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Sound transmission across duct constrictions with and without
tapered sections

C. K. Lau and S. K. Tanga)

Department of Building Services Engineering, The Hong Kong Polytechnic University, Hong Kong, China

~Received 29 March 2004; revised 29 March 2005; accepted 5 April 2005!

The sound power transmission loss across duct constrictions with linearly tapered sections is studied
with the finite element method. Results show that the acoustic energy distributions of transmitted
waves at high frequency depend critically on the exit configuration of the constriction. The
corresponding strengths of these waves are very much affected by the entrance setup of the
constriction. The difference between inlet and outlet impedance of a constriction leads to weaker
resonant sound transmission. ©2005 Acoustical Society of America.@DOI: 10.1121/1.1921549#

PACS numbers: 43.50.Gf, 43.20.Mv@DKW# Pages: 3679–3685
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I. INTRODUCTION

Ventilation and air conditioning systems are ma
sources of noise in modern high-rise commercial buildin
Their noises propagate into the interior of buildings throu
the ventilation ductwork. However owing to practical re
sons, these ductwork systems usually involve many duc
elements, such as constriction, expansion,1 bending,2 and
tee-junction.3 The prediction of sound transmission chara
teristics across these ducted elements is very important
thus, the topic has attracted the attention of many researc
in the past few decades. For instance, Miles4,5 and Baumeis-
ter et al.6 investigated the plane wave propagation acros
variable area duct. Silcox and Lester7 examined sound wave
transmission across a conical constriction with a wall slo
of 3.6°. Selamet and Easwaran8 studied the plane wave
propagation across a venturi tube of slow area variation
the presence of a mean flow using the stepwise expan
and contraction duct approximation. Cho and Ingard9 dis-
cussed the propagation of higher modes across a constri
of slow and smooth area variation analytically while Hudd10

examined similar propagation effects inside divergent a
convergent sections again by the stepped duct approx
tion.

A recent study by the authors11 revealed that the propa
gation characteristics of the acoustic modes across sm
convergent and divergent sections in an infinitely long d
are very different. However, the corresponding informat
for sound propagation across duct constrictions and the
sociated acoustic mode interactions have, to the knowle
of the authors, not been discussed in detail in existing lite
ture unless drastic simplifications of the nonuniform sect
configurations are made~for instance, Refs. 9 and 10!.

Tapering of the inlet and outlet of a constriction is re
ommended by building services engineers in order to red
the fluid pressure loss along the ductwork and the leve
regeneration noise. This also results in smoother acou
impedance change than the abrupt constriction and thus
minishes the sound power transmission loss~TL!. Since

a!Author to whom correspondence should be addressed; electronic
besktang@polyu.edu.hk
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these effects are contradictory, the balance between t
must be carefully optimized. However, it is currently unce
tain on how the constriction geometry will affect the sou
power transmission, especially when nonplanar waves e
in the duct. In addition, constrictions are found inside co
ventional dissipative silencers with porous materials. It
then essential to understand the sound wave propagatio
side rigid wall constrictions before the corresponding effe
of the porous materials can be fully understood.

In the present study, sound transmission across a c
striction in an infinite duct is investigated by using the fin
element method implemented by the softwareMATLAB . For
simplicity, only linearly tapered convergent and diverge
sections are studied. It is hoped that the present study
provide a deeper understanding on the sound transmis
across constrictions inside ductwork and useful informat
for improved ductwork design in the future.

II. COMPUTATIONAL DOMAIN AND BOUNDARY
CONDITIONS

Figure 1 shows the schematic diagram of the flow co
striction adopted in the present study. The origin of the
ordinate system is set at the center of the constriction sec
For practical reasons, only two-dimensional linearly tape
convergent and divergent sections are considered. The ge
etry and acoustic excitation are symmetrical about the lon
tudinal duct axis and thus no asymmetric duct mode can
excited. The tapering angles of the convergent and diverg
sections are denoted byfc andfd , respectively. The widths
of the main duct and the flow constriction are denoted byd
and w, respectively. The lengths of the flow constrictio
convergent and divergent linearly tapered sections
denoted by L, Lc@5(d2w)/2 tanfc# and Ld@5(d
2w)/2 tanfd#, respectively. All the length scales are norma
ized by the width of the main ductd, and the frequency
range investigated is up tokd59, wherek is the wave num-
ber of the sound involved.

