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Summary

This paper is onerned with time-domain simulations of radiation of moving soures in omplex

outdoor environments. Indeed, time-domain methods are well-adapted to study the radiation of

moving soures as they an handle any soure trajetory and any variation of the soure speed

during its motion. The ase of a soure moving at a onstant height and at a onstant speed above a

�at ground is examined. First, the numerial solution is ompared with an analytial solution for a

perfetly re�eting ground. Results are then examined for a �nite-impedane ground. An extension

of a reently proposed analytial solution for a 2-D geometry is proposed and a omparison of the

obtained solution is performed with the numerial solution.

PACS no. 43.20.El, 43.28.Js, 43.28.En

1. Introdution

Time-domain methods are now mature to investigate

omplex problems in outdoor sound propagation in

large three-dimensional geometries [1, 2, 3℄. In par-

tiular, they allow us to study the aousti �eld gen-

erated by moving soures in realisti environments,

whih is not available using frequeny-domain meth-

ods. The feasibility of time-domain numerial simula-

tions of radiation of moving soures have been shown

reently in [4, 5℄.

The paper is onerned with the radiation of a

monopole moving above an impedane plane at a on-

stant speed at a onstant height. This is a anonial

problem for radiation of soures in motion and has

been investigated analytially by many authors [6, 7℄.

However, it was notied by Ohmann [8℄ that all the

proposed analytial solutions assume that the surfae

impedane does not vary with the frequeny during

the motion of the soure. An analytial solution has

been proposed reently in [9℄ for a line soure moving

at a onstant speed and at a onstant height above an

impedane plane whih removes this assumption. In

partiular, it was shown that for soures moving lose

to the ground and at a Mah number higher than 0.2

a signi�ant error ould be obtained.

The objetive of the paper is to ompare the nu-

merial solution obtained from a time-domain solver

() European Aoustis Assoiation

of the linearized Euler equations to analytial solu-

tions. In partiular, an analytial solution for a �nite-

impedane ground surfae whih aounts for the fre-

queny variation of the impedane during the motion

of the soure is proposed.

The paper is organized as follows. In Se. II, the

problem is desribed and the parameters of the nu-

merial simulation are given. The ase of a perfetly

re�eting surfae is then studied in Se. III and the

numerial solution is ompared to an analytial solu-

tion. In Se. IV, an impedane surfae is onsidered.

The numerial solution is �rst presented and an ana-

lytial solution is proposed.

2. Desription of the problem

The radiation of a monopole moving at a onstant

height and at a onstant speed above an impedane

plane is investigated. The sheme of the problem is

depited in Fig. 1.

The linearized Euler equations are solved using op-

timized high-order �nite-di�erene shemes. At the

outer boundaries, Perfetly Mathed Layers [10℄ are

employed. At the ground, a time-domain impedane

boundary ondition [11℄ is implemented. The solver is

presented in [12℄.

The grid is Cartesian with 2001×351×72 points in
the x−, y− and z−diretions, respetively. The spa-

tial step is uniform with ∆x = ∆y = ∆z = 0.1. The
time step is set to 2.9× 10−4

s and 12000 time itera-

tions are performed.
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The moving soure is implemented through the

mass soure term:

S(x, t) = s(t)Q(x− xS −V0t), (1)

where xS = (0, 0, zS) with zS = 2.1 m and with

V0 = (V0, 0, 0). The Mah number M = V0/c0 is

equal to 0.15. The soure spatial distribution Q(x)
is Gaussian and its halfwidth is equal to 0.1 m. The

signal s(t) is onstruted by �ltering a white noise

signal by a Gaussian entered at 300 Hz and whose

halfwidth is approximately equal to 100 Hz. Note that

the mean value of the time-frequeny deompositions

of the aousti pressure presented in the following se-

tions are obtained by averaging the value obtained

for ten realizations of the signal s(t). The aousti

pressure obtained at a reeiver loated at x = 0 m,

y = 4.9 m and z = 3 m is studied hereafter.
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Figure 1. Soure moving at a onstant speed above an

impedane plane.

Two types of ground surfae are investigated:

the �rst one is a perfetly re�eting surfae and

the seond one is an absorbing surfae. For that,

an impedane plane is onsidered, using the Miki

model [13℄ of a semi-in�nite ground of air �ow re-

sistivity 100 kPa s m

-2

.

