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Sound propagation over concave surfaces

Qiang Wang
Department of Environmental & Mechanical Engineering, Faculty of Technology, The Open University,
Milton Keynes MK 7 6AA, United Kingdom

Kai Ming Li®
Department of Mechanical Engineering, Hong Kong Polytechnic University, Hung Hom,
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(Received 11 December 1997; revised 1 July 1999; accepted 26 July 1999

Diffraction of sound by concave surfaces is investigated theoretically and experimentally. In an
earlier studyfJ. Acoust. Soc. Am104, 2683—26911998], it has been demonstrated that a rigorous
analogy exists for the sound field above a convex circular cylinder in an otherwise homogeneous
medium. The predicted sound field corresponds to the situation where the sound speed of the
medium decreases exponentially with height. Extending the previous work, this paper investigates
of the sound field above a concave surface and explores the corresponding analogy. Normal mode
solutions have been developed for a downward refracting medium with an exponential sound speed
profile. The solutions are used to predict the sound fields diffracted by a cylindrical concave surface.
A series of laboratory experiments is conducted using point monopole, horizontal dipole, and
vertical dipole sources over cylindrical concave surfaces. The experimental measurements are
compared with the normal mode predictions. For monopole and horizontal dipole sources, good
agreement has been found between measurements and the normal mode predictions using an
exponential profile. However, the agreement is less satisfactory where the sound field was due to
vertical dipole sources. €999 Acoustical Society of Amerid&0001-49669)05411-9

PACS numbers: 43.20.Fn, 43.28.ACS]

INTRODUCTION study by examining the sound field above a concave surface
both theoretically and experimentally. We consider not only

Diffraction of waves by convex surfaces is of interest in monopole but also dipole sources. A normal mode solution is

many fields. It has been studied in great detail since theleveloped that is based on a recent study by Li and Wang.

initial work of Fock! for the propagation of electromagnetic Essentially, the residue series solufiéor sound field above

waves and subsequent work in acoustics by Pfeamed  a convex cylindrical surface is extended to enable calculation

others®=° In more recent studies, Chambetsal® have used of the sound field scattered by a concave cylindrical surface.

the fast field formulation to reexamine the sound field aboveVleasurement results using point monopole and horizontal

a convex circular cylinder. On the other handetial” have  dipole and vertical dipole sources over cylindrical concave

used the residue series approach to explore the 3-D sourstirfaces are reported and compared with theoretical predic-

fields above convex impedance surfaces. However, there fons.

relatively little attention focused on the diffraction of sound

by concave surfacgs and most of these earlier studies haY.eTHE NORMAL MODE SOLUTION

been concerned with monopole sources. Two notable excep-

tions are, first, a study by Almgrérwhere he measured the It has been suggesfemat an acoustic analogy exists

sound field above a rigid concave curved surface. He rebetween downwardly curving ray paths over flat ground and

ported that the measurements agreed reasonably well witpropagation over a concave surface in a neutral atmosphere.

the sound fields calculated by using the theories offhe analogy is illustrated in Fig. 1. Almgréhas shown that
Pridmore-Browr?*° Pierce® and Rasmusséhfor propaga- it is valid to use a concave surface to simulate the propaga-
tion over a flat rigid ground in a downward refracting me- tion of sound in the downward refracting atmosphere. The
dium. He suggested that further work could be extended to gorresponding sound speed profile is modeled in a bilinear
finite impedance surface. Second, Gabi#eal? conducted ~ form where the speed of sount{z), is expressed in terms
analogous indoor experiments over rigid and finite imped-of the vertical heightz (z<R,), as
ance concave surfaces with the radius of curvature of 20 m.
Satisfactory agreements were obtained for a receiver locating =2 - + .
at a few wavelengths above the curved surface. We remark o V1-22/R, ol * Re 3R:
that thesg two previogs studies were aimeq to simL_JIate the, Eq. (1), co=c(0), andR, is the radius of the curved
propaga‘qon of sound in a downward ref.ractlng medlum. surface. We note that, to first approximation, R/

