 2.2, however, 

in order for disturbances in the flow to reach the far field, they must be traveling at supersonic 

convection speeds with respect to the ambient medium [18]. Therefore, not only are areas of high 

turbulence intensity of interest, but also areas of high convection speeds are of interest for noise 

generation in jet plumes. Further the radiation efficiency developed by Papamoschou et al. [10] 

(a) 

 (b) 

Figure 5.4. Radial contours at (a) / =1.0 and (b) / =7.0  
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showed that both the turbulence intensity and convection velocity contribute the amount of 

radiated noise in jets. Therefore, comparison of the convection velocity distribution to the 

turbulence intensity distribution offers insight into regions of the jet most likely to be important to 

noise radiation.  

To make this comparison, first the NASA PIV turbulence intensity distribution is converted 

from a filled contour to a line contour plot shown in Figure 5.5. The VT TR-DGV convection 

velocity data is reproduced in Figure 5.6. Note that the background of the figure where no data is 

available is colored gray. The line contours of the NASA PIV turbulence intensity data is overlaid 

on the VT TR-DGV data in Figure 5.7. From the overlaid contours, areas of both high convection 

velocity and high turbulence intensity are downstream of the end of the potential core, from 

/  = 4 to 6 offset from the centerline around / = -0.1. These findings suggest this region 

along the centerline is an important location in the jet plume for noise production. Further, the 

identified region is consistent with correlation measurements by Panda et al. [42], which identified 

the same region downstream of the end of the potential core as the strongest sound producing 

source for high subsonic and supersonic single stream jets. 
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(a) 

(b) 

Figure 5.5. Axisymmetric case (a) NASA PIV turbulence intensity, /  in filled contour 
(b) NASA PIV turbulence intensity, ′/  in line contour plot 
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Figure 5.6. Axisymmetric case VT TR-DGV convection velocity, /  

 

Figure 5.7. Overlaid contours of NASA PIV turbulence intensity, /  and VT TR-
DGV convection velocity, /  for the axisymmetric case. The background filled contour 

is the VT TR-DGV convection velocity and the overlaid line contour is the NASA PIV 
turbulence intensity 
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5.2. Offset Nozzle Configuration 

In the following section only convection velocity results from the VT TR-DGV instrument 

are presented. For the offset nozzle configuration all results are for the locally “thicker” side of the 

jet. Comparison of the three stream axisymmetric nozzle convection velocity with that of the 

asymmetric offset case shown in Figure 5.8 reveals clear differences between the flow fields. The 

convection speeds at large radial locations are higher for the offset case. The increase in 

momentum due to the “thicker” shear layer is most likely responsible for this increase in 

convection velocity.  Along the centerline, however, convection speeds for the offset configuration 

begin to decrease at an earlier axial location. This is evidence that offset causes the potential core 

to breakdown earlier compared to the axisymmetric configuration.  

 

 

The percent reduction/increase between the offset and axisymmetric case are shown in Figure 

5.9. Positive values indicate an increase in convection velocities, while negative values indicate a 

reduction in convection velocities due to the offset configuration. The dotted black lines indicate 

the location of the potential cores for the core and bypass streams. Two regions are readily 

identified as reduction areas: one in the shear layer, and one along the centerline. The reduction in 

the shear layer region is expected as the introduction of a greater momentum stream will enhance 

the mixing and therefore entrainment of the ambient fluid to slow convection speeds. The regions 

 
Figure 5.8. Comparison of convection velocity, / , (top) axisymmetric nozzle 

configuration and (bottom) offset nozzle configuration 



34 

 

from /  = 4 to 6 and slightly offset from the centerline around /  = -0.1 which shows 

greatest reduction in convection velocities is in the vicinity of the end of the potential core. 

Specifically, the area around seven diameters downstream shows a reduction by almost 20%. 

