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Sound propagation from the vehicles moving on the city roundabout, with taking
into account the wind is investigated. Solution of the problem for one moving sound
source is found by means of the integral Fourier transforms extended over space
variables and time. Inverse transforms are calculated approximately, using a sta-
tionary phase method and iterative technique. The solution for a general problem
is obtained as a superposition of many partial solutions. The numerical analysis of
noise characteristics is performed for the three-way Korfanty roundabout case in
t.6dz.
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1. Introduction

The city roundabout becomes the most expanded project decision for traffic
intersection of several roads (BRILON, 1988; STUWE, 1992). Now the tendency
appears to build the small roundabouts with radii 26-40 m for decreasing of
vehicle average velocities and, respectively, for reduction of the car noise level (1),
At the same time, theoretical investigations of the noise emitted by these road
elements are developed.

The structure of roadway noise, as it was shown in earlier author’s publica-
tion (PIDDUBNIAK et al., 2007), strongly depends on the transport facilities type,
velocities of motion and frequencies of sound generation by single sources. In real
situation many natural factors such as inhomogeneity, temperature and moisture

(1) Modern roundabouts: An informational guide — http://www.tfhrc.gov/safety /00068.htm
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of air, or the roadbed state, have influence on this structure formation. Recently,
velocity and direction of wind were taken into consideration in the mathemati-
cal modeling of noise generated from the elements of city roadway as a part of
multilane road (PIDDUBNIAK et al., 2009b) and traffic cross-road (PIDDUBNIAK
et al., 2009a).

In this paper, the velocity and direction of wind are also taken into account
in studying of the city roundabout noise generation. BLOKHINTZEV (1981) was
the first who described the sound radiation from a moving source in a moving
medium. WELLS, HAN (1995) developed this theory for the case of propeller noise.
A simple engineering model of noise propagation above a flat ground surface for
stationary and moving point sources was proposed by GOLEBIEWSKI (2008). The
model includes air absorption and ground effect in presence of the turbulence.
GRIGOR’EVA (1991), CHANG, HO BONG (1995) and GODIN (1997) investigated
the energy balance when an acoustic wave propagated through a moving medium.
In addition, influence of thermal diffusion, particle collision and medium drift was
analyzed (CHANG, HO BONG, 1995). ANTES, BAARAN (2001) used the boundary
element method for determination of radiation, reflection and diffraction of sound
around several independent moving bodies, with surfaces producing sound. In
these and some other papers it was shown that problem of sound generation by
the moving bodies for different moving media types should be considered.

The main goal of this paper is to obtain the analitycal algorithm for deter-
mination of acoustic pressure and noise power characteristics, caused by many
vehicles moving along the three-way roundabout in presence of wind.

2. Mathematical formulation of problem and its analytical solution

Let us consider the problem of sound emission from motor vehicles moving
on a roundabout with the radius & = a. The two types of vehicles are involved in
investigations, namely, the automobiles (L) and trucks (C'). Each of them moves
with constant velocities, vy, and ve. The intervals between discrete vehicles are,
respectively, Ay and Ag. The roundabout is three-way, with one-directional,
counter-clockwise direction of motion for automobiles and trucks on circles, where
& =¢&11, £ = €12 and € = &0 respectively. The vehicles, as carriers of noise, are
determined by the point sources with the intensities F, and F¢ located at the
heights of z = hr and z = ho (hr < he). We also assume that acoustical
medium (air) moves parallel to the road plane with constant velocity vector v,
in direction 6, to axis 02: Vi = (Vwz, Vwy, 0); Vwz = Uy COS Oy, Vyy = Vg SIN Oy,
Uy = |Vl

The basic relations for linear acoustics of moving media are the Euler equa-
tion (equation of motion) and the mass balance equation (BREKHOVSKIKH, GO-
DIN, 1989):

dv(x,t)

= Vel ) + F(x.t), (1)

p
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1 dp(x,t)

