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Transmission characteristics of a tee-junction in a rectangular
duct at higher-order modes
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Numerical and experimental studies were undertaken to characterize the noise transmission and
scattering properties in higher-order modes across the tee-junction of a rectangular duct used in
ventilation and air-conditioning systems. To measure these properties, a formulation of a
transmission matrix based on the transfer function and a two-microphone method was devised. The
measurement of modal sound transmission and scattering coefficients is demonstrated for a duct
element in a rectangular duct. The results of numerical simulations were verified by experiments.
The results show that sound transmissions of fundamental mode and higher-order modes across the
main duct are high at the eigen-frequencies of the main duct and sidebranch. Weak modal coupling
of the branch-modes and the traveling wave in the main duct is observed at or very close to the
eigen-frequencies of the sidebranch, which shifts excitation of the higher-order branch-modes at
higher frequencies. A decrease in sound transmission and increase in sound scattering into
higher-order modes occur with excitation of the axial branch-mode. Excitation of the longitudinal
branch-mode due to branch-end reflection also results in lower sound transmission of higher-order
modes across the junction along the main duct.
© 2009 Acoustical Society of America. �DOI: 10.1121/1.3257209�
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I. INTRODUCTION

Sound propagation in duct systems is well known as an
important problem in building, automotive, and aeronautic
noise control. Duct systems consist of a network of various
elements �e.g., bends and constrictions� in addition to
straight sections. Such elements of duct systems �other than
straight ducts� alter the acoustic impedance and thus causes
the reflection of sound in the system.

In recent decades, the sound-transmission characteristics
of some duct elements have been investigated at low fre-
quency, including bends,1 sidebranches,2,3 constrictions,4 and
expansions;5 however, textbooks on engineering design �e.g.,
Refs. 6 and 7� typically contain few predictions of sound-
transmission loss at very low frequency for these conven-
tional passive duct elements. Inaccurate estimates of sound-
transmission loss arise when the frequency is close to and
higher than the first cut-on frequency of the duct. The effec-
tive control of such noise in ducts would require a compre-
hensive characterization and specific measurement procedure
for sound transmission and scattering across duct elements in
higher-order modes.

Sidebranches are one of the most common elements in
duct networks, commonly used for flow separation when
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coupled with straight ducts and other elements. Tang and Li2

undertook theoretical and experimental studies of the sound-
transmission loss of double sidebranches using plane-wave
theory and the two-microphone method, respectively. The
authors found that predictions based on plane-wave theory
are only accurate when the sidebranch is distant from other
duct elements or when the original sound-transmission loss
of other duct elements is weak. Moreover, the sound excita-
tion of axial branch-modes yields lower sound transmission
across a tee-junction located along the main duct.3 However,
the studies are limited to the sound-transmission fundamental
mode below the first eigen-frequency of the main duct.

For measurement of the sound reflection and transmis-
sion coefficients of a duct element, Parrondo et al.8 extended
the two-microphone method for measurement of the trans-
mission and reflection matrix of a sidebranch, using three
loudspeakers and six sound-pressure microphones. The in-
vestigations of the sound transmission of a sidebranch are
again limited to analyses of propagation of fundamental
mode along the main duct. In addition, use of the two-
microphone method in experimental studies is restricted to
low frequencies �i.e., below the first eigen-frequency of the
duct� because of the fundamental-mode �plane wave� as-
sumption; however, sound propagation at higher-order
modes is also important for noise control, especially in the
case of large ducts. For example, the typical dimension �i.e.,
width and/or height� of air-conditioning ducts is up to about

9
3 m, which corresponds to a low first cut-on frequency of

© 2009 Acoustical Society of America6�6�/3028/12/$25.00
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the duct �57 Hz�. In such cases, sound propagation in higher-
order modes becomes of greater practical importance in
terms of noise control.

A theoretical solution for a tee-junction has been formu-
lated using the Fourier transform and a mode matching
technique;10,11 however, there exist few case studies of such
problems. The interaction of acoustic modes and the trans-
mission and scattering of sound across a tee-junction in the
duct has yet to be clearly addressed. It is therefore worth-
while to study the sound-transmission characteristics of a
tee-junction and to conduct a more in-depth analysis of the
problem for higher-order modes.

