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Sound propagation over screened ground under upwind
conditions

Karsten Bo Rasmussen
Department of Acoustic Technology, Building 352, Technical University of Denmark, DK-2800 Lyngby,
Denmark

(Received 30 September 1995; revised 12 March 1996; accepted 22 July 1996

A screen on an absorbing ground is investigated experimentally and theoretically under upwind
conditions. The experimental data are the result of scale model experiments in a 1:25 scale model.
The sound propagation is measured using a triggered spark source with signal spectrum averaging
in the frequency domain. The meteorological data representing the wind conditions have been
determined by means of hot-wire anemometry in positions on both sides of the screen as well as
directly over the screen. The theoretical model used for comparison is a hybrid approach. The sound
field without a barrier is determined by means of numerical integration of a Hankel transform
solution for a stratified atmosphefkke a fast field program{FFP but taking the near field into
accoun}. This solution is used on both sides of the screen and is combined with a screen diffraction
calculation. Results from the calculation model are able to explain the overall tendency in the
experimental results. €1996 Acoustical Society of America.

PACS numbers: 43.28.Fp, 43.50.\iCS]

INTRODUCTION experiments are made. Data are obtained in a scale model
Sound barriers have been studied extensively and arlésing a 1:25 scaling ratio. A triggered spark source described

widely used as a practical solution to many outdoor noisdréviously in more detdilis placed in a small open ended
problems. boundary layer wind tunnel which is 0.8 m wide, 0.37 m
The theoretical description of the influence of a simplehigh, and 5.4 m long. The wind speed was generated by a
screen has reached an advanced level when the atmospheréolg-noise axial fan located at the exhaust end. The tunnel
still and homogeneous® However, atmospheric effects play walls and ceiling were actually lowered onto the measuring
a very important part when it comes to sound propagatiorsurface previously used for measurements without Wisele
over screens, especially in the upwind case, where the scregiy. 1). A high precision Streamline measuring systémith
is an efficient means of reducing the sound level. In thesingle wire 55p11 anemometer probes was used in various
downwind case, different conditions exist since the inﬂuenceposmonS in the tunnel. Roughness elements were placed at

of tge shgreen ishexpgcted to dpedrer(]juced. b)il th; presencefm‘e intake of the tunnel in order to help creating a reasonable
wind. T. IS case has been stu 7|e t eor.et|ca y by means of g4 speed profile. No temperature gradient was present in
parabolic equatiofPE) method: An earlier attempt to per- the tunnel

form scale model studies of acoustic barriers in the presence . . . . .
P The acoustic receiver was a 1/8-in. 4138 &r& Kjaer

of wind has been reported by DeJong and Stushick. .
The influence of wind speed fluctuations— microphone located as far away from the tunnel walls as

turbulence—is ignored in this study, and average windPossible and oriented for grazing sound incidence on the
speeds are used throughout. Turbulence is a very importaf{aphragm. The acoustic results are obtained from frequency
parameter over long distanée¥ and for high frequencies, domain averaging on a power basis of propagation of sound
and maybe even more so when a screen is present. When tfflem a spark source. In previous wdrime domain averag-
wind speed decreases, so does the influence of turbulendeg was used and the improvement of signal-to-noise ratio
Experimental evidence suggests that for the moderate wingdssociated with this technique was exploited, but this is not
speeds studied in this work turbulence plays a secondary rolgossible when a turbulent flow is present due to the modula-
only. . _ tion of the transfer function associated with the turbulence.
In Sec. | a new theoretical concept for calculation of time gomain averaging is only permissible when the propa-
approximated results for outdoor propagation over screene@Iation process may be considered stationary.
ground is described. The concept is based on a combinatio The thermodynamic boundary layer effect has been ig-

of theory for propagation in a stratified atmosphere havin o . o . .
variations in effective sound speed, and theory for diffractior?nored in this work since an earlier investigatibrevealed it

by a screen in a still homogeneous atmosphere. Hence, tﬁ?d very little influence on this effect at the moderate scaling

calculation model takes the diffraction process at the screefflio Of 1:25 used here.