) ¢l
pc dt
where p(x,t) is the acoustic pressure, v(x,t) is the velocity vector of particles,
p is the acoustic density, c is the sound velocity, ¢t is the time, V is the Hamilton
operator, V =V | +1,0/0z, where V| =i,0/0z + i,0/0y. The derivative with
respect to time is determined as d/dt = 9/9t + v, - V. Also it must be noted
that particle velocity vector is connected with particle displacement vector in
moving acoustical medium:
du(x,t) Ju(x,t)

v(x,t) = TR + vy - Viu(x,t). (3)

In Eq. (1) F(x,t) is the complex mass load vector, determining the moving
point source power, F(x,t) = FoG(&,t)0(2 — 29), where Fo = (Fog, Foy, Foz) is
the vector of constant mass load real amplitudes, §(z) is the Dirac’s function,
G(&,t) is the function characterizing complex mass load distribution in plane
Ozy; x = & +1i.2, & = i;x + iyy are radius-vectors in space Ozyz and in plane
Oxy, respectively.

On the wayside interface z = 0, between the acoustic and solid elastic half-
spaces, the following conditions must be satisfied:

V-v(x,t) =

0z + prot = 0, Tez = 0, Tyz = 0, Usy = Utot,z; (4)

where piot = Drad + Pref, Utot,z = Urad,z T Uref,z are, respectively, the total acoustic
pressure and the total normal component of particle displacement vector in
acoustic medium, o, 7., 7., are the stress tensor components in solid, u, is
the component of elastic displacement vector. The indices “rad” and “ref” denote
the waves radiated by sound source and those reflected from a plane z = 0 in
the acoustic medium. The source term in Eq. (1) for a reflected wave may be
neglected.

For an elastic half-space —oo < z < 0 we have the following wave equations
(ACHENBACH, 1973):

2, L 0% _
2 C% 8t2 _07 (5)
V21p_i827q)_0 (6)
% Ot? Y
V=0 (V?=V.V), (7)

where ¢, = /(A +2u)/ps and er = /p/ps are the velocities of longitudinal

and transversal waves, A and p are the elastic Lamé parameters, p; is the ma-
terial density of solid. The relations between the elastic stresses tensor o(x,t),
displacement vector us(x,t) and wave potentials ¢ and 1§ are well-known in the
literature (see, e.g. ACHENBACH, 1973):



440 O. Piddubniak, N. Piddubniak

0(%,1) = AV2p(x, 1) + 24 {

L%kt L OP(xt) (0P 9 P

Polxt) 0 [ (xt)  wulxt)
Soa | it

0%p(x,t) 0? 0? 0?
ett) = [PER (G- 5+ 5

0p(x,t) n Ny(x,1)  Oa(x,1)
0z Ox oy

) Yz (x,t) + 282%()(’0} , (10)

usz(xat) = (11)

It should be noted that in these relations, the condition (7) is taken into account.
To solve the problem we apply the complex integral Fourier transforms over
space variables z, y and time ¢ (FELSEN, MARKUVITZ, 1973):

FF(k, z,w) :/7/f(x,t)ei<wt—*f>dadt, (12)
Fxt) = (2;)3 / 7 / £, e ) 4 da, (13)

where k = (ks, ky), dk = dk, dk,, d§ = dady.
Then in the Fourier transforms, the differential equations for the acoustical
pressure in the radiation and reflection sound fields are expressed as:

a 2 F ; . 0 F
(922 420 ) o) = Fo- (i 27 ) 67 (csc =), (1)

82
<822 + k3w> pI‘Féf(Kv Z,CU) = 07 (15)
for 0 < z < 0o, where
kzw =V k%u - /127 Imkzw > 07
kyw =k — My - K, k=wl/c, (16)

Mw:Vw/C7 H:’K’.

Here k is the wave number in the acoustical medium, M,, is the Mach number
vector for the wind.
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For the elastic wave potentials ¢(x,t) and P (x,t), the differential equations
of motion (5) and (6) in the Fourier transforms take the forms:

(8822 + k2 > ol (k, z,w) =0, (17)
(;22 + sz> W (K, z,w) =0, (18)

for —oco < z < 0, where

koa =k — K2, Imk, 4 > 0, ka=w/ca (A=L,T). (19)
Here k;, and k¢ are the wave numbers for an elastic material.