The target here is to solve the following inhomogeneo
wave equation with unit plane wave excitation:

¹2p1k2p5q, ~1!
il:
3679679/7/$22.50 © 2005 Acoustical Society of America



FIG. 1. Schematic diagram of the
computational model.
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where p and q are the acoustic pressure and sound sou
strength, respectively, with rigid wall boundaries so that
normal pressure gradients there vanish. Forkd,2p, all the
waves in the two straight duct sections are nominally plan
In this case,q50. For a unit-strength acoustic plane wa
incident atx52bu , the boundary conditions at the two en
of the computation domain are

]p

]n
6 ikp5H 2ik, x52bu

0, x5bd
, ~2!

where i 5A21, n is the outward normal direction of th
boundary,bu andbd are the computational domain bounda
locations~Fig. 1!.

When kd.2p, higher modes are present in the u
stream and downstream duct sections. The numerical tr
ment of Tang and Lau11 is adopted to damp down the high
modes before they reach the end boundaries~dashed lines in
Fig. 1! so as to minimize the numerical reflections there. T
boundary conditions of the absorptive side walls are

]p

]n
6 ikgp50, ~3!

whereg is an artificial absorption coefficient which is set
0.01(x1bu)2 and 0.01(x2bd)2 for upstream and down
stream absorptive endings, respectively, as in Tang
Lau.11 In this case, the unit plane wave excitation is11
3680 J. Acoust. Soc. Am., Vol. 117, No. 6, June 2005 C
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q52ikd~x1bu!, ~4!

whered is delta function. Boundary conditions depicted
Eq. ~2! apply at the extreme ends of the absorptive endin

The TL for the plane wave in the present study follow
the definition in standard textbook~for instance, Ref. 1!. The
TL for a higher duct mode is defined as the ratio of t
higher mode energy to that of the incident plane wave. T
total power transmission loss refers to the ratio of the to
energy ~plane wave plus higher duct modes! transmitted
across the flow constriction to that of the incident pla
wave.

All finite element computations are carried out using t
partial differential equation~PDE! solver and the mesh gen
eration facilities of the softwareMATLAB .12 For each geom-
etry of the constriction, triangular mesh is generated in
computational domain and the PDE~with the determined
boundary conditions! is discretized to form a linear system
Kuh5F, where the matricesK andF depend on the coeffi-
cients of the PDE, anduh is the unknown vector and contain
the values of the approximate solution at the mesh point

Meshes used in the present study are generated usin
Delaunay triangulation algorithm13 and are refined by the
‘‘regular refinement’’ scheme, where all the triangular me
elements are divided into four triangles.12 Figure 2 illustrates
the computational mesh adopted for the case offc5fd
FIG. 2. Computational mesh forfc

5fd5p/6 at 5,kd,9.
. K. Lau and S. K. Tang: Sound transmission across flow constrictions
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FIG. 3. Sound power transmissio
loss for constrictions with abrupt con
traction and expansion.~a! L/d51,
w/d50.2; ~b! L/d56, w/d50.2.
Plane wave theory~¯!; total power
loss ~—!; ~–––! plane wave mode
power transmission loss forkd.2p;
~–•–! first symmetric higher mode
power transmission loss forkd.2p.
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5p/6 ~only those within region23<x/d<0 are presented!.
The corresponding triangle qualitym of each triangle is
within 0.7 to ;1 which is satisfactory (m.0.6 is
required12!. At kd;9, the corresponding minimum numbe
of node pointsnmin per one wavelength of the sound is abo
20.

