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Paper lli

Modelling of a city canyon problem in a turbulent
atmosphere using an equivalent sources
approach

Mikael Ogren and Jens Forssén

Résune

The sound propagation into a courtyard shielded from diegpbsure is pre-
dicted using an equivalent sources approach. The problesimiglified into
that of a two-dimensional city canyon. A set of equivalentrses are used to
couple the free half-space above the canyon to the caviigdrthe canyon.
Atmospheric turbulence causes an increase in the expeateel of the sound
pressure level compared to a homogeneous case. The levedsecis esti-
mated using a von Karman turbulence model and the muttredrences of all
equivalent sources’ contributions. For low frequenciesititrease is negligi-
ble, but at 1.6 kHz it reaches 2-5 dB for the geometries armitence param-
eters used here. A comparison with a ray-based model shassmably good
agreement.

1 Introduction

Courtyards are shielded from direct traffic noise exposyréhle surrounding
buildings, and thereby they represent relatively quieasiia urban environments.
On a directly exposed facade, i.e. toward a street, theeneigl can be sufficiently
well predicted by standard methods based on ray-tracing {t@e Nordic calcula-
tion methods [1, 2]). Shielded areas seem more difficult tdehdlhe sound paths
contain multiple reflections involving diffraction, andetinfluence of streets further
away is increased. A model for this kind of problem using egleint sources has
recently been developed for a homogeneous atmosphered8}, H further devel-
opment is described, which incorporates effects of a teriiidtmosphere. The basis
is a substitute sources method using a mutual coherenctduror turbulence [4].
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The situation of a depressed road, or a road surrounded|iiputilings, can be
seen as a two-dimensional (2-D) problem, where the traffiicast as a line source
and the road together with the buildings’ facades will foarricity canyon”, the
sending canyon. A shielded courtyard forms a second, riegedanyon.

The equivalent sources approach to the problem is fieldebestber than ray-
based, and thereby more easily captures the resonant behafia city canyon.
The original noise sources inside the sending canyon ateeged for the equiva-
lent sources at the top of the canyon. This can be seen asiobahg position of
a noise source from the canyon bottom to a typical roof heijtihe city, which
also changes the strength and directivity of the source.€efleet of turbulence is
modelled on the equivalent sources on the canyon top, whkigxpected to be a
more successful approach than using ray-based modelsglingla scattering cross-
section for turbulence. Such a scattering cross-sectisechaethod has been in-
vestigated previously and it was concluded that the turmalénfluence increases
at higher orders of the reflections inside the canyon [5]sThibecause the higher
order reflections correspond to ray directions that are meagly horizontal, which
makes the turbulence scattering stronger due to the snsalidtiering angles. A pre-
cise calculation of the high order reflections together witfibulence scattering is
difficult and the approach used here seems more promising.

2 Theory

2.1 A 2-D canyon solution using equivalent sources

In [6] the method of equivalent sources was used to calctieténsertion loss
of balconies including absorbing surfaces. The main idghefnethod is to reduce
the problem to simplified geometries with boundary condgiavhich are easy to
handle. On boundaries with different conditions, sourcegpbaced. The strength of
these sources are adjusted so that the boundary conditieriglfilled everywhere.
Applications of this can be found in [6, 7]. The method hasb&®own to be robust
and computationally efficient and is therefore suitabletfar problem considered
here.

Consider the street canyon shown in Fig. 1. In order to apgpdydquivalent
sources method, the geometry is divided into two parts, dineadn inside the canyon
and the half space aboye-= ly. The intersection between the two domains is denoted
C. In this way the problem is reduced to two subproblems, witigh easily be
handled ; radiation into a half space by a Rayleigh integaatl a sound field in
a rigid cavity by a modal approach. The coupling between tilédpace and the
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cavity is obtained by the set of equivalent sources whicheobthe field impedance
along the intersection. Although the mathematical denvedf the method has been
described elsewhere [6], some details are repeated betauafity.

X X

FIGURE 1 — Sketch of a two-dimensional city canyon.