The solutions of Egs. (14) and (15) are obtained with the assumption that
pf;d(K, z,w) and eref(K, z,w) are bounded as z — oo:

pf;d(Kv Z, CU) = ZFO ’ [K + izkwagn(Z - ZO)]GF(K7W)9(K7 2, CU), (20)

pfe;f(szﬂw) :pif(Kvw)eikzwzv (21)
for 0 < z < oo, where
1 ikyw|z—2
9(K, z,w) = me |z=20, (22)
Similarly, the solutions of Egs. (17) and (18), bounded for z — —oo, are
obtained in the form
o (k, z,w) = oF (k,w)e H=L7 (23)

Ik, 2,w) = 7 (k,w)e He12) (24)

for —o0 < 2 < 0.

The functions p(k,w), ¢ (k,w) and P¥ (k,w) are unknown and must be
found.

Substituting the solutions (20)—(24) in the Fourier transformed Egs. (1), (3),
(8)—(11), we obtain the Fourier transforms for the particle displacement and
velocity vectors in an acoustical medium and for the components of stress tensor
and displacement vector in an elastic solid:

1
uf;d(K? 27(")) 2]{2 FO {[ + lz wagn('z - ZO)][K + izkzwsgn(z - ZO)]

x g(K, 2,w) + (il +iyiy)d(z — 20)}GF (k,w), (25)

uif(Kv 2, w) = Tkjgpfef(Kv (/.))(K + lzkzw)elkzwza (26)
PC Ry
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vi
for 0 < z < 00; j = rad, ref,
of(k, z,w) = —(NE2 + 20k, )T (k, w)e~ =12

+ 2pkr kb (K, w) — kytol (,w)]e”™T7 (28)

(K, z,w) = —ickwuf(K,z,w), (27)

TfZ(K, zZ,w) = u{2kmk‘zTg0F(K,w)e_ikZLz + [2kxkyw5(l<,w)
+ (=k2 4 k4 k2p)0) (k,w)]e =T}, (29)

Tye(K, 2,w) = p{2ky koo’ (i w)e™ ™ 4 (k3 + Ky — k2p)vy (k,w)
= 2kakyiy (k,w)]e” ™17}, (30)

ull(k, z,w) = —ikLo" (k,w)e ™12 4 ik (k,w) — ky) (k,w)]e™ =77 (31)

for —o0 < 2 < 0.
Satisfying the boundary conditions (40) in the Fourier transforms we ob-
tain the following system of four algebraic equations for the unknown functions

pleg(,w), o (k,w), Y] (k,w) and ¥ (k,w):

—)\k:% — 2,uk:§L 2uky kT 2ukyk.r 1 goF(K, w)
2k, k, 2k, k —k2 4 k2 + k2
’ v TERERTED D e )
2kyk.r  —k2 4+ k2 — K2 2k, k 0
y I v ()
kZ’LU
—ka1 —ky ka T p2k2) Pleg(k,w)
1
0
= _pf;d(Kv UJ) 0 ’ (32)
k;Z’LU
pcks,
where '
r . r e—lkzwzo
Prad(K,w) = Fo - (k = i2k2)G" (K, w) o (33)
Solving this system of equations for the function pf;f(K, w), we find
pfef(Kaw) = R(K7w)p12d(l<7w)a (34)

where R(k,w) is the spectral coefficient of sound wave reflection from the surface
of an elastic half-space:
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R(k,w) =W~ (k,w)/WT(k,w) (35)
and

WE(k,w) = (k2 — 26%)% + 4r2k pkor £ Nok2k2 (¢/er) koo, 56
36
Ns = p/ps.

