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Executive Summary 

Enhancements to the PIV seeding system in the NCPA Anechoic Jet 
Laboratory were completed and standard 3-component PIV measurements 
were acquired on the jet centerline. Auburn U. collaborators traveled to 
U. Miss, to support a Plenopic PIV measurement of the jet. UT Austin 
collaborators submitted an abstract to the 2013 AIAA Aeroacoustics meet- 
ing which discusses our efforts to evaluate noise source indicators. Also, 
the UT Austin collaborators submitted a manuscript to J. Fluid Mech. on 
nonlinear distortion of the acoustic waveforms - work that was largely com- 
pleted during year one. Finally, CRAFT Tech made significant progress on 
completing the LES simulations of the 4 jet configurations of interest. The 
time resolved data is being made available to the group for development 
of noise source indicator calculations. Also, CRAFT Tech has made ad- 
vancements in their beamforming framework in the computational domain. 
Finally, NCPA hosted a site visit from stakeholders including B. Henderson 
(ONR), J. Bridges (NASA), and A. Aubert (NAVAIR). The visit included 
a summary presentation of year one accomplishments, an update on current 
program status and results, and a tour of the NCPA facilities. 
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1   Project Objectives and Status 

1.1 Objectives Overview 
Overall, the research effort has two primary objectives: 

1. Acquire high-fidelity, time-resolved, synchronous flow-field and acoustic data on a lab- 
oratory scale, hot, supersonic, shock-containing jet. 

2. Advance the understanding of noise source indicators for these complex flows. 

1.2 Project Status 
During the first year of the program the focus was largely on the first of the primary ob- 
jectives. This involved a joint experimental effort support by all the collaborators as well 
as simultaneous development of a computational simulation of the jet conditions used in 
the experiment. As the program now enters year two, the focus shifts more to the second 
primary objective while efforts to acquire data are ongoing. 

The year one efforts resulted in several accomplishments. Cold jet Mach 3 experiments 
were conducted in the UT Austin facility allowing mapping of the acoustic field out to 140 
jet diameters. This led to a greater understanding of the effects of nonlinear distortion in 
supersonic jet noise. The results have been submitted to J. Fluid Mech. for publication (see 
Appendix G). In the NCPA Anechoic Jet Facility, characteristic measurements were made for 
the hot, shock-containing jet including single point pitot probe profiles, near-field pressure, 
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and far-field (55Dj) acoustics. The experimental work of the first year culminated in a joint 
experiment that synchronized the near/far-field acoustic data with flow field measurements 
acquired using Auburn's MHz PIV system. However, this first experiment uncovered defi- 
ciencies in the PIV seeding system and the high-speed camera that rendered the majority of 
the data unusable. These deficiencies have been addressed and improvements will enable a 
success in the year two experiments. In parallel with the experimental efforts, a computa- 
tional simulation was performed by CRAFT Tech that matched the nozzle geometry, initial 
conditions, and boundary conditions of the laboratory experiment. No other data from the 
experiment was provided to the simulation allowing for a "blind" comparison between the 
two. Comparisons of the jet total pressure profiles and far field acoustic pressures have shown 
very good agreement. In addition to the simulation itself, the framework for deploying a 
beamforming array in the computational domain was established and will be used as an 
array design tool for future experimental measurements. 

An updated project chart is shown in Figure 1 which details the WBS items from the 
SOW and the completion percentages as of the end of the reporting period. Key items of note 
are highlighted in the chart. First, the end date for WBS 1.4 has been extended to the end 
of the project period based on the exploratory nature of the research into noise indicators. 
Second, the temperature profiles, WBS 2.1.4, were not completed during year one due to the 
temperature probe failing in the hot jet. We are planning to improve the design of the probe 
and perform these measurements during year 2. Efforts into documenting the experimental 
uncertainties, WBS 3.3, have fallen behind schedule and will receive greater focus to bring 
this task back on schedule. 

2   Activity for Current Reporting Period 
During the current reporting period, the focus has been on (a) initiating the exploration 
of noise source indicators using the data from the computational simulation, (b) addressing 
the deficiencies in the time-resolved PIV system, (c) completing the compilation of time- 
resolved data from the computational simulations, (d) acquiring standard 3-component PIV 
data, and (e) initiating planning of year two experimental efforts. These were discussed in 
depth with government stakeholders during a site visit held at the NCPA on 2 November 
2012 (see Section 4). The discussions at the meeting will not be repeated here. Rather, the 
presentation material has been included for reference as Appendices A-C. 

In summary of the discussions at the technical interchange meeting, the primary accom- 
plishments during the current reporting period are summarized below: 

1. The PIV seeding system was successfully updated in the NCPA Anechoic Jet Labora- 
tory. This system allows for injection of a pH balanced ethanol solution carrying 0.3 
micron alumina power directly into the propane burner thereby seeding the jet flow. 

2. Standard 3-component PIV measurements were acquired using the new seeding system. 
The acquisition plane was oriented on the jet symmetry plane, and image data were 
acquired in three regions successively downstream of one another. Seed density and 
image quality look very good. Analysis of the image data is currently ongoing. 
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Figure 1.   Project chart showing WBS items and current completion status as of the end of 
the reporting period. 
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3. Compilation of all the time-resolved data from the computational simulations is ap- 
proximately 95% complete. This data is being shared within the collaborative team 
to facilitate exploration of noise source indicators. Analysis methodologies developed 
will later be applied to experimental data during the year two efforts. 

4. Comparisons between the experiment and the computational simulation have been 
performed showing very good agreement. Additional work is needed to detail the 
uncertainty in the measurements to ground the comparisons. 

5. The high-speed Cordin camera used for Auburn's MHz PIV system has been sent back 
to Cordin. They are working to eliminate the focusing and image acquisition problems 
that hampered the year one experiments. At the same time, other options for optical 
acquisition of flow-field data are being explored. Contact has been made with the 
sellers of the Kirana camera. Dr. Thurow is seeking the opportunity to get Specialised 
Imaging, Inc., to demo the camera at the NCPA during the year two experiments 
allowing for acquisition of time-resolved data. 

6. Flow-field data was acquired using Auburn's Plenoptic PIV data in the region near 
the nozzle exit (1-3 jet diameters downstream from the jet exit). Plenoptic imaging 
provides for full-field reconstruction of a 3-space region from a single image. The laser 
system was used to illuminate a volume approximately 1.5 inches on a side. Both 
image quality and illumination levels looked very good. Auburn is now processing the 
data to determine the feasibility of further use of this method to obtain jet velocity 
data. 

3 Technical/Cost Status & Problem Areas 
None 

4 Publications, Meetings, and/or Travel 
• On 2 November 2012, NCPA hosted the government stakeholders for a site visit. Those 

in attendance included B. Henderson (ONR), J. Bridges (NASA), and A. Aubert 
(NAVAIR) and presentations were given by NCPA (N. Murray) and CRAFT Tech 
(P. Panickar) covering year one accomplishments and current efforts. Presentation 
material has been included for reference as Appendices A-C. Also, the meeting min- 
utes are attached in Appendix D. 

• A conference paper titled "Localization of Acoustic Sources in Shock-Containing Jet 
Flows Using Phased Array Measurements" was accepted for presentation at the 2013 
AIAA Aerospace Sciences Meetings. The abstract for the paper is included here as 
Appendix E. 

• A conference paper titled, "Acoustic Source Indicators using LES in a Fully Expanded 
and Heated Supersonic Jet," was submitted for presentation at the 2013 AIAA Aeroa- 
coustics conference. The abstract is included here as Appendix F. 
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• Dr. Tinney, along with students Baars and Wochner, submitted the manuscript, "Non- 
linear Distortion of Acoustic Waveforms from High-Speed Jets," to J. Fluid Mech. This 
paper represents work conducted at UT Austin under year one of this program. As 
such, the manuscript is included here as Appendix G. 

Planned Activities for Next Reporting Period 
• Continue analysis of noise source indicators using the computational simulation data. 

• Complete analysis of the 3-component PIV data. 

• Complete the conference paper "Localization of Acoustic Sources in Shock-Containing 
Jet Flows Using Phased Array Measurements" and present it at the 2013 AI A A 
Aerospace Sciences Meeting. 

• Bring the uncertainty analysis efforts up to date. 

• Finalize arrangements for year 2 experimental efforts to be conducted in Spring 2013. 
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Appendix A: NCPA TIM - Status Update 

APPENDIX A - PAGE A-l 
QUARTERLY PROGRESS REPORT NO. 5 - N00014-11-1-0752 

Approved for Public Release - Distribution is Unlimited 



ACTIVE CONTROL OF NOISE FROM HOT SUPERSONIC JETS | QUARTERLY RPT. 5 

Overview Program Status and Plans 
U. Miss Technical Interchange Meeting 

N00014-11-1-0752 
Office of Naval Research 
Arlington, VA 22203-1995 
Contract Monitor: Brenda Henderson 

Prepared By: 
Nathan E. Murray 
National Center for Physical Acoustics (NCPA) 
University of Mississippi 
University, MS 38677 
(662)915-3190 
nmurray@olemiss.edu 

1 November 2012 

INATIONAI. CENTER FOR PlIYSICAr. ACOUSTICS 0 
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AGENDA 

> Overview Program Status and Plans 

> Progress Since Year End Meeting 

> Break 

> Progress on Computational Efforts and Source Identification 

> Discussion of Broader Impact 

> Tour of NCPA Facilities and Demo Jet Lab Operation 

> Lunch (sandwiches provided) 

> NCPA Capabilities in Acoustic Propagation 

> Closing Discussions 

NATIONAL CENTER FOR PHYSICAL ACOUSTICS 
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OBJECTIVES 

> Exp. Characterization of Hot, Shock-Containing, Supersonic Jets 

- Temporal characterization of the development of large-scale structures 

- Synchronous pressure measurements in the hydrodynamic periphery 

- Simultaneous far-field acoustic measurements 

> Advance Understanding of Relevant Noise Sources 

> Quantify Linear and Non-Linear Coherence/Propagation 

t> Advance Computational Modeling and Noise Source Localization 

IN ATIONAL CRNTF.R FOR PHYSICAL ACOUSTICS 
N0Ü014-11-1-0752 :: Technical Interchange Meeting :: Status Update Page 4 

YEAR 1 ACCOMPLISHMENTS 

> Cold Jet Mach 3 Experiments at UT Austin 

> Single Point Probe Measurements of NCPA Jet 

> Near/Far-Field Acoustic Measurements at NCPA 

> First Joint Experiment HDR/MHz PIV with Acoustics 

> CFD Simulations of NCPA Configuration Validated with Exp. Data 

D> Computational Beamforming Framework Established 

I'N 1 VKKSIT 

INATTONAL CRNTF.R FOR  PHYSICAL ACOUSTICS 
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N0O014-11-1-0752 :: Technical Interchange Meeting :: Status Update 

YEAR 1 ACCOMPLISHMENTS 

Pag«! 

■NATIONAL CF.XTRR FOR  PHYSICAL ACOUSTICS 
N000I4-11-1-0752 :: Technical Interchange Meeting :: Status Update 

YEAR 1 ACCOMPLISHMENTS 

> Largely Student Led Effort 
- Students in Residence at U. Miss, for 

joint experimental efforts. 

> Comp. Exp. at U. T. Austin 
- NCPA supplied UT Austin with a 

Mach 3 nozzle geometry for cold jet 
studies complementing the 
experiments at NCPA. 

fl [111 

■NATIONAL CF.NTKR FOR PHYSICAL ACOUSTICS 
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N00014-11-1-0752:: Technical Interchange Meeting :: Status Update 

YEAR 1 ACCOMPLISHMENTS 

RELATED PUBLICATIONS AND CONFERENCE PRESENTATIONS 
> Baars, Tinney, Murray, Jansen & Panickar, "The Effect of Heat on Turbulent Mixing Noise in Supersonic Jets." In 491' 

A1AA Aerospace Sciences Meeting and Exhibit, Paper AIAA-2011-1029, Orlando, FL, 2011. 

> Baars, Tinney, & Wochner, "Nonlinear Noise Propagation from a Fully Expanded Mach 3 Jet." In 5(fh A1AA Aerospace 
Science Meeting and Exhibit, Paper AIAA-2012-1177, Nashville, TN, 2012. 

> Murray, Lyons, Tinney, Donald, Baars, Thurow, Haynes & Panickar, "A Laboratory Framework for Synchronous 
Near/Far-Field Acoustics and MHz PIV in High-Temperature, Shock-Containing, Jets." Proceedings of the lnternoise 
2012/ASME NCAD Meeting, Paper ASME/NCAD-1270, New York, NY, 2012 [invited]. 

t> Baars, Tinney & Wochner, "Nonlinear Distortion of Acoustic Waveforms from High-Speed Jets." Journal of Fluid 
Mechanics [submitted]. 

> Panickar, Sinha & Murray, "Localization of Acoustic Sources in Shock-Containing Jet Flows Using Phased Array 
Measurements." In 51" AlAA Aerospace Sciences Meeting and Exhibit, [abstract accepted]. 

t> Fievet, Tinney, Murray, Lyons & Panickar, "Acoustic Source Indicators Using LES in a Fully Expanded and Heated 
Supersonic Jet." In \9h AlAA/CEAS Aeroacoustics Conference, [abstract submitted]. 

INATIOX'AI.CF.NTKR  FOR  PlIYSTCAT   ACOUSTICS 
N00014-11-1-0752:: Technical Interchange Meeting :: Status Update 

PLANS FOR YEAR 2 
> Implement a pH-Balanced Fluid-Based Seeder System y/ 

> Acquire Additional Characteristic Data 
- Schlieren Imaging yj 

- Standard 3-Component PIV ^/ 

- Additional Probe Based Measurements: Total Temperature 

o Complete Final CFD Iterations (98% complete) 

> Address Software & Optics Issues with Camera System 
- Camera currently with Cordin to solve software issues. 

> Perform a Second Joint Experiment 
- Plans in place for Spring 2013 

> Focus on Data Analysis and Noise Source Characterization 

■NATIONAL CF.NTFR FOR PHYSICAL ACOUSTICS 
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N0O0I4-11-1-0752 :: Technical Interchange Meeting :: Status Update Page 9 

PLANS FOR YEAR 2 
COMMENTS ON JOINT EXPERIMENT 

> Conducting Analysis of CFD Data to Inform Exp. Plans 

> Exploring Options for Flow Field Measurement 
- Plenoptic PIV for Volumetric Velocity Measurements 

* Significant for computing Lighthill stress gradient tensor components. 

- Alternate camera for HDR PIV: 

* Kirana Ultra High Speed Video Camera 
* 2 MHz maximum at full-frame with 180 frames per capture 
* Seeking to arrange a demo with the company in Spring 2013. 

NATIONAL CF.NTRR FOR PHYSICAL Aeons TICS 
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Appendix B: NCPA TIM - Current Progress 

APPENDIX B - PAGE B-l 
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Discussion of Current Progress 
U. Miss Technical Interchange Meeting 

N00014-11-1-0752 
Office of Naval Research 
Arlington, VA 22203-1995 
Contract Monitor: Brenda Henderson 

Prepared By: 
Nathan E. Murray 
National Center for Physical Acoustics (NCPA) 
University of Mississippi 
University, MS 38677 
(662)915-3190 
nmurray@olemiss.edu 

2 November 2012 

NATIONAL CFNTFTR FOR PHYSICAL ACOUSTICS % 
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 OVERVIEW OF CURRENT EFFORTS 

> Work on Noise Source Indicators 
- Developing Application of Seiner's Approach 

- Time Dependent Approach 

> Addressing Limitations in Year 1 Experiment 
- PIV Seeding System Update 

- Cordin Camera Updates 
- Exploring Other Flow Measurement Options (Plenoptic PIV) 

> Experimental Characterization of the Jet Flow 
- Schlieren Visualization 

- Standard 3-Component PIV for Comparison to CFD and HDR-PIV 

> Beamforming Analysis Applied to CFD Data 

Page 2 

INATIQNAI. CF.NTFR FOR PHYSICAL ACOUSTICS 

APPENDIX B - PAGE B-2 
QUARTERLY PROGRESS REPORT NO. 5 - N00014-11-1-0752 

Approved for Public Release - Distribution is Unlimited 



ACTIVE CONTROL OF NOISE FROM HOT SUPERSONIC JETS | QUARTERLY RPT. 5 

N0O0I4-U-1-0752:: Technical Interchange Meeting :: Year 2 Progress to Date 

WORK ON NOISE SOURCE INDICATORS 
"What are you planning to do with this experimental data you are collecting with MHz PIV?" 

> Methods for Identifying Noise Source Generation 

- Resolving Time Derivatives of the Stress Tensor 

- Resolving Phase Differences in the Strain & Rotation Rate Tensors 

t> Resolving Time Derivatives of the Stress Tensor 

XiXjXicXi      r d4 

Page 3 

/(>) = :/*?<« df 
lÖTT^Lpo-X4 

- Resolving ^-order time derivatives of 2-point correlations like (uiUju'ku'[) 

- What sample rate is necessary? 
- Only now at a point where we can use the CFD to start evaluation. 

> Side Note 

- 1 us intra-frame spacing typical at these flow speeds (MHz rate) 

- MHz-PIV system allows selectable inter-pair spacing up to MHz rate 

V I V K K S [ ■ M I s s I s s I 

NATIONAL CF.NTFR FOR PHYSICAL ACOUSTICS 

(1) 

Q 
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WORK ON NOISE SOURCE INDICATORS 

SEINER'S "RATIONAL" APPROACH 

> Recognizing Source is Double Divergence of Velocity Stress 

■faiWj) = -eiJkuJC°k + -^i [2UJUJJ 

d2(uiUj) . .      (dui\ (du[\ 

- Sjj - Strain Rate Tensor 

- rij - Rotation Rate Tensor 

> Seiner Postulates 

- Tennekes & Lumley (1972) suggest that c?,7 and r,y- terms should cancel. 

- BUT - Seiner notes that instantaneously the phase differences between the terms 
would cause them to be significant. 

(2) 

(3) 

INATIONAI. CF.NTFR FOR PHYSICAL ACOUSTICS 9 
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N0OOI4-11-1-0752:: Technical Interchange Meeting :: Year 2 Progress to Date Page 5 

WORK ON NOISE SOURCE INDICATORS 

SEINER'S "RATIONAL" APPROACH 

> Is Compressibility An Issue? 
- Seiner's approach falls into the broader vortex methods category: 

* Requires that V • V = 0. 

- We are currently evaluating this claim to discern the applicability of the approach 
to the current data. 

d  . (duidiij dujduj 
dxj    ' J \dxj dxj dxjdxj 

d  .       . „(dmduj (\Dp\2\ 

dx-^^y-dx-j^-y^)) 
- Compute (5) from time resolved CFD and compare to full Lighthill Ty to 

determine relevance of compressibility in using Siener's Approach as a noise 
source indicator. 

(4) 

(5) 

.NATIONAL CENTER FOR PHYSICAL ACOUSTICS 
PN} 
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WORK ON NOISE SOURCE INDICATORS  
PRELIMINARY RESULTS TO DATE 

> Calculation of the "Noise Source Indicator" 

12 
x/D 

- Above: Instantaneous Snapshot of the Indicator for the Pressure Matched Jet 

- Next: Compute full ^xTij to Compare 

> What of the Phase Relationship? 

[NATIONAL CENTER FOR PHYSICAL ACOUSTICS 
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N000I4-11-1-0752:: Technical Inlcrchange Meeting :: Year 2 Progress to Dale Page 7 

WORK ON NOISE SOURCE INDICATORS 

NEXT STEP - STRAIN AND ROTATION RATE PHASE 

> Note the Tensor Products are Scalar Quantities: 

d2(uiUj) . . 
^- = -eijk{sijmk + rija>k) 

= S(x,t) + R(x,t) 

> Transform to Fourier Space to Evaluate Phase 

G(x,f)=S(x,f)+R(x,f) 
,i3[G] 

V(*,/) = tan" 
*[G\ 

(6) 

(7) 

(8) 

(9) 

> Evaluate Coupling to Acoustic Propagation 
- In what / range are S and R out of phase? 

- How does this couple to acoustically propagating wave numbers? 

IN ATI ONAl1   C~RNTF~RFT?RPirySTC^I^HTL^TICS" 
NÜ0014-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date PagcS 

PREPARATIONS FOR YEAR 2 EXPERIMENT 

PIV SEEDING SYSTEM UPDATE 

> Upgrades to Seed System to 
Employ pH-Balanced Ethanol 
Solution 
- Funded by NAVAIR program. 
- Mark Wernet provided details. 

- Built setup to test seed delivery in 
propane nozzle. 

- Installed and tested new system with 
standard PIV setup. 

■NATIONAL CF.NTER FOR PHYSICAL ACOUSTICS 
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NOOO14-11-1-0752 :: Technical Inlcrchange Meeting :: Year 2 Progress to Dale Page 9 

PREPARATIONS FOR YEAR 2 EXPERIMENT 

PIV SEEDING SYSTEM UPDATE 
WffUffffä  ' i  

Both propane and ethanol/seed solution injected into burner through a single spray nozzle. 

[NATIONAL CRNTF.R FOR PHYSICAL ACOUSTICS 
Q 

NU0U14-11-1-0752 :: Technical Inlcrchange Meeting :: Year 2 Progress to Date Page 10 

PREPARATIONS FOR YEAR 2 EXPERIMENT 
PIV SEEDING SYSTEM UPDATE 

p I 

Bw_ 

■  >, 

5SW 

Burner uses a flame holder similar in design to that in the Boeing LSAF facility. 

INATIONAT. CFNTF.R FOR  PHYSICAL ACOUSTICS © 
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N000I4-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 11 

PREPARATIONS FOR YEAR 2 EXPERIMENT 

PIV SEEDING SYSTEM UPDATE 

Much improved results as evidenced by recent PIV measurements. 

NATIONAL CFXTFR FOR PHYSIC AT. ACPI TSTICS ® 
NIKH114 11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Dale Page 12 

PREPARATIONS FOR YEAR 2 EXPERIMENT 

CORDIN CAMERA UPDATES 

> Story on the Cordin Camera 
- Took delivery on camera 2 weeks prior to moving system to U. Miss. 

- Focus depends on each of the 8 internal units being precisely aligned. 
* One of the units found so out of focus that none of the image were useful. 

- Software limitations caused the camera to crash repeatedly and loose image data. 
- Auburn focused on and completed a suite of data analysis methods to analyze the 

image data. 

> Current Status 
- Cording currently addressing the two main issues: focus & software. 

> Exploring Other Flow Measurement Options: 
- Alternate camera options - Kirana 
- Plenoptic PIV - Volumetric 3-component PIV (not time resolved) 

■NATIONAL CFNTF.R FOR PHYSICAL ACOUSTICS 
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N00014-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 13 

EXPERIMENTAL CHARACTERIZATION OF THE JET 
t> Measurements for Characterization and Validation 

- Schlieren Photography 

* Measure spread rate, shock cell spacing, etc. 

- 3-Component Planar PIV 

* Validate improved seed system in preparation for Spring 2013 experiments. 
* Acquire single- and two-point statistics for comparison to CFD and HDR-PIV. 
* Use data to evaluation two-point statistics for noise source terms. 