The triangular mesh sizes and details vary with the
ometries of the tapered sections and thus are not fi
throughout the investigation. However throughout the co
putations,m is kept greater than 0.6 andnmin not less than
20. Also, it has been confirmed that further refinement of
meshes will not give noticeable differences in the results

III. RESULTS AND DISCUSSIONS

The present study investigates the sound wave prop
tion below the second symmetric cut-on frequency of
duct section (kd,9). The TL is estimated from the com
puted data atx/d;9 where all the evanescent waves ha
been damped out completely.

Owing to the symmetrical excitation and the geome
of the constriction, only symmetrical mode will be excite
For kd,9, only the first symmetric mode inside the du
section will be excited while only plane wave propagation
observed inside the constriction section. Inside the tape
section, the corresponding symmetrical mode pattern is11

bAaHa
1~kr !1BaHa

2~kr !ccos~au!, ~5!

wherer and u are the radial position and the angular po
tion, respectively~Fig. 1!, a5 j p/f, where j is an integer
greater than unity, andAa andBa are complex constants.Ha

1

andHa
2 are the first and second kind Hankel functions of t

ordera, respectively.u is bounded between6fc or 6fd .
For the convergent inlet, the sound wave begins

propagate in the form of thej th symmetric angular mode i
kd>2( j p/f)sinf and can propagate across such sect
only if

kd>
2 j p

f

d

w
sinf.

Sound wave can propagate into the divergent outlet in fo
of the j th symmetric angular mode ifkd satisfies the secon
requirement of propagation for the convergent inlet.

A. Constrictions with abrupt contraction and
expansion

Figures 3~a! and 3~b! illustrate the effects ofL/d on the
J. Acoust. Soc. Am., Vol. 117, No. 6, June 2005 C. K. Lau
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TL across the constriction with abrupt contraction and e
pansion (fc5fd5p/2) at w/d50.2. The TLs predicted by
the plane wave theory1 are also given for comparison. Th
computed TL is comparable to those obtained using the p
wave assumption for allL/d investigated whenkd,2p.
However, resonant transmission occurs at lower freque
than the plane wave theory prediction because of the ef
tive length corrections at the two ends of the constrict
section due to the radiation impedance there.1,3

At kd;2p ~first symmetric duct mode cut-on fre
quency!, the TL increases; a similar observation was fou
in the concentric expansion chambers of Selamet
Radvaich.14 The higher TL nearkd52p is due to the strong
reflection back into the upstream duct section.

For kd.2p, the first symmetric higher duct mode
excited. It propagates along the duct sections together w
the plane wave. The resulting sound amplification atkd just
higher than 2p is due to the strong excitation of the firs
symmetric higher duct mode. An increase in the length of
constriction results in smaller TL fluctuations forkd.2p
@Fig. 3~b!#. In all cases withw/d50.2, the higher mode
dominates whenkd.2p. The increase inw/d at a fixedL/d
reduces the TL across the constriction as expected du
better impedance matching between the duct and the
striction sections. Thus, the associated results are not
sented.

Figure 4 shows the sound wave interactions within
proximity of the constriction with abrupt contraction and e
pansion forL/d51, w/d50.2. At low frequency, the sound
waves have circular wave fronts near the inlet and exit of

FIG. 4. Sound field patterns around constrictions with abrupt contrac
and expansion.~a! kd55; ~b! kd56; ~c! kd56.3. w/d50.2, L/d51.
3681and S. K. Tang: Sound transmission across flow constrictions
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FIG. 5. Sound transmission acros
constrictions with tapered inlet and
outlet. ~a! fc5fd5p/3; ~b! fc5fd

5p/4; ~c! fc5fd5p/6. w/d50.2,
L/d51. Total power loss~—!; plane
wave mode power transmission coeffi
cient forkd.2p ~–––!; first symmet-
ric higher mode power transmissio
coefficient forkd.2p ~–•–!.
to

ct

th
fl
p

t
m

st

a
t
e
d
w

u

s

ric

ee
T
fo
it
t

of
re

t c
u

cy
f

in

ing
ore
es

r
her
an
nd
e
sec-
ni-
lso
is
as

in
the

n
the

her
duct
the

es
her
ani-
o-

 26 February 2025 07:07:35
constriction@Fig. 4~a!#. These wave fronts then spread out
fill the duct cross section with uniform energy density. Atkd
just below 2p, the first symmetric higher mode of the du
section is found at the exit plane of the constriction@Fig.
4~b!#. This mode decays rapidly as it propagates into
downstream duct section as expected. Strong acoustic re
tion back into the upstream duct occurs resulting in the ra
increase of TL askd approaches 2p @Fig. 4~b!#.

