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Quantifying machinery noise

Noise regulation in the US vs. Europe 

Contours of aircraft noise immission

Aircraft noise certification: airport centric

Urban Air Mobility: distributed noise

Potential for local regulation

Providing information: sound spheres

• Compute

• Measure in laboratory

• Measure in flight

o Proposed innovation using an acoustic camera
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Emission is how much noise something produces

Immission is how much noise someone is exposed to

Both are important for the present context
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IMMISSION VERSUS EMISSION



Noise Units

𝑝 = RMS sound pressure (Pa), usually limited to a frequency band

𝐿! = 20 log"#
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= Sound Pressure Level, SPL (dB)

𝑝# = 20×10$% Pa = Reference Pressure
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A-Weighted Sound Pressure Level (dBA): 
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LEQ

Equivalent Continuous Sound Level, LEQ (dBA):
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DNL

Day-Night Average Sound Level, DNL (dBA):
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Where

𝐿1= LEQ for 7 am – 10 pm = LEQ for day
𝐿0= LEQ for 10 pm – 7 am = LEQ for night

(LEQ with 10 dB penalty for night)



EMISSION REGULATION

Noise Control Act (NCA) of 1972 (codifed in 49 U.S. 4901-4918), 
EPA’s newly established Office of Noise Abatement and Control 
(ONAC) 

US

1982 it was defunded by Congress at the request of the Reagan 
administration 

By retaining its authority under the NCA without the funding to 
execute it, EPA has effectively preempted state and local 
governments from adopting updated noise emission and 
labeling standards of their own for the sources and products 
that EPA has already regulated…
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EMISSION REGULATION

Unlike in the United States, however, European regulation of 
product noise emissions based on standards developed by regional 
and international standards bodies has been very active and 
expansive in recent decades. 

Europe
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Example of sound power measurement

Electric Motor Noise Status 

April 11 – 12, 2017
NASA Acoustics Technical Working Group 

Dr. Brenda S. Henderson Dennis L. Huff
NASA Glenn Research Center 



EMISSION REGULATION
Europe
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Immission Noise metrics
Occupational noise exposure

(b)(1) When employees are subjected to sound exceeding those listed in Table G-16, feasible 
administrative or engineering controls shall be utilized. If such controls fail to reduce sound 
levels within the levels of Table G-16, personal protective equipment shall be provided and used 
to reduce sound levels within the levels of the table.

eCFR 1910.95(b)(2) 

https://www.osha.gov/laws-regs/interlinking/standards/1910.95(b)(2)


https://www.bts.gov/

National Transportation Noise Map

Immission Noise 
metric example

A-weighted 24-hour 
equivalent sound levels 
(LAEQ) (a-weighted, average 
sound level for the day) from 
aviation and Interstate road 
noise in the year 2014.



National Transportation Noise Map



COVID-19
New York Times
4/30/2020



Percent Highly Annoyed

Hubbard, Vol 2. p38



Immission Noise metric example
DNL values > 65 dB  <-> 30% “highly annoyed” <->  “threshold for negative health effects”
Criterion for Residential Sound Insulation Programs around airports (FAA-funded)

http://www.airportsites.net/SEA-
Part150/documents/final/x1-
NEMPLOT_Existing%20(2013)%20Noise
%20Exposure%20Map.pdf



Immission Noise metric example
65 dBA  DNL Contor



Aircraft Noise Certification

Equivalent Perceived Noise Level, EPNL

Flyover metric for aircraft noise certification, EPNdB

Title 14 Code of Federal Regulations, Chapter 1, Subchapter C, part 36 

International Civil Aviation Organization, Annex 16 to the Convention on International 
Civil Aviation, Volume 1 



General Information (Subpart A)
Transport Category (Subpart B, Appx A & B)

– Includes any jet powered aircraft
Supersonic (Subpart D)
Propeller Driven (Subpart F, Appx F or G)
Helicopters (Subpart H, Appx H or J)
Tiltrotors (Subpart K, Appx K)
Documentation (Subpart O)

Part 36 

Mark Yee, UW AE 523
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Urban Air Mobility

https://www.uber.com/info/elevate/

See also: white paper at https://www.uber.com/elevate.pdf

Electrically powered rotorcraft
Soaring over traffic
On demand mobility
(No pilot on board)
Children on swing set not disturbed by noise

https://www.uber.com/info/elevate/


Vision

Partially from Michael Patterson, Acoustics Technical Working Group, NASA, April 2018

• Replace automobile gridlock in urban areas that are underserved by public transportation, 
such as the Bay Area

• Trips of approximately 10 to 100 mi
• Operate from new “vertiport” infrastructure and/or existing heliports likely as a part of 

multi-modal transportation
• Approximately 1-9 passengers or up to ~2000 lb payload



Convergence of technologies

See final report at http://www.nianet.org/ODM/roadmap.htm

• High energy-density batteries
• Fuel cells
• High power-density electric motors
• Additive (3D) manufacturing
• Hydrophobic material coatings
• Rich broadband air-to-ground, air-to-air, and orbit-to-air digital, bi-

directional, IP connectivity
• Military-, or Bank-grade cybersecurity systems
• Trusted autonomous systems
• Multi-function materials and structures
• Advanced material systems (increased strength-to-weight properties) 
• Artificial Intelligence
• Biometric identification, registration and authorization
• Wearable and virtual or enhanced reality display systems
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From Michael Patterson, Acoustics Technical Working Group, NASA, April 2018



From Michael Patterson, Acoustics Technical Working Group, NASA, April 2018
AE 523 27
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David Josephson
NASA ASTW, April 2018