In this paper, we report a continuation of our preV'Ous~(dc/dz)/c0 may be interpreted as the normalized sound
speed gradient for the downward refracting atmosphere.
dElectronic mail: mmkmli@polyu.edu.hk Given the bilinear sound speed profile, the normal mode so-
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FIG. 1. Sketch showing the analogy between curved ray path above a pla
boundary and straight-line propagation above a concave surface.

lution for the sound fieldp(r,z), can be expressed in terms
of Airy functions Ai and their derivatives Aias™*

p®P(r,2)
iwe‘i”"‘z 2 Ai(ryt+zg/DAI(,+2/1)eXn"
I v N aKar {r[Ai(T) = [AI ()17}

)

where

mm=(K2—k3)I? for n=0,1,23... . (3)

The variablesr,, (for n=0,1,2,3,...) are the zeros of the dis-
persion equation:

Ai’ (75) +gnAi(7,) =0, (4)
with

An=1koBln, (53)

Ih=(R/2k3)¥3=1, (5b)

say, ko(=2mflcy) is the reference wave numbar,is the

distance from the source along the curved surfagend z
are, respectively, the source and receiver heights,Kgnis

the horizontal wave number of threh mode. In Eq(2), the
superscripib) denotes the sound field in a medium with the
bilinear sound speed profile. Here, in E¢$) and (5a), q,
may be regarded as the nondimensional scaled admittance,
|, as the wave layer thickne$$and 3 as the specific nor-
malized admittance of the ground. It is evident from Egs.
(5a and (5b) that the wave layer thickness and the nondi-
mensional scaled admittance are the same for all modes for
the case of the bilinear profile.

With the acoustic analogy suggested by Refs. 3 and 8, it
is possible to use Eq.2) to approximate the sound field
above a concave cylindrical surface in an otherwise homo-
geneous medium. However, Di and Gilbértsuggest a

Tricter acoustic analogy by using a conformal transforma-

tion. They show that an exponential sound speed profile
should be used instead of the bilinear profile in predicting the
sound field. In this paper, we wish to investigate the validity
of approximating the sound field above a concave cylindrical
surface in a homogeneous medium by using the bilinear
sound speed profile over a flat surface.

Using the same approach, kt al.” extend the confor-
mal transformation to three dimensions and they derive a
residue series solution for the sound field behind a long con-
vex cylinder. In the light of these earlier studies, it is possible
to show that the sound field scattered by a concave cylindri-
cal surface in a homogenous medium is identical to the
sound field above an impedance flat ground surface in the
presence of an exponential sound speed prtfilm the
downward refracting medium, the speed of sound is deter-
mined according to

Z2
+ —_— + EEEN

c(z)=cqoexp(z/R.)~cq| 1+ 2R§

R (6)
wherez<R;. Making use of our previous analyse¥ we

can show that the sound field above a concave cylinder is
given by

N 1/4 — —
e [BT &L VKA (=g A (—Be
pO(r, ¢, 2) =€\ — e —, (7)
rn E(ZS)E(Z) (970l IK ) Ta[ Al (1) 17— [AI" (1) ]} + (90n 1 IK ) [AI(7) ]
where
T T 2/3
3 ky(2) [ k(2 :
B ‘EKch COoSY, m—tan m if z<Re(z),
&(2)= ()
3. ko (VR
5 KnRe CoSy, m tan m if z>Re(z),
Vk§— K3 sir? ¢r)
z=R:In W ) 9
ky(2) =+ (K=K sir? ¢) exp(—22/R;) — K7 cos i, (10)
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4, is the azimuthal angle of the receiver in the plane ofand azimuthal angles of the dipole moment ve€t®he nor-
constant, the superscripfc) denotes the sound field above a mal mode solution for a bilinear profile can be extended for
cylindrical concave surface, argl is known as the turning an arbitrarily oriented dipole source over a concave surface,
point® in the terminology of ray acoustics. Again, the vari- i-€.,
able 7, represents the zeros of E@) but it is expressed, in