Computational work by Papamoschou and Rostamimonjezi [6] and experimental work by 

Papamoschou and Phong [41] have also shown that noise reduction in asymmetric jets is in part 

caused by a reduction in the convection Mach number. Work by Veltin et al. [44] showed two 

areas of high correlation for jet noise, one before and one after the end of the potential core. It is 

likely that the two areas of reduction may be the two noise sources identified by Veltin et al. The 

introduction of the offset therefore reduces the noise generation in part through a reduction in the 

largest convection velocities both in the shear layer and along the centerline. It is important to note 

too that some regions in the flow have increased convection velocity, these are areas where the 

convection velocity is at most 0.2 , and they would not impact the sound radiated to the far field, 

but rather may be important for energy dissipation as discussed next. 

Recent computational work by Unnikrishnan and Gaitonde [66] suggests that vortex intrusion 

from the shear layer into the core is responsible for noise generation while entrainment of ambient 

fluid and the shear layer into the core causes dissipation as this shearing process dissipates energy. 

The net interaction of these two mechanisms show dissipation within the potential core while 

production in the shear layer and beyond the end of the potential core. As already discussed 

increased entrainment of the ambient fluid is observed in the offset configuration due to the higher 

convection speeds in the outer regions of the shear layer. A possible physical explanation of the 

noise reduction due to the offset, therefore, is the increased entrainment of the ambient air causes 

a stronger dissipation within in the core causing the potential core to collapse earlier. The earlier 

collapse reduces the convection velocity along the centerline earlier and overall causes the noise 

production region beyond the end of the potential core and in the shear layer to be reduced. 

Additionally, the area along the centerline identified as having the greatest reduction in 

convection velocity for the offset case is the same area identified as having the highest convection 

velocities and turbulence intensity for the axisymmetric case in Figure 5.7. The reduction in 

convection velocity in this region may be partially responsible for the reduction in radiated noise 

on the “thick” side measured by Henderson et al [5]. It is also evident that the tertiary stream 

increases the convection velocity in the outer portion of the jet.  
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5.3. Wavepacket Model 

The wavepacket model was applied to understand the effect of the observed convection 

velocities on radiated noise. The constant convection speeds used in the model of 0.6  and 0.8  

came from the key reduction areas identified in the previous section for the axisymmetric 

configuration, while the constant convection speeds of 0.56  and 0.67  came from the offset 

configuration. Figure 5.10 and Figure 5.11 show the location of the convection velocities in 

reference to the axisymmetric nozzle configuration and offset nozzle configuration, respectively. 

The lower convection velocity case of 0.6  and 0.56  are characteristic convection velocities 

seen in the shear layer, while the higher convection velocity of 0.8  and 0.67  are observed in 

the region just in potential core breakdown region. 

 

Figure 5.9. Contour of the percent difference between convection velocity, , of the 
axisymmetric and offset three stream cases. Negative values indicate locations where the offset 

configuration reduces the  and positive values indication locations where the offset 
configuration increases . The dotted black lines indicate the potential core region. 
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From the wavepacket model, a wavenumber spectrum was calculated. The wavenumber 

spectra for a Strouhal number of 0.4 are shown in Figure 5.12. The red vertical line on the plots 

denotes the wavenumber found using the ambient speed of sound and the frequency based on the 

Strouhal number. Wavenumbers below the red line, in the shaded region, are the components that 

will radiate to the far field. The area under the wavenumber spectrum can be used as an 

Figure 5.10. Location of regions identified for analysis of convection speed on radiated 
noise for axisymmetric 

Figure 5.11. Location of regions identified for analysis of convection speed on radiated 
noise for offset configuration 
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approximation for the energy contained in the wavepacket. Again, some kind of windowing 

function would have to applied to the wavenumber spectra to take it from kinetic energy to acoustic 

energy. As this windowing function is not known, the current wavenumber spectra will be 

analyzed and the shaded regions are considered the regions that have the highest potential to radiate 

energy. As can be seen in Figure 5.12, the wavepackets with a higher convection velocity radiates 

a greater proportion of its energy to the far as expected. Decreasing the convection velocity of the 

wavepacket tends to shift the wavenumber spectra to higher wavenumbers which then causes a 

lower proportion of the wavenumber components to radiate to the far field.  Since a wavenumber 

is measure of spatial frequency, a shift to higher wavenumbers would manifest itself as structures 

with smaller characteristic lengths.  