In the measurement of sound propagation in higher-
order duct modes, the assumptions involved in the two-
microphone method are invalid and the complexity of the
measurement is increased compared with that for fundamen-
tal mode. A modal decomposition method has been sug-
gested to overcome these problems.12 Abom13 proposed a
direct method based on the measurement of transfer func-
tions between the microphone pairs in order to separate the
modes in a duct section into incident and reflected parts. To
perform a modal decomposition of N number of modes re-
quires the incident and reflected wave of each mode to be
determined, as well as measurement of the sound pressures at
2�N independent spatial locations with N independent
source conditions. For circular ducts, this method can extend
the measurement to frequencies below the first cut-on fre-
quency of the radial mode when ten measurement positions
are used �i.e., separation of the first five modes�. A reduction
in the number of measurement locations can be offset by
measurements undertaken with different load conditions14 at
sites located downstream of the duct element. Previous
works have generally considered circular ducts. Schultz et
al.15 determined the reflection and modal scattering coeffi-
cients of acoustic liners using the direct method in a square
duct; however, few studies have applied the modal decom-
position method to rectangular ducts and their elements.16

The aim of the present paper is to investigate and char-
acterize sound propagation in higher-order modes across a
tee-junction within a rectangular duct, using numerical �finite
element method� and experimental �direct modal decompo-
sition method� approaches. The resultant transmission matrix
of a tee-junction is experimentally verified using the modal
decomposition technique. We demonstrate a measurement
procedure for sound transmission and the scattering coeffi-
cients of rectangular duct elements, which can be applied
under the propagation conditions of higher-order modes.
Also discussed are practical difficulties involved in measur-
ing the transmission matrix of duct elements. The present
study extends the work of Tang3 to higher-order modes. It is
hoped that the results will provide a more complete picture
of the acoustical properties of tee-junctions �particularly for
the air duct used in the ventilation and air-conditioning�,
thereby providing improved duct noise control and a useful
experimental approach for investigating sound transmission

and scattering within duct elements at higher-order modes.
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II. COMPUTATIONAL MODEL AND EXPERIMENTAL
METHOD

Numerical and experimental studies were undertaken to
characterize the sound transmission and scattering properties
in higher-order modes across the tee-junction of a rectangu-
lar duct commonly used in ventilation and air-conditioning
system. The methodologies are discussed in Secs. II A and
II B, respectively.

A. Computational domain

Consider a tee-junction in a rectangular duct consisting
of acoustically hard surfaces �see Fig. 1�. All dimensions are
normalized by the duct width Lx. The origin of the coordinate
system is set at the left-side entry to the tee-junction. The
width w and length l of the sidebranch can be varied relative
to Lx. For simplicity, a two-dimensional system is considered
in the numerical experiment. Axial modes in the axis along
the sidebranch are considered. Some effects of spanwise
modes along the y-axis of a three-dimensional system will be
discussed later in the experimental investigation. A finite el-
ement computation is used to solve the inhomogeneous wave
equation, given as

�2p̂ + k2p̂ = q̂ , �1�

where p̂ and k are the acoustic pressure and the wavenumber
of the sound, respectively; q̂ denotes the source strength den-
sity of the excitation; and �2 is the Laplacian operator over a
specified domain with Neumann boundary conditions. The
partial differential equation �PDE� solver within the software
MATLAB was used to solve Eq. �1� in the present numerical
experiments. The “assempde” of MATLAB function is used.
The side walls of the duct and the sidebranch are acoustically
rigid; therefore, the normal pressure gradient vanishes and
the boundary condition is

� � p̂

� n̂
�

wall

= 0, �2�

where n̂ is the outward unit normal to the boundary. The
main duct consists of two anechoic terminations at z�
−10Lx and z� �10Lx+w�. The higher-order modes are
present in the main duct and sidebranch at frequencies above
the first eigen-frequencies of the main duct and sidebranch,
respectively. To damp down the higher-order modes before
they reach the end boundaries, we adopt the impedance-

4

FIG. 1. Schematic diagram of sound transmission within a duct across a
tee-junction, showing the employed coordinate system.
matched anechoic termination of Tang and Lau, whose

and K.-H. Leung: Sound transmission in higher-order modes 3029
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walls are acoustically absorptive. The boundary conditions of
the absorptive side walls are given as