(b) — (b) (b)
terms ofK,, differently as follows: Pa" =P TPy (14)
3 Wherepﬁb) and p\(,b) are, respectively, the horizontal compo-
=—&(0)=— [ > K,Rc cosy, nent and the vertical component of a dipole. They are deter-
mined according t¢
7 12 — 2/3
koK [ YRTKa T g 2)
K, cosy, K, cosy,

ei71'/4 T
(11 =~ \/Fsd Sinyq Cos Yg— i)

In Eq. (5) the variabledr,/dK,, can be evaluated to give _
(2iK ,— 1)Ai(7,+ 2o /) Ai (7, + z/1)ekn’

ar, R Vkg—Ka X , (15
Frot ﬁsecwr tan™* (KZTI//) (12) = KA - [A ()
The numerical values of,, q,, andK, can be determined
by using the method described in Refs. 7 and 13. Substitup")(r,, ,2)
ing these numerical values into E{), we can compute the i
sound field above a cylindrical curved surface. The numeri- _ 7® S.cos
o : 2 d Yd
cal results for the bilinear and exponential sound speed pro- I
files will be shown in Sec. Il. , DA D eiKnr
Noting that the horizontal range and the vertical-height- SRV, 2 A (Tnfzsl )A'(Tn_Jrﬂ e _
dependent factors are not coupled in the residue series solu- n 7Kyt { [ Ai(7) 1P =[AI’ (10)]%}
tion for a monopole source, the dipole fighd can be de- (16)

rived from the monopole fielg by noting®
The normal mode solution for an exponential profile for an

arbitrarily oriented dipole source may be expressed by

(c) — (C>+ (c) 1
where 2\, is the separation of the components of two out- Pa™=Pn by a9
of-phase monopole components apgdand ¢4 are the polar  where

. Jd 0
Pa=2A44Sp| Sinyy cog t//d—wr)ﬁercosvd—az Pl (13
S

p?_lc)% ei 77/4Sd Sin Yd COS{ dfd - dlr)

1/4 . B i _— . _— iKnI’
) /2_1372[ EE ] (2iK y— 1) VKAl (— E)AI(— Dle a9
r* % (2)

R(2R(2) | (070l K [ Al (7) 2= [AI” (7) 13 + (000 K [ Al (7)1

and

(C)mei 7T/4Sd cos ,8_77-2 E(ZS)E e \/K_nAl ,(_E;)Ai(—g)e”(nr (19)
i " ron E(Z)ES (aT”/&Kn){Tn[Ai(Tn)]z_[Ai’(Tn)]2}+(&qn/aKn)[Ai(Tn)]z.

Locations of poles for dipole sources are the same as thosd# 0.12 m in atmosphere, at which some experiments have
for a monopole source and they are determined by solvinpeen conducted, is presented for these numerical compari-
the dispersion equatidisee Eq(4)]. sons.

lI. THEORETICAL COMPARISONS A. Comparison of the normal mode solution to the

The normal mode solution for an exponential profile,faSI field program results

Eq. (7), can be examined by means of numerical compari- The normal mode solution for an exponential profile
sons. A frequency of 2915 Hz corresponding to a wavelengtishould agree with the fast field prografFP*° solution for
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FIG. 2. Transmission loss predicted
over a felt-covered concave surface
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the same sound speed gradient. To validate the numerical Figure 2 shows the results of the normal mode calcula-
solutions, we compare the transmission I6Bs) versus the tion (solid lines compared with the FFP calculatigdash-
distance from source where dotted line$ for the sound speed profile varying exponen-
TL=201g(p/py) (20) tially with height. In Fig. 2a), the sound propagation due to
a monopole source above a felt-covered concave surface was
andp; is the free field acoustic pressure at a distance of 1 npredicted at a frequency of 2915 Hz wity=2.5m and the
from the source. gradient was truncated at 1.24 m altitude. A good approxi-
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mation for the truncated gradient may be obtained by usingpeed profile. The source height is 0.02 m and the receiver is
14 modes. This number of modes is the so-called fullon the surface. For the present situation, the wave layer
solution!* The complex impedance of the surface is calcu-thickness),, and the wave numbek,, can be determined
lated by using a two-parameter motfel with o,  as about 0.075 m and 54 respectively.