Even through structures in jets have been observed to have almost constant convection speeds, 

in the region in the vicinity of the breakdown of the potential core, an interaction of wavepackets 

with the higher speed flow in the potential core could result in convection speeds of 0.8 . 

Although this type of interaction of one dimensional wavepackets has not yet been studied, but 

some experimental evidence and analystical model development has been done based on the 

hypothesis of higher order wavepacket modes interacting to produce the lower order modes [67]. 

A hypothesis is proposed that the breakdown of orderly, larger structures to smaller structures as 

observed by Kastner and Samimy [38] may be caused by the interaction of slower moving 

wavepackets from the shear layer with faster speed flow in the potential core. This interaction 

would result in faster moving wavepackets which radiate more energy to the far field. This 

mechanism may be responsible for the strong correlations along the centerline observed by Panda 

et al. [42]. As shown in Figure 5.9 the offset stream reduces the convection velocity along the 

centerline in the region around the potential core breakdown. The offset stream, therefore, seems 

to cause shear layer wavepackets to interact at an earlier axially location thus reducing the potential 

core and reducing the convection velocities earlier. The earlier reduction of convection speeds 

provides an explanation for the noise reduction observed due to the offset configuration. 
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Figure 5.13 shows the amount of energy that is likely to radiate at each Strouhal number for 

all the convection velocities studied. The likely energy to radiate is calculated by taking the ratio 

of the wavenumber spectrum integrated up to the red line, to the total integrated area of the 

wavenumber spectrum. For the higher convection velocity cases, representative of the centerline 

region, increasing the Strouhal number produces an increase in radiated energy. This is not the 

case for the lower convection velocity cases. For the lower convection velocity wavepackets 

representative of the shear layer region, the energy that is likely to radiate reaches a peak around 

a Strouhal number of 0.2. It is clear that at lower convection velocities the mid frequencies are 

more acoustically efficient, while the higher frequencies are more acoustically efficient in the 

higher convection velocity case. Overall, the difference between the axisymmetric and offset 

(a) (b) 

(c) (d) 
 

Figure 5.12. Wavenumber spectra for (a) = 0.6 , (b) = 0.8 , (c) = 0.56 , and 
(d) = 0.67 . Plots (a) and (b) are for the areas from the axisymmetric configuration, 

while (c) and (d) are from the offset configuration. Plots (a) and (c) are the areas in the shear 
layer, while (b) and (d) are areas near the centerline downstream of the potential core 
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configurations is greatest in the centerline region. In determining the mechanism responsible for 

noise reduction in nozzles with induced asymmetry is seems likely that the reduction in convection 

velocity near the centerline beyond the end of the potential core is the most significant contributor 

to noise reduction, sincde the reduction in energy likely to radiate is greatest for the centerline 

region. 

 

6. Conclusions 

Noise sources were investigated for heated, three-stream nozzle configurations. Both an 

axisymmetric and an offset nozzle configuration were tested. Mean Velocity and turbulence 

intensity were provided from PIV measurements made by NASA. Convection velocity was 

measured using the VT TR-DGV instrument. The TTR for the core was 3.0 and for the bypass and 

tertiary streams was 1.25. The NPR for the core and bypass streams was 1.8, and the NPR for the 

tertiary stream was 1.4. Multichannel PMT detectors collected scattered laser light from particles 

injected in the flow. Simultaneous measurements from 32 channels of the PMT detector allowed 

 
Figure 5.13. Comparison of amount of energy at each Strouhal number most likely to 

radiate for each convection velocity studied 
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for calculation of the convection velocity of the particles using a statistical cross-correlation on the 

seeding signal along the four pixels in the axial direction. The convection velocity is the slope of 

the line of the points times of maximum correlation values plotted against axial spacing. 