into account in an accurate way, but ignoring the wind, and it ~ The scale modeling technique makes it possible to ob-

takes the wind into account in an accurate way but ignoringain results under carefully controlled atmospheric condi-

the screen. The model is faster than a PE-type calculation.tions, something which is hard to obtain under full scale
In Sec. Il comparisons with results from scale modelconditions.
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FIG. 1. Sketch of wind tunnel arrangement.
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I. THEORY
This paper is based on diffraction theory originating FIG. 2. Geometrical parameters at screBg=ro+r.

from Kouyoumjian and Pathdk'®for a simple screen in a
stationary homogeneous atmosphere. This theory is reinter- F’(z)=2j \/EeiZF(\/E), (5)

preted to form an approximate solution in a moving atmo-
sphere. To this end, a full wave solution based on a Hankel
transfornt’'8is used for a point source in a layered atmo- x _

sphere over an impedance surface. The results from this so- F(\2)= f‘E exp (—jt?) dt. (6)
lution, which are found from numerical integration, are in- _ ' ) )

terpreted as a direct ray and a reflected ray with al§|mllar but more general equations valid for awedge—shqped
appropriate complex reflection factor. In spite of the windyObJ'ecglzSUCh as an earth berm, may be found in previous
conditions, the waves are assumed to follow straight linesVOrK-”
Approaches where straight line propagation is used, even

when Wir&S is present, have previously been found to bes. Theory for propagation over unobstructed terrain
successfuf when the source height used in the calculations ' : . :
is adjusted in accordance with the basic refraction caused bgncc;r?; J\'fnlg %\gralg;zzit{ lijgt]% ?J;Zr;?é%bt%tet?ﬁ\g?s?z;:t;
the wind. The ray interpretation of these results is then use .

) o . . : ransform in pressuré,

in conjunction with the screen diffraction approach, both on

the source as well as on the receiver side of the screen. In *

this way an approximate solution to screen diffraction in the p(r,z):f
presence of wind is obtained. However, it must be empha- . ) ]
sized that only the laminar flow is taken into account. TheWheres is the horizontal wave number component. For is-
turbulent eddies formed at the screen are not taken into a@Vvelocity layers the kernef, is given by

count. Kp(s,2)=A"(s)e 29+ A*(s)e?®), (8)
A. Theory for screen diffraction wherea(s) is (s>—k?)Y2. Here,A~ andA™ are determined

A previously published theofwas used for calculation Nnumerically according to the boundary conditions.
of the diffraction process at the screen. The theory is based For gradient layers Airy functions are introduced as fol-
on the uniform theory of diffractioht® (UTD), in combina-  lows:
tion with a ray interpretation of sound propagation over finite Kp(5,2)=A(S)V(7+Yy) + AT ()W (7+Y), (9)
impedance ground.
The UTD calculations are based on the expressions forhere
diffraction by a wedge-shaped barrier of infinite impedance. r=(s?—k3)n?, y=z/n, n=signy)(|y|2k3)~ ",
The diffracted sound pressure for the special case of a thin (10)
screen igthe sound rays being normal to the edge and usin
el“! notation . _
o ikRy V(z2)=m2 Ai(z), W(z)=2m"%"6 pi(zd?™3).
[V(ror1/Ry, 01— 60) +V(ror1/Ry, 01+ 6)]. (1D
(1) Ai denotes the Airy function and the velocity gradients

] } defined so that
Here,k is the wave number and the geometrical parameters

hereF is the Fresnel integral,

, Kp(s,2)Jo(sr)s ds (7

9&0 being the wave number at ground level and

=",

are defined in Fig. 2. Furthermore, one has the following  K(2)=w/(co[1+yz]), (12
definitions: where z is height over ground and, is sound speed at
V(A,0)=V*(A,0)+V~(A,0), (2)  ground level.

A set of similar relations valid for the vertical displace-

. —e i TEO\ ment componentair particle displacemenis necessary in
V(A 0)= 2 kA 4 cot 4 F'(X=(0)), (3 order to obtain a set of linear equations characterizing a lay-
ered atmospheric structure. When a monopole point source
X=(60)=2kA cog(6/2), (4) field is introduced on the right-hand side of the equations for
3582 J. Acoust. Soc. Am., Vol. 100, No. 6, December 1996 Karsten Bo Rasmussen: Upwind propagation over screened ground 3582
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the kernels, and when a impedance condition is introduced at
ground level, the set of linear equations becomes complete
and can be solved by conventional Gauss-elimination tech-
niques. The details are found in the original refereriées.
The approach outlined here is similar to the well-known fast
field program approachéS,except for the inclusion of the
near field in the approach used in this work.