=38kPasm? and a,=15m L. The chosen parameters It is noteworthy that the predicted sound fields for the
(R, oo, anda,) reflect the radius and the impedance of theexponential and bilinear sound speed profiles are comparable
curved surfaces used in our subsequent laboratory measumnly at ranges less than about BQ This feature is some-
ments. The source and receiver heights are 0.1 m. Figunehat different from the case of upward refracting medium in
2(b) and(c) shows the comparisons for the propagation duewhich the predicted sound fields for both profiles are com-
to a horizontal dipole source and a vertical dipole sourceparable in most practical situatioh$iowever, this is not the
respectively. The agreement between the two numericatase for the downward refracting medium. The difference
schemes for monopole and horizontal dipole sources is exsecomes more significant when the receiver is located at a
cellent. However, for the vertical dipole source, the agreefew wavelengths from the source. To illustrate the case, we
ment between the FFP and the normal mode predictions isonsider the following example. A noise source of frequency
less satisfactory. There are considerable oscillations in th&00 Hz is situated in a stratified medium with a normalized
magnitudes of TL for the normal mode predictions. This issound speed gradient of<110-*m™? (i.e., R,= 10000 m).
largely due to the fact that the contribution due to a branchThe wave layer thickneds, can be determined as about 10
line integral has been ignored in the normal mode solutton. m. Hence, there should be notable discrepancies in the sound
The inadequacy of the approximation is only apparent for thdields when the range extends beyond 200 m.

case of a vertical dipole because the solution involves the Over a rigid concave surface, the trends are similar to
spatial differentiation with respect to the vertical height. Inthose over the felt-covered concave surface. The solid and
view of the acoustic analogy, the normal mode solution maydashed lines in Fig.(#) show the normal mode predictions
be used to predict the sound field above a curved surface iior both profiles over a rigid surface with the source height
an otherwise homogeneous medium. Its predictions will beof 0.02 m and the receiver on the surface.

compared with laboratory measurements in Sec. Ill.

C. Comparison with the boundary element method

B. Comparison of the normal mode solutions for two

. To examine the calculations for both profiles over a cy-
profiles

lindrical concave surface, the normal mode solutions are
Typical comparisons of the normal mode predictions be<compared to the predictions due to the boundary element
tween bilinear and exponential profiles are displayed. Figurenethod (BEM). The BEM predictions serve an important
3(a) shows the predictions above the felt-covered concaveurpose of “benchmarking” the normal mode solution be-
surface in a gradient witR.=2.5m, at frequencies of 2915 cause the numerical scheme of the BEM is based on an exact
Hz, for both profiles. The solid curves are calculated fromformulation of sound reflected by arbitrary surfaces. The nu-
Eq. (7) for the exponential sound speed profile and the dottednerical implementation of the BEM is well known and the
curves are calculated from E@2) for the bilinear sound details are described elsewhéfé®In the BEM predictions,

2362 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q. Wang and K. M. Li: Sound propagation over concave surfaces 2362
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FIG. 4. Transmission loss predicted at a frequency of 2915 Hz in a gradienRwitl2.5 m, over(a) a felt-covered concave surface with=z=0.10 m and
(b) a rigid surface withz;=0.02 m andz~0.00 m. Circles: BEM calculations, solid curves: the normal mode calculations for exponential profiles, and
dash-dotted curves: the normal mode calculations for bilinear profiles.

the cross section of the cylindrical concave surface is modHl. EXPERIMENTAL INVESTIGATIONS

eled as a series of adjacent elements with impedance sur-

faces. A series of laboratory experiments was performed, using
Figure 4 shows two typical examples of prediction overa point monopole source and horizontal and vertical dipole

concave surfaces, in a gradient wRg=2.5m{[(a) the felt-  sources, above both felt-covered and rigid concave surfaces,

covered surface antb) the rigid surfacé The solid lines g jnvestigate sound propagation over concave surfaces. The

represent the predictions for the exponential profile and th%xperimental data is analyzed and compared to predictions of

dotted lines represent those for the bilinear profile. The[h :
. . e normal mode solutions for both the exponertta. (7
circles represent the calculations from the BEM. . . poneriti. (7)]
and the bilineafEq. (2)] profiles.