SCHLIEREN PHOTOGRAPHY 

t> PCO.Edge camera for image acquisition 
> Xenon spark lamp for illumination (micro-sec pulse width) 
> 6-inch parabolic mirrors for collimation 
t> Folded Z-planform optical arrangement 

INATIONAI. CF.NTRR FOR PHYSICAL ACOUSTICS Q 
N00014-11-1-0752 :: Technical Interchange Meeting :: Year 2 Progress to Date Page 14 

EXPERIMENTAL CHARACTERIZATION OF THE JET 
SCHLIEREN - PRESSURE MATCHED WITH CENTERBODY 

>Mj=U4,Tj= 1350°F 
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EXPERIMENTAL CHARACTERIZATION OF THE JET 

SCHLIEREN - OVER-EXPANDED WITH CENTERBODY 

> Mj-,= 1.55, Tj= 1350°F 
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EXPERIMENTAL CHARACTERIZATION OF THE JET 

PIV MEASUREMENTS - PRELIMINARY RESULTS 
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SUMMARY OF CRAFT TECH'S 
RESPONSIBILITIES 

• Hybrid RANS-LES (HRLES) simulations of experimental configurations, 

• Comparison between experimental measurements and CFD simulations, 

• Develop phased array methodology in the CFD domain and determine locations 
of acoustic sources, 

• Provide time-resolved flowfield data to aid in experimental planning. 
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CURRENT STATUS OF CFD SIMULATIONS 

HRLES simulations for four conic nozzle configurations in progress: 

- Conic nozzle with centerbody operating at pressure matched condition, 
- Conic nozzle with centerbody operating at overexpanded condition, 

- Conic nozzle without centerbody operating at pressure matched condition, 
- Conic nozzle without centerbody operating at overexpanded condition. 

Mean-flow and farfield acoustic calculations for 3 configurations available; 
continuing iterations for the fourth configuration as well as for phased-array 
calculations and to obtain the lime-resolved flowfield. 

Using supercomputing resources from the Department of Defence High 
Performance Computing Modernization Program (DoD HPCMP) for 
simulations; NAVY: CRAY XT5 system, 'Einstein', ERDC: CRAY XE6 
system, 'Garnet', and ORS: CRAY XE6 system 'Chugach' and 'Copper'. 

Simulations take ~220k CPU hours per configuration, and ~15k CPU hours for 
post processing. 

Generate ~ 120 gigabytes of data per configuration. 
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GRID TOPOLOGY 

• 6.3 million grid points within the nozzle and in the jet flow, 

• Primary goal of calculations is to validate and provide guidance for experimental 
measurements and establish post processing methodology for beamforming 
calculations. 

• Grid resolution will be refined in next round of calculations: 

- Increased grid resolution in near nozzle regions and within the shear layer 
will improve calculations of exit turbulent structures, 

- Improved prediction of jet flow features such as potential core length and 
shear layer development, 

- Improved  prediction  of  spectral  characteristics,   especially   at  higher 
frequencies. 
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HRLES SIMULATION RESULTS - MEAN FLOW 

CONIC NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION 

• Time resolved simulations: CFD timestep = 5.0e-8 seconds, 

• Wake from centerbody clearly seen 

• Double-diamond shock cell structure due to shocks downstream of the sharp 
throat and at the nozzle exit can also be clearly seen. 

• Page 4 • Prev • Next • Last • Full Screen • Close 

APPENDIX C - PAGE C-4 
QUARTERLY PROGRESS REPORT NO. 5 - N00014-11-1-0752 

Approved for Public Release - Distribution is Unlimited 



ACTIVE CONTROL OF NOISE FROM HOT SUPERSONIC JETS | QUARTERLY RPT. 5 

HRLES SIMULATION - MEAN FLOW 

MEAN STREAMWISE VELOCITY 

Mean U velocity for jet from conic nozzle with centerbody 

-100 

Top: Overexpanded operation, bottom: Pressure matched operation. 
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HRLES SIMULATION - MEAN FLOW 

MEAN STREAMWISE VELOCITY 

Mean U velocity for jet from conic nozzle with and without centerbody 

Pressure matched operation. 
Top: With centerbody, bottom: Without centerbody. 
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HRLES SIMULATION - MEAN FLOW 

MEAN PRESSURE 

Mean pressure for jet from conic nozzle with centerbody 

160 

Top: Overexpanded operation, bottom: Pressure matched operation. 
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HRLES SIMULATION - MEAN FLOW 

MEAN PRESSURE 

Mean pressure for jet from conic nozzle with and without centerbody 

100 110 120 
P(kPa) 

160 

Pressure matched operation. 
Top: With centerbody, bottom: Without centerbody. 
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HRLES SIMULATION - FLUCTUATING FLOW 

STREAMWISE VELOCITY 

RMS U velocity for jet from conic nozzle with centerbody 

220 

Top: Overexpanded operation, bottom: Pressure matched operation. 
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HRLES SIMULATION - FLUCTUATING FLOW 

STREAMWISE VELOCITY 

RMS U velocity for jet from conic nozzle with and without centerbody 

8        10       12        14       16        18       20 
X, [inches] 

0        20       40       60       80      100     120     140     160     180     200     220 

Pressure matched operation. 
Top: With centerbody, bottom: Without centerbody. 
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HRLES SIMULATION - FLUCTUATING FLOW 

PRESSURE 

RMS pressure for jet from conic nozzle with centerbody 

Top: Overexpanded operation, bottom: Pressure matched operation. 
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HRLES SIMULATION - FLUCTUATING FLOW 

PRESSURE 

RMS pressure for jet from conic nozzle with and without centerbody 

8 10 12 
p' (kPa) 

Pressure matched operation. 
Top: With centerbody, bottom: Without centerbody. 
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HRLES SIMULATION - MEAN FLOW 
COMPARISON 

CONIC NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION 

• Uncertainty with regards to actual position of pitot probe in supersonic flow, 

• Size of probe is of the order of the size of the slip plane, 

• PIV  data can  hopefully reduce these uncertainties  and allow for better 
comparison between experiments and simulations. 
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HRLES SIMULATION - MEAN FLOW 
COMPARISON 

CONIC NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION 
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f    with experimental data... 
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HRLES SIMULATION - MEAN FLOW 
COMPARISON 

CONIC NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION 

Y=0.11 

■CFD 
■ Experiment 

• Page 15 • Prev • Next • Last • Fullscreen • Close 

HRLES SIMULATION - FARFIELD ACOUSTICS 

^^"^dfcr 

IS                        ■■ 
0                    260                  500                  750                 1000 

• CFD iterations run with an acoustic data surface (ADS) in place; the time 
resolved data recorded on this ADS is used as an input to compute the noise 
at the farfield microphone locations using the Ffowcs-Williams and Hawkings 
(FW-H) method. 

MH [^J^ 
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HRLES SIMULATION - FARFIELD ACOUSTICS 

145 
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Conic nozzle with centerbody - pressure matched operation 
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HRLES SIMULATION - FARFIELD ACOUSTICS 

140 
Conic nozzle with centerbody - overexpanded operation 

135 
ra 

CL 

^  130 

CD 
T3 

125- 

120 

115 

o    Experimental Measurements 
o    CFD Predictions ^S o 

D 

O 
'a   ° 

D    !' 

oD 

D 

a     °DDo   ' 
!      OBI ,»'        \ 

V 

i                  i 

20 40 60 80 100 120 140 160 
Angle, degrees 

• Page 18 • Prev • Next • Last • Full Screen • Close 

APPENDIX C - PAGE C-ll 
QUARTERLY PROGRESS REPORT NO. 5 - N00014-11-1-0752 

Approved for Public Release - Distribution is Unlimited 



ACTIVE CONTROL OF NOISE FROM HOT SUPERSONIC JETS | QUARTERLY RPT. 5 

HRLES SIMULATION - FARFIELD ACOUSTICS 

145 
Conic nozzle without centerbody - pressure matched operation 
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HRLES SIMULATION - SPECTRA 

Conic nozzle with centerbody - pressure matched operation 
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HRLES SIMULATION - SPECTRA 

Conic nozzle with centerbody - pressure matched operation 
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HRLES SIMULATION - SPECTRA 

Conic nozzle with centerbody - pressure matched operation 
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INSIGHTS FROM INITIAL CFD CALCULATIONS 

• First pass grid does a good job of capturing overall farfield acoustic properties 
and spectral characteristics at lower frequencies. 

• Agreement in comparison of centerline profiles between experiments and CFD 
within bounds of experimental uncertainty and numerical assumptions. 

• Next step:   apply grid refinement techniques and perform calculations on 
improved grid. 
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PHASED ARRAY CALCULATIONS 

PROS AND CONS OF PHASED ARRAY CALCULATION IN CFD DOMAIN 

• Use acoustic data surface and Ffowcs-Williams Hawking method to calculate 
time resolved data at desired microphone location; these locations may not be 
feasible in a laboratory setting due to spatial or flowfield restrictions. 

• Allows for rapidly reconfigurable phased arrays of different designs that can be 
used to simultaneously "view" the jet flowfield, 

- Can use different phased array design for different frequencies of interest 
without associated costs of building and setting up a new array. 

• Allows for use of many more microphones than practically feasible in 
experimental work. 

• The challenge lies in obtaining 'enough' ensembles in order to sufficiently 
resolve cross-correlation estimates between the microphones. 
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EXPERIMENTAL PHASED ARRAY STUDY 

EFFECT OF NUMBER OF ENSEMBLES 

• Linear array of 32 microphones with logarithmically varying spacing between 
them, 

• Selected configuration of cold, overexpanded jet from a conic nozzle with a 
centerbody, 

• Sample rate = 100 kHz, 1024x 1024 samples acquired. 

• Traditional delay-and-sum (DAS) beamforming calculations. 
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EXPERIMENTAL PHASED ARRAY STUDY 

128 ENSEMBLES 

• Blocksize of 8192 points, A/ = 12.21 Hz... 
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EXPERIMENTAL PHASED ARRAY STUDY 

8 ENSEMBLES 

• Blocksize of 4096 points, A/ = 24.41 Hz... 

Localization of noiM lourcto Localization of screech SOUTCM 
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EXPERIMENTAL PHASED ARRAY STUDY 

4 ENSEMBLES 

• Blocksize of 4096 points, A/ = 24.41 Hz... 
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• Prefer between 4-8 ensembles. 
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EXPERIMENTAL RESULTS 

CONIC NOZZLE WITH CENTERBODY, PRESSURE MATCHED OPERATION 

LotaHzMton o( noiw KKJTCM 

• Experimental beamforming studies of the linear array seem to indicate noise 
sources up to 30 inches downstream of the jet at a range of frequencies. 

• At higher frequencies, there seem to be a secondary region of sources at higher 
axial locations. 
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PHASED ARRAY DESIGN 

• Three types of array design considered: 

- Microphones arranged in concentric circles (8 microphones per arm, 5 arms 
+ one microphone at center = total 41 microphones), 

- 2D log-spiral arrangement of microphones (9 microphones per arm, 5 arms 
= total 45 microphones), 

- Microphones arranged in a spiral cage array (31 microphones per arm, 5 arms 
= total 155 microphones), 
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CFD PHASED ARRAY METHODOLOGY 

• Using FWH method, obtain time resolved, fluctuating pressure data at phased 
array microphone locations, 

• Calculate and save cross-spectral matrices (CSM) at each narrowband frequency, 
Gf(m,n), where m and n are microphone indices and / is the narrowband 
frequency, 

- Hanning window applied in time domain, 
- 6 bins containing 4096 points each, frequency resolution, A/ = 48.83 Hz, 
- Diagonal elements of the CSM are deleted (reduces self noise from 

microphones), 

• Perform classical beamforming (a.k.a delay-and-sum beamforming) calculations 
in the X - Y (streamwise-vertical) plane with spatial resolution of Ax = Ay = 
0.25 inches. 

• Array offset for 2D phased arrays = 72 inches. 

• Beamforming results presented in l/3rd octave bands by summing beamforming 
results at each constituent narrowband frequency between the high and low 
frequency limits of that band. 
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CFD OCTAVE BAND BEAMFORMING RESULTS 
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CFD OCTAVE BAND BEAMFORMING RESULTS 

3.15 KHZ CENTER FREQUENCY, SPIRAL CAGE ARRAY 
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CFD OCTAVE BAND BEAMFORMING RESULTS 

5 KHZ CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS 
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CFD OCTAVE BAND BEAMFORMING RESULTS 
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CFD OCTAVE BAND BEAMFORMING RESULTS 

10 KHZ CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS 
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CFD OCTAVE BAND BEAMFORMING RESULTS 

12.5 KHZ CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS 
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CFD OCTAVE BAND BEAMFORMING RESULTS 

16 KHZ CENTER FREQUENCY, 2D CIRCULAR AND SPIRAL ARRAYS 
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INSIGHTS FROM CFD BEAMFORMING 

• DAS beamforming shows the presence of acoustic sources that appear to move 
closer to the jet exit as the l/3rd octave band center frequency is increased. 

- At the lower frequency the source region extends as much as 12-15 nozzle 
diameters downstream of the nozzle exit, 

- At the higher frequencies, the sources appear as distinct packets, probably 
corresponding to the shock cell pattern. 

• Results are in broad agreement with experimental beamforming studies 
conducted with the linear array of microphones. 

• Results emphasize the feasibility of beamforming calculations on CFD 
simulations as a viable technique to study acoustic source characteristics of 
various jet configurations. 

• Results are in qualitative agreement with references showing experimental 
beamforming studies on hot, shock-containing jets (Brooks, Humphreys and 
Plassman (AIAA Paper 2010-3780), and Podboy, Bridges and Henderson (2010 
NASA TM». 
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EFFECT OF ARRAY POINT SPREAD FUNCTION 
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CFD OCTAVE BAND BEAMFORMING RESULTS 

8 KHZ CENTER FREQUENCY, 2D SPIRAL ARRAYS 

Smaller Aperture Spiral Array 

Larger Aperture Spiral Array 
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CFD OCTAVE BAND BEAMFORMING RESULTS 

16 KHZ CENTER FREQUENCY, 2D SPIRAL ARRAYS 

Smaller Aperture Spiral Array 
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Focus OF FUTURE STUDIES 

• Perform beamforming calculations in a 3D volume rather than on a steering plane 
in order to determine the volumetric source distribution for a given configuration, 

- This could be important for source localization in a non-axisymmetric nozzle 
configuration such as rectangular or beveled nozzle exit geometries. 

• Compare source locations and characteristics of remaining jet configurations, 

• Metrics for comparing configurations: 

- Integrated acoustic level in a predefined area, 
- Location of peak noise for a given band as a function of beamforming 

frequency, 

• Develop methods to overcome point spread function dependency of results in the 
traditional DAS method, 

- DAMAS (Brooks and Humphreys, 2004), 
- CLEAN-SC (Sijitsma, 2007) 
- Generalized inverse beamforming, (Zavala, 2010 and Dougherty, 2011), 
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TEMPORALLY RESOLVED CFD DATA 

• One of the objectives of the current program is to experimentally acquire 
time-resolved near-nozzle velocity data. 

• This data will be used to provide estimates of farfield noise intensity based on 
Lighthill's equation, 

• Can also be used to evaluate terms involved in Seiner's ' 'rational" approach to jet 
noise such as the strain and rotation rate tensors and the phase difference between 
them. 

• Data from LES simulations will be used to provide insight into flowfield 
characteristics involved in the making the measurements, 

• Calculations will be used to determine effect of discrepancies between 
experimental and CFD simulations, thereby guiding requirements for future 
simulations. 
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Meeting Notes from the ONR Technical Interchange Meeting 

Location: National Center for Physical Acoustics (NCPA), The University of Mississippi, Oxford, MS 

Date: November 2, 2012 

Attendees: Brenda Henderson (NASA), James Bridges (NASA), Allan Aubert (Navy), Raj Sinha (CRAFT), 

James Erwin (CRAFT), Praveen Panickar (CRAFT), Nathan Murray (NCPA), Bernie Jansen (NCPA), Marta 

Panickar (NCPA), Greg Lyons (NCPA). 

The meeting started at 8.15 am. Lunch orders from Jimmy Johns were put in by each attendee. 

Meeting began with Nathan giving an overview presentation of the project and first year 

accomplishments. Allan: Does NCPA plan to buy Auburn's system? Nathan: No, we are currently 

submitting white papers for a number of joint collaborations and we would like to cultivate the 

collaboration with them. Questions were asked about the alternate camera by Kirana, for example what 

the image resolution was. 

Nathan switching to "Discussion of Current Progress" 

Brenda pointed out that this project is an effort jointly sponsored by NASA and ONR, not just ONR. It is 

also NASA funded, just lead by ONR. The benefit of this for NASA is that they don't have to do any 

management, but they still get to see all the results coming out of the work. Brenda also noted that 

there are higher expectations for this project in year 2. In addition, NCPA and collaborators should be 

aware that the quarterly reports are more visible than they might think. They get viewed by a number of 

interested people from Navy and NASA. The year 2 progress will be monitored in more detail, including 

external committees from academia. Nathan: When is our year 2 review? Brenda: Most likely in July, 

because I will review all reports at once, and NCPA is kind of in the middle batch. 

Back to Nathan's presentation. Brenda: If you have 1 MHz PIV with 16 frames, if you decrease the Hz, do 

you increase the number of frames? Nathan: No, still only 16 frames, but better time resolution? Brenda 

p.3: These are the theoretical sources or noise, right? Remember that we are looking to find actual 

sources, not theoretical. Nathan: yes, theoretical, which have been used over the years. This is our 

starting point, p.4 other ideas - use Seiner's approach and include compressibility factors and include 

phase differences. Brenda: Will estimation errors cause you problems here? James B.: Jordan wrote the 

paper about their computational approach with 9 terms, they were at Mach 1.3 but low Reynold's 

number. I don't think they considered computation errors. Nathan & Raj: This is the main paper that 

drives our work, but we hope to improve on it with better resolution. Nathan: We hope to determine 

what couples into the propagation even if we cannot resolve how it happens. Brenda liked that idea and 

agreed with it. Discussion on updating the PIV system. Allan: Can you give me a refresher on how your 

PIV works. Nathan explained it. Brenda: Are you going to seed the ambient? Nathan: There are enough 

particles in the freestream that the whole field gets fed, so no. James B.: If you seed your ambient, you 

don't need that much light. 

Nathan talking about the Cordin camera issues. 
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Talking about Schlieren images. Brenda: / don't think I ever saw a slip plane in Schlieren. James B.: 

What's your up/down symmetry? Nathan: Our setup has a centerbody for more realistic conditions. 

James B.: We usually don't see symmetry in our data, bottom part is usually slower. Symmetric results 

are usually "fake." 

Nathan ended at 9.25 am. Break. 

CRAFT's presentation (Praveen and James) started at 9.40 am. Praveen began the presentation. Brenda: 

In your CFD grid setup for the case with centerbody, is the centerbody supported by the struts? 

Raj/Praveen: Just the centerbody, suspended in the air, levitating. Brenda: Looking at the image, is the 

very blunt centerbody similar to what they have in an actual engine? Nathan/Raj: Yes, this is modeled 

from 404 class engines. Allan stated that he liked the image in the presentation where top is 

overexpanded and bottom matched condition. Brenda was surprised that centerbody had little effect on 

the mean streamwise velocity results. James B. suggested how to improve the plots. Allan: What if we 

actually put a rotating engine/turbine stage in, what would that do? Nathan: Dean Long tested a 

swirling flow and it did little to impact acoustics. 

Brenda mentioned that the next meeting will most likely be in DC and presenters should remember that 

the audience in likely to have questions, so prepare presentations accordingly. 

Allen suggested that error bars on the experimental OASPL comparison would be very useful. Brenda: 

Would the 160 deg microphone be affected by the recirculation? Nathan: Yes, that one would be possibly 

since we observe soot on it. Brenda: Looking at the computational spectra, do you filter some frequencies 

when calculating OASPL? James E.: No, we observed that filtering has little effect (maybe 0.1 dB). Allan: 

So, CRAFT will increase their resolution from 6 to 20 million ? Raj/James W.: Yes, but it's not only about 

the resolution, but also where you implement it on the grid. Brenda: How is CRAFT improving its model? 

Raj: In many ways, resolution, one major one is to improve the grid near and inside the nozzle. Thus far 

the grid in the nozzle was very coarse. 

Phase Array Study. Brenda: What are the physical locations of the seven linear microphones? Nathan 

explained how the spiral array fits into the project, that CFD is trying to find which array design is best, 

and may be implemented in year 3. James B.: When presenting this to people, most don't know the 

arrays so more background/images would be useful. Nathan: So far CFD/beamforming is only showing us 

that jets make noise. Our hope is that we can build the "best" array for this particular application and 

implement in the experimental work. Praveen's part ended at 10.55 am. James E. took over. Nathan: This 

section is really to bring up a discussion. Brenda: A segue from BRC effort? Raj: Yes. 

Brenda: NAVY has two problems: carrier hearing noise and community (Oceana problem), so free jet is 

important for community noise. 

CRAFT's presentation ended at 11.35 am. Raj and James E. left the meeting to catch their flight. NCPA 

led a lab tour of the Anechoic Jet Laboratory and the Tri-Sonic Wind Tunnel Facility. Attendees observed 

a jet run at the Anechoic Jet Laboratory. 

Lunch 

12.15 pm conversation during lunch with Roger Waxier and Richard Raspet from NCPA. Allan: 

Prototypes of chevrons to be put on aircraftsfor testing are coming in few weeks for us to test. All our 

research currently concentrates on a limited number of feet from the aircraft on the deck. They plan on 

APPENDIX D - PAGE D-3 
QUARTERLY PROGRESS REPORT NO. 5 - N00014-11-1-0752 

Approved for Public Release - Distribution is Unlimited 



ACTIVE CONTROL OF NOISE FROM HOT SUPERSONIC JETS | QUARTERLY RPT. 5 

using the next aircraft noise testing standard. On the deck, the most exposure the personnel has is when 

the aircraft is at mil power, just sitting for about 30 seconds, when all checks are being performed. Allan 

requested some relevant information/references about what Waxler/Raspet do. Nathan promised to 

compile it and send it to Allan. Allan said that in their testing they plan on using four meteorological 

stations starting at 6 inches to 30 ft. They plan on (the new standard calls for it) 1 second sampling data 

across a range of altitudes, speeds, etc. Allan expressed that he is very happy to actually talk to someone 

who knows about the field. He asked that Raspet provides him with information about good references 

that Allan can use in his research. 

Raspect and Waxier left around 12.45. Nathan called that it was the end of the scheduled agenda with 

some time left for questions/conversations/open dialogue. 

James B.: NASA has an interest in this and while they know it is about supersonic aircraft, but they are 

really interested in the civilian aircrafts, at least for now, important is LES and validation of the LES. How 

this research can apply to commercial aircrafts. Brenda: Elevated broadband is the big problem. James 

B.: We should make sure we share lessons learned and any problematic situations since they will not be 

published in journals, but are very beneficial. 

James B.: Coming up with a practice of simulating a shear layer, inside the nozzle, would be great. 

Nathan: we would like to build a nozzle with an optical access, so we can measure what is happening 

inside. Brenda: Measurements within a rectangular nozzle are being done at Virginia Tech over the next 

couple of months, one side of the nozzle will have an optical access. Allen: what are your ultimate goals 

in this program? Questions were raised about the purpose/aim of the beamforming undertaking. James 

B.: It might show you an equivalent source, not actual source. 

Allan was very glad we brought GE into the NAVAIR project for consulting on whether the shape can be 

manufactured. 

Brenda: This kind of presentation is much more beneficial for us than you visiting us. Coming here is very, 

very useful. 

The meeting ended at 2 pm. 
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Localization of Acoustic Sources in Shock-Containing 

Jet Flows Using Phased Array Measurements 

Praveen Panickar* and Neeraj Sinhaf 

Combustion Research and Flow Technology, Inc. (CRAFT Tech), Pipersville, PA-18947, USA 

Nathan E. Murray* and Gregory Lyons§ 

National Center for Physical Acoustics, The University of Mississippi, University, MS-S8677, USA 

I.    Background and Motivation 

Noise from supersonic jets fall primarily into two categories, either turbulent mixing noise or shock noise. 