For the axisymmetric nozzle configuration, comparison of the VT TR-DGV convection 

velocity to the NASA PIV mean velocity measurements show the convection velocity lags the 

mean velocity along the centerline. Comparison of the VT TR-DGV convection velocity with 

turbulence intensity show the region along the centerline, from 4 to 6 nozzle diameters downstream 

have both high turbulence intensity and convection velocity. This finding is an indication that this 

region downstream of the end of the potential core may be an important region for noise 

generation. Further, comparison of the axisymmetric and offset convection velocity revealed in 

addition to the shear layer region, the same region along the centerline as the area of greatest 

reduction in convection velocity. These reductions in convection velocity offer explanation to 

reduction in noise on the “thick” side of the offset observed in acoustic measurements.  The 

wavepacket model analysis showed the shift to higher wavenumbers with increasing convection 

velocity. Due to the greater shift in the wavenumber spectra in the centerline region, it is 

hypothesized that the reduction area along the centerline is more important for noise reduction 

compared to the shear layer region. In addition, higher frequencies are more acoustically efficient 

for higher convection velocities, while mid frequencies are more acoustically efficient for lower 

convection speeds. A hypothesis is proposed that the interaction of wavepackets in the shear layer 

on either side of the jet with potential core results in noise generation through an increase in 

convection speed of the interacting wavepackets from the value in the shear layer, typically around 

0.6  to higher values around 0.8  as seen in the VT TR-DGV convection velocity data. 

6.1. Recommendations for Future Work 

To continue the current work of this thesis there are several additional data sets that would be 

beneficial: instantaneous flow data and pressure measurements. Additional data that may be 

available from the PIV data collected at NASA Glenn. From the PIV data, instantaneous velocity 

vectors can be obtained from which structures can be identified. The instantaneous velocity vectors 

are necessary to identify structures instead of the mean velocity since the flow most likely never 

takes the form of the mean velocity field. Various analysis can be done from the instantaneous 

velocity fields. First, flow structures can be identified by eye from the images. This approach will 
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provide evidence quickly as to whether or not the structures and interactions hypothesized in this 

thesis occur. Provided enough data is available, more robust approaches for structure identification 

such as conditional averaging and Proper Orthogonal Decomposition (POD) could be used. POD 

is a method that identifies structures in the flow by reconstructing the most probable realizations 

of the flow based on the input data [68]. The realizations are called modes, and the lowest mode 

contains the most energy and is the most probable realization of the flow. Analyzing the lowest 

modes would reveal the structures that are most probable in the flow. Comparing these flow 

structures to those hypothesized in this thesis and looking for evidence of the flow structures 

interacting with the potential core will provide insight into the nature of the noise sources in jets. 

From the pressure data, the wavenumber/frequency spectra can be obtained. Comparison of 

the wavenumber frequency spectrum with those of a wavepacket model will help to improve the 

wavepacket model. The wavenumber/frequency spectra from pressure measurements will also 

provide evidence into how well the wavepacket model reproduces the radiating/non-radiating 

components of noise. In addition obtaining a true wavenumber/frequency spectra will also validate 

if using the convection velocity on the convective ridge is appropriate for the wavepacket model. 

Measuring the pressure in both the near field and far field will offer the ability to make 

comparisons. If a wavenumber/frequency spectra is obtained for both the far field and compared 

to the near field then the radiating/non-radiating components can be compared.  