There are considerable discrepancies between the nor-
mal mode predictions for the bilinear profile and predictionsa peasurement techniques
calculated from the BEM, especially at longer ranges. At
short ranges, the discrepancies are small except that the nor- The concave surfaces were constructed to behave either
mal mode solution shows considerable oscillations in magas rigid surfaces or as surfaces of finite impedance. The rigid
nitude. As the receiver is moved away from the source, theoncave surface was constructed by attaching sheets of ma-
differences become greater. sonite to a series of curved ribbed structures. The resulting
Contrary to the bilinear sound speed profile, the normakurface was that of a long cylinder with a radius of curvature
mode predictions for the exponential profile accord generally, 5 . 1t was built to have a transverse length of 2.5 m
with the BEM calculations over the concave surfaces. Th's(subtended angle of about 60 degdeesspan of 1.8 m and a

implies that the equivalent sound speed increases exponeaépth of 0.45 m. To ensure that the surface acted as a rigid
tially rather than bilinearly with height over a cylindrical . . . ;
reflector, particular care was paid in fastening the masonite

concave surface. This implication is in agreement with the

conclusion obtained in the case of a cylindrical convexSheetS to the structures. To obtain a surface of finite imped-

surface’ In the following section, the data obtained from @Nce felt was secured to the rigid surface using double-sided
Compared with the normal mode predictions for both SoundSheetS and the felt. The |mpedance of the felt was character-
speed profiles to test the performance of the theoretical modzed by measurements over a flat surf&CA. two-parameter
els. impedance mod#! with an effective flow resistivity of 38

2363 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q. Wang and K. M. Li: Sound propagation over concave surfaces 2363
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kPasm? and a rate of change of porosity with depth of 15 from the source. Beyond this distance, no reliable experi-
m~! was found to be adequate in modeling the impedance aihental data were obtained because the receiver is too close
the felt-covered surface. to the edge of the curved surface.

The hard and felt-covered surfaces allow sound propa- The circles in Fig. &) represent measurements at 2915
gation distances of up to 2.5 m in the direction perpendiculaHz, with the receiver moved along the rigid surface (
to the axis of the long cylinder. Propagation above the con-~0.00 m) and the source at a height of 0.02 m. Good agree-
cave surface simulates propagation in the presence of a posient is found between measurements and predictions for the
tive sound speed gradient wifR;=2.5m. The model was exponential profilésolid curve$. However, there are consid-
placed in an anechoic chamber which has an effective volerable discrepancies between the measured data and the cal-
ume of 3x3x3 nr. A B&K 4311 1/4-in. condenser micro- culations for the bilinear profilédash-dotted curvés
phone was used to measure the sound pressure measure- It is found that the predictions given by E(Y) for the
ments. A Tannoy speaker type PD-30T, fitted with a tube ofexponential profiles agree with the experimental results ob-
3-cm internal diameter and 90 cm long, was used as the poirtdined over the cylindrical concave surfaces. The agreement
monopole source. Two piezoceramic transducer discs witis better than that with the predictions given by E2). for
resonance frequencies of 2915 and 4350 Hz were found to ibe bilinear profiles. This accords with the general conclu-
adequate as the dipole souré&dihen the disc plane is sion as with the propagation over cylindrical convex sur-
vertical, it acts as a horizontal dipole source and, when it idaces: the exponential sound speed profile is the most appro-
horizontal, it acts as a vertical dipole source. priate profile for the acoustic analogy.