Of these two, turbulent mixing noise is comprised of two sources, both of which are broadband in nature: 

(a) the eddy Mach wave radiation which propagates downstream relative to the jet flow direction, and (b) 

fine scale turbulence which is omni-directional. On the other hand, shock noise can be either narrowband 

(also called jet screech) or broadband (called broadband shock associated noise, or BSAN), and propagates 

towards the sideline or upstream directions relative to the jet flow. Shock noise most commonly occurs 

when a convergent-divergent nozzle is operated at off-design conditions. However, jets exhausting from 

military nozzles typically contain shocks even when operated at design conditions; this is primarily because 

the internal contour of these nozzles are not shaped in order to easure a smooth flow of the jet. .Jet noise 

contributes significantly to noise-induced hearing loss, structural degradation of airframes, and restrictions 

to maintenance, testing, and training schedules due to noise pollution of communities surrounding military 

installations. 

To this end it is imperative to gain a better understanding of jet noise generation mechanisms in a 

turbulent flow. Such an understanding is essential if one is to construct predictive models for jet noise. One 

approach that has been considered is the beamforming technique using a phased array of microphones.l This 

technique has been shown to provide an estimate of the distribution of noise sources in a flow. Reports on 

the use of beamformed phased arrays in aeroacoustics in general and jet noise in particular was conducted 

by many researchers including Brooks and his coworkers2 4 at NASA Langley, Bridges and his coworkers5,6 

at NASA Glenn, Papamoschou, Morris and McLaughlin7 to name a few. Recently Dougherty8 developed 

a new generalized inverse beamforming method for jet noise and demonstrated its effectiveness in mapping 

coherent sources and extrapolating directivity patterns using a 2D phased array system. 

All the reports referenced in the previous paragraph are based on experimental studies; to this date, 

the authors are unaware of phased array calculations being conducted on simulated data. Working with 

simulated data removes many of the encumbrances that are present while working in an experimental facility. 

For instance, in an experimental facility, one is restricted by the size and placement of microphones that 

'Research Scientist, AIAA Member. 
^Technical Director, AIAA Associate Member. 
* Research Scientist and Research Assistant Prof, of Mech. Engineering, AIAA Member. 
§ Graduate Research Assistant, AIAA Member. 
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comprise the phased array system. It is not possible to use a phased array system to interrogate a cross 

plane of the jet unless one resorts to a cage array, in which case care has to be taken that the microphones 

are not damaged by the flow; this can make the aperture of the phased array larger than what would be 

practically required depending on the frequency of interest. Additionally, moving the system and setting it 

up at a different location takes a long time since each move requires a recalibration. These difficulties are not 

present when simulated data is used for phased array calculations; the phased array can be located anywhere 

in the flowfield. Practical limitations present in experimental testing such as size of the phased array and 

the number of microphones available for use are also not present when looking at simulated data. The major 

limitation when using simulated data is the cost involved with getting time resolved data; generally speaking, 

though, this difficulty be overcome by using large supercomputing clusters working in parallel to provide 

time resolved data at a reasonably fast rate. 

II.    Experimental Facilities and Computational Capabilities 

All the experiments described in this paper will be performed at the Anechoic Jet Laboratory (AJL) 

at the University of Mississippis National Center for Physical Acoustics. This is a small purpose facility 

built for the study of high-temperature, supersonic jet noise.9 The facility was designed with upstream and 

downstream "stagnation" chambers through which ambient air is pulled by a 10,000 SCFM fan. The air 

is allowed to percolate into the 19-by-20-by-8 foot chamber (wedge tip to wedge tip) through 50% porosity 

sliding panels achieving approximately 1 ft/s in the anechoic section (without jet flow). The aspiration 

of the chamber results in a very even temperature distribution throughout the room and allows the jet 

entrainment to be less effected by the enclosed space. The jet rig utilizes a propane burner system that can 
be used to heat the air to a temperature of up to 1500 °F. Air is supplied from an 1100 hp Ingersoll-Rand 

Centac compressor through a desiccant dryer system yielding at maximum 5000 SCFM of dry air at 125 

psia enabling continuous operation. The propane combustor is housed upstream of the nozzle section and is 

followed by a ceramic flow conditioner and settling chamber upstream of the main contraction. The nozzle 

assembly which includes a centerbody housing and the nozzle section. When the centerbody was not used, 

a straight extension tube was put in its place so that the nozzle exit remained in the same location for all 

test configurations. 

The phased array system consists of 32 exponentially spaced Kulite pressure transducers (type XT-140, 

dynamic range=0-100 psia), mounted on a stainless steel rod. This array was positioned 60.96 cm (24 inches) 

below the nozzle exit and offset 7.64 cm (2.94 inches) in the axial direction; the downstream end of the rod 

was inclined at an angle of 15° to the nozzle axis. Digitized fluctuating pressure data from the array was 

recorded and stored on a National Instruments PXIe (PCI extensions for Instrumentation-express) system. 

The PXIe system has four PXIe-4331 cards(8 channels, 24 bits of resolution, 102.4 kHz maximum sample 

rate). 1048576 dynamic data points were acquired at 100 kHz per run. For a given configuration, at least 

10 such runs of data were recorded. Spectral data was calculated by dividing the data in a given run into 

blocks of 8192 points each; this yielded a frequency resolution of 12.21 Hz. Depending on the number of files 

used to do the spectral calculations, the number of ensembles that were averaged ranged from 128 (only one 

file used) to 1280 (all ten files used). 

The computational simulations were performed using CRAFT Tech's CRAFT CFD® program which 

is structured Navier-Stokes solver that uses an upwind differencing scheme that is fifth order accurate in 

space and a four stage Runge-Kutta algorithm for time marching. The code is highly parallelized using 

domain decomposition, with close to linear speed-up parallel performance on several large supercomputers 

for very large grids. The calculations were performed using a hybrid RANS-LES (HRLES) model. The 

primary advantage of using HRLES is the ability to include the internal nozzle in the jet noise simulations. 

2 of 10 

American Institute of Aeronautics and Astronautics 

APPENDIX E - PAGE E-3 
QUARTERLY PROGRESS REPORT NO. 5 - N00014-11-1-0752 

Approved for Public Release - Distribution is Unlimited 



ACTIVE CONTROL OF NOI.SE FROM HOT SUPERSONIC JETS | QUARTERLY RPT. 5 

By including the internal nozzle it becomes possible to smoothly transition the subgrid eddy viscosity from 

within the nozzle boundary layer to the LES. From a strictly flow physics point of view. HRLES simulations 

show faster breakdown of the laminar shear layer past the nozzle exit. This leads to the creation of smaller 

scale structures that are a significant contributor to overall noise levels in the sideline and upstream directions, 

but not in the downstream direction. In the downstream direction, the primary component of noise is due 

to turbulent mixing and this component is captured with sufficient accuracy by the traditional LES method. 

Thus, the hope is that by using HRLES, one can improve noise predictions in the sideline and upstream 

directions and show better agreement with that seen in experiments. The LES grid for the current initiative 

contains approximately 7 million cells and extends 80/?, (Ä, is the nozzle radius) in the axial (X) direction 

and had a radius of 30.fi, at it's widest extent. Downstream of this, there is a buffer zone that extends a 

further 40fij in order to damp out unwanted reflections at the LES flow boundaries. Finally, in order to 

propagate the nearfielcl acoustics to the farfield, the Ffowcs-Williams and Hawkings (FWH) equation is used. 

This propagated solution consists of an integration on a fictitious surface surrounding the noise generating 

mechanisms of the flow. This is achieved by recording the How variables on tins fictitious surface, called the 

acoustic data surface (ADS) which is located at predetermined constant LES grid levels, with the desired 

time resolution. 

III.    Configurations and Objectives 

The current work involves a combined experimental and computational initiative in order to examine 

and understand the inner nozzle and near nozzle flow conditions and their impact on jet noise. To this end. 

we shall examine two nozzle geometries. The first consists of a straight walled convergent-divergent section, 

which we shall refer to as the conic nozzle, and the second consists of 12 identical faceted segments which 

can be assembled to form the convergent-divergent section of the nozzle. Figure 1 shows a photograph of 
these two configurations. Both nozzle geometries have the same throat-to-exit area ratio and hence the 

same 'design' operating condition; however, the experimental facility allows us to operate these nozzles at 
any desired operating condition. Finally, each of these configurations can be operated with or without the 

centerbody housing upstream of the nozzle section. Out of all the available configurations to choose from, 

we select the following six: 

1. Faceted nozzle WITHOUT centerbody operating at OVEREXPANDED conditions (Mj = 1.55), 

2. Conic nozzle WITHOUT centerbody operating at OVEREXPANDED conditions (Mj = 1.55), 

3. Conic nozzle WITH centerbody operating at OVEREXPANDED conditions (M, = 1.55), 

4. Faceted nozzle WITHOUT centerbody operating at CORRECTLY EXPANDED conditions (Mj = 

1.74), 

5. Conic nozzle WITHOUT centerbody operating at CORRECTLY EXPANDED conditions (Mj = 1.74), 

6. Conic nozzle WITH centerbody operating at CORRECTLY EXPANDED conditions (Mj = 1.74), 

where Mj is the fully expanded jet Mach number. 

The primary objective of the current work will be to investigate the feasibility of performing phased array 

calculations on simulated jet data. This feasibility will be gaged by comparing results from experimental 

and computational phased array calculations on the same configuration (configurations 3 and G above). The 

primary objective will be broken up into smaller sub-objectives as follows: 

• Acquire fluctuating pressure data on a linear phased array for configurations 3 and 6 in the anechoic 

jet laboratory at the NCPA. 
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Figure 1.   Photographs of the modular nozzle showing the conical and faceted Inserts that will be used In the current 
study. 

• Perform high-fidelity HRLES simulations of the six configurations enumerated in the beginning of this 

subsection and obtain adequate time-resolved data on the ADS. 

• Using FWH equations, propagate the acoustics on the ADS to microphone locations on the linear array 

that was used in the experimental measurements. 

• Compare mean How characteristics of experimental and computational configurations to ensure agree- 

ment. 

• Perform phased array calculations of the experimental and computational configurations and compare 

the source localization results provided by both methods. 

Following the successful completion of the primary objective, phased array calculations for the remaining 
configurations will be performed using different phased array designs and locations. The experiments and 

computational measurements will be performed on heated jets with stagnation temperature of 1005 K (1350 

°F) unless specified otherwise. 

IV.    Preliminary Results 

The initial round of experiments were conducted on the conic nozzle configuration with the centcrbody 

in place. The nozzles were operated at both overexpanded as well as off design conditions at cold and heated 

conditions and fluctuating pressure data was recorded by the linear phased array system. Initial processing 

for the cold temperatures have begun and figure 2 show sample spectra and cross-correlations coefficients 

calculated for the first six microphones in the array for the cold jet operated at overexpanded conditions. 
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The spectra clearly show the presence of both shock noise components. The screech tone can be clearly seen 
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Figure 2. (a) Spectra and (b) cross correlation coefficients for the first six sensors in the experimental linear phased 
array. Cold jet, overexpanded pressure, Mj = 1,55. 

at approximately 2.6 kHz and the broadband shock noise hump is seen at higher frequencies between 4 and 
5 kHz. In contrast, as shown in figure 3, for heated jets operating at the same overexpanded pressure the 
presence of screech tones can no longer be clearly discerned. Additionally, it can be seen that the broadband 
hump has moved to higher frequencies and the correlations between the sensors has reduced. This points to 

5 of 10 

American Institute of Aeronautics and Astronautics 

APPENDIX E - PAGE E-6 
QUARTERLY PROGRESS REPORT NO. 5 - N00014-11-1-0752 

Approved for Public Release - Distribution is Unlimited 



ACTIVE CONTROL OF NOISE FROM HOT SUPERSONIC JETS | QUARTERLY RPT. 5 

a fundamental change in the acoustic sources that we shall examine using phased array calculations. 

Corresponding to the experimental configuration described above, time resolved HRLES computations 

have been completed. Figure 4 shows the mean streamwise velocity, pressure and temperature in the XZ 

(streamwise-vertical) plane. The presence of the centerbody introduces a wake that can be clearly seen 

downstream of the centerbody inside the nozzle. The shock generated at the sharp throat is clearly visible 

and it's extent outside of the jet can also be seen. Additionally, the shock generated at the nozzle exit and 

the propagation of these two shock trains within the jet column can also be seen in these figures. Figure 5 

shows the fluctuating component of the streamwise velocity at various distances downstream of the jet. As 

expected, as long as the potential core persists, most of fluctuating velocity is concentrated in the shear layer 

and there is very little fluctuation within the core. Figure 6 shows the decay of the streamwise velocity along 

the axial direction for the conic nozzle configuration with the centerbody. Assuming the potential core to 

extend axially to a point where the streamwise velocity is 50% of it's value at the nozzle exit, the length of 

the potential core is calculate to be   25.5 inches when the nozzle is operated at fully expanded conditions. 

V.    Future Work 

Computations for the remainder of the configurations discussed in §111 are currently underway. The 

results from these computations will be compared to experimentally measured jet characteristics in order 

to ensure agreement in the gross characteristics between the computational and experimental datasets. It 

should be kept in mind that these computations are being performed with an ADS in place which will 

facilitate calculations of time resolved pressure data at target microphone locations in a predesigned phased 

array. For the initial feasibility calculations, the locations of the computational microphones will correspond 

to those used for the experimental study. Following this feasibility study, detailed calculations regarding the 

source locations for the various jet configurations at the different operating conditions will be carried out. 

In the final paper we shall present results on how the source localization of the jet changes with change in 

nozzle geometry and operating conditions. 
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Figure 3.    (a) Spectra and (b) cross correlation coefficients for the first six sensors in the experimental linear phased 
array.  Heated Jet, T} = 1005 K, overexpanded pressure, Mj = 1.55. 
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(c) 

Figure 4.    Mean streamwise velocity, pressure and temperature contours (top, middle and bottom, respectively) in the 
strcamwUo-vcrtlcal (XZ) plane for the conic nozzle with the centerbody configuration with a conterbody. 
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Figur« 5.   Contour* of the fluctuating component of the streamwise velocity in the YZ (cross-) plane at constant axial 
stations computed by HRLES for the conic nossle with the centerbody. 
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Figure 6.   Decay of the streamwise velocity along the nozsle axis for the conic nossle configuration with the centerbody 
operating at correctly expanded conditions. 
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Acoustic source indicators using LES in a fully 
expanded and heated supersonic jet. 

Romain Fievet* and Charles E. Tinney* 
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Nathan E. Murray* and Gregory Lyons5 
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Praveen Panicka^ 
Combustion Research and Flow Technology Inc., Pipersville, PA 18947, USA 

A Large Eddy Simulation of a fully expanded heated supersonic jet flow is examined 
using acoustic source indicators based on vortex dynamics. This is done in an effort to 
explore the utility of such methods for guiding future experimental measurements where 
both a spatial and temporal capturing of the velocity field is realized. The accuracy of 
this rational approach is determined by a detailed comparison with the full Lighthill stress 
tensor, the findings of which will be the focus of the full paper. 

I.     Introduction 

Capturing sources of noise in high speed jet flows continues to be a difficult proposition despite well over 
a half century of research.7 This is principally driven by the fact that sound is produced by the change in 
the eddy structure as it converts through the flow. Limitations in the experimental community have only 
recently been alleviated with the advent of spatially and temporally resolved flow measurement systems such 
as tomographic PIV. Numerically, the accuracy of the simulation is limited by the meshing requirements 
needed for accurate solution to the governing flow equations. 

Several acoustic analogies have been proposed since Lighthill's (1952)8 seminal paper and include the 
work of Goldstein (2003),5 Lilley (1974),10 and more recently George et a/^OO?).4 The strength of these 
analogies is that they are derived from the complete equations of motion with divergences of the products of 
density and velocity fluctuations. This however makes it difficult to implement even with the most state-of- 
the-art experimental diagnostics tools. Alternative approaches, based on vortex sound theory, have also been 
proposed whereby the role of vorticity is more explicit in the formulation. This began with the pioneering 
work of Powell (1964)13 and Möhring (1978)11 which has since transcended to the recent articles by Schräm 
& Hirschberg (2003).H A drawback of these methods is that they impose several restrictions on the nature of 
the turbulence (inviscid and incompressible), the implications of which are unclear, especially for high Mach 
number (perfectly expanded supersonic) and heated jets. Nonetheless, they are the only realizable methods 
that can be applied to experimentally acquired data and so they are quite resourceful in this regard. An 
approach similar to the aforementioned vortex methods was invoked by Seiner (1998).15 The idea is that 
the Lighthill stress tensor can be expressed as a sum of both strain and rotational energies in the jet flow. 
While, on average, these terms should cancel, they should however be non zero at any instant in time. And 
so the phase difference between the two terms is then considered to be an indicator of sound production. 

In this study, we seek to explore Seiner's (1998)15 rational approach by first applying the method to 
a Large Eddy Simulation (LES) of a high Reynolds number, heated, supersonic jet flow.   A comparison 
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is made between the full Lighthill stress tensor and the rationalized vortex analogy to see what effect the 
aforcmctioncd restrictive assumptions (inviscid and incompressible flow) have on the topography of the 
source field. The findings from this study are being used to provide valuable guidance for an experimental 
campaign currently underway to study the noise produced by a heated, supersonic jet flow by way of high- 
speed, volumetric PIV. In what follows, a review of Seiner's (1998) approach is provided in § II followed by 
a description of the Large Eddy Simulation in § III. The LES is validated against laboratory measurements 
of the near-field velocity (centerline decay and shear layer spreading rate) and far-field acoustics (OASPL). 
Preliminary results of Seiner's approach, applied to the LES, is then displayed followed by the prospective 
work to be included in the full conference paper. 

II.    The acoustic source field 

A.    Lighthill's Source Term 

It is well known that the Lighthill analogy allows one to solve for the far-held pressure using sources which 
comprise all of the properties of an unsteady fluid in free space. This accounts for all of the effects of the 
fluid How. including interactions between the sound field and the turbulence. Tins inhomogeiieous wave 
equation is obtained by subtracting the divergence of the momentum equation from the time derivative of 
the continuity equation, 

d2p      2   d
2p d2Tij 

dt2     '"" 9ij9ii      dxidxj' 

where sound generated by accelerations and decelerations of the free space fluid is governed explicitly by 
Lighthill's stress tensor, 

Tij = püiüj + (p - clp)6ij - Tij, (2) 

with the viscous stress tensor for a Stokesian gas being defined as, 

(du,      du,      2 (dük\.  \ 

This encompasses all of the nonlinearities embedded within the Navier-Stokes equation, and so, it was 
recognized early on9 that such a formulation was perfectly suited for studying the sound produced by jet 
flows. A number of items are worth mentioning here, where the utility of modern diagnostic: techniques are 
concerned. The full Lighthill Stress tensor defined in (2), comprises three terms: (püiüj), ((p - c£p)6ij) 
and (Tij). each of which involve thermo-physical properties of the fluid (density and viscosity) which are not 
readily available in a laboratory setting. Therefore, if the Lighthill stress tensor is to be simplified in a way 
that it comprise only those properties that can be measured directly in a laboratory, then it is of interest to 
determine the inaccuracies that may arise due to the neglect of these other terms. 

Beginning with the viscous stress tensor, Freund (2003)3 showed that, even at low Reynold's numbers, 
jet noise could be considered an inviscid process and that T^ was indeed negligible. Likewise, for mildly 
heated jets, it has been argued that (p — c\p) could be neglected. Furthermore, if the source region can be 
considered incompressible, then, in combination with the aforementioned assumptions, the Lighthill stress 
tensor reduces to T^ is ü^üj. The last of these tends to be a limiting condition as most jet noise studies 
are targeted for transonic and even supersonic regimes.15 In what follows, a direct assessment of these 
assumptions will be studied by comparing the topography of the original Lighthill source term from (2) 
alongside this simplified model. 

B.    Seiner's "Rational" Approach 

Beginning with the divergence of the two-point velocity correlation, it follows from Tennekes & Lumley 
(1972)17 that, 

ö ,_ . .      . düi      .   /düi     düj\     _ düj —(«,«,) = Uj— = u3{— - — j + u^ 
a      1 

= 2ÜJ7Y, + —(-üjUj) (4) 

d  .1.  . , 
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where the first and second terms on the right hand side are the Lamb's vector and the dynamic pressure, 
respectively. One should immediately recognized that (4) is the convective stress term from the vorticity 
equation which is obtained by taking the curl of Navier Stokes. The significance of (4) is that it serves 
as in important reminder of the contribution to the convective terms in the equations of motion by the 
Reynolds stresses in the velocity fluctuations.17 These inertia terms are gradients of stress which lends 
physical explanation to how sound is produced by changes in the eddy structure as it convects through the 
flow. By taking the divergence of (4), we see that, 

d2{üiüj) _ düj 

dxidxj '' dxi 

. duk      1 d2u] 
UikUi dxi +2dx2' 

which, upon further simplification, results in the following expression, 

d2(üiüj) _       düi f düi\ 

dxidxj        ''  dxj \9xj) 

= UjkKSijUk + TijUk) + I ■?— I 

(5) 

(6) 

If, for the time being, we neglect the second term on the right-hand-side of (6) and turn our attention 
to the first term, we sec that it comprises a sum of the strain rate (sij) and rotation rate (ry) tensors, 
which are typically the predominant terms in turbulent flows. According to the turbulent energy budget,17 

an average of these two terms should cancel because they are equal in magnitude but opposite in sign. 
However, instantaneously, they may not cancel, and their phase difference may yield an indicator for sound 
production following the postulations of Seiner (1998).15 Upon further simplification, it can be shown that 
(0) transforms into the following expression, 

d2(üiüj) _ 
dxjdx ■j \ 

düi düj 

dxj dxi 

düi du 

dii dx ?)■ 
(7) 

Our intention is to use (7) as an indicator of sound production in high speed volumetric PIV data. This 
approach bypasses the restrictive assumption that jet flows are isotropic, by applying the double divergence 
directly to Lighthill's stress tensor, rather than the Green's function; see Goldstein (1976) and Tam (1998).16 

The latter is typically solved using Batchelor's (1960) expression for isotropic turbulence that uses fourth 
order turbulent stresses expressed as products of second order stresses. Jordan et a/.(2004)6 and Ukeiley et 
al. (2007)18 have shown the two-point correlations in jet flows to be highly anisotropic. To test the viability of 
this approach, the topography of the right hand side of (1) using the full expression for Ty will be analyzed 
alongside that of (7). 

III.    Overview of LES 

The primary restriction to creating Large Eddy Simulations of jet flows at Reynolds numbers that are of 
practical interest continues to be the availability and efficiency of modern day computational resources. It 
is well known that the near field evolution, downstream development, and noise characteristics of a jet arc 
all strongly affected by the characteristics of the turbulence at the nozzle exit. This can only be realized by 
developing methods capable of providing realistic boundary conditions to the LES. 