In the context of boundary element methods (BEM), one can tlie modal ap-
proach as finding the Green function from a velocity pointrseunside the canyon
to the pressure at a point on the intersectrConcerning numerical performance,
a BEM implementation with such specialised Green functiwiisbe equally effi-
cient as the model presented in this paper. The rigid cavige® functions fulfil
the boundary conditions for a canyon with open top togethith the equivalent
sources. (If instead there had been a zero impedance bguratatition at the top,
another set of Green functions is needed. For further dismusee e.g. [6].)

In the following, harmonic time dependence described by(jexp is assumed.
The wave equation for the complex presspiia a two-dimensional domain, assum-
ing a source of strengtly, is

O2p(x,y) + K2p(x,y) = —jwpod(X,y), 1)

where the strengthy, is a volume velocity, or in the two-dimensional case what
might be called a surface velocity, and whexgis the air density. In this texq
denotes a distributed source, @Qa point source, both in 2-D. Taking into account
the boundaries of the two domains, the Green functions céoumg for instance in
[8] and [9], and they are

Whm(Xs, Ys) Whm(Xr, Yr)
ZZ/\nm m(1+in) — w?)’ @)

G1(Xs, Ys|Xr,Yr) pro
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and

Ga(%s, Yol Y1) = 6990 -5 HiZ (kr). ®)

The Green functiors; is a modal summation where the eigen frequencigs
, modal shape¥,, n,, and modal weighté\, ,, can be determined using

Ghan = T/ (/1) + (M2 (4)

W, m(Xy) = cos(nmx/ly) cos(mry/ly) (5)
oY

Anm = /0 [ oo )

wherec is the sound speed, the loss factor, antk andly the dimensions of the
canyon. The modal summation must be truncated somewheatehear eigen fre-

guencies up to three times as large as the frequency of $htesere included in

order to ensure convergence. This is a common truncatioit lised in structural

acoustics, and here it has been verified in a few test casextpasing the number
of modes and checking that the changes are small. Note #hagtinping expressed
asn applies to the covered canyon only, the effect of power beamgsferred into the

field above the canyon is described by the coupling of the twoains. The damp-
ing modelling assumes that the losses are evenly distdwithin the canyon. For

localised areas with high damping, such as absorbers, thpidg can be modelled
by equivalent sources placed in these areas, fulfilling iengmpedance boundary
condition, as in [6].

The Green functior®, contains the Hankel function of the second kind, and de-
scribes a line source in front of a rigid surface. The distametween the source and
the receiver is = \/(Xs— X )2+ (s — ¥r)2, andk is the wave number. This Green
function contains no losses, but if necessary the lossesodainospheric absorp-
tion in the propagation from the canyon to an external rexatould be included in
the computations.

The loss facton is important for the noise level inside the canyon if the side
walls of the canyon are high compared to the width. If the ifasdor is deter-
mined assuming air absorption only, it will be too low. Inligathe effect of finite
impedances on the walls of the canyon will give higher loskese the loss factor is
taken from reverberation time measurements at Chalmersetsity of Technology,
in the reverberation chamber with volume 248. Mhe results showed a power-law
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behaviour and a logarithmic least squares fit of the damping function of fre-
guency gives

n ( f ) _ 10—0494 f —0.847 (7)

valid within the frequency range of interest here. In thig/wee damping is under-
estimated, and can be seen as a kind of minimum damping fasréyeod.

The coupling between the two domains is introduced by assyiam equivalent
sources distribution on the boundary. Using a combinaticdhe primary source of
strengthQ located inside the canyon @, ys), and the boundary source distribution
g (X) below the boundary ang,(x) above it, the pressure can be calculated as

P (%, Yr) = QGr(Xs, Ys|Xr, ¥r) +/qu (X)G1(X, ly[%r, yr) dx 8)

inside the canyon and

Pu(Xr,Yr) = /C AQu(X)Ga2(X, ly[%r, yr ) dx 9)

above the canyon. The source is assumed to be located ihsidaryon for brevity.