Using the inverse integral Fourier transforms (14) and their properties, we
obtain

prad(x7 t) =Fo- VPrad(xa t)a (37)
pref(x7 t) = FO : 6]Dlref(xa t); (38)

where V =V, —i8/9z and

Paa(x,t) = ///GE, gt —tPraa(&, |z — 20|)dE d?, (39)
Pret(x,t) = 82///(?2 &t —t)Prep(E, 2 + 20) dE At (40)
Di(x,t) = 2i / @f(x,w)e_m dw (j =rad, ref), (41)
T
F _ (k- Etkzw?) dk
¢rad(xaw) - € k,i’ (42)
oF _ ik Ethanz) AK
ref(xaw) - R(Kaw)e ]{/‘7 (43)

In the Eqgs. (39) and (40), & = (2/,y/), d&' = d2'dy'.

Note that the Eq. (42) may be expressed by the standard integral representa-
tion for the spherical wave as a superposition of the plane waves (BREKHOVSKIKH,
GODIN, 1989), by changing the variables of integration. This means that inte-
grals (42) are calculated exactly:

e A (a1)
w(X
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where

Ry (x) = \/any + azy? + By + az?,

oy =1- M,
oy =1— Miy, (45)
a=1-M,

B = 2Muyo My,

For calculation of integrals (43) we apply the stationary phase approximation
(FELSEN, MARKUVITZ, 1973), without taking into account the small contribution
of the Rayleigh surface wave (UBERALL, 1973). After some operations we finally
obtain the main term of asymptotic

2miR(X) ik /a <)M

VR R = V(%)Y (),
Vi(x) = [5’% — 25’2(){)]2 + 4SQ(X)SZL(X)SZT(X)
£ NuS3(eer)P[L — My - &/ Rup()S51(x) /s (),

S(x) = r(&)/Ruw(x) — My, (47)

r(&) = (o + By, Br + azy),

Soa(x) = 1/52 — 52(x),

Sa=ac/cy (A=L,T),

S.(x) = az/Ry(x).

Here the new form of the reflection coefficient R(x) is caused by contributions
of the stationary phase point values. In fact, R(x) is the function of spherical
angle coordinates and physical-mechanical parameters of the acoustic and elastic
media.

Substituting the expressions (44) and (46) into Eqgs. (41), we obtain the po-
tential functions for acoustic medium in the following form:

Braa(x, 1) = —m)a {t = LRy~ M, - a]} , (48)

R, (x ca
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Ry (x) ca

Similarly, by substituting these last functions into Egs. (39), (40) and using
the Dirac function property (KEcs, TEODORESCU, 1978)

g, 1) = — 2TR) 5 {t = Ry - M, - z,]} . (49)

/(H—t Ndt = f(#)  (0<t< o), (50)

we obtain the follovvlng results:

Peoa(x,1) = // {E. Et—*[ w(f»/’Z—Zo)—Mw“i/]}

—00—00

P 1) = // A LI CATSE V)

R(E, 2+ 2z) dE

Ry(&, 2+ 2z)

Consider now the motion of a point source along circle £ = &y, 0 < 6 < 27.
Then function G(&,t) may be represented as

G(E,1) = 0(& — &)8(£00 — vot)e 0 (0 < 0 < 2m), (53)

where vy is the velocity of source motion in positive direction of angular variable
0 (for positive time t) at the height of z = zp, {2y is the circular frequency of
sound radiation.

Calculating the integrals in Egs. (51) and (52) we use the polar coordinates
& 6and &, 0 v =Ecosh, y=Esind, 2/ = cosh, y =& sinf (0 <& < oo,
0 <60 <2m0<¢E <oo, 0<6 < 27). Then, using the Dirac’s function
properties (50) and §(£96 —vot) = & 10 (0 — vot /&o) (KECS, TEODORESCU, 1978)
in the Egs. (51) and (52), we obtain:

(52)

2

Prad(xyt) = _;re_iQOt/eXp {inO [Rw (E-_ EVI,Z_ZO) -M, - (Ev_ Ev,)]}
0
r U 1 / /
><5<9 —gg{t—ca[Rw(E—E,,z—zo)—Mw-(i—z)]}>

de’
Ry, (E, — &,z zo)