Accurate boundary conditions for LES are provided in one of two ways: (a) the nozzle geometry must 
be included in the simulations or, (b) accurate time dependent boundary conditions must be utilized. By 
utilizing the former of the two results in a dramatic increase in mesh size. For this reason, alternate methods 
that use either synthesized turbulence or an excitation of the first few jet modes have been developed. The 
latter of these relies on the sensitivity of the predicted turbulence field to perturbations in the jet inflow 
conditions. Unfortunately there is no consensus as to the most appropriate approach to perturbing these jet 
inflow conditions. Furthermore, these methods are not applicable when noise-suppression devices are being 
studied since the natural modes are different and unknown. As a promising alternative, CRAFT Tech has 
developed a novel hybrid RANS/LES method that makes use of the upstream RANS nozzle exit profiles and 
turbulence description as boundary conditions for a LES of the downstream jet. This allows for a smooth 
transition of the subgrid eddy viscosity from within the nozzle boundary layer to the LES. A crucial feature 
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of the implementation process is the exploitation of time-scales already modeled by the k - i model in the 
inertial regime of the turbulence wave number spectrum. Thus, only the predicted largest scales within the 
jet require resolution using fine grids. 

As for predictions of the far-field noise produced by the simulated jet, CRAFT Tech implements integral 
acoustic solvers. The most promising of these is Kirchhoff's method combined with the porous Ffowcs- 
Williams and Hawkings (FW-H) equations. The FW-H formulation allows surface integrals to be calculated 
on a permeable integration surface that is not necessarily coincident with a solid body surface. Both methods 
consist of a direct numerical calculation of the non-linear near- and mid-field, with the far-field solutions 
obtained from an integral formulation using all quantities evaluated on a control surface. This control surface 
is designated as the Acoustic Data Surface (ADS), and is chosen such that it surrounds the entire source field 
of the jet and where wave propagation is linear. These methods have a definite advantage over the traditional 
acoustic analogy approach that requires complex volume integrals. Both methods (Kirchhoff and FW-H) can 
also be extended in order to include refraction effects outside the control surface. The placement of the ADS 
is an important consideration when coupling the LES with the FW-H equation. Outside of the nonlinear 
turbulent mixing region of the jet, the velocity divergence is related to the time derivative of pressure as is 
visualized in figure la. The placement of the Kirchhoff surface is based on a user defined threshold of the 

(a) (b) 

x/D 

Figure 1.   Divergence of the velocity Held used to define the boundaries of the Kirchhoff surface for the LES 
model. 

vorticity magnitude that was found to provide reasonable results of the far-field pressure. One can clearly see 
that the region where the ADS resides (shaded gray) is appropriate. A known complication with employing 
data surfaces such as the one shown here in figure la is in how one goes about treating the end surfaces where 
the jet exits the computational domain. By placing a surface along the end of the computational domain 
and across regions in the flow where the pressure perturbations are nonlinear, the FW-H assumptions would 
be violated. Therefore, the end surface is left open which also means that the contribution from noise at 
low angles is not captured. As most observer angles of interest are not directly downstream of the jet, but 
rather at an elevated angle, the inability of this model to capture sound waves propagating downstream is 
not necessarily problematic. The last concern regarding the ADS is its spatial resolution. It is necessary that 
the LES grid along the ADS be fine enough to capture the maximum frequency of interest. For problems in 
jet noise, the number of grid points would be significantly increased. The acoustic calculations are limited to 
the maximum frequency that the LES grid resolves. It is self-evident then that a fair amount of subjectivity 
and experience drives one's decision regarding the spatial resolution and location of the ADS for the jet 
flowfield under study. 

The CRAFT CFD code is a structured Navier-Stokes solver that uses an upwind differencing scheme 
that is fifth order accurate in space and a four stage Rungc-Kutta algorithm for time marching. The code 
is highly parallelized using domain decomposition, with close to linear speed-up parallel performance on 
several large supercomputers for very large grids. A traditional O-H type grid is used in the current effort 
and is illustrated in figure lb. This prevents the ambiguity of centerline pole treatment, and also allows for a 
higher degree of resolution to be clustered along the nozzle lip of axisymmctric nozzles. In the current effort, 
the time step for the CFD simulations are selected to be 5.0e-8 seconds. For farfield noise and beamforming 
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calculations, a sample rate of 200 kHz was determined to be satisfactory, and hence time resolved data on the 
ADS was saved every 100 CFD timestcps. Several different nozzle configurations and jet exit conditions were 
modeled and tested. This comprised nozzles with and without a center-body upstream of the throat, as well 
as over-cxpanded and fully-expanded flows. For the time being, our analysis focuses on a fully-expanded jet 
with center-body. A tabulation of the operating conditions based on quasi 1-d isentropic compressible flow 
equations is provided in table 1 using subscripts j, oo, 0 to denote jet-exit (static), ambient and stagnation 
conditions, respectively. The working gas is air (R = 287.05 [J/kg/K]) and the Mach wave radiation angle 
is based on an average convective speed of Uc = 0.80Uj. Estimates of the supersonic core (L, = x,/Dj) 
and potential core (Lc = xc/T>j) lengths of the jet are based on (L„ = 5.0M]'8 + 0.8) and (Lc = L,/(M° 90), 
following the work of Varnier (2001).19 

NPR 5.21 m[kg/s] 0.9578 Pi 1 Poo 0.46 

Djfa] 0.0508 Uy [m/s] 876.6 Oj/Ooo 1.46 

To PC) 1005 M, 1.74 0[deg] 60.55 

T, fK] 643 M0 2.54 Lc 8.7 

Tac   [Kl 293 L. 14.4 

Table 1.   Performance properties of the nozzle based on quasi 1-d isentropic compressible flow equations. 

A sample snapshot of the instantaneous streamwise velocity (Ui/Ux,) is shown in figure 2a alongside the 
instantaneous density field (p[kg/m3\) in figure 2b.  A first observation of the density field is the striking 

(a) 

Figure 2. Snapshot of the instantaneous (a) streamwise velocity (U/Uao) and (b) density field along the 
centerplane of the LES with centerbody and operating under fully-expanded exit conditions. 

appearance of Mach waves. These waves proceed from an area located near the low speed entrainment 
regions of the flow at three nozzle diameters from the jet exit, and propagate at steep angles away from the 
jet axis: their intensity rapidly decays beyond this angle. Furthermore, both figures depict free shear layers 
that remain steady up to about three nozzle diameters from the jet exit plane, after which turbulent vortical 
structures begin to form. Mixing initially occurs in the annular shear layer and eventually extends until it 
fills the entire jet at a distance of about 7Dj, at which point, the potential core collapses. These Mach waves 
are classified as a component of the turbulent mixing noise produced by supersonic jets and act to produce 
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highly directive sound waves along the Mach wave radiation angle.2 The steady behavior of the free shear 
layer is expected within the first few diameters due to the very nature of the simulation: the mixing is in 
fact triggered through a perturbation of the exiting flow. Shock cells are observed and comprise both oblique 
and expansion waves that form diamond shaped patterns that remain visible until the end of the potential 
core region around 8Dj. Expansion and contraction of theses cells due to interactions with the turbulence 
in the shear layer and hydrodynamic core results in broadband shock noise. 

A.    Model validation 

An effort is made to compare the statistical properties of the near and far-field predictions to concurrent 
measurements of the same flow acquired at the NCPA of the University of Mississippi. A more thorough 
review of these measurements can be found in Murray et al. (2012)12 who showed the effect of a ceuterbody 
and faceted internal geometry on the near and far-field pressure. In particular, the center-body was found to 
increase the broadband shock noise signature registered by both near and far-field microphone arrays located 
at steep and sideline angles to the jet axis. A comparison of the total pressure along the centerline of the 
jet between model and experiment is shown in figure 3a using measurements from a pitot probe comprising 
a 3.175 mm hole. Both data sets have been adjusted as needed using normal shock corrections. The LES 
appears to properly capture the shock cell spacing within the first six diameters, albeit the model depicts 
a shorter potential core downstream. This is attributed to the courser grid used to model the downstream 
regions of the flow as seen in figure lb and was done in an effort to reduce computational cost. The effect 
of the center-body on the shear layer growth and potential core length is shown in figure 3b to have only a 
minor effect. 

(a) (»>) 

Figure 3.   Comparison of (a) total pressure along the centerline of the jet and (b) radial profiles of the total 
pressure at various positions downstream of the nozzle. 

As for the far-field pressure, a comparison of the OASPL and SPL are shown in figures 4a and 4b, 
respectively. The predicted OASPL appears to agree with laboratory measurements to within 2-3dB or so 
and over a broad range of angles. The more rapid drop off at shallow angles is attributed to the shape and 
placement of the Kirchhoff surface. A closer inspection reveals how the prominent directivity resides around 
45° to the jet axis. An estimate of the Mach wave radiation angle in table 1 was found to reside at 60° to the 
jet axis. This suggest that the source region is located downstream of the jet exit in the post-potential core 
regions of the flow. Likewise, a prediction of the peak frequency in the SPL at the peak directivity observer 
location is shown to resemble the measured spectra. Elevated noise levels found in the higher frequencies 
are attributed to artificial noise. 

IV.    Preliminary results 

For the time being, only a slice of the sound production indicator obtained from direct application of (7) 
to the LES is presented. This is shown in figure 5 along the center plane of the jet axis. The supposed sound 
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(a) (b) 

140 v 

90 
9 [deg] 

Figure 4.  Comparison of (a) OASPL and (b) SPL at B = 45° and r/Dj = 55 between experiment and LES model 
prediction. 

indicators are shown to reside along the lip line of the nozzle where turbulence kinetic energy is expected to 
be greatest. This demonstrates the physical significance of this metric, albeit, a scrutiny of these results is 
currently underway, the findings of which will be the focus of the final paper. Likewise, application of this 
metric to a fully three-dimensional LES is currently underway, as well as methods for reducing artificially 
generated noise produced by the double divergence of the model parameters. The elevated noise produced 
by the double divergence of the velocity field is greatest near the nozzle exit where the ratio of the turbulence 
length scale to grid scale is small. The full paper will encompass an effort to better understand this new 
sound production indicator in order to determine its usefulness in upcoming PIV studies to be performed at 
NCPA of the same high speed jet flow. 

10 12 

Figure 5.   Instantaneous snapshot of the sound production indicator along a slice of the jet. 
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VI.    Appendix 

Below are presented the calculations and simplifications of the double divergence formula (5) that leads 
to (C) and the new formula (7). 
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First we develop every right-side term of (5) for the three spatial velocities : 

düj 
~Ujk'dx:Uk 

düj düi 

and so pursuing by developing the terms for the three spatial velocities : 

düi ,dü     dv. dw     du 

dx 

as til« vorticity is defined as such 

' dx      dz 
dv     dw. 

dz 
-(ul + wl+v2,), 

Uk 
düi 

dxi     dij 

_ uitj 

(8) 

(9) 

(10) 

Now we develop the second term of (5) : 

- duk      ., duz      duly ,du„ 
v{-bT--dx-) + w{-dx--—) 

du>x 

dy 

d2w d2v      ^w__S^ü__dH      .   d2ü 
dxdy     dxdz     dy2      dz2 dxdy     dydz 

d2ü     a2o 
dxdz     dzdz 

~y2 

d2W 

dx2 

dz2' 

d2w 

dy2' 

d2v     d2v 
dx^'dl2' (ID 

now we can use the assumption of incompressibility to use the fact that every derivative of the divergence 
of the velocity is equal to zero. Therefore we have : 

d2ü d2v d2w 
dx2 ~ dxdy dxdz 

d2v d2ü d2w 
dy2 ~ dxdy <>!/<): 
d2w d2ü d2v 
dz2 dzdx dzdy' 

(12) 

and we can replace second derivatives in (11) in order to obtain : 

. duik ..ä2ü     d2ü     d2ü       ..d2v     d2v     92S       .,d2w     d2w     d2w 

-liikU>dx- = -uiw + w+-bT2)-v{dT2 + dT2 + di;)- w(^ + W + ~d?]- 
Then we develop the dynamic pressure term (neglected in Seiner's approach): 

(13) 

lft|_l«   d2ü2        d2ü2        d2V2       d2V2        d2V2 

2 dx2  ~2(dx2 + dy2 + dz2 + dx2 + dy2 + dz2 + dx2  + dy2 dz3 ) 

.du,,     .dv.n     ,dw.7     ,dü.n     .90,,     ,dw.n     ,9ü,2     ,9ü,2     ,dw.2 

= ^   + (Tx]  + < to >' + {Ty]  + W  + V  + (&>  + (&>  + (~z] (14) 

+ u[dT2 + 

2ü     d2ü     d2ü. 

<j2 + dz2 

_,d2v     d2v     d2v.      ,.d2w     d2w     d2w 
dx2      dy2     dz2 1 dx2      dy2      dz2 

Finally we can notice that by doing the summation of the different terms in (5) and by developing 
the square of the different vorticities we get the following expression which correspond to (6) in Einstein 
notations: 

d2{ü,üj) 
9ii9ij <2^ (-) dw, 

2 

du dv       di dw       dw du 
dy dx       dz dy        dx dz 

düi ( düi \ 
= l-kdT1

ulk+\dx-) ■ 

(15) 
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This formulation reveals the presence of the strain and rotational tensors and allows to make an analogy 
with Seiner's theory in (??). Nevertheless there is a way to obtain a more convenient formula for post- 
processing the data of the LES by using again the incompressibility assumption. In fact we can consider 
that the square of the velocity divergence is equal to zero : 

,dü     dv     dw.2 
{Tx + Ty + T2

]  =0 

flu 2      dv 2     .dw.2_      düdv       dvdw       dwflu 
{dx'  +(tV   +(Ä7)   ~~  fl^flj/-   fl^fll"   "flTflx"' 

(16) 

The next step is to insert (16) into (15) to get : 

d2(üiüj) düdv     düdv dvdw     dvdw .dwdü     dw du .    . 
diidxj   ~   (&y'dx'~~dx'dy) +   (öJ"fl7 " dy"dz' +   (dx~~dl ~ Ihdx'' (    ' 

which corresponds in Einstein notation to the final convenient formula (7) : 

d2 ("■">)     2,d"*d"j     düjdüj 
dxidxj dxj flxi     Ax; dxj 
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An empirical model for predicting the presence of cumulative nonlinear distortions in the 
acoustic waveforms produced by high speed jet flows is proposed. The model accounts 
for the effects imposed by jet exit conditions of practical interest and is based upon his- 
torical relationships to determine the ratio between shock formation distance and viscous 
absorption length. The model is shown to scale with Mach number, temperature ratio, 
Strouhal number and an absolute observer distance relative to a broadband Gaussian 
source. Surveys of the far-field pressure produced by a laboratory-scale, shock free and 
unheated Mach 3 jet flow are used to support the findings of the model. These acous- 
tic waveforms are acquired on a 2D grid in an acoustically treated and range-restricted 
environment. Various statistical metrics are employed to examine the degree of local 
and cumulative nonlinearity in the measured waveforms and their temporal derivative. 
This includes the number of zero crossings, a wave steepening factor, Skewness, Kurtosis, 
the Morfey-Howell nonlinearity indicator and an application of the generalized Burgers 
equation. It is advocated that in order for the Morfey-Howell indicator to be used as an 
investigative tool for the presence of cumulative nonlinear waveform distortion, that it 
be applied as a multi-point indicator along a propagation path that abides by spherical 
spreading laws. 

Key words: 

1.  Preface 

In supersonic jets, an extended line of distributed sources act in compliance to gen- 
erate and propagate noise in a complex manner to an observer far away from the jet. 
Nonlinear distortion of the acoustic waveform is often considered a prerequisite to un- 
derstanding this propagation process. This is driven by one's capture of 'shock-type' 
structures or so called 'N-wave' like signatures in the pressure waveform, which are 
generally attributed to nonlinear wave steepening. Likewise, imperfect collapse of the 
spectra between an observer signal and a prediction, formed from a linear rescaling of 
the closer signal (using 1/r2 dependence), is also often believed to be caused by nonlinear 
distortion. Unfortunately, these observations are most often made using measurements 
acquired in a range-restricted environment where changes to the waveform, due to cu- 
mulative nonlinear distortion, are too small to be accurately quantified, and/or without 
prior knowledge of the sound propagation path. The current work aims to fill this gap 

t Email address for correspondence: baars@utexas.edu 
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by exploring the acoustic field produced by an unheated, perfectly expanded, Mach 3 
jet in a laboratory-scale environment, of which there are several scientific advantages. 
Foremost, the nozzle produces a shock-free flow when operated at its design point which 
eliminates the other sources of supersonic jet noise associated with screech and broad- 
band shock noise. Furthermore, the convective and acoustic Mach numbers for this flow 
are 1.4 and 1.8, respectively, which ensures the formation of strong Mach waves; this 
ultimately increases the level of waveform distortion. 

The study is broken into two parts. Part 1 focuses on a time-averaged approach to 
understanding the degree of non-linearity in the acoustic waveform at several far-field 
observer positions. Various "off-the-shelf indicators are explored including a new model 
for predicting the presence (or lack there of) of cumulative non-linear waveform distortion 
in the signal. In part 2, temporal changes to the waveform are preserved in order to 
explore the signal in terms of its time-frequency distribution. This is done in an effort 
to filter out the distorted acoustic waveform from the background signatures in order to 
better understand the statistical properties of these shock-type structures. 

2. Introduction 

2.1. A review of research on supersonic jet noise 

Several experimental and numerical studies have been conducted over the past four 
decades to understand the noise produced by supersonic jet flows. These have com- 
prised a plethora of conditions including temperature effects, perfectly and imperfectly 
expanded flows, circular, elliptical and faceted geometries, as well as multi-stream nozzle 
assemblies. Restricting one's attention to shock-free, unheated supersonic jet flows, the 
more relevant stacks of literature reduce to the laboratory-scale jet studies of McLaugh- 
lin et al. (1975), Tanna & Dean (1975), the full-scale flight tests of Morfey & Howell 
(1981) or the numerical studies of Howell & Morfey (1987), Morris (1977) and Seiner 
et al. (1994). The aforementioned work comprised spectral analysis of the far-field acous- 
tic waveform produced by jets with supersonic exit speeds based on the gas dynamic 
Mach number (Mj = Uj/aj > 1). The work of Papamoschou et al. (2010), McLaughlin 
et al. (2010) and Baars et al. (2011) comprised supersonic jets in terms of the acoustic 
Mach number (Ma = Uj/aao > 1); this definition of the jet Mach number is most rele- 
vant to the formation of Mach waves. Aside from conventional spectral analysis, Laufer 
et al. (1976), Gallagher (1982), Petitjean et al. (2006) and Veitin et al. (2011) studied 
the temporal characteristics of the acoustic pressure waveform in a laboratory (range- 
restricted) environment while Gee et al. (2008) focused on the nonlinear propagation 
effects of a full-scale static jet engine and compared the experimental data successfully 
to a numerical model based on the generalized Burgers equation. Some of the more rele- 
vant numerical studies include the large-eddy simulation of an overexpanded Mach 3.3 jet 
by de Cacqueray et al. (20116) as well as the frequency-domain algorithm for simulating 
nonlinear noise propagation by Saxena et al. (2009). Where the development of robust 
acoustic analogies are concerned, one may wish to review the work of Morris & Farassat 
(2002), Tarn et al. (2008), Tam (2009) and Morris (2009). As for rocket launch vehicle 
noise, Mclnerny (1996) and Mclnerny & Olcmen (2005) studied the formation of shocks 
found in the acoustic far-field regions of an engine during start-up; rocket acoustics has 
received considerably less attention due to the large back pressures required to produce 
these conditions. 

Unlike subsonic jets, the noise produced by a supersonic jet flow can be categorized 
into three distinct mechanisms (Tam 1995): turbulent mixing noise, broadband shock- 
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acoustic wave fronts 
travelling to far-field     "A      \  J"_£JS. 

U, 

nozzle 

x, jet axis 
large-turbulence structures moving at speed Uc 

FIGURE 1. Simplified schematic of the Mach wave radiation mechanism in the near-field of the 
supersonic jet (ambient sound speed a«, and convective speed Vc of the instability waves). 

associated noise and screech tones. The latter two occur when shock structures are present 
in the plume. It has been postulated for quite some time that turbulent mixing noise 
consists of two components. The first and most distinguishable component is generated 
by the (often supersonic) convective motion of large turbulent structures or instability 
waves that pass along the potential core region of the flow, whereas the second component 
is believed to be associated with the fine-scale turbulence within the shear layer. 

Where the large-scales are concerned, various families of instability waves have been 
observed; this was originally addressed in the work of Oertel and then later by Tarn & 
Hu (1989). One particular family of instability waves act as surface panels convecting 
at supersonic speeds that radiate waves at the Mach cone half angle: <f> = TT/2 - ß = 
IT/2 - sin-1 (ooo/f/c) as is shown in figure 1. Highly directive and intense noise pat- 
terns appear due to a radiation process known as a super directive pattern. This pattern 
forms within the zone of action where acoustic radiation becomes increasingly intense as 
the convective Mach number of the turbulent large-scale structures move at supersonic 
speeds relative to the ambient. Between the zones of action and silence, the intensity 
of these radiating waves rapidly decays. Phillips (1960) first described these radiating 
waves as 'Mach waves' and addressed the significance of Mach wave radiation produced 
by (cylindrical) supersonic shear layers. Ffbwcs Williams & Maidanik (1965) focussed 
on similar annular shear flows from the exhaust of rockets. Analytical models for the 
radiation process were developed early on by these authors, but few reliable experiments 
were available at that time to verify their accuracy. A decade later the noise produced 
by Mach waves became the subject of numerous investigations (McLaughlin et al. 1975; 
Laufer et al. 1976; Seiner et al. 1994; Tam & Chen 1994; Tarn et al. 2008; Tam 2009). This 
is attributed to the fact that the noise produced by Mach waves is the dominant com- 
ponent of turbulent mixing noise and therefore researchers have attempted to tackle this 
component in order to achieve significant jet noise reduction (Papamoschou & Debiasi 
1999, 2001). Several factors believed responsible for influencing the radiation mechanisms 
associated with Mach waves are (1) growth, saturation and decay of the instability waves 
along the jet axis, (2) the non-uniform and frequency dependent convective speeds of the 
large scale structures, and (3) additional factors such as acoustic refraction in the case 
of non-isothermal jets. While a simplified illustration of the formation of Mach waves 
from a high speed jet flow is shown in figure 1, the complexity is well visualized in, for 
example, the experiments of Clemens &; Paul (1993) on a perfectly expanded Mach 2 
helium jet or the direct numerical simulation of a perfectly expanded Mach 1.92 jet flow 
by Freund et al. (2000). Insightful snapshots of the far-field pressure produced by Mach 
waves can be seen in the recent simulations by de Cacqueray et al. (2011a). 

The other component of turbulent mixing noise, associated with the fine-scale tur- 
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bulence (Tarn et cd. 2005), causes an omni-directional propagation of sound and is the 
dominant source of noise at angles exceeding the Mach wave radiation angle. With these 
two components of noise revealed, the spectral features of the jet's far-field regions can be 
fitted to two universal, empirically derived, spectra associated with the two mixing noise 
components (Tarn et al. 1996, 2008). At shallow angles, the spectra form a low-frequency 
hump due to the presence of Mach waves in the shear layer and is referred to as the 
Large Scale Similarity (LSS) spectrum. At angles beyond the Mach angle (sideline and 
upstream angles) the shape of the spectra resorts to a more broadband shape; this is 
reflective of the broadband nature of the fine-scale mixing noise and is characterized by 
the Fine Scale Similarity (FSS) spectrum. At intermediate angles a superposition of the 
LSS and FSS spectra can be matched to the observed spectrum. 

