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Sonic Boom Computation and Ray Paths
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Sonic boom computation involves
* Near-field pressures from CFD
« Atmospheric propagation to the ground
Aircraft disturbances propagated along ray paths
« Rays go in all directions
« Can separate impact into primary carpet, shadow region and
secondgry carpet
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Motivation

Investigation of secondary booms and associated ray paths

« Improve functionality to allow computation of secondary booms
» Develop analytical closed-form expressions for the ray paths

Computation of ray tube areas using Jacobians

« sBOOM currently uses four rays to compute ray tube areas
* In some cases with wind gusts, could potentially lead to erroneous ray tube area computation

« Compute ray tube areas using a single ray

Investigation of noise in loudness gradients due to assumptions of
atmospheric parameters

« Typically, atmospheric temperature modeled using piece-wise linear interpolation
« Could lead to numerical noise in loudness gradients



Sonic Boom Ray Path Equations

« Ray paths dictated by coupled differential equations
« Under windless conditions, equations can be simplified
« Equally applicable to both primary and secondary booms
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Analytical Solutions to Ray Paths under Standard Atmosphere NA

« Vertical component of the slowness vector is a function of speed of sound and initial Z-
component of the ray normal
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 Analytical exact expression for ray path length under constant lapse rate

For zero lapse rate
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« Components of the ray path
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Analytical Solutions to Ray Paths (Contd.)

« Ray tube area defined by the ray Jacobian
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Verification of Ray Path Derivatives

« Complex version of ray path equations developed to verify analytically computed derivatives

* No subtractive cancellation errors, true second-order accuracy achieved
» Analytical and complex derivatives match well
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Atmospheres Used

« Couple of atmospheres used
« Standard atmosphere (No Winds)
* NCPA canonical atmosphere
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Results — Ray Paths

« Ray paths show significant variation due to winds
« Can model multiple bounces
« Disturbances at certain azimuthal angles do not reach the ground
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Results — Ray Paths (Contd.)

« Vertical component of the slowness vector determines the highest altitude reached for

secondary booms

« For NCPA atmospheres, the change happens around ¢=150°
« Ray paths much different for ¢=151° and ¢=152° under NCPA atmosphere

$»=160, Standard Atmosphere
- — — — ¢$=160, NCPA Atmosphere
$=152, Standard Atmosphere
- — — — 0¢=152, NCPA Atmosphere
$=150, Standard Atmosphere
., — — — — 0=150, NCPA Atmosphere

Altitude (km)

[e2]
o

N
o

N
o

o

¢ = 150, Standard Atmosphere
- — — — ¢ =150, NCPA Atmosphere
- - - - 0=
o=

151, NCPA Atmosphere
152, NCPA Atmosphere

Y \

L L L L L I il L L L L L L L I L L L L l L L L L I L L L L I L L L L I L L L L I
100 150 200 250 300 350 400 450 500
Lateral Range (km)

11



Results — Ray Tube Areas

« Ray tube area significantly decreases as the highest altitude is

reached

« Potential situations when this goes to zero
« Numerical noise introduced at the atmospheric layer

interfaces

—

o
N

LI I

Ray tube Area (km?)
o

—
o
o

10°E

—
=
L L

—_—
o
o
T 1T

Standard Atmosphere
NCPA Atmosphere

| | | | l | | l | | | | l l | | I | l | | | |
50 100 130 200 250
Longitudinal Range (km)

Propagation Parameters
M = 1.4, Altitude = 16459.2 m
¢ = 1600

12



Results — Blokhintzev Invariant, Secondary Booms

 Blokhintzev invariant for pressure scaling

« Manifestation of conservation of energy

Propagation Parameters

« Hydrostatic equation used to compute pressures M = 1.4, Altitude = 16459.2 m
« State equation used to compute densities ¢ = 1600

Blokhintzev Invariant

1.4

1.2

Standard Atmosphere
NCPA Canonical Atmosphere

13



Temperature Lapse Rate

Atmospheric temperature assumed to be piece-wise linear

Computed lapse rates appear smooth, but are only CO, not C1

Minor impact on ray path metrics
Significant impact on ray path derivatives, ray tube areas, loudness gradients —

anything to do with cumulative gradients

 Significant issue for secondary booms than primary booms because these
discontinuities are accumulated over very large distances
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Concluding Remarks

« Atmospheric wind profiles play a much larger role in secondary booms than primary booms
due to their long ray paths

 Interpolation assumptions in atmospheric quantities have a magnified effect for secondary
booms

« Depending upon the prevailing atmospheric conditions, especially winds, there could be a
significant change in the extent of the secondary ray paths between azimuthal angles even
when they are close

» Special numerical considerations and solution approaches would have to pursued when ray
tube area approaches zero for secondary booms
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Future Work

At higher altitudes for secondary booms:
* Model humidity profiles
* Ensure relaxation and loss mechanisms are properly modeled
 Research sources that can provide measured winds
Consideration of special cases when ray tube area could approach zero at higher altitudes
Investigation of the discontinuities in Blokhintzev invariant
Computation of secondary booms and associated loudness metrics.
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Questions?
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Results — Primary Booms

* Primary boom ray paths show linear behavior initially followed by slightly curved ray paths
« Ray tube areas computed using Jacobian Propagation Parameters
« Excellent comparison on numerical and exact expressions M = 1.4, Altitude = 16459.2 m

Standard Atmosphere, ¢ = 30°
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sBOOM - Nonlinear Propagation Analysis and Design Tool

* Follows sonic boom propagation best practices écc;eleg?edb v
. . ruise-Clim
* Ignores diffraction (near the carpet edges) A A
« Ray path equations Cruise
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» Burgers equation based propagation validated with acoustic measurements with fairly good agreement
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