� p̂

� n̂
� jk�p̂ = 0, �3�

where j=�−1. � denotes an artificial absorption coefficient
that is set at 0.01�z+bu�2 and 0.01�z−bd�2 for the upstream
and downstream absorptive endings of the main duct, respec-
tively, as in Ref. 3. bu=−10Lx and bd= �10Lx+w�. A termina-
tion length greater than 10Lx is used in the analysis. The
boundary condition at the exit of an anechoic termination is
set as described in Eq. �3�, with �=1 for an outgoing wave.
Two types of sidebranch endings are considered: infinitely
long and closed sidebranches. They are tested for two situa-
tions of weak and strong branch-end reflections. For an infi-
nitely long sidebranch, the anechoic termination is set at x
�bs with �=0.01�x−bs�2, where bs=Lx+ l. Although the
acoustic properties are independent of sidebranch length in
the case of an infinitely long sidebranch, the length is set to
l=5Lx. For a closed sidebranch, the boundary condition de-
scribed in Eq. �2� is set at x=bs, ∀z� �0,w�.

Upstream of the duct �z�0�, an incident field amn propa-
gates toward the tee-junction, as shown in Fig. 1. In the
present study, the excitation of this incident field is applied at
z=bu. Sound is investigated at frequencies below the first
symmetric duct mode �m=2 and p=2� of the x-axis in the
main duct �i.e., kLx=2��. For investigations of the higher-
order-mode propagation, two types of excitation are consid-
ered:

q̂ = 2jk��z − bu� Excitation Type 1: ∀ x � �0,Lx� ,

�4a�

q̂ = 2jk��z − bu� Excitation Type 2: ∀ x � �0,0.5Lx� ,

�4b�

where � denotes a delta function. The former �Excitation
Type 1� refers to fundamental-mode �unit plane wave� exci-
tation, while the latter �Excitation Type 2� is asymmetric
wave excitation and the source is bounded at x� �0,0.5Lx�.
The modal amplitudes arising from Type 2 excitations can be
found using the wave equation.16 Both the fundamental
mode and first mode are excited by asymmetric wave exci-
tation in Eq. �4b� at frequencies of ��kLx�2�. The result-
ant sound-pressure field of the fundamental mode and
higher-order modes at either side of the junction and without
the junction can be decomposed by the method of modal
decomposition.17 The resultant sound-pressure fields due to
excitation of the first mode only can be found by subtracting
the contribution of the unit plane-wave excitation with the
scattering coefficients, as calculated using Eq. �4a�.

B. Experimental methodology

At any location �x ,y ,z� within the duct upstream of the
junction �bu�z�0� in Fig. 1, the general solution of acous-
tic pressure to the inhomogeneous Helmholtz equation de-
scribed in Eq. �1� in a three-dimensional system at driving

frequency 	 and time t can be written as

3030 J. Acoust. Soc. Am., Vol. 126, No. 6, December 2009 S.
p̂�x,y,z�ej	t = �
m,n=0




�m,n�x,y��amnej�	t−kz,mnz�

+ bmnej�	t+kz,mnz�� , �5�

where �m,n�x ,y� are the eigen-functions of the acoustic
modal pressure distribution inside the duct. The integers m
and n are the acoustic duct mode numbers of the x-axis and
y-axis, respectively, upstream of the junction in the main
duct, which �m ,n�= �0,0� denotes fundamental mode and
others denote higher-order modes. The duct has a rectangular
cross-section of dimension Lx by Ly. kz,mn is the wavenumber
of the duct mode in the axial direction,18 where

kz,mn
2 = k2 − kmn

2 , �6�

and

kmn
2 = �m�

Lx
	2

+ �n�

Ly
	2

. �7�

amn and bmn are the complex acoustic pressure modal ampli-
tudes of the traveling waves of �m ,n� mode toward the junc-
tion �incident wave� and in the upstream part �reflected
wave� of the main duct, respectively, as shown in Fig. 1. To
decompose the incident and reflected sound-pressure fields
�amn and bmn, respectively�, the microphones should be lo-
cated with some transverse and axial separation in the area
upstream of the junction.