§'=¢o
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27

1.
Pref(x7t) = *Ee_lQOt /exp {inO [Rw (E» - ‘Ely z+ ZO) - M, - (E» - ‘E,)]}
0
1

x5<9’—zg{t—ca[Rw(fi—f.’,z+zo)—Mw'(a_al)]}>
R(E—E, 2+ 2)

d¢’
“ Ry (E—8,2+20)

: (55)
§'=%o

where K0 = Ko/, Ko = {2/c.
Here the following property of -function must be used (KECS, TEODORESCU,

1978):
/ 5(6/ - aj)
(5 0 - 9 56
()] Z @) (56)
where 0; (j = 1,2,3,...) are the zeros of function f(6').
In our case,
/ / 1 / /
F0) =60 - g {t— —[Ru (8- &.2) — My - (£~ E’)]S’Eo}’ (57)
oy o N R PR
f1(0;) =1 — Myo <Mw sin(6; — 0w) + Rl — £05,7) {&sin(0 — 0;)
+ Mi cos(8; — Ow) [Esin(d — O,) — o sin(f; — 9w)]}>,
(58)
Ev()j :go(ixCOSGj—Fininej) (.7 = 17273>"')7
MwO — M()/Oé,
MO = UO/Cu

where My is the Mach number for a moving source.

The transcendental equation f(6') = 0 is solved approximately under the
conditions: R, (& — &,2z) > 0for & =& and 0 < 0; <27 (j = 1,2,3,...). The
roots 6; are obtained by the method of successive approximations, assuming the
Mach numbers M,, and M, to be small values. Then from this procedure, the
following iterative algorithm is found:

o) — ift _ ]\?DO{Rgl_l)(x, £) — My [€ cos(0 — 0,) — &y cos(8™ V) — 0,)]}
0 0

(n=1,2,3,..), (59)

where Rgl_l)(x,t) = Ry, (& — &, 2) for & =&, 0/ = 0 (x,1), 0 < 0 (x,t) < 27
(n=0,1,2,...) and 80 = vt /&y, ie. 0 < t < 27 /vo. In particular, for j = 1
we obtain 0 = 0" (x,t) (n =0,1,2,...).
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By eliminating the first-order approximation (n = 1) in Eq. (59), we obtain
the far-field asymptotic expressions for integrals (54) and (55):

-1

Praa(x,t) = I Ruo(E — £ 7 — 20)
x exp {iK o [Ruw(& — &, 2 — 20) — My - (£ — &7)]}, (60)
Ps(.t) = — R(E—&J, 2+ 20)
A Ryo(& — &5, 2 + 20)
x exp {iFuo [Ru(& — &, 2+ 20) — My - (= &g)] }, (61)
where

Ruol& — E5(x,1), 2 & 2] = Ry[& — £F(x,t), 2 % 20]
x {1+ MwOfo_l[woi(Xv t)Mwy - yét(x,t)sz]}
+ Mol {yg (%, )ra[E — E5 (%, 1)]
- '1"(:)‘: (X7 t)ry[a - E'(:;:(Xa t)]}a
£ (x,t) = (v (x, 1), 55 (x, 1)),
g (x,t) = & cos[0 (x,1)],
Y5 (x,t) = & sin[07 (x, 1)),

0 (x,t) = 0(t) — Moy { Ruwl& — &0(t), 2 £ 20] (62)
- Mw : [E - £0<t)]}7

&o(t) = (zo(t), yo(t)),
o(t) = &o cos[bo ()],
Yo(t) = &osinlbo(t)],
Oo(t) = vot&y !,

0 < 0o(t) < 27,

0 < 6F(x,t) < 2m.