2.2. Nonlinear acoustics 

Nonlinear distortion of the acoustic waveform emanating from the source region is often 
considered a prerequisite to understanding the noise signature produced by a supersonic 
jet. However, there continues to be a lack of consensus on how these nonlinearities are 
manifest. A common method for determining if nonlinearities are present in the waveform 
is to project the spectra acquired from a near far-field observer to a far far-field observer 
using linear metrics and to compare the projected spectra to the actual measurement at 
that location (Viswanathan 2008). If spherical spreading laws and atmospheric absorption 
effects are properly accounted for then one is led to believe that the residual between the 
projected and measured waveforms are attributed to nonlinear distortion. This however, 
requires that the propagation path be known, which is rarely the case in most laboratory 
and full-scale jet studies due to the expense of acquiring multiple observer locations. 

As a review, two types of nonlinear effects can affect the shape of an acoustic waveform, 
that is local and cumulative. Distortions that become more pronounced with propagation 
distance are considered cumulative and are the consequence of deviations in the particle 
velocity ([/) over the waveform. These distortions include wave steepening, shock for- 
mation, viscous/atmospheric absorption, shock coalescence and relaxation. Wave steep- 
ening and shock formation result in a transfer of energy from mid frequencies to high 
frequencies. Likewise, stronger shocks that travel faster than weaker ones cause shocks 
to coalesce, thereby reducing the number of zero crossings; this is reflected by a shift of 
energy from mid frequencies to low frequencies. If viscous absorption permits, an overall 
broadening of the spectrum occurs. A classic illustration of the evolution of a sinusoidal 
waveform undergoing nonlinear distortion is shown in figure 2(a). A more realistic il- 
lustration of a distorted acoustic waveform corresponding to a supersonic jet is shown 
in figure 2(b). On average, waveform compressions are much stronger and occur over 
a shorter duration of time than waveform expansions. The large positive spikes in the 
pressure derivative are an indication of this. In general, cumulative effects dominate lo- 
cal effects. The latter being instantaneous effects such as a finite displacement of the 
source and, in the theoretical case, an actual nonlinearity of the pressure-particle veloc- 
ity (impedance) relation. In the case of progressive waves, this component can often be 
neglected since the local distortion is only dominant in close proximity to the source. 

Nonlinear acoustics is necessary once the small-signal assumption used for linear acous- 
tics breaks down. That is, nonlinear terms need to be retained in the conservation equa- 
tions thereby allowing the acoustic waveform to distort (Hamilton & Blackstock 2008). 
This can be seen in the seminal work of Pestorius & Blackstock (1974) which resulted in 
the development of methods capable of applying nonlinear acoustic theory to broadband 
signals. In particular, they applied a hybrid time-frequency algorithm that numerically 
solves the generalized Burgers equation. The method takes an input waveform from a 
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Nonlinear distortion of acoustic waveforms from high-speed jets 

(a) (b) 

FIGURE 2. (a) Schematic of the distortion of an initial sinusoidal waveform with frequency / 
during nonlinear propagation including viscous absorption. A non-dimensional retarded time 
(T = t — x/ooo) is used on the x-axis. (b) Typical acoustic waveform of broadband jet noise (top) 
having instances of sharp compressions followed by gradual expansions. The time derivative of 
the waveform, p, shows spikes where sharp compressions in the waveform occur (bottom). 

near far-field microphone and predicts the waveform at a position further out. The hy- 
brid Burgers equation takes into account atmospheric absorption, molecular relaxation 
losses, nonlinearities, dispersion, and geometrical spreading and is written as follows: 

dp ß 
2Poa

3
0 

dP2      ,   r i      1 •—+W{P}-;P, (2.1) 

where p is acoustic pressure, r is the coordinate along the propagation path, ß = (7+l)/2 
is the coefficient of nonlinearity, po is ambient density, a,*, is ambient sound speed, 
T = t - x/ooo is retarded time, and tpT is the atmospheric absorption and dispersion 
operator. The algorithms propagate input time waveforms in a stepwise manner by first 
applying a nonlinear distortion step using the Earnshaw solution (Hamilton & Black- 
stock 2008). Absorption, dispersion, and geometrical spreading losses are then accounted 
for in the frequency domain. Given sufficiently small spatial steps the time and fre- 
quency domain steps can be treated independently. In addition, the algorithm can be 
formulated to perform both linear and nonlinear predictions of the input waveform. For 
linear predictions, the first term on the right hand side of (2.1) is removed, thus allow- 
ing the propagation of the waveform between the first and second observer points to be 
fully calculated in the frequency domain and in one simple step. Pestorius & Blackstock 
(1974) focused their study on the propagation of a broadband noise pulse emitted by a 
high-intensity source in an air-filled progressive plane wave tube. Excellent agreement 
was achieved between the measured and computed waveforms at various locations down- 
stream of the source. It was the first ititroduction of an algorithm capable of propagating 
arbitrarily shaped waveforms in one dimension while incorporating shock formation and 
relaxation effects. 

Application of the generalized Burgers equation to problems in jet noise, however, 
has had limited success. Beginning with the pioneering work of Ffowcs Williams et al. 
(1975), the lack of cumulative waveform steepening in the pressure waveform was at- 
tributed to low amplitude levels at the source (based on private communication between 
Blackstock and Ffowcs Williams). Only in recent years, has a successful execution of 
this algorithm been performed on high speed jet flows and can be found in the work 
of Gee et al. (2008). In response to earlier failed attempts at using the generalized Burg- 
ers equation to study nonlinear distortions in the acoustic waveform from high speed 
jet flows, alternative methods where developed. One such approach can be found in the 
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work of Howell & Morfey (1987) who derived a nonlinear indicator based on (2.1); this is 
commonly referred throughout the literature as the Morfey-Howell indicator. In essence, 
this indicator is a measure of how the energy in the power spectrum is redistributed 
due to nonlinear distortion. A short coming of this indicator is that it requires one to 
compute the normalized quadrature spectral density whose amplitude is highly sensitive 
to the shape of the signal's Probability Density Function (PDF). We will show later on 
how successful execution of this technique to problems in jet noise demands a measure 
of the Morfey-Howell indicator at multiple points along the propagation path, which is 
rarely found in the literature. An extensive discussion and application of this indicator 
is presented in § 6.2.1. 

Another widely used approach to study the nonlinear propagation of sound from high- 
speed jet flows involves computing near-field/far-field correlations using higher-order 
spectral analysis methods. Originally developed by the systems identification community, 
these techniques are designed to quantify nonlinear coupling in a single-input/output sys- 
tem. These bispectral methods identify nonlinearities by computing the quadratic bico- 
herence, which is essentially the second-order variant of the well-known linear coherence. 
By applying these techniques one can essentially identify the frequencies at which two 
signals are linearly and nonlinearly related (Gee et al. 2005, 2007a). Since the bispec- 
tral technique is an identification technique and does not provide the direct capability 
of estimation and prediction, another technique, developed in the field of system identi- 
fication, was introduced which started with the work of Tick (1961). This higher-order 
estimation technique was presented recently in a paper by Baars et al. (2010) where it 
is combined with proper orthogonal decomposition to allow the application of this tech- 
nique to sets of sensors in the near-field and far-field, thereby eliminating the limitation 
of single-sensor analysis. It is a promising technique but due to current limitations in 
processor power, the technique is confined to second order (quadratic) systems and low 
frequency resolution. A second difficulty arises due to convergence issues of higher-order 
spectral moments which casts doubts on one's ability to reveal the true nature by which 
the nonlinear distortion is manifest. 

2.3.  Overview of current study 

While a great number of surveys have focused on noise from supersonic jets in general, 
very few have attempted to investigate nonlinear acoustic phenomena in a spatial domain 
covering the near- and far-field acoustic regions. Moreover, no studies have explicitly 
addressed the relationship between local and cumulative nonlinear acoustic distortion. In 
an effort to address these questions, the current study focuses on detailed measurements 
of the acoustic far-field regions of a perfectly expanded (shock-free plume) Mach 3 jet 
flow. This eliminates screech and the noise produced by turbulence interactions with 
shock cells. Aside from the rocket engine noise studies of Mclnerny (1996), Varnier (2001) 
and de Cacqueray et al. (2011a), the Mach number chosen for this study is not typical 
of commercial or military aircraft engines, and bears little relevance to most practical 
systems of engineering interest. However, the high Mach number results in a convective 
and acoustic Mach number around 1.4 and 1.8, respectively, which ensures the strong 
formation of Mach waves. We believe this can provide insightful information about how 
the sound propagates from lower supersonic Mach number jets, and even subsonic jet 
flows. 

The measurements comprise temporal acoustic pressure waveforms acquired on a grid 
in the (x, r)-plane in order to quantify the topography of time-averaged signatures in the 
far-field of the jet. The study is unique in the sense that sufficient spatial information is 
available in order to make valid conclusions regarding propagation trends. This opposes 
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the majority of the studies where spatially isolated measurements along a single array or 
single point are considered. In the first part of the manuscript, § 4, the spectral features 
of the sound field from this Mach 3 jet are described and are shown to comprise expected 
trends when compared to published literature. This is followed by a discussion in § 5 
which focuses on the difficulties associated with studying cumulative nonlinear propa- 
gation in a laboratory-scale (range-restricted) environment. A unique scaling model is 
proposed that allows one to predict useful indicators of cumulative nonlinearities and 
the relationship between laboratory- and full-scale experiments. It is inferred from this 
model that significant cumulative nonlinear distortion is most likely absent in our far- 
field data set. Proof of this is shown in § 6 using two correlation studies, waveform 
analysis (by means of a numerical hybrid-time frequency prediction code, see § 2.2) and 
application of the Morfey-Howell indicator at several points along the propagation path. 
Finally, in § 6.2.2, the locally distorted waveform is analyzed by means of time-averaged 
(statistical) metrics and it is concluded that shock-type waveform structures are solely 
present in the Mach cone and that the signatures are most intense at the Mach angle, 
where Mach wave radiation dominates. 

3. Experimental arrangement 

3.1. Facility 

Experiments were performed in a fully anechoic chamber and open jet wind tunnel located 
at the J.J. Pickle Research Campus of The University of Texas at Austin. A plan view of 
this facility is shown in figure 3. Interior dimensions of the anechoic chamber (wedge tip 
to wedge tip) are 19 ft(L) x 15 ft(W) x 12 ft(H). The acoustic wedge design comprises 
18 in of fire retardant melamine foam backed by a 4 in air cavity followed by 5.5 in 
of recycled cotton fibre. This level of treatment provides 99% normal incidence sound 
absorption for frequencies above 100 Hz, based on impedance tube tests performed at 
ETS Lindgren (Cedar Park, Texas). As for the wind tunnel, entrained air is allowed to 
enter the chamber through a 4 ft x 4 ft opening behind the nozzle jet rig which then 
exhausts through a 6 ft x 6 ft acoustically treated eductor on the opposing wall. A set 
of turning vanes redirect the exhausted flow through an acoustically treated square duct 
before being drawn out by a 500 HP vane axial fan. The vane axial fan prevents flow 
recirculations from forming inside the chamber while the turning vanes prevent fan and 
other outside contaminating sources of noise from entering the chamber. 

A custom fabricated jet rig allows different nozzle configurations to be tested and is 
installed along the centreline of the wind tunnel and chamber, as is shown in figures 3 and 
4(a,b). Pressurized air is supplied to this jet rig by a 2,700 p.s.i.g. compressor attached 
to 140 ft3 (4.25 m3) of water volume storage that discharges through 4 in carbon steel 
piping capable of transporting dry air at 2,100 p.s.i.g. On top of the jet rig, the 4 in 
pipe line diverges into a 6 in inner diameter settling chamber. This settling chamber 
is located immediately upstream of the nozzle mounting flange and houses a Corning 
Celcor®, ceramic flow straightener (400 square cells per in2 substrate) that conditions 
the flow before entering the nozzle contraction. 

Nozzle pressure ratios (NPR) are regulated using a 3 in pneumatically actuated con- 
trol valve governed by a control algorithm; this uses a National Instruments (NI) Com- 
pactRIO system. Test conditions are monitored and recorded using this Compact RIO 
system during each run. These include barometric chamber pressure (p<x>), temperature 
(Too) and humidity, total pressure (p0) and temperature (To) in the plenum, as well as 
storage tank pressure. 
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turning vanes    ^Jj      yk 

*1 

FIGURE 3. Plan view of the multidisciplinary fluid dynamics facility at UT Austin with the 
nozzle test rig installed. The microphone locations (projected on the (x, y)-plane) during the 
grid measurements are indicated by the dark circles. 

FIGURE 4. (a) Arrangement of the chamber during grid measurements of the far-field acoustics, 
(b) The Mach 3 MOC nozzle, with contraction, mounted to the 06 in settling chamber. 

The test article used for this study was designed using the Method of Characteristics to 
have an exit gas dynamic Mach number of Me = 3.00 (total temperature, To = 273.15 K, 
ratio of specific heats, 7 = 1.4, specific gas constant of air, R = 287.05 J/kg/K). The 
exit diameter was constrained to 1 in (25.4 mm) resulting in a throat to exit length 
of 2.30 in. All measurements were performed with the nozzle operating under perfectly 
expanded conditions; a nozzle pressure ratio of NPR = Po/Poo = 36.73 was required to 
achieve this shock-free flow. The associated mass flow was computed to be 1.04 kg/s. 
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(a) 

Grid measurements: (in tp = —38.5° plane) 
x/Dj = [5,145], Ax/Dj = 10 
r/Dj = [25,95], Ar/Dj = 10 

z 
:r      fV 

r 

(b) 
Line-array measurements: 

(plane: p = — 38.5° j 

x, jet axis 20D 

4, p = 140Dj 
3, p = 120Dj 

2, p m gODj 

l,p = 60Dj 

x, jet axis 

FIGURE 5. (a) Jet coordinate system and positioning of the 2D microphone grid relative to 
the nozzle exit plane, (b) Coordinate system and positioning of the four-microphone line-array 
radiating from x = 20Dj. 

The convergent-divergent nozzle piece was attached to an additional contraction (6 in to 
2 in diameter) which was mounted to the settling chamber as is shown in figure 4 (b). 

3.2. Instrumentation 

Acoustic data was acquired using four 1/4 in prepolarized, pressure-field, condenser mi- 
crophones (PCB, model 377B10 and matching preamplifiers model 426B03). The micro- 
phones have a frequency response range of 4 Hz to 70 kHz with ± 1 dB error up to 20 kHz 
and a dynamic range of up to 170 dB (re 20 p.P&). A NI-PXI-1042Q system (low 43 dBA 
acoustic emission) embedded with an eight channel NI PXI-4472 module provided the 
necessary IEPE conditioned power (27 VDC and 4 mA) to operate the microphones all 
the while conditioning the input signal to eliminate aliasing prior to digitization (filter 
roll-off occurs at 0.84 of the Nyquist frequency). All four channels were acquired syn- 
chronously at a rate of 102.4 kS/s with 24 bit resolution for a minimum of 220 samples. 
Microphone diaphragms were oriented at grazing incidence to the acoustic wave fronts 
at all times (plane of the diaphragm intersecting the complete jet axis; see Viswanathan 
2006) and with grid caps removed. Two different microphone configurations were used: 
a 2D grid in the jet center plane (identified by dark circles in figure 3) and, a line-array 
positioned strategically along the Mach cone half angle radiating from the post potential 
core region at x = 20Ö,. Coordinates for the 2D grid and line-array are provided in 
figures 5(a) and 5(b), respectively. 

3.2.1. Planar grid measurements. 

The planar 2D grid measurements were acquired on a (x,r)-plane oriented at an angle 
of ip = —38-5°. This uniform grid spanned from 5 Dj to 145 Dj in the axial direction and 
from 25 Dj to 95 Dj in the radial direction with a spacing of Ax = Ar = 10 Dj. The 
furthest microphone position was located at |f| = 173.3 Dj and 9 = 33.2°. A translatable 
array was constructed that supported the four microphones and was re-positioned in 
between runs to capture the acoustic data at all grid positions (figure 4 a). 

In order to facilitate subsequent discussion, several grid points were selected in order 
to form both line and arc arrays of acoustic observers. Figure 6 provides a visual map- 
ping of these observer points. The first of these comprised eight microphones forming 
an 'artificial' arc-array at p = 100 Dj ± 1.5% and centered at x = 20Dj. The precise 
location of these eight acoustic observers are listed in table 1 and are further denoted 
by microphones 1 to 8. Several lines radiating from x = 20£>j were then formed, la- 
beled A-G in figure 6. Subsequent discussions employ subscripts (increasing with out- 
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mic # 1 2              3             4            5            6            7 8 
(x,r)/D, 
4> [degr] 

P/Di 

(115,25)   (115,35)   (105,55)   (95,65)   (85,75)   (75,85)   (55,95) 
14.7          20.2         32.9       40.9       49.1        57.1       69.8 
98.2         101.2        101.2       99.3       99.3      101.2      101.2 

(45,95) 
75.3 
98.3 

TABLE 1. Locations of microphones (8) used to form an artificial arc-array 
x = 20Dj. 

centered at 

(G)     (F)                   (E)               (D)       (C) 

(R) 

71 

il 

(A) 

a 
25 '•■.'''/  ■•',/' .\'       ■-'""'  '.          •'• 

(H).-i:; /::-v\.A--'''      \      • 

..'*'  ■>£-'••"'"      i           i      • 
0 3      15    25    35    45    55    65    15    85    95    105   115  125  135  145 

X/Dj 

FIGURE 6. Microphone observer positions used to construct various line arrays labeled A-H. 
Lines A-G (D) radiate from a point at x/Dj=20; line H (A) radiates from the nozzle exit plane. 
An 'artificial' arc-array (o) at p = 100 Dj ± 1.5% is centered on x = 20Dj. 

ward radial distance) to indicate which microphone is being used. For example, mi- 
crophone Ci is located at (x, r) = (95,75) Dj. Furthermore, lines A-G are angled at 
4> = [22, 35, 45, 52, 65, 86, 94]°, respectively. A final line, H, highlighted in figure 6, 
originates from the nozzle exit plane. 

3.2.2. Line-array measurements. 

After processing the 2D planar grid measurements, the sound propagation path was 
found to emanate from the post-potential core region near x = 20 Dj, and along a path 
oriented at 45° from the jet axis. A line-array of four microphones was then installed and 
positioned so as to follow this path. As can be seen from the coordinates that are provided 
in figure 5(b), all four microphones were positioned at one azimuthal angle ip, as opposed 
to the work of Petitjean & McLaughlin (2003) for example. This in-line placement is 
necessary in order to perform coherence studies and waveform analyses (§ 6.1 & § 6.3) 
along this path. It is believed that the sound propagation is not obstructed by upstream 
microphones due to the 1/4 in tube supports. 

3.3.  Test Conditions 

Experiments were conducted over a duration of three days during late Autumn time 
conditions in Austin, Texas. Weather patterns produced high levels of relative humidity 
(RH) for the first, (75%, see figure 7) and second (63%) days of testing which eventually 
dropped to 48% by the third day. These conditions were monitored periodically through- 
out the duration of the experiments and are summarized in table 2 using subscripts 
j, co, 0 to denote jet-exit, ambient and stagnation conditions, respectively. Column 'grid- 
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FIGURE 7. The Mach 3 jet plume being visualized by water vapor during a run with 75% 
relative humidity. 

array (day 1)' corresponds to the measurements performed in the range x = [5,95] Dj, 
r = [25,95] Dj, whereas column 'grid-array (day 2)' pertains to the remaining sec- 
tion of the grid: x = [105,145] Dj, r = [25,95] Dj. Jet exit conditions were calculated 
from standard isentropic relations using an estimate for the dynamic viscosity based on 
Sutherland's law, 

ßj   _( Tj \3/2Tref+s 

Href        \TrefJ Tj + 8 
(3.1) 

where ßref = 1.716 • 10"5 Ns/m2, Tref - 273 K and s = 111 K for air. Other relevant 
non-dimensional parameters are provided in table 2. 

A useful metric for predicting the formation of Mach waves in a jet is known as the 
Oertel convective Mach number, denoted Mco. This non-dimensional parameter is de- 
termined from Mco — (Uj + 0.5<Zj)/(aj + a^). If Mco < 0.75 then Mach waves are 
non-existent, for 0.75 < Mco < 1 the Mach waves are in their developing stages, and for 
Mco > 1, Mach waves are expected to be fully developed. Upon inserting the conditions 
from table 2 into this expression we obtain a value of Mco = 1.31, which suggests that 
these conditions are more than adequate for generating strong Mach waves. 

3.3.1. Convective velocity. 

The convective speed of the prominent hydrodynamic instability waves are a prereq- 
uisite for calculating the Mach wave radiation angle. Here we have chosen to assume 
Uc = 0.80 Uj and was motivated by the findings of McLaughlin et al. (1975) and Troutt 
& McLaughlin (1982) who showed phase velocities of the axial instability waves to be of 
this magnitude over a broad range of wave numbers; similar findings were reported by 
Kcrherve et al. (2006). Norum & Seiner (1982) on the other hand, achieved reasonable 
results using 0.7 Uj. A recent study by Tinney et al. (2008), based on near-field pressure 
and velocity correlations, has also shown how low-mode number disturbances, residing 
on the high speed sides of the annular shear layer, convect at speeds near 0.8 Uj. These 
low mode-number events correlate well with the far-field pressure (Hall et al. 2009). 

4. Basic acoustic-field observations 

4.1.  Statistics 

The spatial topography of the overall sound pressure level (OASPL) obtained from the 
planar grid measurements is presented in figure 8. Experimentally acquired contours can 
also be found in the literature (Potter & Crocker 1966; McLaughlin et al. 1975; Gallagher 
1982; Varnier 2001; Greska et al. 2008), but none with the range provided here (up to 
x = 145 Dj and r = 95 Dj). The classical heart shape pattern and cone of silence 
are observed. A strong intensity gradient centred along 0 = 45° (initiating from the 
jet exit) is also observed and supports the notion that Mach wave radiation intensity 
decays rapidly beyond the Mach wave radiation angle. Furthermore, the 'edge' remains 
distinct with outward distance, up to, and likely beyond the range of consideration. 
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NPR = po/poc 

TJ Poo  [kPa] 
I To [K] 

Too [K] 
a      RH [%] 

Ti [K] 
a.j [m/s] 

Ooo [m/s] 
Ui  [m/s] 

| fe = UJ/DJ [kHz] 
| Tj/Too 
U Poa/Pj 
8 Re, 

Uc = 0.80Uj  [m/s] 
Ma = Uj/aoo 
Mc — Ue/aoo 

<j> [degr] 

grid-array (day 1) 

100.7 
291.2 
293.3 

75.4 

104.0 
204.4 
343.3 
613.3 

24.1 
0.35 
0.35 

7.4 • 106 

490.6 
1.79 
1.43 
45.6 

-array (day 2)  line-array (day 3) 

3.00 ± 1% 
6.73 ± 4.5% 

100.8 101.2 
286.2 285.1 
287.2 287.5 
63.2 48.2 

102.2 101.8 
202.7 202.3 
339.7 339.9 
(i(IS.l) 606.9 
23.9 23.9 
0.36 0.35 
0.36 0.35 

7.6 • 106 7.6 • 106 

486.4 485.5 
1.79 1.79 
1.43 1.43 
45.7 45.6 

TABLE 2. Summary of the experimental conditions (measured) for the microphone grid-ar- 
ray and line-array measurements (Af, was controlled to be the fully expanded Mach number 
Mc = 3.00). Computed jet parameters are indicated in the 'calculated' section. 

0 5 15    25    35    45    55    65    15    85    95   105 115  125  135  145 

xfDi 

FIGURE 8. Contours of constant Overall Sound Pressure Level (OASPL) in dB, pre/ = 20 pPa. 
Contour lines of the original grid are interpolated (spline) by a factor of 10; original grid has 
uniform spacing of 10 D3. Superposed are the grid points used to construct the artificial arc-array, 
and the line-array measurement locations are indicated. 