The impedance model used in this work is the two-
parameter model described by Attenborotighs the 2PA
model. In the present notatiom'("!) it reads thus,

AT N B ) B NN

He tght (m)

o . B
Z(o,B)= \/;0.43421—1)—1 7 9.6485, (13)

where standard valuedor 20 °C) have been inserted for Q.
sound spee340 m/3, density(1.204 13 kg/rﬁ), and ratio of

specific heat$1.402). Here,Z denotes the relative charac-

teristic impedance an@ denotes the rate of exponential de-
crease of porosity with depth. Alternativelg,may be inter-  FIG. 3. Wind speed profiles for full scale heights. Curve 1 is measured on
preted as 2I,, whered, is the effective thickness of a the source side of the screen, curve 2 on the receiver side, and curve 3 above
porous layer of constant porosity on a hard backing. screen.

C. Implementation Figure 4 shows another profile which is valid for unob-

The hybrid approach used for propagation over astructed terrain when measurements are made halfway be-
screened terrain is based on a combination of the methods/een source and receiver. This profile is steeper close to the
outlined in Secs. | A and | B. The field obtained from nu- ground than most full scale outdoor wind profiles. When a
merical integration according to Sec. | B is interpreted as a&creen is present it serves as an additional roughness ele-
direct plus ground reflected field, ment, improving the shape of the profile.

o IRy g ikRy
= —+ ,
P="R, Q R,

(14

] ) ) . B. Comparison with acoustical data from scale model
whereR; is the direct path from source to receiver dgis

the reflected path from source to receiver.denotes the 1h€ acoustic measurements are based on energy averag-
spherical reflection factor characterized by amplitude, as well9 in the frequency domain of 20 pulses, each of which has
as phase. The distancBs andR, are determined from the been edited in the time domain so that reflections from tun-
geometry andQ is then found from the equality between Nel walls, etc., are removed. The energy averaging is neces-
Egs.(14) and(7). This procedure is carried out on the sourceSary because of the stochastic process involved in propaga-
side of the screen, as well as on the receiver side of thon under the influence of wind, which also means that the
screen. The screen diffraction is determined by the formula§ignal-to-noise ratio is potentially poor. Figure 5 shows the
in Sec. | A. Only cases where no direct wave from source thape of the source spectrgusing model scale frequencies
receiver exist in the sense of geometrical optics have been

considered in this work.

4.57
Il. RESULTS 4.0
A. Meteorological data from scale model m3.5§

The meteorological data are obtained from Dantec 53-65

Streamline hot-wire anemometry equipmensing a type o557
55p11 single wire probe The wind speed is found as an ¢ ]
average over 54 s. A meteorological sampling rate of 300 Hz 2= @7
was used,; this rate was found to be more than sufficient. The 2 .51

anemometer probes were oriented with a vertical wire to en-

sure that the measurement was insensitive to vertical flow. 1 '®§

The wind speed profile was measured in positi@m- 0.57
verted to full scalg 30 m before the screen; another profile @.@E IIIIIII A —— I I .
measurement was made just above the screen and in posi- 0.0 1.9 2.0 3.0 4.0 5.0
tions 10 m after the screen. The results obtained are shown in Wind speed (m/s)

Fig. 3. Note that the speed above the screen is higher than
pemre and after the screen as a consequence of the red”%. 4. Wind speed profile for full scale heights. Profile is valid for the case
tion of the flow caused by the screen. of unobstructed terrain.
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FIG. 5. Examples of measured ultrasonic data representing source spectrufiG. 7. Sound-pressure leved: free field. Full scale parameters;=2 m,
straight line, and noise spectrum in the presence of wind, dashed line.  h,=2 m, distance 80 m. Straight line, calculated; dashed line, measured.