At the intersectiorC between the two domains, the pressure and the velocity
fields must be continuous. As a consequepcequalsp, andq, equals—qy along
C, and we can drop the subscrigteind u. The resulting equation system can be
discretised by dividing the boundafy into a number of equally sized elements
C1,Cy,...,CN, and approximate the source strength along the boundarypmce-
wise constant complex source strengthap, ...,qy on each element. The pressure
at the centre points of the elements, xo,...,xn, Mmust be equal, which gives the
equation system

Ag=b, (10)
where

A= /Cj Gi(x Iyl ly) d><+/Cj Go(%,ly[x,ly) cx (11)
and

bi = QG1(Xs, Ys[Xi, ly)- (12)

The length of the elements is set to one tenth of the wavdieridie size of the
equation system will b&l x N, andA is a symmetric matrix. Solving Eq. (10) one
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obtains the strengths of the boundary soumeand can calculate the pressure any-
where inside or above the canyon using Eqs. (8) or (9), réispsc

The integrations of the free Green functi@ in Eq. (11) can be evaluated
numerically. Care has to be taken to avoid the singular pheniv= j (see e.g. [3]).
The Green functior; can be integrated analytically, and the case j does not
require any special consideration.

Assuming a piecewise constant complex source distribudi@r each element
is a rather crude approach, which can be thought of as a zerdér polynomial
approximation. Using a linear or higher order polynomialeath element might
give better numerical properties, i.e. a faster and morarate method, but this is
not yet studied further.

2.2 Modelling of turbulence effects

In the general case with contributions from two sources ®raeiver, the two
paths can have a transversal separation as well as diffenegths. Here, all the
paths follow a single line, along the intersecti@nand only the lengths vary. The
mutual coherences for such cases can be estimated usingtitietien coefficient,
y, for a turbulent atmosphere.

Here, we assume that the turbulence is homogeneous anapisoite. has sta-
tistical properties independent of translation and rotatiThis is a crude approxi-
mation ; in reality we expect the canyons to affect the tigbhak, in addition to the
variations with height one gets over any surface. Such meiémts should however
be possible to include in the model. Yet another approxionat used, which is that
there is no turbulence inside the canyon. It might be possidbExtended the model
to incorporate turbulence inside the canyon. As a result weldvexpect a larger
effect of turbulence.

The ensemble average of the pressure amplitiole,decays exponentially as
the wave propagates through a turbulent medium. This caarbeufated as

(p) = pe ™, (13)

wherepis the amplitude in absence of turbulence aigithe distance of propagation
[10]. The average pressurg), is also called the coherent field.

If the path from one source to the receiver is extended ardistA compared
to the path from the other source, the mutual coherencerfattbe two contribu-
tions is estimated as ¥, as explained next. The definition used here of the mutual
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coherence factor for two contributions is

P1P5+ PiP2
where the complex conjugate is denoted by an astet)skp{ and p, are the fluc-
tuating pressure amplitudes in the turbulent atmospheatgbamand p, are the am-
plitudes for the same situation except that there is no tenoe (e.g. [11]). The
propagation forp; and p, follow the same paths all the way except along the ex-
tension with lengthA. Only the propagation along the extension causes decorre-
lation (i.e. reduced coherence) since the rest of the paimggoes through the
same medium for both paths. Using Eq. (13) this resultims;) = ppse¥* and
(pip2) = P P22, which givesl 1, = e 2. This estimate of the mutual coherence
is equivalent to assuming turbulence only along the inttise above the canyon,
and not further away. In a more accurate solution of the vedepressure on the
same line as the two sources, not only the propagation alengxtension between
the sources should affect the decorrelation if turbulesgeesent all the way to the
receiver. In terms of Fresnel zones, the field from the sofundber away from the
receiver will cover a larger volume of the atmosphere ancethyebe more affected
by turbulence. Hence, the model used here is assumed toastideate the effect of
turbulence.

