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INTRODUCTION OF CONCEPT 
 

• The use of piezoelectrically-actuated vibrating chevrons 

 in conjunction with an adaptive feedforward control 
 

• Intention of the actuated chevron is to  

- Introduce additional energy at the chevron tip through small oscillations 

- Further encourage mixing within the jet shear layer 

- Inhibit growth of the large scale structures responsible for dominant low 

frequency jet mixing noise 

 

 
 

• Furthermore, if the shock cell strength and/or spacing can be  

  affected by the actuation, there is potential for broadband shock    

  noise reduction  
 

• Adaptive control of fluctuations should serve to enhance noise  

  reduction potential 
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BACKGROUND – ACTIVE CONTROL 

• Active control of jet noise has traditionally followed two paths 

 - Plasma actuation (Samimy et al. 2007, Brown 2008)  

 - Fluidic injection (Krothapalli et al. 2002, review by Henderson  

        2010)  
 

• Mechanical actuation of flaps or tabs, either piezoelectric or  

  otherwise has also been investigated (Butler & Calkins 2003,  

  Bauer, et al. 2012) 
 

• Current active techniques rarely involve closed loop control 
 

• Nonetheless, recent numerical studies by Babucke, et al. 2009  

  and Freund 2010 suggest optimal time-accurate perturbations  

  would be required to significantly reduce jet noise 
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OBJECTIVE 

• Demonstrate the potential for the closed-loop active noise control  

  of high-bandwidth active chevrons to reduce jet noise 
 

 

 

- Focus on demonstrating actuation of a single chevron 
 

- Focus on a functioning system that has potential for noise 

reduction beyond a static chevron case 
 

- Focus on demonstration of feedforward strategy for Phase I 
 

- Consider potential for both jet mixing noise reduction and 

broadband shock noise reduction  
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EXPERIMENTAL SET-UP 

     Small Anechoic Jet Facility (SAJF) 
 

 

 

 

 

 

 

• Capable of 2 lbm/s single stream flow, nozzle pressure ratio up to 8 

• 275 kW electric heater provides heated jet capability 

• 2 ft diameter coflow duct capable of minimal velocity with single speed exhaust fan 

• Anechoic chamber 12.67 ft length x 8.38 ft width x 10.7 ft height to  

  wedge tips, providing anechoic environment down to 250 Hz  

• 6” diameter axisymmetric to 2” square transition piece used to mate to nozzles  

Acoustics Technical Working Group Meeting, Fall 2013 7 



3-D PRINTED NOZZLES 

   

• Converging-diverging rectangular nozzles made from ABS plastic using 3-D printer  
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• Manufacturing efficient and cost effective, however, cracking  

  near chevron roots became apparent, requiring non-excited  

  chevrons to be reinforced with metal plates 

• Contoured designed using Method of 

Characteristics for Md = 1.5 

• Two parallel walls, two diverging walls 

• Nozzle exit 1.0”× 1.176”  

• Deq = 1.224”  

• Throat 1” square 

1.176” 

1.00” 



CHEVRON DESIGN 
 

• Chevron design scaled from previous work with Boeing on Hybrid Wing Body  

   chevron nozzle set  

    - Width = to full sidewall dimension, (1.0”, 1.176”) 

    - Length = 0.393” 

    - Varying penetration 
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Originally chevrons followed  

diverging contour but were  

not effective 

Converging chevrons with  

varying levels of penetration  

were considered 



ACTUATION SCHEMES 

• Several chevron actuation schemes were considered and two were  

  downselected for initial testing: 

 

 

 

 

 

 

 

• Shaker provided significantly more displacement 
 

• However, frequency response and robustness issues led to the  

  downselection of the piezoelectric patch as the primary actuation  

  mechanism 
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Macro Fiber Composite 

(MFC) Piezoelectric Patch 

Actuator 

Mechanical shaker with nylon 

hinge and clevis attachment 



CONTROL METHODOLOGY 

 

- Provides opportunity for 

adaptive control and 

avoids stability issues of 

some feedback systems 
 

- Most effective when 

reference sensor 

provides information prior 

to the control (not 

possible in this case) 
 

- For proof-of-concept, a 

bandpass filter was 

applied to broadband 

signal, typically at natural 

frequency of chevron 
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• Feedforward control strategy 

a 



STRUCTURAL CHARACTERIZATION 
 

• MFC actuator selected for benchtop tests and bonded to outer surface of chevron  

   with strain gauge adhesive 
 

• Reflective tape placed over actuator for laser vibrometer measurements 
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Maximum tip displacement of ~ 0.1 mm at 

nozzle resonant frequency near 1000 Hz 

Simulated mode shape at 906 Hz 

using COMSOL 



INSTRUMENTATION AND FLOW CONDITIONS 

 Chevron tip displacement measurements using accelerometer for  

   initial characterization, then laser vibrometer or laser displacement  

   sensor 
 

• Far-field acoustic results from 8-microphone linear array, data  

  includes  

    - Microphone diffraction and actuator corrections 

    - Atmospheric attenuation to lossless conditions 

    - Spectral data bin width 25.63 Hz 

    - Data propagated to 1 ft arc 
 

      Flow Conditions Investigated 
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Linear mic. array 