These observations, in combination with the suggestion that the direction of peak sound 
intensity coincides with the radiation angle (Tarn et al. 1992), justifies the assumption 
for the convective speed of the instability waves responsible for generating Mach waves: 
Uc=0.80Uj (see§ 3.3). 
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FIGURE 9. The OASPL as function of the jet axial coordinate for all radial positions. The solid 
gray circles indicate a simple linear spreading model that initiates at the position of maximum 
OASPL. Each circle is located at the subsequent r/Dj position and the orientation of this model 
is <t> = 45°. 

OASPLs are presented in figure 9 as function of the jet axial coordinate for all ra- 
dial positions. A simple linear spreading of the OASPL, superposed all other trends, is 
shown as a dashed line with solid markers. The spreading originates from the estimated 
point of maximum OASPL (x/Dj = 40, r/Dj = 25, OASPL = 144 dB) and has an 
orientation of <p = 45°. By comparing the solid markers {r/Dj grid locations) to their 
corresponding experimental OASPL curves at that r/Dj location it can be concluded 
that the actual spreading rate along the peak OASPL path is nearly linear. A subtle 
deviation is expected due to contributions from axially distributed noise sources residing 
in the pre- and post-sound intensity regions of the flow that contribute acoustic energy 
to the peak propagation path regions of the far field. Nonetheless, the close resemblance 
of a 1/r2 decay law along the peak OASPL path justifies two important assumptions 
that are required of subsequent analysis. The first is that measurements along the peak 
OASPL path can be considered to have been taken in the acoustic 'far-field' regions of 
the jet flow while the second is the peak OASPL path is the propagation path for the 
dominant sources in the flow. 

4.1.1. Core lengths of the jet 

It is known that the most intense sound producing region of a jet flow occurs in 
the post-potential core. No centreline data is available for the current study, and so, 
empirical formulations are used to determine the potential core length (Lc — xc/Dj) 
and the length of the supersonic region (Ls — xs/Dj). Nagamatsu & Horvay (1970) 
showed that Lc = 5.22M?-90 + 0.22 and L, = 5Mj-8 + 0.8 worked well for a broad set 
of conditions; the jets were mostly operated in near-perfectly expanded conditions and 
encompassed unheated and high temperature jets with exit diameters ranging between 
1 in and over 40 in. Upon applying these empirical relations to the current set of data, we 
obtain Lc = 14.3 and Ls = 36.9. It was further shown (Nagamatsu & Horvay 1970) that 
the location of most intense sound generation (Lp — xp/Dj) resided just upstream of 
the sonic point in the so-called transition region, but always downstream of the potential 
core; Lc < Lp < Ls. These observations were based on measurements of the pressure 
fluctuations and acoustic power output along the axis of the jet. Varnier (2001) later 
extended the empirical model of Nagamatsu & Horvay (1970) and concluded that the 
estimate of Nagamatsu & Horvay (1970) for Ls was adequate in describing the most 
pronounced sound source location. However, Varnier (2001) found that for a slightly 
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model 
Nagamatsu & Horvay (1970) 

Varnier (2001) 
Greska et al. (2008) 

Witze (1974) 
current experimental data 

L, 
14.3 
13.7 
17.1 
18.3 

14.5 

17.5 

L. 
36.9 
36.9 

TABLE 3. Potential core length, location of most intense noise production, and length of the 
supersonic region for the Mach 3.0 jet according to various models. 

overexpanded jet, Mj = 2.8 (Me = 3.3; Me being the design Mach number), Lp resided 
further upstream at Ls/Lp w M" with a = 0.85, and that the potential core length was 
estimated by Ls/Lc « M°'9. For the current study, this results in estimates of Lp — 14.5 
and Lc = 13.7. 

Surprisingly, the jet temperature does not appear explicitly in the previous formula- 
tions. Thus, discrepancies are expected when large variations in jet exit conditions are 
analysed. In an effort to overcome this deficiency, Greska et al. (2008) suggested that 
Lc — 3.134exp(1.043Mj - Mc); variations in jet temperature were now accounted for 
by way of a convective Mach number. Once again, for the current study of an unheated 
jet, this results in Lc = 17.1. Lastly, we consider the model proposed by Witze (1974), 
which governs only supersonic unheated jets, and from which we estimate the poten- 
tial core length in the current study to be Lc = 18.3. This last model was described 
in more detail by Baars et al. (2011), including a discussion of the adaptations of the 
Witze (1974) model by other authors attempting to account for supersonic heated jets. A 
recent large-eddy simulation of a slightly overexpanded and slightly heated (Tj = 360 K) 
Mach 3.30 jet by de Cacqueray et al. (2011a) found Lc = 10 (based on locating the point 
where U = 0.90 Uj), Lp = 12.5 and Ls = 18. These numbers fall short of the empirical 
models previously mentioned and may be attributed to both the elevated temperature 
used in the simulation (this is known to reduce Lc; see Baars et al. 2011) and, the first 
set of overexpansion shocks (causing the flow to deflect towards the jet axis and further 
shortening the core length). 

A summery of the results obtained from these aforementioned models is provided in 
table 3. An estimate for the location of maximum peak pressure fluctuations, obtained by 
way of linear extrapolation of the peak OASPL, has also been included for comparison. 
Visual inspection of figure 8 suggests that Lp = YJ.bDj is reasonable and will be used 
throughout the remainder of the analysis. 

4.2. Spectral Distribution of Sound 

Estimates of the one-sided Power Spectral Densities (PSD's) from points located on the 
artificial arc-array (table 1) are presented in figure 10 using a frequency resolution of 
Sf = 12.2 Hz (A5<D> = 5.1 ■ 10-4) and N = 8,192 samples per bin. Low frequency 
wiggles (Stpj < 0.03) are attributed to reflections from the chamber walls based on 
the first fundamental frequencies identified in the spectra and the distance from each 
observer position to the chamber wall. 

Additional spectra are presented in figure 11 and are computed by first scaling each 
point to p = 100 Dj and then averaging points that share the same azimuthal position for 
a given spreading line (A to G). The scaling involves a simple linear spreading concept 
and does not include corrections for humidity. An illustration of this process is shown 
in figure 12(a) for microphone observers located along line C and are shown to overlay 
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FIGURE 10. Pressure spectra along the artificial arc-array (5% bandwidth moving filter applied). 
Spectra at shallow and side-line angles are compared to LSS and FSS trends, respectively (Tarn 
et al. 1996). 

one another quite well. Wiggles found in the spectra at p — 140D, are observed and are 
believed to be caused by changes in the flow resistive properties of the melatnine foam 
(that the acoustic wedges are constructed from) due to rather high relative humidity 
levels in the chamber (63% - 75%) during the first two days of testing. Proof of this is 
shown in figure 12(b) by comparing the pressure spectra at two microphone locations 
and under different relative humidities; the general features are unaffected. 

Nevertheless, the spectra in figures 10, 11 and 12(a,b) display two well-accepted trends 
that are typical of supersonic jet noise. That is, a pronounced hydrodynamic-like ridge 
at shallow angles (<t> ^ 49.1°), -indicative of the noise produced by Mach wave radiation- 
and broadband, lower amplitude, spectra at sideline angles (0 ^ 57.1°) -typical of the 
fine-scale turbulence mixing noise. Large Scale Similarity (LSS) and Fine Scale Simi- 
larity (FSS) spectra (Tarn et al. 1996, 2008) have been included and demonstrate good 
agreement for the shallow and sideline angle observers, respectively. 

Contours of sound pressure intensity at various Strouhal numbers are illustrated in 
figure 13 (a-f) to show the spatial topography of the pressure spectra. This is obtained 
by applying a band-pass filter that averages over 20% of the chosen center frequency in 
order to remove the wiggles caused by humidity effects discussed earlier. For reference, 
the PSD's are presented in contour format in figure 14 as function of axial distance for 
three different radial positions. Figures 13faJ and 13(b) reveal peak intensities of the low 
frequencies radiating at angles shallower than the Mach wave radiation angle with lines 
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FIGURE 11. Pressure spectra along spreading lines A to G (5% bandwidth moving filter applied). 
The spectra are averaged from the individual microphones along the radial lines after they were 
linearly scaled to p = 100 D,. Spectra at shallow and side-line angles are compared to respectively 
the LSS and FSS spectra presented by Tarn et al. (1996). 
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FIGURE 12. (a) PSD's along the line-array (5% bandwidth moving filter applied), (top) raw 
spectra, (bottom) spectra linearly scaled to p = 100 D3. (b) Effect of relative humidity on the 
pressure spectra at two microphone locations along the line array. 
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emanating from an origin located downstream of the post potential core (x > \7.5Dj). 
This is caused by a considerable drop in axial phase velocity of the instability waves 
for low frequencies (St < 0.2) (Troutt & McLaughlin 1982); shallow propagation of low 
frequency noise was observed in a similar fashion by Kuo et al. (2010). For frequencies 
centered around Stpj = 0.2 in figure 13 (c), the peak radiation angle follows along the 
Mach wave radiation angle. Spectra that are filtered around higher center frequencies 
(figure 13 d-/) appear to shift their origins upstream, but never originate from the nozzle 
exit plane. These findings are in agreement with Kuo et al. (2010) who observed that 
the angular orientation of the lobe of peak intensity remained mostly unchanged with 
frequency for an unheated Mach 1.5 jet. Contrary to the current result, Kuo et al. (2010) 
observed a broadening of the lobe at higher frequencies and concluded that this was more 
consistent with the notion that the noise pattern produced by the fine—scale turbulence 
was omni-directional. Here, a broadening is not explicitly observed. A plausible explana- 
tion for this discrepancy is the high convective Mach number in this study which causes 
the highly directional Mach wave radiation process to saturate more of the higher fre- 
quency omni-directional noise content. Henceforth, differences between acoustic source 
mechanisms and associated sound fields might express themselves better due to the high 
convective (1.43) and acoustic (1.79) Mach numbers being explored in this study when 
compared to other supersonic jet studies (where any typical trends might be embedded in 
the more conventional sound producing mechanisms). For example, most supersonic jet 
noise studies found in the open literature comprise acoustic Mach numbers around unity; 
this produces a subsonic convective Mach number. In general, these findings support the 
notion that high frequency noise radiates from regions close to the nozzle exit, while low 
frequency noise dominates locations further downstream. However, all radiating angles 
appear to originate from a region surrounding the post potential core of the jet. 

Contours of the spectral peak amplitude and peak frequency are presented in fig- 
ures 15(a) and 15(a), respectively. The peak Strouhal number is constant along outward 
spherical sound propagation paths for angles equal or less than the Mach angle. The 
shallower the angle, the lower the peak frequency, which is expected from earlier discus- 
sions. Peak frequencies at side-line angles possessed a large plateau range thus making 
it difficult to precisely identify the most energetic frequency. 

5.  Acoustic nonlinearities from a laboratory-scale jet 

5.1.  Addressing the difficulties 

Numerous endeavors have been undertaken to investigate the nonlinear propagation of 
sound from jet flows and in range-restricted environments. Some examples include the 
work of Gallagher (1982) and Petitjean et al. (2006). However, only weak observations of 
cumulative nonlinear effects have been made using a laboratory-scale setup, all the while 
being observed under full-scale conditions. Examples of full-scale jet and rocket tests can 
be found in the literature (Morfey & Howell 1981; Mclnerny 1996; Mclnerny & Olgmen 
2005; Gee et al. 2008; Saxena et al. 2009). In particular, significant nonlinear effects from 
full-scale engine tests were found in the spectra presented by Morfey & Howell (1981) 
and Gee et al. (2008). The inconsistency is caused by the lack of rigor in understanding 
what the appropriate scaling parameters should be for producing measurable cumulative 
nonlinearities in a laboratory-scale environment. In this chapter, an effort is made to 
introduce a scaling model that could be used to guide future studies aimed at predicting 
whether the acoustic waveform produced by a jet flow will undergo cumulative nonlinear 
waveform distortion. 
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FIGURE 13. Contours of the Sound Pressure Level (SPL) in dB/Hz, pre/ = 20 ßP&. The SPL 
value is averaged over a domain spanning ±20% around the center Strouhal number. 

Complete dynamic similarity is required of every laboratory-scale study and is achieved 
by matching both sub-scale and full-scale similarity parameters. For high-speed jet flows, 
this comprises the Reynolds number, Mach number and jet temperature ratio. Geomet- 
ric scaling is another prerequisite which is typically represented by the observer distance 
relative to the jet exit (or source region) using a normalization based on Dj. The latter, 
however, turns out to be a flawed scaling approach for producing measurable cumula- 
tive nonlinear effects in a range-restricted environment if the sound field medium is the 
same for both the laboratory- and full-scale experiment; shock formation distances and 
absorption losses do not scale with nozzle geometry, but rather with properties of the 
source. In fact, an absolute observer distance might be more appropriate since nonlinear 

APPENDIX G - PAGE G-19 
QUARTERLY PROGRESS REPORT NO. 5 - N00014-11-1-0752 

Approved for Public Release - Distribution is Unlimited 



ACTIVE CONTROL OF NOISE FROM HOT SUPERSONIC JETS | QUARTERLY RPT. 5 

Nonlinear distortion of acoustic waveforms from high-speed jets 
(a) (b)   " (c) 

1!) 

HI 11 -A  ■'■ "  ■■-■ ■     '■■   -■>■■   ■ 
OS     25    45    65    85   105 125 145     '   05     25    45    65    85    105   125   145 05     25    45     tS    «5    WS   125   145 

x/Dj x/Dj X/Dj 

FIGURE 14. Equal spectral density contours of the one-sided PSD for (a) r/Dj = 25, (b) 
r/Dj = 55 and (c) r/Dj = 95 (5% bandwidth moving filter applied). 
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FIGURE 15. (a) Contour of the peak SPL in dB/Hz, pTCj — 20 ^iPa. (b) Contour of the peak 
Strouhal number in kHz. 

propagation effects through the standard atmosphere are not scalable (these discrepan- 
cies have also been observed by Gallagher (1982), Petitjean et al. (2006), McLaughlin 
et al. (2010) and Saxena et al. (2009)). As an example, a successful capture of cumula- 
tive non-linear waveforms produced by a full-scale engine by Gee et al. (2008) comprised 
observer distances of 300 m (410 D,); most laboratory-scale studies are restricted by 
chamber walls that extend only a few meters from the source region. While the use of 
geometrical scaling is the culprit of these failed laboratory-scaled studies, we will show 
in § 5.2 that measurable cumulative non-linear effects can be furnished using geomet- 
rically scaled nozzles and in a range-restricted environment, so long as all relevant jet 
parameters are taken into consideration. 

5.2. Scaling model for nonlinear supersonic jet noise 

An ad hoc approach to confront the issues surrounding nonlinear scaling is outlined 
here by presenting scaling laws based on reasonable assumptions. An earlier attempt 
to develop a scaling model was performed by Gee (2005) who addressed the effect of 
varying ambient conditions. In the current model we assume that the ambient medium 
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is identical, and thus, the models are complementary to one another in that sense. To 
the authors' knowledge, this is the first known development of such a complete model. 

5.2.1. Length-scales and the check for nonlinear dominance 

The most fundamental ingredients for ensuring waveform distortion by cumulative 
nonlinear effects are a high enough amplitude of the initial waveform (i.e. in terms of 
particle velocity or pressure) and favourable atmospheric absorption losses. On a theoret- 
ical basis, a first step in determining if nonlinear distortion will occur is to consider two 
important length-scales corresponding to viscous absorption and cumulative distortion 
effects. The first of these length scales is generally taken as the acoustic absorption length 
(/„), which is the inverse of the classical absorption coefficient 

1 
(5.1) 

Classical absorption coefficients for air are functions of frequency and depend on ambi- 
ent conditions, i.e. temperature, pressure and relative humidity (RH). For our laboratory 
conditions, the curves for the absorption coefficient for different relative humidities are 
shown in figure 16(a) and are taken from Appendix B of Blackstock (2000). The co- 
efficient has units of nepers per unit distance (Np/m, 'neper' is a unit without units) 
and can be converted to the decibel absorption rate a. in units of decibels per unit dis- 
tance according to £?(/) = 8.686o(/). Figure 16(6) presents the amplitude coefficient 
for a relative humidity of 70% (average humidity for our grid-array measurements) and 
indicates the various contributions from relaxation and thermoviscous absorption. Re- 
laxation dominates at low frequencies and for atmospheric air, two relaxation processes 
are relevant: absorption associated with the vibration of nitrogen molecules (a.^) and 
absorption associated with the vibration of oxygen molecules (QO2)- Thermoviscous ef- 
fects {o-tv) become dominant at higher frequencies and is expressed by the asymptotic 
formula 

<*tv = 
H2TT ff 

2ai 
(5.2) 

thus being a 'frequency-squared' effect acting on the entire frequency range. For com- 
pleteness, 6 is the diffusivity of sound and is equal to 3.66 • 10-5 m2/s. It is well known 
that relaxation frequencies of JV2 and 0% are dependent on relative humidity (as shown 
in figure 16a,6) but do converge at high frequencies where thermoviscous effects are 
dominant. 

The second length scale is concerned with cumulative nonlinear effects and is taken 
as the shock formation distance. For progressive (non-steepened) plane waves that are 
emitted by a broadband Gaussian source, the shock formation distance, as introduced 
by Gurbatov & Rudenko (p. 383,  Hamilton & Blackstock 2008), is determined as, 

Poo^c 
ß(2nf0)pr 

(5.3) 

In (5.3), the ambient density is taken as p^, = 1.223 kg/m3, the coefficient of nonlinearity 
is given by ß = (7+1)/2 = 1.2, and prms is the pressure standard deviation of the source, 
and /o is the centre frequency of the broadband source. The shock formation distance 
can be interpreted as the distance along the propagation path that is required for the 
first shock (infinite derivative in the waveform) to occur and is based on lossless fluid 
theory, e.g. the distance at which cumulative waveform distortions are allowed to develop 
without losses imposed through viscous absorption. Because the sound field of a jet is 
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FIGURE 16. (a) Absorption curves for different relative humidities taken from Appendix B of 
Blackstock (2000). (b) The absorption curve for the laboratory conditions during the acquisition 
of the grid-array pressures. 

three-dimensional in nature, it is replaced here by a simple spherical source emitting 
outgoing spherical waves. The shape of the source is irrelevant for the purposes of this 
analysis since only a single sound ray is being considered. As a consequence, the shock 
formation distance is denoted by f and is determined by (Hamilton & Blackstock 2008) 

r -r0 exp(±x/r0), (5.4) 

where only the diverging waves (+ sign) are of importance in the current case. Shock 
formation distances are larger for spherically spreading sound waves than for plane waves 
due to the spreading losses in the former that cause a more rapid decay in the waveform 
amplitude with distance and hence, a delay in the steepening process. The parameter 
ro is the radius of the spherically radiating source and will be expressed in terms of the 
geometric nozzle size according to ro = sDj. 

This simple source is centred at the location of maximum peak pressure fluctuations on 
the jet axis (x = 17.5Dj, see § 4.1.1), and is reasonable. For the moment, the radius (r0) 
is chosen to remain variable as this has considerable influence on the shock formation 
distance. The most interesting region concerning nonlinear noise propagation resides 
along the peak noise direction. Therefore, in the remainder of this analysis, only one 
spherically spreading ray will be considered which is oriented to follow a path along the 
direction of maximum OASPL (45° for the current laboratory case) and is assumed to be 
emitted by the simple spherical source. As a next step, the pressure standard deviation 
(Prms) and centre frequency (/n) at the source's surface are obtained by examining our 
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FIGURE 17. Concept of scaling approach indicating the comparison of characteristic nonlin- 
ear parameters between the model prediction (subscript Fm, lm' from model) and a full-scale 
measurement (subscript Fr, 'r' from reference). 

measurements of the SPL presented in figure 12(a,b). The closest measurement along the 
peak noise direction (p = 60 D_,: OASPL = 140.1 dB and /n = 3.6 kHz) is extrapolated 
towards the source surface with corrections for atmospheric absorption being applied in 
the frequency domain; this assumes simple spherical spreading (p oc 1/r2). The source 
amplitude {prms) will thus be significantly higher than the measurement, and the centre 
frequency is assumed to be equal. An illustration of this process is shown in figure 17. 
Using the aforementioned approach and parameters, the shock formation distance (r^,), 
as function of source size s, is presented in figure 18(a) where the subscript L refers to 
laboratory-scale conditions. The increasing trend is expected, since a larger source is 
affiliated with a lower source amplitude, which causes the waveform to steepen less fast 
and thus extends the shock formation distance. Lastly, for the given centre frequency, 
the amplitude coefficient is found to be c*£, = 2.60- 10~3 Np/m (indicated in figure 16ft) 
which corresponds to an absorption length of laL ~ 385 m. 

Since expressions for both length-scales are established, a check for the presence of 
cumulative nonlinearities in our laboratory-scale experiment can be determined by cal- 
culating the Gol'dberg number. This dimensionless number is defined as the ratio of the 
acoustic absorption length (ZQ) to the characteristic nonlinear length (r); this is a measure 
of the strength of nonlinear distortion relative to that of dissipation (Hamilton & Black- 
stock 2008). If r ^ 1, attenuation dominates and the formation of shocks is suppressed. 
If T » 1, nonlinear effects will be distinctly present. Since a broadband source signal is 
considered in the current work, the absorption coefficient, shock formation distance, and 
thus Gol'dberg number are all functions of frequency. For simplification the centre fre- 
quency is selected for the analysis as was done in computing the shock formation distance 
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(b) The effective Gol'dberg number in the laboratory case 

earlier, and is now denoted as the effective Gol'dberg number, 

r       ar 
(5.5) 

It is reasonable for one to select the centre frequency of the measured SPL along the 
propagation path as the actual Gol'dberg number varies by less than one order of magni- 
tude for a single frequency range around the centre frequency. The frequency dependence 
of the Gol'dberg number was recently addressed by Gee et al. (2012). The resultant ef- 
fective Gol'dberg number for the current laboratory scale study of a Mach 3 jet flow (I^) 
is shown in figure 18(b). For the entire range of source sizes, VL 3> 1, which implies that 
cumulative nonlinear effects are present. A typical source size is estimated to span the 
width of the shear layer in the post potential core regions of the flow. Given the relatively 
linear growth of the jet shear layer (Tinney et al. 2008), this results in a source size of 
s = ro/Dj = 2.5, which we assume to hold over a range of jet conditions. The resultant 
shock formation distance and effective Gol'dberg number for this laboratory scale study 
are determined to be rL(s = 2.5) = 18.1 m and VL{s = 2.5) = 21.3. 

As for typical full-scale conditions, where higher temperature ratios and larger nozzle 
diameters are anticipated, the centre frequency, and thus a, decreases. It will soon be 
shown that under these conditions, x/r0 will decrease by a factor of about 5.5. Thus, 
the effective Gol'dberg number T will become even larger in the full-scale study thereby 
making cumulative nonlinear effects even more present in the matching full-scale case. It 
is important to point out that (5.4) assumes the source signal at p = ro to be Gaussian 
and without any features of a steepened waveform. We will show later that the waveform 
distribution from our nearest far-field observer point is well approximated by a Gaussian, 
but has 'N-wave' type structures even though it has not yet undergone any cumulative 
nonlinear distortion. Therefore, the shock formation distance and Gol'dberg number are 
expected to decrease and increase, respectively, which will differ slightly from what is 
predicted by this model. This warrants additional analysis to determine what effect a 
pre-steepened wave has on the shock formation distance. 