Coupling a flow structure identification analysis with pressure measurements will provide 

additional insight into both wavepackets and noise sources. Coupling POD analysis with near-field 

pressure measurements, as was done by Picard and Delville [65], could also provide additional 

evidence to support the existence of wavepacket like structures in jets. As it would be difficult to 

obtain near field pressure measurements at the same time as seed based velocity measurements in 

heated, high speed jets, other forms of structure identification may be necessary. Flow 

visualization using techniques such as Schlieren or Shadowgraphs may be sufficient to link 

structures in the flow with near field pressure measurements. A final analysis that would more 

closely link structures to noise would be to collect far field pressure measurements simultaneously 

with flow visualization. Flow visualization data could come from any of the above mentioned 

methods. Identification of these structures and tracking their features before and after sound is 

emitted as was done by Kastner et. al [38] will provided further proof of what is happening in the 

jet. Once the types of structures that emit sound are identified, methods can be developed to remove 
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or reduce the number of these structures/events that occur in the jet to meet the ultimate goal of 

noise reduction. 
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A.  Appendix 

A.1. Calibration 

Due to the difficulty of the instrument set-up, the convection velocity results were calibrated 

using the NASA PIV mean velocity data. The sensor spacing was updated based on anchoring the 

convection velocity results with the NASA PIV mean velocity. As shown in Figure A.1 the fifth 

point from the core was adjusted so that it was the same as the NASA PIV mean velocity. A change 

in sensor spacing is a simple multiplication factor that effects the values of the convection velocity. 

The resulting change in sensor spacing was an increase of 1.14 mm. This change in sensor size is 

considered acceptable as it is a small change in compared to the size of the test rig. The new sensor 

spacing was applied to all the locations and found to better match the expected trends of convection 

velocity in the potential core.  
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In addition to the new sensor spacing, it was found that a radial offset between the overlapping 

measurement planes needed. An offset of 0.3” in the outward radial direction smoothed the radial 

profiles, giving a much more realistic radial profile. This correction is shown in Figure A.2. Again 

as this shift is small compared to the size of the testing rig this change is considered acceptable. 

This consistent radial shift was applied to all measurement planes and resulting in much smoother 

radial profiles along the entire length of the jet. The resulting radial profiles are given in the Section 

A.2. 

 

 
Figure A.1. Calibration of convection velocity using mean velocity (a) before 

calibration (b) after sensor spacing calibration. Green arrow indicates point used as anchor 
to find the new sensor spacing 

(a) 

(b) 
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A.2. Radial Profiles 

Additional radial profiles are presented in Figure A.3. As the distance from the nozzle exit is 

increased the convection velocity in the shear layer becomes larger than the mean velocity.  

 
Figure A.2. Radial planes calibration of convection velocity (a) before radial offset (b) 

after radial offset calibration. Gray arrows show radial correction regions 

(a) 

(b) 
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(a) 

 (b) 

 

Figure A.3. Caption on next page 
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A.3. Uncertainty Analysis 

Ecker et al. [58] has shown that the total uncertainty of the convection velocity is a function of 

the uncertainty of the sensor spacing and the uncertainty of the lag time. The total uncertainty can 

be calculated using Equation (A.1).  

 

(d)  

(e) 

 

Figure A.3. Radial contours at (a) / =2.0, (b) / =3.0, (c) / =4.0, (d) 
/ =5.0, and (e) / =6.0 
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= +  (A.1) 

Based on the analysis of Ecker et al. [58] the uncertainty in the lag time was shown to be a 

function of the SNR and interpolation method used to find the maxima of the cross-correlation 

curves. It was shown that a cubic spline had the lowest uncertainty for all SNR, therefore, it was 

the interpolation method used in the calculation of convection velocity. The SNR of the seeding 

signal was approximated using Equation (A.2).  

≈ /  (A.2) 

The variance of the random content and the variance of the signal was approximated from the 

auto-correlation curves. The peak value at zero lag is the variance from both the random and 

deterministic components of the signal. The value of the auto-correlation curve at the next lag 

value to the right of zero was used as an approximation of the variance of the deterministic content. 

By subtracting the variance of the deterministic content from the total variance, the variance of the 

random part was approximated. Using the approximated values in Equation (A.2) gave an estimate 

of the SNR. Ecker et al. [58] provide a chart showing the effect of SNR on the uncertainty in the 

lag time. Based on the SNR calculated, the uncertainty in the lag time was found to be ±0.05.  