The strong higher mode created by the resonance akd
.2p carries the majority of energy into the downstrea
duct @Fig. 4~c!#, resulting in sound amplification~Fig. 3!.
One should also note that the case ofkd;2p coincides with
one of the resonant transmission cases across the con
tion. The sound field patterns at higherkd are similar to that
shown in Fig. 4~c!, except that more nodal and antinod
planes are observed because of reduced wavelength, and
are not presented. Away from the resonance frequency,
ergy is gradually redistributed back to the plane wave mo
causing a reduction in the TL of the plane wave mode sho
in Fig. 3 at increasedkd.

The phenomena observed in Figs. 3 and 4 are also fo
in other values ofL/d oncew/d is fixed~not presented here!.
Therefore without loss of generality, the foregoing discu
sions concerning tapered sections are done withL/d51 and
w/d50.2, while Lc /d and Ld /d vary with the angles of
taperingfc andfd .

B. Constrictions with tapered inlet and outlet

With L/d51 andw/d50.2, the effects offc (5fd in
this section! on the sound transmission across the const
tion are shown in Fig. 5. One would expect that a smallerfc

will provide a better acoustic impedance matching betw
the constriction and the duct sections, resulting in a lower
than that obtained with abrupt expansion and contraction
kd,2p. The improvement in such matching increases w
frequency and thus the TL dome magnitudes decrease a
ducedfc . At very low frequency where the wavelength
the sound is much longer than the lengths of the tape
sections, the sound wave treats these sections as abrup
tractions and expansions. The TL is thus approximately eq
3682 J. Acoust. Soc. Am., Vol. 117, No. 6, June 2005 C
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to the plane wave theory prediction. Increasing frequen
~reducing the wavelength! allows better development o
wave propagation inside the constriction section, resulting
a gradual drop of the TL askd approaches 2p for a fixed
constriction geometry. This situation is enhanced by reduc
fc and thus the magnitudes of the TL domes decrease m
rapidly with frequency in such cases. The TL therefore do
not rise up whenkd approaches 2p as in Fig. 3.

The first symmetric angular mode is excited whenkd
51.65p(;5.18), 1.8p(;5.65), and 1.91p(;6.00) for fc

(5fd) equalsp/3, p/4, andp/6, respectively. This highe
angular mode matches better with the first symmetric hig
duct mode and thus the latter is more efficiently excited th
in the abrupt expansion case. A higher possibility of sou
amplification at kd;2p is thus expected. However, th
smoother development of the waves inside the tapered
tions, especially those within the outlet, provides more u
form acoustic excitation to the duct modes. Figure 5 a
illustrates that the contribution of the higher duct mode
reduced while that of the plane wave mode is enhanced
the angle of tapering decreases.

Within the ranges of frequency and angle of tapering
the present study, sound wave cannot propagate through
constriction in the form of the higher angular mode askd is
always below

2 j p

f

d

w
sinf.

At kd;6, (.1.65p), the first symmetric angular mode ca
be observed only at the junction between the duct and
convergent inlet@Fig. 6~a!#. The wave patterns well inside
the tapered sections remain very circular. Though the hig
duct mode decays as it propagates in the downstream
section, it penetrates longer into this duct section than in
cases of abrupt expansion@cf. Fig. 4~a!#. A reduction of the
angle of tapering lengthens this penetration~not shown here!.

