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Goal is to quantify uncertainty in the level of noise reaching ground
from supersonic aircraft at cruise conditions
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1. Predicting acoustic signatures
2. Quantifying uncertainty

3. Handling atmospheric uncertainty

4. X-59 UQ




Sonic Booms
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Sonic Booms

- Classical signatures are N-waves

» Sound characteristics are a function of the ground pressure
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Sonic Booms

- Classical signatures are N-waves

» Sound characteristics are a function of the ground pressure
signature
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Schlieren photograph
of a supersonic aircraft

\ Altitude (~16 km)

Image credit: NASA
Loudness metrics (dB)

__ __ : * Perceived Level PL
. ""-.__ * Weighted Sound Exposure Level: A/B/C/D/ESEL
: - Indoor Sonic Boom Annoyance Predictor

» ISBAP = PL - 0.4201(CSEL-ASEL)
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Predicting En-Route Noise

Noise characterization requires prediction of the primary loudness carpet
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Predicting En-Route Noise

Loudness footprint is subject to many sources of uncertainty

Atmospheric conditions
(wind, temperature, humidity)
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Obijectives

 Noise metrics

 Mean & standard deviation |
» Perceived Level (PL)

* Probability density function » Sound Exposure Level (SEL)

 Cumulative distribution
function

» Indoor Sonic Boom
Annoyance Predictor (ISBAP)

2.Assess and minimize sources of error

» Directly apply UQ to high-fidelity simulations

3. Minimize computational cost

» State of the atmosphere

» Temperature and relative humidity

$

* Flight conditions
» Mach number
» Altitude
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Uncertainty Quantification with QUEST

Quantified Uncertainty with Error bias estimation Software Tools
Sources of Uncertainty

- Implements comprehensive set of UQ methods

» Dense and sparse quadratures QUESTPrep

» Multi-level Monte-Carlo sampling

.+l+.

» Kernel density estimation for PDF and CDF evaluation

Database
» Specialized numerics to handle stochastic discontinuities,

e.g. those due to shocks Realizations

- Intrinsic post-processing of discretization errors

- Developed by Dr. Tim Barth in TTT-RCA QUESTPost

- Currently maintaining active QUEST server and webpage
(NASA internal use only)

e*l‘-

https://nas.nasa.gov/publications/software/quest/questresourcesV4.html
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Evaluation of Statistics for Outputs of Interest

Input Probability Density Function

Numerical Approximation of Expectation

N - point Gauss-Patterson Quadrature

(Mean)
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Evaluation of Statistics for Outputs of Interest

Numerical Approximation of Expectation
Input Probability Density Function
| N - point Gauss-Patterson Quadrature

Expectation JH(fl), JOR JH(fN)
(Mean)
e ApprOX”’na'te Outputs
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Noise Output =L Quadrature Welghts
(PL)
Numerical Error in Expectation
H
o — E'[J] _ EN[JH] — E[gH] -+ SQ[JH] ...........................
CH = ‘J —Ju ‘ Discretization Error S Expectétion Ouadrature
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QUEST

v
QUESTPrep

Database

Acoustic Signature Simulation

Realizations

QUESTPost

Noise Analysis
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Approach: Nearfield-Fartield Decomposition

Nearfield

3D effects important

 Alrcraft shape
* Inlets, ducts, engine plumes
« Steady, 3D CFD

\\\\ RAANN

Farfield
16 km sBOOM

o Stratification
» Absorption
* \Winds

» Geometric acoustics e
Signature Duration

Propagation Time

* Augmented Burgers’ equation

N Noise Analysis
PL, ISBAP (dB)
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Nearfield
Cart3D

Farfield
sBOOM

el

Variable flight conditions

 Mach Number

- Altitude

- Uncertain state of atmosphere
» Temperature 2
» Relative Humidity
» Wind
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A-tm O S p h e ri C O bse rva 'ti O n S X-59 Acoustic Validation Flights ~a_

Edwards AFB \\\ \ \

Current focus is on variability in atmospheric profiles at Edwards AFB s N

_ Near-field _ _ _

e | ocation for X-59 acoustic validation flights

Mid-field __

Database of atmospheric profiles from European Centre for Medium-Range
Weather Forecasts (ECMWF) Reanalysis v5 (ERA5)

NASA Dryden

g - Microphone
Aeronautical Test Range =48

' - Meteorological
» Selected observations from 2003 to 2022 Al pata(grouna)
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Altitude Index

Properties of Atmospheric Profile

S

Challenge is to accurately and efficiently model stochastic fluctuations in the atmosphere