The uncertainty in the sensor spacing was found by multiplying the uncertainty in the sensor 

spacing provided from the manufacturer sensor by the magnification of the optical setup. The 

resulting uncertainty in the sensor spacing was found to be ±0.05. Using Equation (A.1), the total 

uncertainty in the convection velocity calculation was found to be ±0.07. These results are summed 

up in Table A.1. 

 

A.4. Wavepacket Model 

For the wavepacket model introduced Section 4.3 the radian frequencies used in Equation 

(4.2) were found using the Strouhal number. The Strouhal number is defined in Equation (A.3).  

Table A.1. Uncertainty Parameters 

/  /  δ /  

±0.05 ±0.05 ±0.07 
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= /  (A.3) 

Since the Strouhal number, diameter, and isentropic exit velocity are known, the frequency can be 

solved for then converted to radian frequency, , which is used in Equation (4.2) to define the 

waveform for the wavepacket model. The wavepacket shapes not presented in Section 4.3 are 

shown in Figure A.4 through Figure A.7. 

 

(a) (b) 

(c) (d) 

Figure A.4. Wave packet shapes for Convection Velocity case of 0.6  (a)  = 0.05, 
(b)  = 0.1, (c)  = 0.2, and (d)  = 1.0   
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(a) (b) 

(c) (d) 
Figure A.5. Wave packet shapes for Convection Velocity case of 0.8  (a)  = 0.05,  

(b)  = 0.1, (c)  = 0.2, and (d)  = 1.0   
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(a) (b) 

(c) (d) 
Figure A.6. Wave packet shapes for Convection Velocity case of 0.56  (a)  = 0.05,  

(b)  = 0.1, (c)  = 0.2, and (d)  = 1.0   
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Since the windowing function of the wavepacket was chosen as a Gaussian, the wavenumber 

spectrum can be calculated analytically shown in Equation (A.4).  

=
1

√2
( )  (A.4) 

The integration of the wavenumber spectra was done numerically using a trapezoidal method. 

Wavenumber spectra not presented in Section 5.3 are shown in Figure A.8 through Figure A.11. 

(a) (b) 

(c) (d) 
Figure A.7. Wave packet shapes for Convection Velocity case of 0.67  (a)  = 0.05,  

(b)  = 0.1, (c)  = 0.2, and (d)  = 1.0   
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(a) (b)

(c) (d) 
Figure A.8. Wavenumber spectra for Convection Velocity case of 0.6  (a)  = 0.05,  

(b)  = 0.1, (c)  = 0.2, and (d)  = 1.0   
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(a) (b)

(c) (d) 

Figure A.9. Wavenumber spectra for Convection Velocity case of 0.8  (a)  = 0.05, (b) 
 = 0.1, (c)  = 0.2, and (d)  = 1.0   
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(a) (b)

(c) (d) 
Figure A.10. Wavenumber spectra for Convection Velocity case of 0.56  (a)  = 0.05, 

(b)  = 0.1, (c)  = 0.2, and (d)  = 1.0   
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In addition the percentage of radiated energy shown in Figure 4.7. the total energy of two fo 

the wavepackets was analyzed as a function of Strouhal number, shown in Figure A.12. As can be 

seen, the integrated energy does not seem to be a function of convection velocity. Overall the 

higher frequency components have greater total energy. For the higher convection velocity case 

studied, since the higher frequency components were more acoustically efficient more energy will 

be radiated since the high frequency components are the high energy and acoustically efficient 

components. For the lower convection velocity case, the higher frequency components are not as 

acoustically efficient, therefore a lower proportion of the high energy components are radiating as 

noise. 

(a) (b)

(c) (d) 
Figure A.11. Wavenumber spectra for Convection Velocity case of 0.67  (a)  = 0.05, 

 (b)  = 0.1, (c)  = 0.2, and (d)  = 1.0   
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 (a) 

(b) 
Figure A.12. Total integrated energy of the wavepacket as a function of Strouhal number for 

(a) = 0.6  and (b) = 0.8   