I11he same acoustic surface may be found in previous #ork,
nd they also agree very well with calculated data from the
PA model)

in free field as well as a typical noise spectrum measured i
the presence of wind. However, it should be remembere
that the level at which these spectra occur depends on t . .
situation investigated. The noise stems from electrical triezlglljlrﬁsvglgiio ?ESVZ gers]:nrt]? fr? r'sglrf(::]en'ltr?éllr:ﬁ/lgn%e\/ar:é
sources, except for lower frequencies where the wind geneF— 9 : 9 )

ates additional noise when interacting with the mi(:rophoneSpee‘j profiles were shown in Fig. 3. For the case of no wind

(flow noisa. The frequency range of the measured data e see excellent agreement between measured and calcu-

limited to between 400 and 3000 Hz full scale for theﬁated data in Figs. 8 and 9. In Fig. 10 a signal-to-noise limi-

screened cases investigated,; i.e., the frequency range whet lon may be limiting .the depth qf the minimum at 600 Hz
in"the upwind curve, since the noise level in the presence of

the signal-to-noise ratio was satisfactory. This full scale fre- . .
guency range corresponds to model scale frequencies b ind was approximately-28 dB at. 600 Hz. Nevertheless,
e results generally agree well with calculations. However,

tween 10 and 75 kHz. Under the described measuremerﬁ Fia. 8 the details in the interf it d ¢ foll
conditions, measurements could be repeated with deviatioH% '9. € detalls In the Interierence pattern do not toflow
e calculated results. This is believed to be related to the

. : . i
of the order=2 dB. The basic setup involving the screen is ) : : .
shown in Fig. 6. The width of the screen was 9 mm corre-f_aCt that this case has the highest source and receiver posi-

. . . tions.
sponding to 22.5 cm in full scale. The 2PA impedance Downwind simulations have also been tried, but with

model, Eqg.(13), was used to describe the acoustic imped- . :
ance of the ground surfacahich was a layer of thin cotton poor result. The problem seems to be that the wind carries
the sound over the barrier in a fashion which is not taken into

: ; : _ —4 _

mg}efrcl)arll f?,l“ Zig?eb?rgzlt?gr\:greg Tzhoek\,/\lalzgl ﬁirs]g(ljg cc1>r2r2- account in the model. Figure 11 displays results for the
sponds to a homogeneous porous layer of thickness
d.=2/3=0.0167 m on a hard backing. This full scale thick-
ness is approximately 25 times the physical thickness of the
material used in the scale model. The choice of parameter
values in the 2PA model is the result of curve-fitting sound-
pressure level results as a function of full scale frequency for
the case without wind and for unobstructed terrain. Figure 7%'
shows results for an unscreened case with a wind speed pro= ]
file, as shown in Fig. 4. The agreement between measured; ">
data(dashed lingand calculated valugsolid line) is seen to > 3

0} B
be very good. The theoretical curves are calculated as de-'-29

107

. . ’ - E Upw tnd
scribed in Sec. | B(Results without wind and measured over E
- 25—;
-337 . ——————r . .
100 1000
hs>K hser hrD Frequency (Hz)
dy dy .
FIG. 8. Sound pressure-leved: free field. Full scale parameteiis;=2 m,
h,=2 m,d;=60 m,d,=20 m,hy,=2.5 m. Straight line, calculated; dashed
FIG. 6. Heights and distances for propagation over screen. line, measured.
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FIG. 9. Sound-pressure leves: free field. Full scale parametetis;=2 m, ~ FIG. 11. Sound-pressure lewet. free field. Full scale parametets;=2 m,
h,=1 m,d,;=40 m,d,=20 m,hy,=2.5 m. Straight line, calculated; dashed hr=1m,d;=20 m,d,=40 m,hg,=2.5 m. Straight line, calculated without
line, measured. taking screen into account but using modified profile; dashed line, measured.

downwind case. A theoretical curve is included in the figurethe model is somewhat faster than the PE approach and fu-

based on calculations ignoring the screen but taking into adure investigations shall reveal if the present approach can be

count the profile which is measured at the screen position. A#eveloped into a truly fast model for engineering applica-

heights lower than 2.5 rfull scale the wind speed is set to tions.

zero due to the presence of the screen at these heights. The The model has been tested with a series of data from

resulting profile is used for predictions and referred to as th&laborate scale model experiments with carefully controlled

modified profile. The comparison shows that by includingatmospheric conditions, something which is hard to obtain

just the profile and ignoring the screen, a first-order approxiunder full scale conditions.

mation to the measured result may be obtained. Hence, the The model is only useful under upwind conditions. In a

mere profile could be as important as the screen itself in thdownwind situation the sound is refracted over the top of the

downwind case. barrier in a manner which cannot easily be taken into ac-
count in the model.
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