Each equivalent source of the sending canyon gives a catitnibp;,i=1,...,N,
to the received pressure. The total contribution includiignutual coherences can
be written (e.g. [12])

(Iptot!*) ZZ PP =3 > BifjTj, (15)
T ]

wherel jj = e YA with Ajj the distance between the equivalent soureesl . Eq.
(15) gives the expected value of the square of the pressysktade in the turbulent
medium, and is used to estimate the equivalent level.

In a situation with two canyons (see Fig. 2), a sending ancteivimg one, it
can be shown that the decorrelation due to turbulence careatet separately for
the two canyons. For this, however, a far field condition setedbe fulfilled, i.e.
that the widths of the canyons are small in comparison to tkimmte in between
them. This results in an excitation from the sending canydheaboundaryC;;, of
the receiving canyon. The excitation has constant am@jiQg, and phase variation
exp(—jkx) alongCy; . The amplitude is found fror@? = ¥; Y i Gig;Tij, whereg; and
q; are the contributions via the equivalent sourcasd j onC;, with coherenceé ;.
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FIGURE 2 — Sketch of two city canyons.

The contributions via the different equivalent source€atgive rise to a similar
double sum and the total result can be written

{IPtot/?) leZg.g,F.J, (16)

whereg; andg; are the Green functions, in absence of turbulence, f@anto the
received pressure inside the canyon via the equivalentesuand j atC;;, with
coherencd ;. It could be noted that the Green functions in Eq. (16) areemgally
found from the reciprocal problem, where the source posifie. whereQ; was
taken) and the receiver position are interchanged.

For the calculated results shown here, the von Karmanukemoe model is used,
for which the extinction coefficient can be written [10]

2
y= yT+yv——rr2Ak2K‘5/3 (?5 4C"> (17)

In the above equatiopr andyy are the extinction coefficients due to temperature and
velocity fluctuations, respectivelyy~ 0.0330 ;Ko = 211/Lo, Wherel o approximates
the outer scale of turbulenc&C? andC? are the structure parameters describing

the strengths of temperature and velocity fluctuationgaetsrely ; Ty is the mean
temperature ; andis the mean sound speed.

3 Results

In the calculations, the canyons modelled are 18 m high anor 19 m wide.
All surfaces are acoustically hard. The source is on theobotf the canyon, at
positionxs = 9 or 5 m, for the 19 and 11 m wide canyon, respectively. (Thesa d
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are summarised in Table 1.) For the single-canyon problémesieceiver is placed
atx =500 m, on the hard surface. The results apply equally weleoréciprocal
problem, with the receiver in the canyon and the source 50@ay.aor the double-
canyon problems, the receiving canyon startx at500 m. All results are plotted
relative to free field.

Canyon Widthy m Heightl, m Source/receiver pos.
A 19 18 (9,0
B 11 18 (5,0)

TABLE 1 — Canyon geometries used for the calculations. The soateer posi-
tions are slightly off center in order to get contributiomrfr modes with both odd
and even orders in thedirection.

The double-canyon problem models a sending canyon (roatlpameceiving
canyon (closed courtyard). The calculations are then édvithto two steps. First
the sending canyon is treated as if the receiving canyon tipresent. Then the
strengths of the equivalent sources calculated in the fiegt are seen as sources
on a rigid plane for the receiving canyon, and the pressutbeateceiving point
is calculated. This approach is valid as long as the wavesatieareflected at the
receiving canyon back to the source canyon, and then badk agéhe receiving
canyon, can be neglected.

For the turbulence modelling we have used velocity fluctunstiwith C2 =
10 m*3s~2 andLo = 10 m. The value o€?2 is taken from measurements and cho-
sen to model a strong turbulence condition [13]. The sizeheflargest scales of
influence Lo, can in general be much larger [14] but here propagatiotyfeiose to
ground is modelled and a smaller value is chosen, whichteesuh smaller value
of the extinction coefficient and in a weaker turbulence &rfice. For these values
of the turbulence parameters, examples of the mutual coberfactor[", (see Egs.
13 and 17) are plotted in Fig. 3 for different sound frequescirhe value of is 1
at separatiorx = 0 and decays for larger absolute values.of

The main results presented here are third octave band |eath calculated
using 20 frequencies, starting at 100 Hz and ending at 1.6 Kdwever, in Section
3.1 below the results are calculated for a higher resolitidrequency, near 500 Hz.