Now by substitution of the functions P,q(x,t) and Pt(x,t) in Egs. (37)
and (38), the solutions for acoustical pressure in waves, radiated by a single
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moving source and reflected from the surface of elastic half-space, are obtained
in forms:

Prad (X, £, 820) = KoFg - B™ (X, t) Peaq(x, t)e %0t (63)

pref(xa t7 QO) - KOFO : B+(X7 t)Pref(Xy t)eiiQOta (64)

where

B = LM g e - B B Al

iK o Ruol& — &5 (X, 1), 2 £ 2]

I[E — £5(x,1), 2 & 2]
_ SEE — £ (x, 1), 2 £ 2]
1+ MwOE()_l{y(:)t(X7t)Sx[£ - E'(:)l:(xv t)] - x(:)t(x>t)sy[£' - E'E]t(xat)]}’

65
J[E — £F(x,1), 2 + 20] = My + Myo&y Hieyi (x, 1) — iyag (x,1)] (65)

+1[& — &5 (x, 1), 2 £ 20] (1 = 2Mu0&y ' [Muayy (%, 1) — My (x,1)]
— (Myo&y ") {akd + 25 (%, 1) S2[& — &5 (%, 1)]
+ y(jf(x,t)Sy[E - E'(:)t(xvt)])Rw[Ev - E'(:)‘:(X7 t)? z =+ ZO]}> )

SE(x) = S(x) Fi.5,(x).

In the case of a single sound source localized at the initial moment ¢ = 0
in point # = 6; # 0, & must be replaced by 6 — ¢; in the above formulae.
When such sources are more than one and their distribution is uniform along
the circle £ = &p, then the interval from point to point is A0 = 6,11 — 0;, i.e.
011 = 0; + Af. Choosing A = 27 /N, we have N sound sources placed along
the circle with radius £ = &. Then 0; = jAf (j = 0,1,2,...N—1). Therefore, the
function G(&,t) (53) may be described in the form

N-1
G(&,1) = 0(§ — &) ) 0léo(0 — jAG) — wot]e™ ™", (66)
§=0
for 0 < 6 < 27.

If each source makes 2M+1 rotations in positive direction of angle 6 for
positive and negative values of time, then coordinate 8 must be replaced with
0+ 2mm (m=0,£1,+2,...,+=M):

M N-1
GE ) =6(E—&) Y Y d[to(0 — jAO + 2mm) — vot]e ", (67)
m=—M j=0
for 0 <60 < 2m.
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This leads to replacement of § — 0—jAO+2mwm or t — t+ (& /vo)(FAO—27m)
in Egs. (63)-(65) and to summation of the j-th and m-th terms, similarly to
Eq. (67).

If the circles, along which the sound sources move, are more than one, then
we perform the replacement of & — &, A0 — Ab,, vg — vn, 20 — (2,
and summation of the final n-th expressions. Furthermore, the amplitudes of
vibrations of each source, i.e. their vectors Fy may be taken into attention. In the
case of a three-way roundabout (n = 1,2, 3), the final formula for the acoustical
pressure becomes:

Man Nan

3
Ptot (th) = Z Z Z Zptot,Aj(f—fmQ—jAeAn+27Tm7z,t7hA,QAn)

n=1A=L,C m=—My, j=0
x [H(0) — H(0 — jAO 4, +2mm — vat/Ean)], (68)

where the type of vehicle was taken into account; H(t) is the Heaviside’s step
function. Subscript at piot under the summation sign indicates the amplitude
values of waves radiated by sources F 4;.

3. Numerical analysis of acoustic characteristics

The calculations of acoustic pressure are performed by means of Eqgs. (63)—
(65), (68). We admit that components of the load vectors F 4; are the same in all
directions for all transport facilities, i.e. Fluj, = Fajy = Faj. = Fa (A= L,C)
for each j. The product F4K 4, appearing in the formulae, may be calculated
from relation

FuK 4 = 8 -10005Ua=100) (4 — I ), (69)