5.2.2. Scaling shock formation distance 

Having now shown that our unheated Mach 3.0 jet flow provides the necessary con- 
ditions for ensuring the formation of cumulative nonlinear acoustics (r^, ^> 1), scaling 
laws are derived for the occurrence of these effects between the laboratory- and full-scale 
environments in terms of jet exit parameters (i.e. Dj, Mj, Tj). We begin by scaling the 
shock formation distance, (5.3) and (5.4), based on lossless fluid theory. Lossless fluid 
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theory is the most favourable scenario for studying nonlinear effects, since the distance 
to shock formation is now the shortest possible (r —> oo). In reality, absorption will de- 
lay, and partly suppress, this process. The physical meaning of this scaling will therefore 
be commented on later when the Gol'dberg number is scaled. Foremost, it is assumed 
that the propagation medium between the laboratory- and full-scale environments is the 
same (i.e. ambient air). On the other hand, it is not assumed in our formulations that 
the Strouhal number (Sto^) corresponding to the peak SPL in the two environments 
is the same (variations in non-dimensional frequencies appear from changes in jet exit 
conditions, Mj and Tj). And so, peak frequencies are related by / oc Stp^j/Dj. Lastly, 
the sound intensity / for supersonic jets (satisfying the threshold Uj > 1 500 ft/s) has 
been shown to vary with the cube of the jet exit velocity, thus / oc Uj (Ffowcs Williams 
1963; Varnier 2001). Since the intensity is given by / = pjlms/{poo^x), it can be shown 
that the source amplitude is prma oc Uj-5. Note that the temperature ratio does not 
appear in this expression. In the case of subsonic and transonic jets, Viswanathan (2004) 
has provided subtle improvements to the relationship between sound intensity and jet 
exit velocity on account of variations in the temperature ratio {To/Too). While we believe 
that temperature ratio does play a secondary role, its influence on the original findings 
from Ffowcs Williams (1963) is currently unavailable for supersonic jets. Upon inserting 
the aforementioned assumptions into (5.3), the following relationship unfolds, 

Dj 
uj-5stDj 

(5.6) 

In the most general case for a supersonic jet, and by repeatedly taking into account the 
equal-medium assumption, (5.6) can be written as 

x oc 
D< 

Mj-5T}-25StDj 

Knowing that ro = sDj, the exponent in (5.4) can be expressed as follows, 

x 
— oc 

1 

ro " Mj*T}MStDi' 

(5.7) 

(5.8) 

which employs all of the jet parameters of interest. The shock formation distance between 
the laboratory-scale (denoted by L) and full-scale (denoted by F) environments can be 
related as follows 

Ik. 
roL 

Ik. 
roF 

(5.9) 

where the parameter n is obtained by substituting (5.8) into (5.4) and is defined as 

Because geometric scaling is observed throughout the open literature, one may to prefer 
to normalize the shock formation distance (5.9) by the nozzle exit diameter, which results 
in the following expression, 

DjF 

M-V) (5.11) 

Here we show how (5.11), in combination with (5.10), constitutes a reasonable scaling 
relationship for the shock formation distance in terms of jet exit parameters. 
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In an effort to illustrate the scaling laws proposed here for regenerating cumulative 
nonlinear effects in a laboratory environment, we will first consider variations to rj un- 
der different laboratory-scale conditions. This requires a full-scale reference case to be 
selected from the open literature; we will resort to a recent study by Gee et al. (2012). 
Their study comprised surveys of the far-field acoustics from a Pratt &c Whitney F-135 
engine installed in an F-35A military aircraft. The exit conditions of this study were 
approximated to be MJF = 1.4 and Tjp = 1000 K (the engine was operated at military 
- 100% ETR - power) with a nozzle exit diameter of DJF = 0.95 m (37.4 in). It was 
found that the foregoing assumptions of the jet operating conditions had little influence 
on the results. Gee et al. (2012) observed peak OASPLs of 138.8 dB at a radial location 
of p = 8QDjF (centred 6.7 m aft of the aircraft) and at an angle of 50° from the jet axis. 
The centre frequency along the peak direction was found to be 300 Hz and tests were 
conducted with relative humidity levels of 24% (ap = 1.48 • 10-4 Np/m). This full-scale 
reference case is used throughout the remainder of this section. Given the full-scale con- 
ditions of Gee et al. (2012), the parameter rj is determined from (5.10) and found to be 
5.5 (see point 1 in figure 19). We will show later on how a reasonable prediction of the 
Gol'dberg number pertaining to the full-scale conditions can be determined from any 
laboratory-scale tests. 

Variations in n are illustrated in figure 19 for a wide range of operating conditions 
(1.0 < MJL < 3.5 and 50 K < TJL < 1200 K). It is important to note that in this visual 
representation, Strouhal number remains constant at StpjL = 0.15 for the laboratory- 
scale case (based on our operating conditions) and at StDjF = 0.32 for the full-scale 
case. The correct mapping of StojL — Str>jL (MJL,TJL) is currently unknown. However, 
StDjF/StDjL = 1 if temperature and Mach numbers are matched (Greska et al. 2005), 
and so n should equal one under such conditions. And so, since the effect of Strouhal ratio 
on r\ is not accurately accounted for under varying jet conditions (differences in Mach 
number and temperature ratios between laboratory- and full-scale), figure 19 is, strictly 
speaking, only valid for point 1 from our current study. However, the order of magnitude 
is not expected to change significantly since Strouhal numbers for the laboratory- and 
full-scale cases are expected to be of the same order. As for the hatched area in figure 19, 
this corresponds to regions of the model that are invalid on account of Uj < 460 m/s 
(1500 ft/s); where the exit velocity threshold corresponds to a change in relationship 
between sound intensity and jet exit velocity (i.e. I ex Uj becomes invalid, see Ffowcs 
Williams (1963)). 

In figure 19, the parameter r; resides within roughly one order of magnitude (around 
unity) for a wide range of laboratory operating conditions. Furthermore, when the lab- 
oratory experiment encompasses an unheated and low Mach number jet, n becomes 
significantly large. This is the first indicator that studying cumulative nonlinearities in 
range-restricted environments is not necessarily feasible when the jet is operated under 
these conditions. Namely, if rj becomes large, fi/Dji becomes extensively large (albeit 
the source size factor becomes much smaller than one). Shock formation (in an ideal 
lossless world) is thus expected to occur far outside any practical laboratory-scale ane- 
choic environment. As a final testament to the usefulness of these scaling laws, it can be 
shown that when r/ = 1, it follows from (5.11) that the shock formation distance scales 
geometrically: 

l-F 

I) JF 

(5.12) 
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FIGURE 19. (main plot) Parameter n for the scaling of the spherical shock formation distance 
for supersonic jets relative to a full-scale reference case (MJF = 1.4, TJF = 10 K). Conditions 
of the current study (point 1) along with the unheated (point 2) and heated (point 3) jet 
conditions from Baars et cd. (2011) are indicated by the solid circles, (right subset) v for fixed 
MjL = 1.5 -identified by vertical dashed line in main plot, (bottom subset) v for fixed TJL, = 103 

K -identified by horizontal dashed line in main plot. 

5.2.3. Scaling effective Gol'dberg number 

Upon learning the effect of jet exit conditions on shock formation distance, it is nat- 
ural for one to inquire about how these conditions can impact the effective Gol'dberg 
number. This ultimately determines to what capacity, and in what range, cumulative 
nonlinear waveform distortions become pronounced. A simplified illustration of the effect 
of Gol'dberg number on the degree of cumulative nonlinear distortion to the waveform 
emanating from the point of maximum OASPL is illustrated in figure 20. One may choose 
to consider these two trends representative of the amplitude of the second (or higher- 
order) harmonics in the case of a mono-frequency source. Or, with the current study 
in mind, figure 20 would illustrate increases in energy in the high-frequency bands of 
the SPL (relative to a base case) since steepened signals encompass more high-frequency 
energy. Nevertheless, an initial rise in the waveform's distortion due to cumulative non- 
linear effects (waveform becomes more 'nonlinear') eventually plateaus and reaches its 
maximum value when viscous absorption becomes the dominant distortion mechanism. 
Viscous absorption continues to relax any further distortions and so the degree of nonlin- 
earity eventually recedes asymptotically with propagation distance. When the effective 
Gol'dberg number is smaller (dashed curve relative to solid curve), wave steepening de- 
velops less rapidly. 

Ideally, one would prefer to match this degree of cumulative nonlinearity versus p/Dj 
between the laboratory- and full-scale scenarios. This would ensure that the wave steep- 
ening process (and possible shock formation and coalescence) occurs at similar positions 
along the propagation path. Only then will an interpretation of sub-scale results be valid 
for the corresponding full-scale conditions. And so, it is in one's interest to hold {TDj) 
constant, or at least, within the same order of magnitude (provided the assumptions 
in this model discussed earlier). Here we will explore whether cumulative nonlinear dis- 
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FIGURE 20. Illustration of the qualitative picture of nonlinearities along a spherical ray for two 
different effective Gol'dberg numbers: Y\ > r2 (curves are not to scale). 

tortions to the acoustic waveform produced in our laboratory-scale environment can be 
used to predict the same type of distorted waveform observed in full-scale tests, or under 
what conditions might one be able to replicate the full-scale distorted waveform in a 
range-restricted environment. 

The mathematical expressions for this are relatively straightforward. Beginning with 
(5.5) and (5.11), it can be shown that 

<*LDJLTL      \aFDjFrF 

1 .(!-»)) 

which can be rewritten as 

(5.13) 

(5.14) 

It is preferred to express the ratio aF/ai in terms of jet parameters, which could be 
achieved by using an absorption coefficient comprising only thermoviscous effects; see 
(5.2). However, since vibrational states of the molecules form unique asymptotes that 
differ between laboratory- and full-scale scenarios (differences in peak Strouhal numbers 
may be large; see figure 106), classical absorption alone is incapable of furnishing an 
accurate comparison between the two scenarios. Thus, in order to compute the parameter 
group (TDj) for the full-scale case based on known laboratory-scale values (or vice versa), 
(5.14) is used directly. Note that when values are substituted into (5.14), exit diameters 
are required to be in meters, if absorption coefficients are determined in Np/m. 

With this approach in mind, an attempt is made to predict the effective Gol'dberg num- 
ber of the full-scale conditions, based on the model and our laboratory-scale conditions 
(denoted by the subscript 'Fm', see the schematic in figure 17), and is shown in figure 21. 
The model prediction (Ffm) is dependent on the source size and full-scale Strouhal num- 
ber corresponding to the peak frequency in the direction of maximum OASPL. Once 
again, since the effect of Mach number and Temperature ratio on the peak Strouhal 
number is unknown at this time, a range of possible solutions based on Str>jF/StDjL 

should be considered. However, choosing now to isolate a peak Strouhal number for the 
full-scale condition (based on the measurements of Gee et al. (2012)), the effect of source 
size on Tpr can be determined, as is shown in figure 22fa,) for the appropriate choice of 
St[).F/StpiL. Here, the Gol'dberg number for the full-scale condition, predicted from this 
model and based on laboratory-scale conditions, is approximately 46 times higher than 
the laboratory-scale value. On the contrary, if we choose to fix the source size (.$ = 2.5), 
the effect of Strouhal number on the Gol'dberg ratio can be determined, as is shown in 
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85 

0.25 

FIGURE 21. The effective Gol'dberg number for the full-scale case as predicted by the model, 
I>m (s,StDjF), (multiply by 1 000). 

figure 22(b). The decay in Gold'berg number above Stp F/StDjL = 2 is a consequence 
of increased absorption at higher frequencies. 

In an effort to determine the validity of this model approach, the effective Gol'dberg 
number is computed for the full-scale study of Gee et al. (2012), and compared to the pre- 
diction based on laboratory-scale conditions. The same approach for estimating nonlinear 
characteristic parameters is applied to the full-scale conditions whereby the OASPL at 
the source is obtained by extrapolating near-field observer levels to an imaginary source 
surface with corrections for atmospheric absorption. The resultant full-scale effective 
Gol'dberg number is shown in figure 22(a) and is only a factor of 2.1 times greater than 
the prediction tendered by the model. A summary of these numbers are shown in table 4 
based on a typical source size of s = 2.5. We believe this to be a good result, but prefer to 
offer a number of plausible reasons for this discrepancy in the off-chance that one might 
choose to improve on this first principles approach. 

Foremost, the dependence of source size s on exit Mach number and exit temperature 
ratio is unknown and may result in large differences between laboratory-scale and full- 
scale conditions. Furthermore, the high exit Mach number and low exit temperature ratio 
of our laboratory-scale condition places the exit velocity - sound intensity relationship 
in close proximity to the hatched regions of figure 19; the errors associated with this are 
not well understood with trends being derived from a limited number of experimental 
programs (Ffowcs Williams 1963). Nevertheless, insightful conclusions can be drawn here. 
Foremost, the parameter group (VDj), being more than three orders of magnitude lower 
in the laboratory-scale case suggests that cumulative nonlinear distortions in the acoustic 
waveform will be more distinct under full-scale conditions, as opposed to measurements 
performed in a range-restricted environment. For instance, the increased peak frequency 
has a profound influence on the Gol'dberg number due to increased absorption. This 
further delays the shock formation distance which makes it more difficult for one to 
capture and study cumulative nonlinear distortions in a range restricted environment and 
so, any claims of such observations are clearly questionable. In closing, the cumulative 
nonlinear effects are expected to form in the waveforms emitted by this unheated, Mach 3 
jet flow, but will not appear significant within the spatial confines of our anechoic chamber 
walls. Thus, no major wave steepening and coalescence are expected to be observed. 
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FIGURE 22. (a) The effective Gol'dberg number for the laboratory environment (r^,), the model 
prediction for the full-scale scenario (IVm) and the actual full-scale measurement (IVr). (b) 
The ratio of the predicted full-scale Gol'dberg number and the laboratory Gol'dberg number as 
function of Strouhal number ratio. 

Laboratory (measured) 
Pull-scale (model) 

Full-scale (Gee et al. 2008) 

TABLE 4. Summary of the nonlinear characteristic parameters in the laboratory case and 
full-scale cases (model and measurement) when the source size is fixed at s = 2.5. 

Proof of this will be demonstrated in the next section by following the reasoning of 
Ffowcs Williams et al. (1975) and by application of the Morfey-Howell indicator (Morfey 
& Howell 1981). 

6.  On the absence of cumulative nonlinear acoustic distortion 

It is known from our discussion in § 2 that nonlinear acoustical phenomena can be 
grouped into cumulative and local effects. Long-distance waveform distortions, encum- 
bered by subsequent wave steepening, shock formation and shock coalescence, occur 
cumulatively along the noise propagation path. It is well known that these effects are 
ultimately dominated by viscous absorption and relaxation phenomena (Hamilton & 
Blackstock 2008), and so, the waveform relaxes to a shock-free state without showing 
direct evidence of past nonlinear effects!. Various statistical metrics are exercised in this 
section to quantify the degree of both local and cumulative nonlinear acoustic distortion 
of our measured waveforms. We begin with a simple correlation study in § 6.1 to comple- 
ment the findings in figure 9, which establishes the sound propagation path for this jet 
flow. A description of the more mundane analysis tools is presented in § 6.2 and includes 
an analyses using the Morfey-Howell indicator. We then close with a waveform propaga- 
tion study in § 6.3. Where geometric scaling is concerned, the current measurements are 
acquired at observer distances that exceed most laboratory-scale studies found in the 
open literature. 

f Nonlinear effects are still present since the increased energy at high-frequencies undergo 
asymptotic decay with distance back to their expected linear value. 
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FIGURE 23. PSD's of the microphones along line C and H after being linearly scaled to a distance 
of lOODj (centered around x = ODj for line H and x = 20Dj for line C) (5% bandwidth moving 
filter applied). 

6.1. Spectral statistics along the propagation path 

The abundance of noise produced by this Mach 3 jet flow has been shown to propagate 
along spherically spreading lines that originate at x = 17.5 Dj. Therefore, synchronized 
measurements along the line-array are considered since these measurements are acquired 
along a propagation path coinciding with the Mach wave radiation angle (oriented at 
4> = 45°). Most studies found in the literature assume the jet noise to propagate along 
spherically spreading paths originating from the jet exit plane (Viswanathan 2008). This 
has lead many to inadvertently link changes in the far-field spectra (when corrected 
linearly to different far-field observer distance) to nonlinear effects. As an illustration, 
the spectra along lines C and D (see figure 6) are presented in figure 23 (all scaled using a 
simple linear spreading concept to 100 Dj from the jet axis). While the spectra along line 
C collapse, it is clear that they do not along line H. This is simply because the noise does 
not propagate along line H, and so, different features of the far-field pressure waveform 
from various angles are observed instead of just one propagation angle. In fact, had line 
H been assumed to be the propagation path, incorrect conclusions regarding the shift 
in spectral energy as function of outward distance would have been made. This example 
shows the importance of having sufficient knowledge about the spatial dependence of 
the sound field, as opposed to single point measurements far from the jet, as is done in 
most anechoic chambers. Measurements that map the acoustic field are a prerequisite to 
developing well-supported conclusions on the sound propagation characteristics. From the 
spectra along the line-array (figure 12 a) it becomes clear that no significant increase at the 
high frequency part of the spectrum occurs, so nonlinear attenuation of the high frequency 
side is mostly absent. Moreover, correlation and waveform analyses can be performed 
since the four microphones were acquired synchronously. At first, the temporal cross 
correlations were computed between the first (60 Dj) and three subsequent microphones. 
The arrival times of the acoustic disturbances, in terms of distances, are presented in 
figure 24. High correlation coefficients are found, respectively, 0.77, 0.69 & 0.64, which 
demonstrates that no major distortion of the waveform occurs in this range, since that 
would have caused a more significant loss of linear coherence by expectancy (Ffowcs 
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FIGURE 24. The temporal cross correlation coefficient between the first and subsequent 
microphones on the line-array. 
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FIGURE 25. Linear coherence spectra between the microphones on the line-array (5% 
bandwidth moving filter applied). 

Williams et al. 1975). Likewise, linear coherence between the transducers are presented 
in figure 25(a,b) to illustrate the band of frequencies over which acoustic waveforms 
remain strongly correlated. 

6.2. Metrics for quantifying nonlinearities 

6.2.1. Definitions with examples 

Various off-the-shelf metrics have been used in the past to locally characterize the 
degree of nonlinearity in a waveform (Gallagher 1982). This, again, is not to be confused 
with cumulative nonlinear waveform distortions as are discussed in § 5. Albeit, the spatial 
topography of these localized nonlinear indicators can be used to infer information about 
cumulative distortions in that region, as will be done here. 

Both near- and far-field pressure waveforms that form from Mach waves are known 
to comprise sharp compressions, followed by more gradual expansions. The expansive 
part is less intense than the compressive counterpart which suggests that the PDF of 
the temporal pressure B(p(t)) and its temporal derivative B(p(t)), are non-Gaussian. 
The third and fourth central moments are commonly used to characterize deviations in 
the waveform from a Gaussian and are most often presented in non-dimensional form as 
Skewness (S) and Kurtosis (K) factors, respectively. These metrics are defined as, 

Sip) 5 g, 

«w-5. 

(6.1) 

(6.2) 
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where a is the variance of p{t), and the third central moment is given by (Tennekes & 
Lumley 1972) 

/oo 

p3B{p)dp. (6.3) 
■oo 

For a Gaussian signal, 5 = 0 and K = 3. In a high intensity rocket noise study by 
Mclnerny (1996), it was shown how the statistics of the pressure gradient are more 
sensitive indicators of the presence of shock like structures in the acoustic waveform. 
Henceforth, the Skewness and Kurtosis of the waveform derivative, denoted as S(p) and 
K{p), are considered important to this discussion. 

Aside from employing classical statistical metrics, additional indicators are considered 
and include the wave steepening factor (WSF), the number of zero crossings (Zc) and 
the Morfey-Howell indicator. The first of these is defined as the modulus of the average 
negative slope divided by the average positive slope in the waveform (Gallagher 1982). 
The range of WSF is thus [0,1], where 1 corresponds to a pure harmonic wave and 0 
to a perfect N wave. Where Zc is concerned, it is known that in the absence of viscous 
absorption, stronger shock waves move faster in the waveform and merge or coalesce 
with weaker shocks and so the number of zero crossings per unit time of the temporal 
waveform will change. When shocks coalesce, a decrease of Zc appears with propagation 
distance and is therefore a measure of a cumulative nonlinear propagation effect. 

As for the Morfey-Howell indicator, this has become an increasingly popular approach 
in the jet noise community to those interested in studying cumulative nonlinear acoustic 
waveform distortions. Applications can be found in the literature and include the work 
of Mclnerny & Ölcmen (2005), Petitjean et al. (2006), Gee et al. (2007a) and Kuo et al. 
(2010). Originally derived by Morfey & Howell (1981), this indicator starts with the 
general from of the Burgers equation for spherically outgoing waves. This imposes a 
major limitation in that the results are only valid for "propagation along a ray tube 
with arbitrary area variation", (Morfey & Howell 1981). Their first step was to obtain a 
statistical form of the Burgers equation: 

£ [rV°*-5pp(r, /)] = -27r/-4re2-Qp2p(r, /), (6.4) 
or Poocoo 

where r is the coordinate along the propagation path, 5PP is the double-sided PSD of 
the pressure, and Qpip is the quadrature spectral density; which is the imaginary part of 
the conjugated single-sided cross-spectral density between the pressure squared and the 
pressure (Bendat & Piersol 1980): 

Qp2p(/) = -3[2P2(/)P'(/)]. (6.5) 

Here, P(f) and P2(/) are the Fourier transforms of the signals p(t) and p2{t) respectively. 
The factor 2 accounts for the single-sided version of the PSD. The spatial rate of change 
of the PSD, involving a simple linear spreading concept and atmospheric absorption, 
appears on the left hand side of (6.4). This term would be zero in the case of linear 
spreading. A logical step forward is to argue that the right-hand side accounts for non- 
linear distortion of the spectrum (Morfey & Howell 1981). Thus, any nonlinear distortion 
must be the consequence of a non-zero value of the quadrature spectral density. In the 
case of a positive right-hand side (for certain frequencies), the PSD on the left-hand side 
gains energy in that frequency band due to nonlinear distortion, and vice versa for a 
negative right-hand side. (6.4) can be thought of as being analysed between two points 
(Ar apart from each other) on a propagation path. In practice, the right-hand side is 
computed at a single point and so the left-hand side is the actual derivative at that point 
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FIGURE 26. The normalized quadrature spectral density Q and the Q/S Morfey-Howell 
indicator for arc-array microphone 5. 

in the limit of small Ar. The actual forms of the single-point Morfey-Howell indicator 
are well outlined by Gee et al. (2007a). Here we choose to consider the normalized form 
of the quadrature spectral density, 

Q(f) _ Qp>P(f) 

Prms 
(6.6) 

which has dimensions of 1/Hz. One of the most used forms of the indicator was introduced 
as 'Q/S' and uses the PSD to obtain a dimensionless quantity: 

Q m _Qp>pU)IP: 
sU)    s, 

rms 

rms 
(6.7) 

Once again, the indicator can only measure how the energy in the PSD is redistributed 
due to cumulative nonlinear distortion effects when multiple points on a spreading ray are 
analysed. As an example, Q and Q/S are demonstrated in figure 26 for arc-array micro- 
phone 5. The trends are relatively similar, as is expected given that S is positive-definite. 
However, Q/S increases quite significantly at higher frequencies due to roll-off of the 
PSD. Overall, both Q and Q/S exhibit the same features that are required of this study. 
Albeit, an exact interpretation of the amplitude of the indicator, as well as its physical 
meaning, has become problematic for those working with this technique (Mclnerny k. 
Ölcmen 2005; Falco et al. 2006). 