A PC-based maximum length sequence system analyzer
(MLSSA) was used both as the signal generator for thec. The sound field due to a horizontal dipole source
sources and as the analyzer for subsequent signal processinger concave surfaces
The impulse signal was analyzed using a half Blackman-

Harris window and Fourier transformaal. The circles in Fig. &) represent measurements at 2915

Hz over the felt-covered concave surface with both the
source and receiver at heights of 0.10 m. The solid curves
represent predictions for the normal mode solution from Eq.
(18) for the exponential profile and the dash-dotted curves
denote predictions for the normal mode solution from Eq.
The circles in Fig. 8) represent measurements for a (15) for the bilinear profile. The agreement between the ex-
frequency of 2915 Hz over the felt-covered concave surfaceperimental data and the calculations for both profiles is very
Both the source and receiver are at heights of 0.10 m. Thgood out to 2.0 n{about 25l,,) from the source.
solid curves represent predictions of the normal mode solu- In Fig. 5b), we show experimental measurements
tion for the exponential profile and the dash-dotted curvegcircles at 2915 Hz, with the receiver moved along the rigid
represent predictions for the bilinear profile. The agreemensurface ¢~0.00m) and the source height of 0.02 m. The
between the measured data and the two curves is excelleaalculations for the exponential profile are in excellent agree-
out to 2.0 m(about 25 times the wave layer thicknek9, = ment with experimental data. However, there are consider-

B. The sound field due to a monopole source over
concave surfaces

2364 J. Acoust. Soc. Am., Vol. 106, No. 5, November 1999 Q. Wang and K. M. Li: Sound propagation over concave surfaces 2364
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able discrepancies between the measurements and the predcrements and the normal mode predictions for both profiles

tions for the bilinear profilédash-dotted curvést distances is relatively poor. As mentioned earlier, the inaccuracy is due

longer than 1.0 m from the source. to the fact that the branch line contributions have been ig-
Comparing Figs. 3 and 5, it is noted that over concavenored in the normal mode solution. Nevertheless, relatively

surfaces, the sound field due to a horizontal dipole source ispeaking, there is better agreement with the predictions

very similar to that due to a monopole source. This is conbased on the exponential profile than those based on the

sistent with what has been found in the case of convedilinear profile. It is of interest to note that, for the dipole

surfaces. Moreover, as was the case with a monopolesource, use of the FFP predictions agrees reasonably well

source, the experimental measurements agree better with théth experimental measuremer(igsults are not shown for

predictions based on the exponential sound speed profilerevity).

than those predicted according to the bilinear profile. Indeed,

this should be the case because our mathematical analyses

suggest that the conformal transformation of a cylindrically. CONCLUSIONS

curve surface leads to the exponential rather than the bilinear .
sound speed profile. A normal mode solution has been developed for propa-

gation in an exponential sound speed profile and used to
predict the sound field diffracted by a cylindrical concave
surface. Analytical expressions for dipole sources have been
deduced directly from those for a monopole source.

The circles in Fig. @) represent measurements at 2915 A series of laboratory measurements of transmission
Hz over the felt-covered concave surface with both thdoss have been conducted using a monopole source and hori-
source and receiver at heights of 0.10 m. The solid curvegontal or vertical dipole sources over cylindrical concave
represent predictions from E@L9) for the exponential pro- surfaces. The measurement results have been compared with
file and the dash-dotted curves represent predictions fromormal mode predictions for both the exponential profile and
Eq. (16) for the bilinear profile. In contrast to the theoretical the bilinear profile. For a monopole and a horizontal dipole,
predictions, the experimental results lie on smooth curvegood agreement has been found between measurements and
(the dashed curvgswhich show similar trends to predictions normal mode predictions using an exponential profile. How-
of the monopole sound fieldsf. Fig. 3. Note that the scale ever, the agreement is less satisfactory where the sound field
in Fig. 6 is different from Figs. 3—5 in order to allow a better was due to vertical dipole sources. The solution for a bilinear
presentation of data. profile showed considerable disagreement with measure-

Similar results have been obtained over the felt-coveredanents in both monopole and horizontal dipole sound fields,
concave surface. The circles in Figbp represent data at and significant discrepancies from measurements in vertical
2915 Hz with the receiver moved along the rigid surfaze ( dipole sound fields.
~0.00m) and the source at a height of 0.02 m. The predicted and measured transmission loss due to a

It would appear that, for a vertical dipole source over ahorizontal dipole source, as a function of range, have been
cylindrical concave surface, the agreement between the me&sund to be close to those predicted for a monopole source.

D. The sound field due to a vertical dipole source
over concave surfaces
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