3.1 Comparison with a ray-based model

In Fig. 4 two different methods for estimating the influendewbulence for
a single 19 m wide canyon is presented. The upper figure isileddd using the
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12

Mutual coherence factor (Gamma)

0 10 20 30 40 50 60 70 80 90 100
Distance between sources [m]

FIGURE 3 — Calculation of the mutual coherence fadfoe e ¥ versus distancex,
for different frequencies.

equivalent sources method as described in section 2.1 henidwer is calculated
using a ray-based model, where the diffraction and reflectiodelling is described
in [15]. The diffraction theory is combined with the concegtFresnel zones to
reduce the strength of reflections from the finite, verticafaces. Here, a parameter
value of 1/8 of a wavelength is used for the Fresnel zone approach, asireended
in the new Nordic sound propagation method for finite reftectsurfaces [2]. A
maximum of 32 reflections are taken into account, and nummleests showed small
increase when including more reflections.

The turbulence effect is estimated using the simplified mehdescribed in [13],
which is based on a scattering cross-section for a turbamosphere. Here the
turbulence parameters together with geometry parametets & the distance to
and the height of the screening object is used to determmsdhttered level. This
level is then added incoherently to the diffracted levelrnmodoice the expected value
of the total level behind the screen. This combination otribns, diffractions and
turbulence scattering has previously been used to estitmaiafluence of multiple
reflections and distant sources in city environments [5].

For the equivalent sources approach (upper plot in Fig.n#) tarbulence can
be seen to have two effects, working in opposite directiirst, the decorrelation
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FIGURE 4 — Frequency response relative free field for a canyon ofhwiétm and
height 18 m (A). The receiver is outside the canyon at (500,I8e upper figure is
calculated using the equivalent sources method, and ther loging the ray-based
model.

weakens the positive interference slightly, as can be se#redargest resonance
peaks, which leads to a decreased level. Second, the sstatgelowing, in between
the resonance peaks, is limited, which leads to an increaset] This can be seen
as a weakened destructive interference of the equivalemtss contributions.

For the ray-based model only the second effect is visiblagesihe scattered
level is added incoherently, it can only lead to increasedl$e The total effect for
both approaches, averaged over several resonances, igsdrcaveincrease due to
the turbulence. In the case presented here the increaseadesver the third octave
bands 1, 1.25 and 1.6 kHz is 1.6 dB for the equivalent souratkad and 4.9 dB
for the ray-based model.

In narrow bands the results from the two methods show the s@meés at peaks
and dips, but are far from perfectly matched. It should bessid that the ray-based
model has significant weaknesses. For instance, the Fresnelapproach can be
implemented with different parameters, and the diffractibeory has limitations
at low frequencies and high diffraction orders. On the otmend, the equivalent
sources method without the turbulence modelling has bekgtated against BEM,
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with good agreement [3], and is concluded to be more acctinatethe ray-based
model.

3.2 Results for single and double canyons

In Figs. 5 and 6 third octave band results are shown for thenti9ld m wide
canyon, respectively (canyons A and B in Table 1). It can lem ¢kat the increase
in sound level due to turbulence is larger for the wider canffig. 5), where the
strongest decorrelation takes place.

T
Homogeneous
Turbulent -

SPL re free field [dB]
o

125 250 500 1000 2000
Frequency [Hz]

FIGURE 5 — Frequency response in third octave bands relative frigeféiea canyon
of width 19 m and height 18 m (A). The source is located at (8¢@) the receiver at
(500,18).