Before proceeding further, it is important to emphasize the nonlinear detection charac- 
teristics of this single-point indicator. Foremost, the quadrature spectral density Qpip is 
zero for a truly Gaussian signal. This is assumed to be the case for the noise source in the 
above discussion. Therefore, when a Gaussian acoustic waveform propagates away from 
its source, it may distort and become non-Gaussian due to nonlinearities. The single- 
point Morfey-Howell indicator detects this as being non-zero and so one concludes that 
the waveform has undergone cumulative nonlinear distortion between the source region 
and observer location. However, no distinction can be made between local effects, cumu- 
lative effects, or a combination of the two based on a single-point measurement alone. If, 
for example, the noise source emits acoustic waves that are immediately non-Gaussian 
(local) but have not traveled far enough for them to have undergone any recognizable cu- 
mulative nonlinear distortion (they have essentially propagated linearly), the single-point 
Morfey-Howell indicator would, once again, be non-zero. And so, without any knowledge 
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of the nature of the starting waveform, it is inconclusive for one to make any distinction 
between local or cumulative nonlinear distortions based on a single-point estimate of the 
Morfey-Howell indicator. It is further pointed out that the quadrature spectral density is 
highly sensitive to deviations from a Gaussian, which may be an unavoidable consequence 
of instrument errors or the averaging process. 

To demonstrate this, an arbitrarily chosen, and experimentally acquired, waveform is 
selected from our jet noise database and is then projected to several observer positions 
using the generalized Burgers equation. The process for doing this is described in § 2.2 
following the work of Pestorius &; Blackstock (1974). Four of the projected waveforms p(t) 
at r = [4, 6, 8, 10]m are shown in figure 27(a,b) along with the original input waveform 
(r = 3m) and corresponding time derivatives p(t); derivatives are computed using a first- 
order forward difference routine. PSDs, quadrature spectral densities and the Morfey- 
Howell indicator of these projected waveforms are then computed and are shown in 
figure 28 (a, b, c) with comparisons to the input waveform at r = 3m (identified by a dashed 
line in each figure). Statistical attributes of the evolving waveform and its temporal 
derivative, are scrutinized by way of its PDF, Skewness and Kurtosis, and are listed in 
table 6. Other metrics such as the WSF and the number of zero crossings, are provided 
for inspection. The generalized Burgers equation is applied under typical atmospheric 
conditions (T«, = 288 K, p«, = 1 atm, RH = 40% px = 1.226 kg/m3, ax = 340.2 m/s, 
/o — 1,200 Hz, ß = 1.201) and with a large source amplitude at r = 3 m (prras = 582.4 Pa, 
or 149.3 dB, prcf = 20-10-6 Pa) to ensure sufficient waveform steepening. The algorithm 
assumes that the fluid is lossless (no viscous absorption) and plane wave propagation is 
used for practical purposes so that the resultant shock formation distance is estimated 
from (5.3) to be x — 9.2 m. 

In figure 27(a,b) the waveform is shown, as expected, to undergo wave steepening, 
shock formation and eventual coalescence with increasing distance from the source. The 
PDF of p(t) shows negligible deviations from a Gaussian where as p(t) manifests devia- 
tions which increase significantly with increasing distance. As for the spectral behavior of 
the waveform in figure 28(a,b,c), shifts in energy from mid- to high-frequencies are ob- 
served and with crossover frequencies that also increase with increasing distance from the 
source. This upward shift in energy is a well known consequence of waveform steepening. 
Likewise, Q and Q/S for the input waveform are non-zero, thus demonstrating the acute 
sensitivity of these parameters to the PDF of the signal. This non-zero quadrature spec- 
tral density and Morfey-Howell indicator at the d = 3m observer position is a testament 
to the necessity of measuring these properties at several positions along the propagation 
path (as oppose to just one) if one is to accurately characterize the degree of cumulative 
nonlinear distortion to the far-field acoustics from jet flows, since the statistical nature of 
the source is most often unknown. Thus, a non-zero quadrature spectral density observed 
from a single-point measurement alone may inadvertently compel one to believe that a 
cumulative nonlinear distortion process is underway. A simple example is considered here 
to demonstrate this concept. Consider taking a sample signal from this jet study (e.g. 
the signal at position D2 with non-zero Q and Q/S) to use as the source signal in a 
progressive plane wave tube experiment, like the ones used by Pestorius & Blackstock 
(1974) and Falco et al. (2006). If that input signal is played at a much lower amplitude, 
with the propagating waveform being measured at several distances from the source, 
then one should expect the same Q ands Q/S values to be observed even though the 
signal fails to possess the required amplitude to cause cumulative waveform steepening 
to occur. In experiments with known sources (like a progressive wave tube with a driver 
as was used by Pestorius & Blackstock (1974)), it is safe to use the indicator to detect 
wave steepening. However, when studying problems in jet noise, where the statistical na- 
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OASPL [dB]    S(p)      S(p)      K(p)      K(p)      WSF    Zc/103 [s~ 
3 

1 
6 
S 
10 

TABLE 5. Statistical properties of the raw and projected waveforms displayed in figure 27. 

149.3 0.095 2.529 3.062 19.25 0.669 9.913 
148.7 0.037 7.438 2.930 92.50 0.433 9.113 
147.5 -0.004 8.648 2.864 96.59 0.252 8.638 
146.3 -0.010 8.790 2.895 97.03 0.201 8.517 
145.2 -0.006 9.047 2.948 102.68 0.182 8.246 

[m] -Qneg   [-] -(Q/SW103 [Hz 
3 0.072 1.156 
4 0.139 2.196 
6 0.196 3.204 
8 0.220 3.440 
10 0.235 3.426 

TABLE 6. Metrics corresponding to the distances. 

ture of the source is unknown, the spatial evolution of Q and Q/S should be considered, 
and so, a single-point indicator is insufficient due to the problematic interpretation of its 
amplitude. 

Morfey &: Howell (1981) have suggested that for aircraft noise prediction studies, it is 
preferred that one integrate Q/S along the propagation path in order to characterize the 
net flux of energy transfer. Here we have chosen to confine the limits of integration to 
the negative part of the quadrature spectral density as follows, 

Q„ 

(Q/S), 

Q(f)df, 

Q (f)df, 

(6.8) 

(6.9) 

which, in practice, involves integrating from f\ to /*2 m figure 26. Table 6 displays the 
results of applying (6.8) and (6.9) to the sample waveforms from figure 28. As expected, 
a clear change in the net flux is manifest which we owe to the cumulative nonlinear 
distortion of this sample waveform. 

6.2.2. Application to the far-field of the Mach 3 jet. 

Having now developed an understanding of how the quadrature spectral density and 
other statistical metrics are affected by cumulative nonlinear waveform distortions, the 
next logical step is to apply the same analysis methods to the current data set of our 
Mach 3 jet flow. It is important to note that the pressure time series of the current study 
were high-pass filtered at 400 Hz to assure that slow drifts in the microphone signal 
and equipment were not saturating any result of the Skewness and any other statistical 
metric. Figure 29 depict estimates of Q and Q/S from the microphone signals along 
spreading lines A to G as they emanate from the post potential core regions of the flow. 
It is clear that each spreading line exhibits a unique trend for both Q and Q/S and that 
they are most prevalent within the Mach cone. Therefore, large-scale turbulent mixing 
noise is responsible for producing local distortions to the waveform. Further, for a given 
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FIGURE 27. Waveform projections using the generalized Burgers equation, (a) The raw 
waveform and (b) its temporal derivative. 
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FIGURE 28. (a) PSD's, (b) normalized quadrature spectral density Q and (c) the Q/S 
Morfey-Howell indicator applied to the waveform data in figure 27. 
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FIGURE 29. (a) The quadrature spectral density, and (b) the normalized quadrature spectral 
density along the spreading lines A-G (5% bandwidth moving filter applied). 

spreading line, the trends collapse quite well, which suggests that the propagation path 
has been correctly identified; had line H been chosen from figure G, false conclusions would 
be formed regarding the presence of cumulative nonlinearities. Recall from figure 9 that 
the OASPL closely resembles a 1/r2 decay law along the peak OASPL path, and so, it 
is reasonable to assume that, on average, this is the correct propagation path. Contours 
of Qneg from the Mach 3 jet data are also shown in figure 30; note that contours of 
(Q/S) result in a similar topography. The angle where maximum negative values 
reside is slightly steeper than the estimated Mach wave radiation angle, but continues 
along a path emanating from the post potential core regions of the flow. 

From figures 29(a,b) and 30, a number of important conclusions can be made about the 
use of the Morfey-Howell indicator for characterizing either local or cumulative nonlinear 
distortions in the waveform. Negligible changes are observed in Q and Q/S over the 
propagation paths emanating from the post potential source region which suggests that 
if the waveform is undergoing cumulative distortions, the process is very slow in forming 
and that the shock formation distance is much further out than our farthest measurement. 
This provides proof that earlier estimates for the shock formation distance are indeed 
correct; our model estimates Yi — 18.1 m and Ti = 21.3 for a source size of ,s = 2.5 Dj. 
While our measurements extend to 140 D_, from the source, they are still confined by the 
restrictions of the chamber walls which only extend to about 3.5 m; this is approximately 
20% of the estimated shock formation distance. This is an important finding in that it 
suggests that no measurable cumulative nonlinear distortions are present in our travelling 
acoustic waveform even though single-point Q and Q/S indicators are non-zero. 

Contours of the Skewness of the pressure time series, Skewness of the pressure time 
derivative, and the WSF are shown in figures 31, 32 and 33, respectively. The contour 
levels have been normalized according to the equations provided in the captions, so that 
their range falls between 0 and 10. Likewise, a higher number indicates more nonlinearities 
in the waveform, or shock-type structures in the waveform. The topography of these 
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FIGURE 30. Contour of the quantity Qncg ■ 102, denned in (6.8). 

metrics indicate how waveform steepening is most extreme along the Mach wave radiation 
angle with lines closely aligned with the direction of highest sound intensity. A steep 
inclination is observed for all criteria which resembles the trend observed for the OASPL 
(figure 8). Although the trends are globally similar for all criteria, differences reside in 
the location of the peak values. Maximum nonlinearity occurs upstream of the line-array 
according to the WSF and S(p) criteria and downstream for the S(p) criterion. The 
physical relevance of the nodes are questionable given the proximity of the chamber wall 
and wind tunnel collector to these measurement locations. PDF's of the pressure time 
series for each of the arc-array microphones are presented in figure 34 for the readers 
perusal. A normal distribution has been included for comparison and indicates that the 
pressure waveforms are near Gaussian, as is indicated by the relatively low Skewness 
values. Subsequently, the PDF's of the pressure time derivative along the arc-array are 
shown in figure 35; the PDF's are highly skewed for non-sideline angles. This clearly 
indicates that the Skewness of the pressure derivative is more sensitive to these nonlinear, 
shock-type waveform structures, as was also observed by Gee et al. (20076) and Mclnerny 
(1996). 

The final nonlinearity indicator that we consider in this study, the number of zero 
crossings per unit time (Zc), is presented in normalized form in figure 36(a,b). A high- 
pass frequency filter of 300 Hz was applied to the data to increase the accuracy of these 
estimates. The end result is very similar to an inverse contour of the low frequency con- 
tent (e.g. figure 13a). Low frequency signals have simply fewer zero crossings than signals 
dominated by high frequencies, and so this finding is not surprising. Nonetheless, an in- 
teresting conclusion can be made. Figure Z6(b) portrays zero-crossing contours aligned 
with spherically spreading paths originating from x = 17.5 D_, where our post-potential 
source is assumed to reside. This implies an absence of shock coalescence along the prop- 
agation paths for the relatively small range considered (in terms of typical distances 
over which shock coalescence occurs). And so, aside from the lack of observable wave- 
form steepening, shock coalescence is also absent in our measurement range. Petitjean 
& McLaughlin (2003) found a decrease in Zc along a line-array angled at 35° to the jet 
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FIGURE 31. Contour of the normalized Skewness of the pressure time series, S(p)/S(p)max x 10, 
where 5(p)mai = 0.47 at position (x,r) /Dj = (75,65). The contours of S(p) = 0.3 (contour 
line 6.4) and S(p) = 0.4 (contour line 8.2) are indicated as well. 

0 5     15    25    35    45    55    65    75    85    95   105  115  125  135  145 

x/Dj 

FIGURE 32. Contour of the normalized Skewness of the pressure time derivative, 
S{p)/S(p)max x 10, where S{p)maz = 1-96 at position (x,r)/D, = (115,85). 

axis and emanating from the jet exit plane. Both a cold jet (Mj = 1.5, TJ/TQO = 0.69) 
and heat-simulated jet (Mj = 1.5, Tj/Tx = 2.50) were investigated with the same ar- 
rangement of instruments. The Mach wave radiation angle for that study is estimated 
to be 60° for the cold case and 75° for the heat-simulated case. It is postulated that the 
line-array positions at which Zc is determined is crossing over several different contour 
lines. Henceforth, a decrease in Zc might not have been observed for a propagation path 
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FIGURE 33. Contour of the normalized Wave Steepening Factor (WSF), 
(1 - WSF)/{I - WSF)       x 10, where (1 - WSF)max = 0.36 at position 

lx,r)/Di = (95,85). 

| mic 1 * - - mic 2    ■   mic 3 -mic 5 ■ : 7 - - mic 8 - - -normal] 

ii 

FIGURE 34. Probability Density Function (PDF) of the pressure time series for each of the 
microphones on the artificial arc-array. The skewness values are indicated in the graph. A normal 
distribution is shown for reference. 

along lines emanating from the post-potential core region of the flow. A summary of 
these nonlinear indicators along the arc-array is listed in table 7 for reference. 

6.3.   Waveform analysis 

Here we apply the generalized Burgers equation described in described in § 2 to acoustic 
waveforms captured along our line-array. This follows the same approach taken by Ffowcs 
Williams et al. (1975) (see p. 258). In that study, Professor D. T. Blackstock applied the 
generalized Burgers equation (Pestorius & Blackstock 1974) to near-field acoustic data 
(provided by Ffowcs Williams from a full-scale jet engine) and propagated it outward 
to an observer far away from the jet. Blackstock concluded that the amplitude of the 
waveform was too low to cause any nonlinear distortion, and that the distance needed for 
nonlinear effects to take place was much larger than the measurement range provided from 
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FIGURE 35. Probability Density Function (PDF), the respective skewness value, and the cor- 
responding normal distribution of the pressure time derivative for each of the arc-array micro- 
phones. 
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FIGURE 36. (a) Contour of the normalized number of zero crossings, Zc/ZCmoI x 10, where 
Zcmal — 4.25 • 104s_1 at position {x,r)/D} = (25,25). (b) Spherical rays spreading from 
(x, r) jDj = (17.5,0) lining up with lines of constant number of zero crossings. 

8.930 
9.460 
12.43 
14.93 
18.97 
25.35 
33.07 
34.15 

TABLE 7. Metrics corresponding to the microphones on the artificial arc-array. 

mic # OASPL [dB] S(P) S(P) WSF 
1 129.5 0.047 0.828 0.867 
2 130.9 0.069 1.234 0.812 
3 133.8 0.281 1.657 0.736 
4 135.5 0.371 1.720 0.697 
5 135.4 0.435 1.673 0.657 
6 131.6 0.371 0.973 0.778 
7 125.5 0.177 0.231 0.941 
8 124.7 0.144 0.177 0.956 
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FIGURE 37. (a) PSD's of the linear and nonlinear predicted time series at p/Dj = 140 and the 
PSD's of the input waveform at p/Dj = 60. (b) Comparison of the predicted and measured 
PSD's at location p/Dj = 140 (5% bandwidth moving filter applied). 

the experiment. We will show similar conclusions to those found in the study described 
by Ffowcs Williams et al. (1975) which will lend additional support to the credibility of 
the model proposed in § 5.2 for predicting the presence, or lack thereof, of cumulative 
nonlinear distortions in the acoustic waveform produced by high speed jets. 

In order to improve the accuracy of the predicted signal using the generalized Burg- 
ers equation, the acoustic waveform should propagate as a ID beam (a waveguide so to 
speak). Given the highly directive nature of the sound field produced by this Mach 3 jet 
flow, it is reasonable to consider the sound propagating along the Mach wave radiation 
angle as a waveguide. In our application, the time waveform recorded at p = 60 Dj 
is used as the input to the hybrid time-frequency algorithm. As a result, the temporal 
pressure waveform at an outward distance is sequentially computed by solving both the 
generalized, nonlinear Burgers equation and then the linearized Burgers equation. The 
results of this are shown in figure 37(a,) by comparing spectra from linear and nonlinear 
predictions of the waveform at p = 140 Dj to the original (experimentally acquired) sig- 
nal at 60 Dj. As expected, the linear prediction is qualitatively very similar to the input 
spectra since the linear propagation model simply applies geometrical spreading, absorp- 
tion and dispersion losses. In figure 37(b), a direct comparison between the predicted 
and measured spectra at 140 Dj is shown. Differences between the measured spectra and 
the nonlinear prediction are found to reside in the higher frequencies (StDj > 1.25 or 
/ > 30 kHz) and suggest that either wave steepening occurred in the 60-140 Dj range, or 
that the measurement system is incapable of accurately resolving the higher frequencies 
being predicted by the algorithm (see § 3.2 for details concerning the experiment). It 
will become apparent in the following discussion that these differences are attributed to 
restrictions with the instruments and data acquisition system. 

A comparison between the measured and predicted temporal waveforms are presented 
here for discussion. An experimentally acquired input waveform at 60 Dj is compared 
with its linear prediction at 140 Dj in figure 38(a), and then to its nonlinear prediction at 
140 Dj in figure 38(7)/ Peaks and valleys appear to coincide with one another between the 
experimental and predicted waveforms; the nonlinear model expresses wave steepening 
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(a) 

15 
t+ =tU}/Dj 

FIGURE 38. (a) & (b) Temporal pressure waveforms of the experimental input signal and the 
linear and nonlinear predictions at p/D, = 140 respectively, (c) Comparison of the temporal 
pressure waveform (experiment versus predictions) at p/Dj = 140 (waveforms were lined up 
using temporal correlation peak). Note: the time discretization is visualized for t < 0.4ms. 

effects not found in the linear prediction due to spreading and absorption. Albeit, over 
the short propagation distance considered here (2032 mm), geometric spreading and 
atmospheric absorption losses and dispersion appear less significant, and generally the 
effect is simply a decrease in pressure amplitude. In figure 38 (cj, a direct comparison 
is made between the linear and nonlinear predictions and the experimentally acquired 
waveform at 140 Dj. The experimental waveforms at 60 Dj and 140 Dj were acquired 
synchronously with a time shift, based on SODj/a^-, being used to align the data. At t+ ~ 
17, the linear prediction produces a closer match than the nonlinear prediction. Likewise, 
distortions in the nonlinear prediction over the linear prediction are more significant for 
higher amplitude peaks and is expected due to the higher particle velocities. A peak in 
the experimental waveform is observed around t+ ~ 22, and is likely due to an acoustic 
waveform propagating from a different source location not captured by the microphone 
at the 60 Dj position. The algorithm used to implement the generalized Burgers equation 
assumes that all energy is propagating spherically outward from the input time waveform 
position. It is evident from the differences in the experimental and predicted waveforms 
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in figure 38(c) that not all of the acoustic waves passing over the 140 Dj observer are 
being generated by the same source. 

7. Summary & Conclusions 

The acoustic field of an unheated and perfectly expanded Mach 3 jet flow was examined 
to understand the degree of local and cumulative nonlinear waveform distortion of sound 
produced by high speed jets. The source mechanisms of interest are those produced by 
the formation of Mach waves, which become pronounced as the convective speed of the 
large scale events in the shear layer move at supersonic speeds relative to the ambient 
surroundings. The resultant sound field forms a highly directive pattern with a ridge that 
follows along the Mach cone half angle of the jet. The source of this noise is shown to 
emanate from a region confined to boundaries defined by the potential core and supersonic 
core lengths. 

A model for predicting the formation of cumulative nonlinear distortions to the acoustic 
waveform produced by jet flows is then proposed based on an assessment of the effective 
Gol'dberg number: a ratio of shock formation distance to acoustic absorption length. Rel- 
evant scaling parameters are shown to comprise Mach number (gas dynamic or acoustic), 
temperature ratio, and Strouhal number of the peak frequency residing along the prop- 
agation path. This model assumes the size of the spherical source to scale with nozzle 
diameter. Laboratory scale measurements of the Mach 3 jet flow are used in conjunction 
with full-scale engine tests of Gee et al. (2012) to justify the findings produced by this 
model. Two different scaling scenarios are then presented for the practicing scientist to 
choose from. The first of these allows shock formation distance to be preserved between 
laboratory and full-scale conditions based on a geometric scaling of the shock forma- 
tion distance to nozzle diameter. The second scenario allows one to preserve the wave 
steepening process between laboratory and full-scale conditions based on a match of the 
effective Gol'dberg number. Both methods provide promising results upon application of 
the laboratory and full-scale experimental data sets. 

There are, of course, several opportunities in which one may improve upon this model 
by developing a more thorough assessment of how jet exit conditions affect scaling pa- 
rameters. Where Strouhal number is concerned, it is still unclear how the peak frequency 
along the dominant sound propagation path depends on jet exit conditions such as tem- 
perature ratio or Mach number. It is also assumed here that the source size scales with 
nozzle diameter only. This overhasty assumption disregards the dependence of the source 
size on Mach number, Reynolds number, temperature ratio, or even the operating state of 
the nozzle (overexpanded or underexpanded). For overexpanded and underexpanded jet 
flows, broadband shock noise is saturated by turbulent mixing noise along shallow angles 
to the jet axis (within the Mach cone of the jet) so measurable distortions to the acoustic 
waveform are still anticipate for supersonic jets operating under off-design conditions so 
long as the effective Gol'dberg number is shown to be sufficiently large. Deficiencies in 
our understanding of these dependencies would be alleviated by accurate parametriza- 
tion of the effects of Strouhal number and source size on Mach number, temperature 
ratio and Reynolds number. Finally, and most importantly, it is unclear to what effect a 
pre-steepened acoustic waveform has on shock formation distance. Waveform steepening 
occurs when the wave amplitude is large enough to overcome viscous absorption. This re- 
quires a large source intensity and hence, a large Mach number at the exit. This suggests 
that cumulative nonlinear acoustic distortions are unlikely to occur under subsonic jet 
exit conditions. Albeit, viscous absorption is considerably weaker at low frequencies, and 
so it is still plausible for a geometrically large subsonic flow to produce acoustic waves 
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capable of undergoing cumulative nonlinear distortions. Nevertheless, Mach waves that 
develop in supersonic jet flows produce pre-steepened waveforms at the source that take 
on the shape of N-waves which can accelerate the wave steepening process and shorten 
the shock formation distance. A carefully documented execution of the generalized Burg- 
ers equation using pre-steepened waveforms could provide some useful answers to this 
last concern. 

Temporal waveforms from the Mach 3 jet study are then examined using various sta- 
tistical metrics including Skewness, Kurtosis, wave steepening factor, the number of zero 
crossings and the Morfey-Howell nonlinearity indicator. Where the Morfey-Howell indi- 
cator is concerned, it is concluded that its spatial evolution, along a path resembling a 
1/r2 decay law, should only be considered due to the problematic interpretation of its 
amplitude as well as the highly directive nature of the sound field produced by jets. This 
is especially important for problems in jet noise where the statistical nature of the source 
term is unknown. 
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