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Quesst Mission
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®
Propagation Time (s)
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Loudness Prediction
63 + 0.2 dB (ASEL)

Phase 1—Aircraft Development (X-59) Phase 2—Acoustic Validation Phase 3—Community Response
« Detailed Design « Near-, Mid-, Far-field . Initiallcommunity response
- Fabrication, Integration, Ground Measurements overflight study

Test «  Ground Measurements « Multiple campaigns (4 to 6) over
» Checkout Flights representative communities and
« Subsonic Envelope Expansion weather across the U.S.

» Supersonic Envelope Expansion
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Sonic Boom Computation and Ray Paths

CFD Domain

| £l

Altitude

~50000 ft

Sonic boom computation involves
|

| * Near-field pressures from CFD
~200-500 ft

Near-field |
Signal :

* Atmospheric propagation to the ground
Aircraft disturbances propagated along ray paths
* Rays go 1n all directions
* (Can separate impact into primary carpet, shadow region and secondary
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Boom Modeling: Augmented Burgers’ Equation

* Sonic boom propagation based on numerical solution of 1-D augmented Burgers’ Equation

Molecular Relaxation
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Nonlinearity

Thermo-viscous absorption

Cvgo
pcSoDé [ "Dy _ w.n 1
B = v, =lcn+w|,D=14+—,0 =—
V pOCOSDZ Col:g ) g | + |) + c ) D

* D = Doppler wind effects
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Sonic Boom Modeling: Numerical Challenges

Ground
overpressure
(Pascals
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Loudness

(dB) * Impact of an error of 2 Pa on a 90 PLdB signal may
— %2 be less than 1 dB

30
28
26
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nf * Mesh requirements and analysis uncertainty increase as
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atrcraft designs becomes quieter!
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Motivation:
* What is the discretization error in ground
sighatures?
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* What is the discretization error in the predicted
7548 ]Joudness metrics?
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* Are solutions mesh converged?
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Sonic Boom Analysis (Primal Algorithm)
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* Operator splitting to tackle each mechanism
separately

Relaxcation Step 1

* Iterative solution of a set of 7 equations

Relaxation Step 2

Absorption

Nonlinearity
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Sonic Boom Adjoints (Dual Algorithm)
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* Adjoint (dual) solution procedure involves .2 OpnN
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Farfield Discretization Error Estimation

Avoid expensive
embedded runs

— b ] L
J = Cost tunctional . P
H = Current mesh g 97U E
(O}
h = Embedded mesh g fIUn)
_ . = xact Solution — A 1
E = Error w.r.t. exact solution 3 o oy - Asymptone
. . . 3 error analysis
e = Relative error w.r.t. embedded grid solution L
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JWw) = J(U) + =55 = W = Ui JWR = J(UE) = ) P aRWE)
n=1

N
JW = J(UR) = D (Whn) RWUHD)
n=1

If nonzero residuals occur in regions where the adjoint quantities are large, then
these residuals will contribute a relatively large amount to the total output error

QUESST



Error Estimation Setup

* Investigate errors as the space(t)-time(o) mesh is uniformly

refined Current Mesh (CM)
> T AT

— Spacing in 7 and o related through CFL

CFL)At
~ Ao =YD
max(?) A e e L L e "o

e Refined Mesh

-------------
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Vi gy
- DOFRM - 4XD0FCM ............

. Interpolation

— Bilinear: Residuals
— Biquadratic: Adjoint solutions
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Results: N-Wave

N-wave initial pressure waveform

— Existence of analytical solution

— Uniform atmosphere, absorption/relaxation ignored

— M=14,0r =181

— Error computed w.r.t. exact analytical solution

LI B

LI B —

LI B

-1.0

LI B

/

L L L L L L 1 L L L L L L J

3.5
1/2 log,,(DOF)

(¢,

0.4

0.2

-0.2

-0.4

L, error norm of ground pressures as the space(t)-time(o)
mesh is uniformly refined is O(h)
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Results: N-Wave, Errors in B-SEL

* Investigation of errors in B-weighted Sound Exposure Level (B-SEL) o ; i
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Results: X-59