Figs. 7-9 are for double-canyon problems. The receiver theabottom of a
19 or 11 m wide canyon, at a distance of 9 or 5 m from the walledb$o the
sending canyon, respectively. Fig. 7 is for a sending camfal® m width and a
receiving canyon of 19 or 11 m width. The turbulence decati@h is only modelled
for the sending canyon and the calculations at each fregqusmauld give the same
increase due to turbulence since the width of the canyontwibulence is the same.
The effect on the third octave band levels in the receivingyoa is however not
the same ; the receiving canyon can be seen as filtering thi firgon the sending
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T
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FIGURE 6 — Frequency response in third octave bands relative frigfdiea canyon
of width 11 m and height 18 m (B). The source is located at (&) the receiver at
(500,18).

canyon before the third octave band levels are calculatediwe canyons of equal
width, the turbulence caused level increase in betweenebenance peaks of the
sending canyon gets a reduced influence when the receivimgrahas the same
resonance behaviour. We can see in Fig. 7 that the 11 m wiéé&veecanyon (B)
gives a larger influence of turbulence.

Fig. 8 shows the results for two situations with turbulenicine@ sending canyon.
The first situation has a 19 m wide sending canyon and an 11 ra wickiving
canyon (A to B), whereas the second situation has the widthschanged (B to A).
The influence of the turbulence on the field from the sendimyaa is filtered by
the receiving canyon. Thereby the trend in the results tldtiar canyon should be
more sensitive to turbulence is less distinguished.

The results from modelling turbulence in both canyons (A 8)dire shown
in Fig. 9. The separate treatment of the turbulence effezte means that the in-
crease would equal the sum of the increases in the two cases1sh Fig. 8 if
single-frequency results were shown. The third octave lzedaging can change
this slightly, but we expect to get larger influence of tudmde when it is mod-
elled in both canyons than in only one canyon. Here, the effanore than 5 dB at
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1.6 kHz.

FromAtoA ——
Including turbulence --------
FromAtoB -
Including turbulence

_10 L

SPL re free field [dB]

-15 | R

-20

125 250 500 1000 2000
Frequency [Hz]

FIGURE 7 — Frequency response in third octave bands relative friefdiea double-
canyon situation. The effect of turbulence is included fa¥ source canyon only,
which is 19 m wide (B).

4 Conclusions

The increase in the sound pressure level due to turbulencbearedicted for
city canyons. The model is based on the mutual coherencer fémt sources or
receivers separated in space in a turbulent atmospher@asanthes a homogeneous
and isotropic turbulence described by the von Karman mode

The equivalent sources approach to the problem is expeztedite easily cap-
ture the resonant behaviour of a city canyon than a ray-basmtel. The original
noise sources inside the canyon can be seen as being liftelthp roof level of
the city when replaced by the equivalent sources. The effiettrbulence is mod-
elled on the equivalent sources using a mutual coherentmr fadich is thought to
be a more successful method than a ray-based one using eriscatiross-section
instead.

The level increase due to turbulence is negligible at lowdencies but starts
to become important around 500 Hz with the geometries arahpeters used here.
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FIGURE 8 — Frequency response in third octave bands relative friefdiea double-
canyon situation. The effect of turbulence is included f@ source canyon only,
which is 19 m or 11 m wide (A or B). (Without turbulence the fésare identical
forAtoBandBto A))

At the third octave band 1.6 kHz the increase reaches 2-5 diBgla traffic noise
spectrum; in [16]) to estimate the effect in the A-weighted level gigtightly less
than 1 dB increase compared to the homogeneous case. Thadated values do
however depend on the geometry and turbulence parameterkarg§er geometries
and stronger turbulence the effect of turbulence is expdctincrease.

For future improvements of predictions in canyon-to-cangases it is impor-
tant to include refraction, at least for canyons that arefrfam each other. More
realistic damping data are also needed, either from measuts on real courtyards
or indirectly from measurements on typical facade maeriais also difficult to
know what values to use for the turbulence parameters. dtypahore input from
research in the field of urban micro climate can help.
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FIGURE 9 — Frequency response in third octave bands relative friefdiea double-
canyon situation. The effect of turbulence is included fathbcanyons (A and B).
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