3. Results for a perfetly re�eting

ground

3.1. Numerial solution

First, a perfetly re�eting surfae is onsidered. The

time-frequeny deomposition of the aousti pres-

sure, orresponding to a short-time power spetral

density (PSD) of the pressure, at the reeiver is shown

in Fig. 2. It is observed that the frequeny ontents

of the aousti pressure is between 300 and 500 Hz

as the soures approahes the reeiver (t < 0) and is

between 200 and 400 Hz as the soure reedes from

the reeiver (t > 0). This is obviously related to the

Doppler shift. Close to the reeiver, the power spe-

tral density presents destrutive interferene patterns,

for whih the PSD beomes very small. The loation

of these interferenes an be obtained analytially as

for a non-moving soure [4℄ and are plotted as dashed

lines in Fig. 2. A good agreement is obtained.

t, s

f,
 H

z

 

 

dB/Hz

−1 0 1

200

400

600

50

70

90

Figure 2. Time-frequeny deomposition of the aousti

pressure at the reeiver obtained from the numerial solu-

tion for a perfetly re�eting ground. Extrat from [4℄.

3.2. Comparison to an analytial solution
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Figure 3. Time-frequeny deomposition of the aousti

pressure at the reeiver obtained from the analytial solu-

tion for a perfetly re�eting ground. Extrat from [4℄.

The PSD obtained in the previous setion is om-

pared to that obtained from an analytial solution.

For a perfetly re�eting surfae, the analytial so-

lution is the sum of two ontributions, one from the

soure and the other from the image soure loated

symmetrially with the respet to the ground plane to

the soure. Therefore, the PSD of the aousti pres-

sure is obtained from:

PSD[p](x, f, t) = PSD[s](f)Q̂(kD)ρ20c
2
0|G(x, f, t)|2,(2)
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where PSD[s] is the PSD of the soure signal s(t) and
where the Green's funtion is given by :

G(x, f, t) = ik

(

eikRe,1

4πRe,1(1−M cos θe,1)2

+
eikRe,2

4πRe,2(1 −M cos θ2e,2)

)

, (3)

with k = ω/c0 and ω = 2πf . The parameters

(Re,1, cos θe,1) and (Re,2, cos θe,2) orrespond to the

retarded time oordinates entered at the soure and

at the image soure, respetively. In addition, the term

Q̂(kD) is the spatial Fourier transform of the soure

spatial distribution Q evaluated at the wavenumber

kD = k/(1 − M cos θe,1) and aounts for the non-

ompaity of the soure.

The PSD of the pressure obtained analytially is

plot in Fig. 3 as a funtion of the time and the fre-

queny. Compared to the numerial solution in Fig. 2,

it appears smoother as the soure signal in the nu-

merial solution is obtained from a random signal.

However, it is observed that a very good agreement

between the two solutions is found. A quantitative

omparison has also been performed in [4℄, showing

that the deviations for a short-time equivalent sound

pressure level were lower than 0.5 dB.

4. Results for an absorbing surfae

4.1. Numerial solution

t, s

f,
 H

z

 

 

dB/Hz

−1 0 1

200

400

600

50

70

90

Figure 4. Time-frequeny deomposition of the aousti

pressure at the reeiver obtained from the numerial solu-

tion for an absorbing ground. Extrat from [4℄.

The numerial solution obtained for an absorbing

surfae is depited in Fig. 4. It is dramatially di�er-

ent to that obtained for a perfetly re�eting surfae

in Fig. 2. Indeed, the PSD of the aousti pressure is

approximately 20 dB lower than that obtained for a

perfetly re�eting surfae as the soure is far from

the reeiver (|t|>0.7 s). In addition, the strong de-

strutive interferene pattern remarked in Fig. 2 does

not appear for this absorbing surfae. The Doppler

e�et is still observed as the maximum of the PSD is

obtained for a frequeny lose to 400 Hz as the soure

approahes the reeiver and for a frequeny lose to

300 Hz as the soure reedes from the reeiver.

4.2. Comparison to an analytial solution

The numerial solution presented in the previous

paragraph is now ompared to an analytial solu-

tion. This solution is an extension of that proposed

reently for the sound radiation of a harmoni line

soure above an impedane ground plane [9℄. Analyt-

ial solutions [6, 7℄ have already been proposed for

this problem, but do not aount for the frequeny

variation of the surfae impedane during the motion

of the soure.