where 14 is the average intensity measured at the one-metre distance from indi-
vidual A-type sound source (A = L,C). We put in this expression I = 75 dB
and Ic = 85 dB (ENGEL, 2001). The vehicles move in air, with density p =
1.293 kg/m? and sound velocity ¢ = 331 m/s (ARTOBOLEVSKI, 1976), along the
road coated by asphalt, with material density ps = 2000 kg/m? and velocities of
longitudinal and transversal waves ¢y, = 3468 m/c and ¢y = 1667 m/c (KETTIL
et al., 2005). The frequencies of vibrations are 27, = 300 Hz and ¢ = 250 Hz
(ENGEL, 2001), the source heights are h;, = 1 m and hc = 2 m. We con-
sider the roundabout with two inner ways, &1 = 25 m, {720 = 28 m, for au-
tomobiles and one outer way, {¢ = 32 m, for trucks moving with the same
velocity vp1 = vpa = ve = 30 km/h (ie. n = 1,2 for A = L and n = 3
for A = (). This simulates the situation on the Korfanty roundabout, at an
uncontrolled intersection of Textile Workers Avenue and Limanowski Street in
Lodz. From observations made between 10-11 AM, 8.XI1.2008, were calculated
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5040 automobiles and 600 trucks moving on this roundabout(?). The periods be-
tween car appearances at a fixed point in certain circle are, respectively, such
as A1 = 3600/Nr1, Ao = 3600/Nr2, Ay = 3600/N¢ (in seconds), where
Ni1 = Nio = 2520, No = 600. Then the arc intervals between consecutive vehi-
cles are Agp1 = vp A, Asre = v Avra, Ase = voAye (in metres), and angle
intervals are Agr1 = AsLl/ngy Ngro = ASLQ/&Q, Ago = Asc/fc (in radians).
From calculations it follows that at the same time, on the roundabout may be
13 vehicles in the inside circle, 15 — in the middle circle and 4 — in the outer
circle. It means that transport facilities perform 193, 168 and 150 rotations per
hour, respectively.

The structure of total acoustical pressure p(t) = Re(piot) (in Pascals), cal-
culated in centre of roundabout x = y = 0 at the height of 2 = 3 m, after
41 rotations of all vehicles (Mp; = Mps = Mc = 20) in windless conditions,
is presented in Fig. 1. The number of transport units in the circles for arbitrary
time instants is invariable. The signal is subjected to an amplitude modulation as
a result of sources symmetry with respect to the roundabout centre and superpo-
sition of waves, radiated by sources and reflected from the elastic solid half-space.
The signal cardinally changes its structure, if point of observation will be replaced
from the centre of roundabout to periphery. This case is shown in Fig. 2. Here,
the observation point is located at coordinates £ = 40 m, # = 0° (at a distance
of 8 m from roundabout in radial direction). The vehicles perform 11 rotations.
The influence of wind was not taken into consideration. The small and large am-
plitudes on this figure correspond, respectively, to noise emitted by automobiles
and trucks.

0.08

0.04

Re(ptot)r Pa
o

-0.08 L
-40 -20 0 20 40
ts
Fig. 1. Acoustical pressure p(t) = Re(piot) in the centre of roundabout £ = 0 after
41 rotations of all cars in windless conditions (v, = 0).

2 The observations were done by students of the Technical University of Lodz: Tomasz
Adamczak and Lukasz Kurek.



Sound Radiation from a Roundabout 451

0.3
0.2
&
E:
i4
-0.2
-0.3
-40 -20 0 20 40
ts
Fig. 2. Acoustical pressure p(t) = Re(ptot) on distance of € = 40 m, 6 = 0° from the
centre of roundabout after 11 rotations of all cars in windless conditions (v, = 0).

Figures 3 demonstrate the influence of wind velocity (v, = 20 km/h and
vy = 40 km/h; 6,, = 0°) on the structure of acoustical pressure, calculated in the
same point. It is shown that with increasing wind velocity signal “wash upon” in
time, increasing thus amplitude of acoustical pressure generated by automobiles.

a) b)
0.2 0.2

0.1 0.1
: e
g " g0
2 2
-0.1 -0.1
-0.2 -0.2
-40 -20 0 20 40 -40 -20 0 20 40
t,s t,s

Fig. 3. Acoustical pressure p(t) = Re(ptot) on distance of £ = 40 m, § = 0° from the centre
of roundabout after 11 rotations of all cars in windy conditions (6, = 0°): a) v, = 20 km /h;
b) vy = 40 km /h.

