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Introduction: Motivation

Current Shortcomings
QSF18 reports of booms heard outside the predicted carpet
Traditional ray theory codes cannot make predictions in the shadow zone
Consequences:
I
I

Computational prediction datasets are incomplete
Decisions about community response testing area based on narrow carpet
predictions

Figure 1: Perceived Sound Exposure level at the lateral extent of the carpet (Cliatt et al. [1]) compared with PCBoom predictions. Both figures from
Cliatt et al. [1].
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Introduction: Objective

Objectives of the Research

Develop an efficient code suitable for
parallel computing to predict the effects of
turbulence and ground diffraction on sonic
boom

Figure 2: Diagram of diffraction process between
incoming ray and ground

Relate parameters of turbulence to
waveform characteristics
Predict the falloff in the loudness level at
the edge of the sonic boom carpet.

Figure 3: Illustration of the computational domain of
the code.
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Method: Governing Equation

FLHOWARD Equation I
Coulouvrat [2] performed a decomposition on the N-S equations. Each
variable can be decomposed into the acoustic component q̃ and flow
component q̆,
q(xi , t) = q̃(xi , t) + q̆(xi ),

(1)

q̆(xi ) = q(x3 ) + q 0 (xi ).

(2)

u0i (xi ) are the velocity fluctuations, c0 (xi ) and ρ0 (xi ) are related to
temperature fluctuations. The governing equation becomes,
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Method: Governing Equation

FLHOWARD Equation II
Molecular relaxation is not included in Eqn. 3, but is incorporated in the
absorption computation.
Luquet [3] applies a wide-angle parabolic approximation to the heterogeneous
terms. A partially one-way equation for the pseudo-potential can then be
written,
∂2φ
= Dφ + Hφ + N φ + Aφ.
(4)
∂x∂τ
D = Diffraction term, H = Heterogeneous terms, N = Nonlinearities and A
= absorption term
Neglecting D and H reduces Eqn. 4 to Burgers equation of PCBoom [4]
 2
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Validation: Benchmark Problems

Benchmark Problems I
Benchmark cases:
1
2
3
4

Diffraction by a circular aperture of radius 4λ
Scattering by a spherical temperature heterogeneity of radius λ
Nonlinear propagation of a sinusoidal wave
Absorption effects on nonlinear propagation (Mendousse [5])

Diffraction: Angular spectrum method to compute forward solution of

r
Sphere: 5% increase in the sound speed c = c0 + 0.05c0 rect 2λ

(a) Circular aperture

∂2φ
∂x∂τ

= 2c ∆φ

(b) Sphere

Figure 4: Centerline profiles along the propagation direction for both the diffraction benchmark problem (a) and the spherical heterogeneity (b).
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Validation: Benchmark Problems

Benchmark Problems II
Propagation of a sinusoidal wave in a
quiescent medium
Amplitude large enough to cause
nonlinear distortion of the wave
Solve Burgers equation and compare
solution to Blackstock Bridging
Function [6]

(a) Nonlinear wave propagation

Absorption coefficient α incorporates
molecular relaxation and
thermoviscous effects [7]
φ̃(x + ∆x, ω) = φ̃(x, ω)e−α(ω)∆x
Absorption can be tested with
problem of Mendousse [5]

(b) Nonlinear wave propagation with absorption

Figure 5: Waveform computed at different propagation distances compared to the Blackstock bridging function [6]. Π is the normalized pressure
P /Pmax (σ = 0), σ is the shock formation distance, and θ = τ /ω (a). Comparison to Mendousse solution at σ = 3 (b)
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(5)

Atmospheric Model: Mean Quantities

Monin-Obuhkov Similarity Theory
Measurements of velocity and temperature profiles in the atmospheric
boundary layer are not abundant
It is desirable to model the fluid dynamics in the computational domain with
nondimensional parameters
Model mean quantities u and T with similarity theory
Following Wilson 2001 [8]:
  
 
 
u∗
z
z
z0
ln
− ψm
+ ψm
κv
z0
L0
L0
  
 
 
Pt T∗
z
z
zr
T (z) = Tr − (z − zr )Γd +
ln
− ψh
+ ψh
κv
zr
L0
L0
u(z) =

ψ functions chosen to have correct asymptotic behavior for z/L0 −→ −∞
(free convection)
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(6)
(7)

Atmospheric Model: Mean Quantities

Comparison with Measurements

SODAR data measured at AFRC
Data is nondimensionalized according to
Monin and Obukhov [9]
Black lines represent prediction of M-O
similarity theory
For visualization purposes, negative ξ
values are normalized by 10
z
ξ=
L0
r
τ
u∗ =
ρ
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Figure 6: SODAR data taken at AFRC plotted against the
universal function for Monin-Obukhov similarity theory given
by [8]
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Atmospheric Model: Turbulence

Artificial Construction of Turbulent Field I
Frelich et al. [10] spectral domain algorithm to generate turbulent field
u is computed from the inverse Fourier transform of w
ˆ ∞

ik·x
u (x, t) = Re
w (k, t) e
dk.

(8)

−∞

w determined from composite model spectrum
  
 
w1
H11
0
0
N1
w2  = H12 H22
0  N2 
w3
H13 H23 H33
N3

(9)

N is a complex Gaussian random number. H is determined from von
Kármán spectral model. Indices represent cartesian coordinates (x1 , x2 , x3 ).
Example for H11 , where F11 is the longitudinal model spectrum
p
H11 = F11 (k1 , k2 , k3 )∆k1 , ∆k2 , ∆k3
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(10)

Atmospheric Model: Turbulence

Artificial Construction of Turbulent Field II
Compare results with the wind tunnel grid turbulence case of Comte-Bellot
and Corrsin [11]

(a) Turbulent kinetic energy spectrum

(b) Autocorrelation

Figure 7: von Kármán composite energy spectrum compared to the measurement and the Autocorrelation of the numerically generated field compared to
measurements of Comte-Bellot and Corrsin [11].
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Conclusions: Future Work

Conclusions and Going Forward
Conclusions
I

I

I

A prediction tool is being developed that accounts for diffraction, scattering,
absorption and nonlinear propagation
Similarity theory and a model for the turbulent fluctuations are used to
generate velocity and temperature in the computational domain
The mean velocity profiles and correlations of the reconstructed turbulent field
match experimental data

Future work
I
I
I
I

Predictions for N-wave and low boom waveforms in a realistic atmosphere
Comparison to current prediction codes like PCBoom
Ground boundary conditions and PML layers
Predictions with atmospheric turbulence, relating waveform characteristics to
turbulence parameters
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:

Thank you
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