Figure 5. Time-frequeny deomposition of the aousti

pressure at the reeiver obtained from the analytial solu-

tion for an absorbing ground.

As usually done for this problem, the analytial so-

lution is given in the Lorentz spae. Coordinates are

obtained from those in the physial spae by the equa-

tions:

xL = γ2(x−Mc0t), (4)

yL = γy, (5)

zL = γz, (6)

tL = γ2(t−Mx/c0), (7)

with γ = 1/
√
1−M2

. In the Lorentz spae, the

Green's funtion an be sought under the form G =
G̃e−iωtL

, where p̃ is usually deomposed into a diret

and a re�eted wave, i.e. G̃ = G̃D + G̃R. The diret

wave is given by:

G̃D = − γ4

4π

(

ik +MxL

ikdL − 1

d2L

)

eikdL

dL
, (8)
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with dL =
√

x2
L + y2L + (zL − zL,S)2 and zL,S = γzS.

The re�eted wave is obtained as a two-dimensional

inverse Fourier transform:

G̃R =
1

4π2

∫∫ +∞

−∞

F (kx, ky)e
ikxxL+ikyyLdkxdky. (9)

The funtion F is given by:

F (kx, ky) = γ4 k + kxM

2α
R(kx, ky)e

iαhL ,

with hL = zL + zL,S and where R is a re�etion oef-

�ient:

R(kx, ky) =
αZS [(ω + kxcM)γ2]− (k + kxM)γ

αZS [(ω + kxcM)γ2] + (k + kxM)γ]

and where α =
√

k2 − k2x − k2y orresponds to the ver-

tial wavenumber omponent. Note that the surfae

impedane ZS in the re�etion oe�ient is not a on-

stant and is a funtion of the wavenumber kx.

The evaluation of G̃R is not straightforward be-

ause of the osillatory nature of the integrand. More

spei�ally, the integrand is osillatory inside the ir-

le k2x + k2y ≤ k2 as α is real. Outside the irle, α is

purely imaginary and the integrand is exponentially

deaying as kx or ky inreases. The omputation of

the integral is performed in two steps. The integral

over kx is �rst evaluated and then the integration over

ky is performed. As for |ky| > k, α is purely imagi-

nary regardless of kx, the integration over ky is om-

puted only for |ky| ≤ k. To improve the auray and

to redue the CPU time, a Clenshaw Curtis quadra-

ture method [14℄ is employed. Conerning the integral

over kx, as for −
√

k2 − k2y ≤ kx ≤
√

k2 − k2y, the in-

tegrand is osillatory, a Clenshaw Curtis quadrature

method is again employed. For |kx| ≥
√

k2 − k2y, the

integrand is exponentially deaying and a trapezoidal

rule is used.

The time-frequeny deomposition obtained from

the analytial solution using Eq. (2), (8) and (9) is

represented in Fig. 5. A good onordane is observed

with the PSD obtained from the numerial solution

displayed in Fig. 4. In partiular, the amplitude of the

PSD is retrieved. In addition, the small destrutive

interferene pattern around t = 0 an also been seen

on the PSD obtained from the numerial solution.

5. CONCLUSIONS

The radiation of a soure moving at a onstant height

and at a onstant speed about an impedane plane

was investigated. For that, a time-domain numerial

solver of the linearized Euler equations was employed.

Two types of ground surfaes were investigated, one

being a perfetly re�eting surfae and the other one

an absorbing surfae. For eah ase, the numerial so-

lution was ompared suessfully to an analytial so-

lution. In addition, an analytial solution for a point-

soure moving at a onstant speed and at a onstant

speed above a �nite-impedane surfae, based on pre-

vious developments, was proposed. As the evaluation

of the integral of the re�eted wave of the analytial

solution requires a large CPU time, future work will

fous on its asymptoti evaluation in order to have an

aurate evaluation at long range and a fast omputa-

tion. In addition, the e�ets of meteorologial ondi-

tions on the aousti �eld due to moving soures will

be studied.
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