At kd.2p, the first symmetric higher mode propagat
in the duct sections. The good matching between the hig
modes in the tapered sections and the duct sections is m
fested in Fig. 6~b!. The strong higher duct mode due to res
. K. Lau and S. K. Tang: Sound transmission across flow constrictions
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nance is also revealed. As the angle of tapering is redu
the sound pressure magnitude becomes more uniform ac
the cross section of the downstream duct even atkd far
higher than 2p. The diamond shape pattern of the sound fi
in Fig. 6~c! with its maximum and minimum values on th
duct centerline further demonstrates the more domin
plane wave mode at reduced angle of tapering shown in
5.

C. Constrictions with one end tapered

The constriction with tapered inlet and abrupt expans
(fd5p/2) produces higher TL~Fig. 7! compared with the
one with both tapered inlet and outlet~Fig. 5!, but gives
lower TL compared with the constriction with abrupt co
traction and expansion@Fig. 3~a!#. The maximum TL below
the cut-on frequency of the first symmetric higher duct mo
is again lowered at smallerfc . However, it is found that
resonant transmission across the constriction becomes
likely here even at a frequency far lower than the first sy
metric higher duct mode cut-on frequency as the angle
taperingfc is reduced. No vanishing TL can be found
kd.1 for fc5p/6 @Fig. 7~b!#. The difference in the inlet
and outlet impedance of the constriction creates oppo
propagating plane waves of significant different magnitu
such that complete constructive interference cannot t
place at the two ends of the constriction region. This is si
lar to the case of standing wave between two walls of diff
ent surface sound absorption.15

FIG. 6. Sound fields near constrictions with tapered inlet and outlet.~a!
fc5fd5p/3, kd56; ~b! fc5fd5p/3, kd56.3; ~c! fc5fd5p/6, kd
58. w/d50.2, L/d51.
J. Acoust. Soc. Am., Vol. 117, No. 6, June 2005 C. K. Lau
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It is also found from Fig. 7 that the strength of the high
duct mode downstream of the constriction is strong co
pared to those illustrated in the previous section. The tape
inlet enhances the wave propagation into the constriction
eventually leads to stronger excitation of the higher d
mode at the exit plane of the constriction due to the sin
larity of the abrupt expansion. Both the strengths of t
higher duct mode and the plane wave increase as the ang
tapering decreases as expected, but the former carri
higher percentage of acoustical energy and this percen
increases slightly when the rate of convergence (fc) is re-
duced. This is not the case for constrictions with tapered in
and outlet~Fig. 5!. Besides, the smoother convergence lea
to the amplification of sound at high frequency@Fig. 7~b!#.
The frequency range of such sound amplification is also w
ened at reducedfc ~not shown here!.

For the constrictions with abrupt contraction and tape
outlet (fc5p/2), the TLs forkd,2p are the same as thos
for the constrictions with tapered inlet and abrupt expans
~Fig. 8!. It can also be observed that the TL is always po
tive here over the frequency range considered in the pre
study, except at frequencies close to the resonance of the
symmetric higher duct mode. However, the magnitudes
the cycles of the TL oscillations after this resonance are
nificantly higher than those in Fig. 7. The frequency of t
TL oscillation does not appear to depend onfd . However,
the tapered outlet favors energy transfer into the plane w
in the downstream duct section, while the abrupt expans
results in higher energy transfer into the higher duct mo
~Figs. 3 and 7!.

The relative importance of the higher duct mode atkd
.2p decreases at reducedfd . At fd5p/3 @Fig. 8~a!#, both
the higher duct mode and the plane wave inside the do
stream duct are of comparable magnitudes. Asfd decreases,
the more uniform excitation at the exit plane of the tape
outlet appears to favor the propagation of plane wave in
downstream duct@Fig. 8~b!#. This is opposite to what hap
pens in the constrictions with tapered inlet and abrupt exp
sion, where the singularity at the abrupt expansion ou
favors the excitation of higher duct modes. Under this co
striction configuration, the TL is always positive, exce
whenkd is very close to 2p.