Figure 4 illustrates the distribution of instantaneous sound intensity I(x,y) =
20 log|[|ptot (x,t)/pol] (in decibels) at time ¢ = 10 s and at the height of z =3 m
with v, = 40 km/h, 6, = 45°, where py = 2 - 107° Pa is the threshold pressure.
The radiation is characterized by a high level of acoustical pressure (near 80 dB)
on the roundabout, where noise concentration is displayed as a ring, and by
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insignificant decreasing to 60-70 dB at a far distance from the roundabout. More
details of numerical calculations for different values of wind velocity and direction
are presented in Figs. 5 for the same space intensity distribution, in the form of
isolines (isophones) for moment ¢ = 10 s and at the height of z = 3 m. In windless
conditions (Fig. 5a), the isolines are non-symmetrical with respect to roundabout
centre, because at this moment the space symmetry of sources localization is
absent. The introduction of wind parameters causes considerable changes of this
distribution on the roundabout periphery.
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Fig. 4. Space distribution of instantaneous sound intensity I(z,y) in moment ¢ = 10 s
at the height of z = 3 m in windy conditions (v, = 40 km/h, 6,, = 45°).
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Fig. 5. Isolines of sound intensity I(z,y) (in dB) in moment ¢t = 10 s: a) v, = 0, 0, = 0°;
b) vy = 20 km/h, 6, = 0°; ¢) vy = 40 km/h, 6, = 0°; d) v, = 20 km/h, 6, = 90°;
e) vy = 20 km/h, 0,, = 180°.

Figure 6 presents the space distribution of acoustical pressure level

[Ptot (X, 1)

2
dt 70
0 (70)

. T
Iv(x) = 10log T/

averaged over time T = 25 s in plane Oxy at the height of z = 3 m in windless
conditions (in windy conditions, the figures are similar). Figures 7 concern the
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same characteristic in isophones both as in windless state (Fig. 7a) and in windy
situation (Fig. 7b), when acoustic medium moves in direction 6, = 45° to the
axis Ox with velocity v,, = 40 km/h. It is shown that the great concentration

of noise level occurs on roundabout during a short time-period. The wind helps
some “erosion” of this concentration on side of the road.
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Fig. 6. Space distribution of average sound intensity l..(z,y) at the height of
z = 3 m for period T"= 25 s in windless outer conditions.
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Fig. 7. Isolines of average sound intensity I.v(x,y) (in dB) at the height of z =3 m
for period T = 25 s: a) motion in windless conditions; b) motion in windy conditions

(vw = 40 km/h, 6, = 45°).
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4. Conclusions

The mathematical model of noise radiated from the city uncontrolled round-
about, with taking into account a wind in general case, is proposed in this paper.
The solution of problem is obtained as a superposition of a discrete number of
point sources moving with constant velocities in closed concentric circles.

The numerical analysis of noise action in the vicinity of roundabout shows that:

1. The acoustical signal structure of a group of vehicles moving on this ele-
ment of road is very inhomogeneous; the exception is the roundabout enter,
where acoustical signal is more or less well-regulated; the signals, registered
near the road-side, have the form of quasi-regular impulses with average
amplitudes approximately equal to 0.1 Pa for automobiles and 0.2 Pa for
trucks; the wind more sufficiently influences the inner structure of acousti-
cal pressure, than its amplitude.

2. The noise, as a function of distance from the roundabout center in radial
direction, is characterized by considerably increasing values of sound in-
tensity above way-roads (to 80 dB) and by gradual general decreasing of
its level with distance from the roundabout; e.g. at the distance of three
roundabout radii, the noise intensity decreases only by 10-15 dB.

3. The numerical calculations show that influence of wind velocity and direc-
tion is a very appreciable quality and quantity on sound intensity character-
istics both as instantaneous and averaged for some period; in particular, in
windless conditions, the average sound intensity is most concentrated near
the roundabout; the sharp wind changes space structure of these charac-
teristics, decreasing its level in direction of blowing and increasing in the
opposite direction.

4. This study also permits to affirm that the roundabout as element of roads
may be treated as an acoustic antenna of ring-rotational type, radiating
high-intensive sound.
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