Laser 

disp. 

sensor 



CHEVRON PENETRATION STUDY 

 

• Expected low frequency benefit and high frequency penalty seen with increasing  

   chevron static penetration (radial dist. from chevron tip to diverging nozzle contour) 
 

• The 0.100” static penetration nozzle was further investigated but 0.150” shows  

   promise due to further low frequency benefit but comparable high frequency penalty 
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OPEN LOOP RESULTS 

 

• Excitation     

   reduces chevron  

   penalty at high  

   frequencies and  

   increases  

   chevron benefit  

   at low frequencies 
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M = 0.9 

M = 1.4  

• Excitation     

   does not alter  

   broadband shock  

   associated noise    

   penalty 



CLOSED LOOP CONTROL 
 

• Digital feedforward control approach utilizes filtered-reference least mean square  

  (FXLMS) algorithm 
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• Benchtop experiment involved    

   long tube with speaker driven  

   by white noise at one end 

 

• Drive signal to speaker also  

  served as reference to controller 

 

• Active sound speaker near duct  

  outlet was driven by controller 

 

• Controller provides significant  

  reduction across broad frequency  

  range 
Frequency, Hz 

Without Control  With Control Acoustic Noise Control Duct Test  

100      120      140     160      180      200     220      240      260      280     300      320      340     360     380     

400 

10 dB 



CLOSED LOOP CONTROL 
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• Implementation into SAJF used a near/mid field microphone as reference sensor  

  and additional far field microphone near 155° as error sensor 
 

• Recall since reference sensor cannot provide information prior to control in this  

  case, a bandpass filter was applied 
 

• Closed loop benefits at single bandpass frequency are routinely 1-3 dB 

2 dB 



CLOSED LOOP RESULTS 

 

• Excitation with closed loop control showed overall penalty at 90°, overall benefit 

at  

  150° that is comparable to open loop overall benefit 
 

• Reductions most apparent at low frequencies 
 

• Attenuation likely to improve with increased number of active chevrons 
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SUMMARY 

• The use of an adaptive feedforward control configuration in conjunction with  

   piezoelectrically-actuated vibrating chevrons is investigated 

 

• A Macro Fiber Composite (MFC) patch actuator configuration was downselected  

  for its frequency response and integrated with ABS supersonic rectangular nozzle 

 

• Acoustic investigation of static chevron penetration led to nozzle with static  

  penetration of 0.100” 

 

• Open loop excitation investigations of this arrangement showed  

- Increased chevron benefits by up to 0.8 dB OASPL relative to the same  

  chevron geometry without excitation 

- Decreased chevron penalty at high frequencies 

- Minimal impact on broadband shock associated noise 
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SUMMARY 
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• Digital feedforward algorithm demonstrated effectiveness in benchtop test using  

  speaker tube sound source 

 

• Installed closed loop actuation system in SAJF showed reductions at select  

  frequencies of 1-3 dB 

 

• Integrated spectral levels showed benefits compared to the static chevron case at  

  aft angles but no significant broadband reduction beyond the open loop benefits,  

  likely due to controller design for narrowband performance 
 

 



FUTURE WORK 

• Investigating the use of pre-stressed piezo-ceramic actuators 

- Order of magnitude increase in displacement authority over conventional MFC 

actuators 

- Stainless steel substrate is custom designed to incorporate entire chevron 

geometry 

- Potential actuation of all four chevrons 

 

 

 

    

 

 
 

• Initial test runs suggest penetration depth will need to be increased  

- Inherent curvature essentially taken out through bonding process 
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BACK-UP SLIDES 
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REPEATABILITY 

 

• Comparisons are typically made for same-day data to minimize day-to-day  

   uncertainty 
 

• However, day-to-day comparisons within 0.12 OASPL 

Acoustics Technical Working Group Meeting, Fall 2013 23 



CONTROL ALGORITHMS 
 

• Simple Feedback Control 

- Artificially generated control signal thus uncorrelated with flowfield and noise of jet near  

  the nozzle 

- Different forms of control signal to be investigated (multiple narrowband, random noise, 

etc.) 
 

• MIMO Feedforward Control 

- Utilizes independent but coupled control signals driving multiple actuators 

- Expect better control authority than with current single channel feedforward method 
 

• Internal Model Control 

- Requires no reference sensor and utilizes model of internal dynamics of plant to modify  

  feedback arrangement and convert it to feedforward 

- Digital adaptive filters can then be utilized similar to current approach 
 

• Generalized Predictive Control 

- Optimal feedback control strategy 

- Enables an adaptive implementation 
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