Noise Certification Undetermined

29

• Uncertain if current noise certification metrics apply

• Concern that cities could ban the machines



Current Industry Noise Targets (2018)
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• 15 dB decrease relative to small helicopters

• Outside of vertiport areas, noise below background 
noise levels today

From Michael Patterson, Acoustics Technical Working Group, NASA, April 2018



Sample NASA UAM Projects

• Concept vehicles
• Auralization
• Rotor noise ground testing
• Motor noise ground testing

AE 523 31



32From Susan A. Gorton, NASA
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From Steven Rizzi, Fall 2017 Acoustics TWG Meeting

Auralization









Fredericks et at
AIAA Aviation 2015



Directing noise by phase control of rotors
(not all UAMs have phase control)

Pascioni, Rizzi, Ackerman, Gales, Shiller and Gregory, Spring ATWG 2018   



Pascioni et al



April 9 2020



April 9 2020



4/2020: “Urban Air Mobility” -> “Advanced Air Mobility”



Michael Patterson, NASA

Davis Hackenberg



Michael Patterson, NASA



City of Los Angeles



City of Los Angeles



City of Los Angeles



City of Los Angeles



Local Noise Regulation
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Control of noise at the local level presents several challenges. 

First, cities and towns in the United States have different needs. 

Second, many noise problems do not have engineering solutions.

Third, local officials often do not have the information they need to find the best 
methods of solving local problems. 
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Potential for Engineering and Information

51



Advanced Acoustic Model Technical
Reference and User Manual
SERDP Project WP-1304
Juliet Page et al

Sound Sphere



Eric Greenwood
Ph.D. Thesis
Penn State 2011



Obtaining Sound Spheres

• Compute
• Measure in laboratory
• Measure in flight



Compute Sound Spheres



Thickness and Loading Noise
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∇'𝑝 −
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𝜕'𝑝
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𝑙* ∇𝑓 𝛿 𝑓

Thickness noise 
source

Loading noise 
source

𝑓 𝒙, 𝑡 = 0  is the equation of the blade surface
𝑣) is the local velocity of the surface normal to itself
𝑙* is the 𝑖th component of the surface force
𝛿 𝑓 is the Dirac delta function

Linear form of the Ffwocs Williams and Hawkins equation*

*Eq. (1) in Vol. 1 of Hubbard, from
Farassat, F., “Linear Acoustic Formulas for Calculation of Rotating Blade Noise”, AIAA 
J. Vol. 19 No. 9, Sept. 1981, pp. 1122-1130.
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Eric Greenwood
Ph.D. Thesis
Penn State 2011

Helicopter Rotor Harmonic Noise
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From Nik Zawodny and Nicole Pettingill, Spring 2018 Acoustics TWG Meeting



Compute Sound Spheres

ANOPP and ANOPP2
Leonard V. Lopes
NASA-Langley Research Center

Cetin Kiris
Computational Aerosciences Branch
NASA-Ames Research Center



Steve Rizzi, 2017

Low-Fidelity Code for Rotor Noise 



Cetin Kiris 2020
High-Fidelity Example



Cetin Kiris 2020



Laboratory Measurement
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From Nik Zawodny and Nicole Pettingill,
Spring 2018 Acoustics TWG Meeting
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From Nik Zawodny and Nicole Pettingill,
Spring 2018 Acoustics TWG Meeting
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Motor Noise Ground Testing

Results from Brenda S. Henderson, Dennis L. Huff, and Jordan Cluts
NASA Glenn Research Center

References
D.L. Huff and B.S. Henderson, “Electric Motor Noise from Small Quadcopters: 
Part I– Acoustic Measurements”, AIAA 2018-2952 
and
B.S. Henderson, D.L. Huff, and C. Ruggeri, “Electric Motor Noise from Small 
Quadcopters: Part II– Source Characteristics”, AIAA 2018-2953 
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From Brenda Henderson, Dennis Huff, and Jordan Cluts, Spring 2018 Acoustics TWG Meeting
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From Brenda Henderson, Dennis Huff, and Jordan Cluts, Spring 2018 Acoustics TWG Meeting
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From Brenda Henderson, Dennis Huff, and Jordan Cluts, Spring 2018 Acoustics TWG Meeting



AE 523 70

Why Motor Noise at 5 kHz?

Results from Brenda S. Henderson, Dennis L. Huff, and Jordan Cluts
NASA Glenn Research Center
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Pressure from Magnetic Field

Adapted from Brenda Henderson, Dennis Huff, and Jordan Cluts, Spring 2018 Acoustics TWG Meeting

Motor controller current vs. frequency

Current -> Magnetic Field -> Radial force on (outside) rotor shell 



72

Structural Vibration: Finite Element Analysis

From Brenda Henderson, Dennis Huff, and Jordan Cluts, Spring 2018 Acoustics TWG Meeting



Flight Measurement of Sound Spheres

• Goal post array
• Acoustic Camera



Source Noise Measurement With A Goal Post Array

D.A. Conner, C.L. Burley and C.D. Smith, “Flight Acoustic 
Testing and Data Acquisition For the Rotor Noise Model 
(RNM),” American Helicopter Society 62ndAnnual Forum, 
Phoenix, AZ, May.2006.



D.A. Conner et al



Acoustic Research Complex at the White Sands Missile Range



• Remote location needed for SNR

• High cost for instrumentation and personnel

• Errors in “depropagaton” due to imperfect knowledge of wind over propagation path

• Ground bounce for elevated microphones 

Difficulties of Goal Post Approach



Acoustic Camera Approach
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Summary

The acoustic  camera approach should substantially reduce the 
cost and improve the accuracy of UAM sound sphere 
measurements.

This may provide information for efficient regulation of UAM 
noise, helping to remove a barrier to the acceptance of this 
technology.  