* Discretization error formulation applied to X-59 (C612A)

— Stratified atmosphere

— Nonlinearity, absorption, and relaxation mechanisms considered

_ | i}
i Nearfield |
0.6 i — — — = Ground ] 0-6
i Adjoint @ Ground .
s ——— - Adjoint wrt Nearfield (x2000) -
0.4 0.4
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* Primal and adjoint solutions o4k 104
corresponding to Jg ! ]
— Shaped low-boom (76 PLdB) 0.6 ! i | -0.6
ground signature [ L L M

— Expected behavior of the adjoint
solutions QUESST



Results: X-59

* Discretization errors corresponding to A-SEL e
— Coarsest mesh 501 nodes (1.5 kHz); Finest mesh 16001 nodes (~53 kHz) Gof a8
— “Exact” levels computed on 64001 nodes (~210 kHz) = 58: )
— Primal solutions converge earlier than adjoint solutions § 56:
— Adjoint-weighted residuals predict monotonically reducing errors with ) 54:
uniform space-time mesh refinement }
— At a modest sampling frequency of ~53 kHz, A-SEL loudness values are N R
predicted to within 0.01 decibels N N DOF K K
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Concluding Remarks and Future Work

Method of adjoint-weighted residuals applied to sonic boom predictions to estimate discretization errors
in farfield simulations

* Leverages asymptotically consistent adjoint discretization
Predicted level of discretization error in sonic boom farfield metrics offer insight whether additional
refinement is needed to reduce them below a desired threshold
Results indicate loudness errors <0.01 decibels for realistically complex practical examples (X-59) when
analyzed at modest sampling frequencies

Future Work

Explore opportunities for reducing memory footprint and improving computational efficiency of the
primal and dual solvers

Leverage updated farfield formulation and couple with nearfield adjoints to allow reliable and robust
aerodynamic shape optimization of low-boom aircraft
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Sonic Boom Introduction

“—
- —

bt

. : : . — ’ " — ——— el
- - - .s B - l‘r - -.f-‘ : .' - _o\ — ‘ - . ——— "
— - - - 4 - —~ . —— -~ - . o
- - - R T . - q.—,.‘ b - —— —— -u‘w
. — — - s -..
- - - ~ - - -

e ‘ Dlsturbanc‘és from sﬁpers,gnlc aircraft pﬁe-f)a'gaiﬁg lg__-— ,:5,..

~a _ - ~ - generate a §9_n10 boom on the ground ——
—— — — - > E - ~ - — ...-N — -_— - - — 2
= g e i T e e —
m B i — -_— T -
> e - ,— - ‘e,r

, s
= i ﬁfrmaw__Somc Boom Carpet (Sweeplng Parabollc

- e Reglon) on th% o
o - - ‘— . — ) -
7 % — R~ e ~—— = =
= DN — 2 - —
— > - -:' ‘é’ ——



Results: N-Wave, Errors in Ground Pressures
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* Investigation of errorsin Jz = [Zi=1 P; ]AT 04 \ ——— Nearfieud _
i Adjoint @ Ground .
B \ ———— - Adjoint w.r.t. Nearfield (x450) ]
* Pressure waveforms (primal) and adjoint (dual) solutions ezf BN N 1%
| wof N o 2
05 i | |
_-e— JH B | '''' '-\<“\_ """"" .
| e Jc -0.2 | \\\ 4 02
0 === J, Exacty I \\ .
-0.5 0.4 I s
B - -04
-1 3 2 1 2 1 2 3

log,,(Error)
o

o

* Adjoint-weighted residual errors in Jg
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— Linear drop in errors with uniform refinement
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Results: NACA 0003 Airfoil

* Pressure waveform from NACA 0003 i
- N\ — — — - Ground
— _ " — 0.8 Adjoint @ Ground
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Quantifying Impact of Sonic Booms

Impulsive Noise Source
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Loudness Metric Sensitivities

e Recall 2" order cascaded filters

B(z) Z{VObZ.
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T.oudness Metric Sensitivities:

* (Cascaded filters analytically differentiated

* Sensitivities from different frequency
weightings show smooth behavior
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