The characteristics of the corresponding sound fields
the constrictions with one end tapered are very similar
those presented earlier in this section and thus are not
n
t

FIG. 7. Sound power transmissio
loss for constrictions with tapered inle
and abrupt expansion.~a! fc5p/3,
Lc50.23, ~b! fc5p/6, Lc50.69. fd

5p/2, w/d50.2, L/d51. Legends:
same as those in Fig. 5.
3683and S. K. Tang: Sound transmission across flow constrictions
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FIG. 8. Sound power transmissio
loss across constrictions with abrup
contraction and tapered outlet.~a! fd

5p/3, Ld50.23; ~b! fd5p/6, Ld

50.69. fc5p/2, w/d50.2, L/d51.
Legends: same as those in Fig. 5.
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sented. The main difference is only the relative magnitu
of the acoustic modes.

IV. PRACTICAL DESIGN CONSIDERATIONS

The tapering of the inlet and outlet of a constriction c
reduce the fluid pressure loss and the level of aerodyna
noise generated, but at the same time this reduces the T
careful consideration of these effects is essential for prac
design.

The pressure loss across the constriction,Dp, in duct
can be estimated using

Dp5@~d/w!2Ci1Co#rV2/2, ~6!

wherer is the density of the air,V the mean flow velocity in
the main duct, andCi andCo the pressure loss coefficients
the inlet and outlet, respectively. According to the pressu
loss coefficients tabulated inASHRAE,16 the pressure loss
across the convergent inlet is lower than that across the
vergent outlet for the same tapering angle. Such differe
increases with decreasingw/d. The variation ofCi is very
small for fc,p/4. Co peaks at aroundfd5p/4 and then
decreases slowly asfd increases. Considering the resu
shown in Figs. 5, 7, and 8, the constrictions with abru
contraction and tapered outlet appear to be able to giv
compromise between the pressure loss and the TL as lon
the aeroacoustics is ignored. The abrupt contraction ca
smaller pressure loss than the abrupt expansion forw/d
<0.5, but can maintain a more stable and higher TL over
frequency range concerned. Though the abrupt contrac
does result in a higher pressure loss than the tapered inle
broadband gain in the TL compensates such disadvant
The constrictions with tapered inlet and abrupt expansion
likely to produce a higher pressure loss without improvi
the TL. The constrictions with abrupt contraction and exp
sion give the worst pressure loss without significant i
provement in the TL and thus are not desirable.

The corresponding aeroacoustics is complicated.
power of the aerodynamic noise and its frequency dep
substantially on the velocity of and the turbulence level
the main flow17 as well as the geometry of the constrictio
This part of the study is very involved and needed to
treated specifically in a separated investigation.
3684 J. Acoust. Soc. Am., Vol. 117, No. 6, June 2005 C
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V. CONCLUSIONS

In the present study, the sound power transmiss
losses through flow constrictions with and without a linea
tapered inlet/outlet in an infinitely long duct are studied w
the finite element method. The associated sound energy
tributions between various acoustic modes are also
cussed.

For the constriction with abrupt contraction and expa
sion, the computed sound power transmission loss ag
with the plane wave theory prediction at low frequencies.
frequency higher than the first symmetric duct mode cut
frequency, oscillations of the overall sound power transm
sion losses are observed. The strength of the plane w
relative to that of the higher duct mode increases at increa
frequency, but the latter remains the dominant acoustic m
up to the frequency limit of the present study.

The results in the present study also show that the so
power transmission loss across a flow constriction in an
finitely long duct before the cut-on of the first symmetr
higher duct mode is lowered by a smoother constriction tr
sition. Above the cut-on frequency of this higher mode, a
plification of sound is likely when the inlet of the constric
tion is tapered. Such amplification is more significant
reduced tapering angle. Also, the relative importance
tween the plane wave and the higher duct mode inside
downstream duct depends only on the constriction outlet.
a smoother outlet, the higher mode is more dominant t
the plane wave, while the opposite is observed if the c
striction consists of an abrupt expansion.
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