Temperature profiles are normally

Atmospheric profiles are correlated fields 20 -y .
distributed (Gaussian)
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Find independent random variables that efficiently parameterize observed

We seek a compact, low-dimensional representation
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Temperature (°C)

profiles
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Karhunen-Loeve (KL) Expansion

o
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* Optimal representation of Gaussian process correlated random fields

Ul

* Main idea Is to use the covariance of the observed data to anchor the parameterization

=
o
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» Diagonalize discrete covariance matrix

Altitude Index
=
unl

» Select largest eigenvalues to model dominant fluctuations of atmospheric properties
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For an ensemble of discrete random-process atmospheric profiles

Parametric form of each profile

wi = u(w) +w;, = u(w) + Z gﬂ?\/ )\quz " Covariance eigenpairs (A, ¢) 10t Sorted Eigenvalues -
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""" " First six eigenvalues account
& for 90% of total variance
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Good agreement between modeled

and measured profiles

» Infrequent outliers not sampled well

» Excellent agreement near the mean
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Errors in Temperature Statistics
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KL6 standard deviation errors are small
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Characterize uncertainty in X-59 ground signature and loudness due to

uncertainty in cruise Mach number and altitude, and the atmosphere

* 8 iIndependent random variables
» Assume normal distributions for Mach number (M) and altitude (Ac)
» KL-6 parameterization of T and RH profiles

* Assume flights at Edwards AFB in August, around 10 am PT

X-59 (C612A)
Moo — 1 .4

Upper Surface

51.5,0 = 0.5)

NBU(U:

Ay =

Uncertain Operating Conditions and Atmosphere

Level 4 Sparse Gauss-Patterson Quadrature
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001 ............................... o o e o
 Nearfield signatures due to

i ~uncertainty in Mach number

0.005 | _______ s _______________________________ ________________________________ (15 solutions)

“Overnight” turnaround on
small clusters frequently
achieved in practice
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Ground signatures due to
uncertainty in Mach number,
altitude and atmospheric
profiles (1,121 propagations)
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Overpressure (Pa)

Ground Signature Probability Density

* Input uncertainty affects rise time, amplitude and signal duration

25 » Probability distribution is close to Gaussian
20 [ '
i Probability
i 1
151 -
06
10 F j - 04
i N | 0.2
5 | \\\ .O
oL & -
-5 |
-15
-10 l | l | 1 | 1 | . | | I
0 25 50 75 100 125 150
Time (ms)

23



0.0
62.0

64.0

Perceived Loudness PDF

Mean = 71.7 dB
o=2.5dB

660 680 700 720 740 76.0
PL (dB)

78.0

80.0

24



Ranking of Uncertain Parameters
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Nominal Perceived Loudness
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* 92% chance of success 0_75;

» Probability of exceeding 75 PL dB
at Edwards AFB for flights in August
at 18:00 UTC due to uncertainty in

cruise Mach number, altitude and

CDF(PL)
o
O

atmospheric conditions is 8%

» Estimate neglects variability in |
0.25

aircraft mass and trim, and

atmospheric turbulence




Summary

1. Developed an efficient parameterization of atmospheric profiles using Karhunen-Loeve expansion
e Expansion with just 6 parameters is an excellent compromise between accuracy and efficiency

2. Atmosphere has a major influence on noise metrics
e Standard deviation 4-8% Iin loudness metrics
e Two terms of the KL expansion account for 60% of the uncertainty

3. A morning flight on any day in August has a 92% probability of not exceeding 75 PL dB

* Demonstrated efficient uncertainty quantification for noise under conditions expected during test flights

» Affordable cost on real-world problems, despite direct use of high-fidelity simulations and complex aircraft
geometry

 Important step toward en-route noise certification by simulation-based analysis
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Next Steps

 Continue stewardship of current release
» Development of new capabilities

» Ranking input uncertainties for higher dimensional outputs

» Leveraging automated error analysis to control error bias

— Mean Signature

» Benchmarking MLMC for large problems

(/2]
» Investigating model-form errors 5
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o
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Applications beyond quiet supersonic flight 5
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“Uncertainty Quantification for Aircraft Certification by Analysis”

https://zintellect.com/Opportunity/Details/0133-NPP-NOV25-ARC-Aero

NPP Post-doc opportunity:

Distance Along Sensor (m)
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Questions

QUEST https://nas.nasa.gov/publications/software/quest/questresourcesV4.html

sBOOM & Cart3D https://software.nasa.gov/

marian.nemec@nasa.gov
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