A simple approach is to divide the microphones into two
groups separated by an axial distance, u. For the decompo-
sition of N number of modes, at least N microphones at each
group are placed on the same axial location. Therefore, 2
�N microphones are used on each side of the tee-junction
along the main duct. In the matrix form of Eq. �5�, a vector
of sound pressures at the same axial location z and � number
of independent transverse locations inside the duct can be
written simply as the product of the acoustic mode shape
matrix at points �, the propagating mode matrix Z, and the
complex acoustic pressure modal amplitude vectors of inci-
dent and reflected waves �a and b, respectively� due to the
following sources:

p̂ = 

p̂�x1,y1,z�
p̂�x2,y2,z�

]

p̂�x�,y�,z�
� = �TZa + �TZ−1b , �8�

where

� = 

�0,0�x1,y1� �0,0�x2,y2� ¯ �0,0�x�,y��
�1,0�x1,y1� �1,0�x2,y2� ¯ �1,0�x�,y��

] ] � ]

�m,n�x1,y1� �m,n�x2,y2� ¯ �m,n�x�,y��
� ,

and Z=diag�e−jkz,00z , e−jkz,10z , ¯e−jkz,mnz� is a diagonal ma-
trix. The superscript T denotes matrix transpose. To solve the
incident and reflected waves, additional vectors of sound
pressures are required with 
 number of linear independent

source conditions to form a matrix such that

-K. Lau and K.-H. Leung: Sound transmission in higher-order modes
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p̂ = �TZA + �TZ−1B , �9�

where A and B are ��a
1�a
2 . . . �a

� and ��b
1�b
2 . . . �b

�,
respectively. �a
i and �b
i are the complex acoustic pressure
modal amplitude vectors of incident and reflected waves, re-
spectively, due to ith source condition. p̂= ��p̂
1�p̂
2¯ �p̂

�.
The transfer matrix, Hab, of the two groups of microphones
upstream of the junction at z=za and zb, respectively, is de-
fined as

Habp̂a = p̂b, �10�

where the subscripts a and b denote the quantities associated
with the axial location at za and zb, respectively, in the up-
stream with an axial separation of zb−za=u. Substituting Eq.
�9� into Eq. �10�, we find that the reflection matrix of the
junction �or other duct elements� can be estimated from ex-
perimental data as

BA−1 = ZaRabZa, �11�

where

Rab = ��b
TZu

−1 − Hab�a
T�−1�Hab�a

T − �b
TZu� , �12�

and

Zu

= diag�e−jkz,00�zb−za�, e−jkz,10�zb−za�, . . . , e−jkz,mn�zb−za� �
�13�

The amplitude of the diagonal elements in the diagonal ma-
trix Za is unity; therefore, the modal sound-power reflection
coefficients upstream of the tee-junction can be found from
the values of the elements of Rab in Eq. �12�. Substituting
Eq. �11� into Eq. �9�, the sound pressures at z=za can be
rewritten as

p̂a = �a
T�I + Rab�ZaA . �14�

To solve the incident and reflected sound-pressure fields
downstream of the main duct, suppose there are two other
groups of microphones downstream of the tee-junction at
axial locations of zc and zd of the main duct, respectively.
Equations �8�–�13� can then be applied. The sound pressure
at z=zc can be found as

p̂c = �c
T�I + Rcd�ZcC , �15�

I is the unit matrix. C denotes the modal amplitude matrix of
complex acoustic pressure of wave transmitted downstream
with 
 number of linear independent source conditions,
which consists of a complex acoustic pressure amplitude cpq

of �p ,q� mode. The integers p and q are the acoustic duct
mode numbers of the x-axis and y-axis, respectively, down-
stream of the junction in the main duct. Rcd is the modal
amplitude matrix of the reflection coefficients of the ending
downstream �right-hand end� of the duct, which can be found
by Eq. �12� with subscripts c and d instead of a and b,
respectively. By Eq. �14� and �15�, the transmission matrix of
the junction can be written as

CA−1 = Z−1TZa, �16�
c

J. Acoust. Soc. Am., Vol. 126, No. 6, December 2009 S.-K. Lau
T = ��c
T�I + Rcd��−1Hac��a

T�I + Rab�� , �17�

where the subscripts c and d denote the quantities associated
with the axial locations at zc and zd, respectively, of the main
duct and the area downstream of the junction. Hac= p̂cp̂a

−1 is
the transfer matrix of sound-pressure groups located at za and
zc.

Equation �16� can be further simplified by removing a
microphone layer when an anechoic termination is installed
at the downstream ending where Rcd=0 or when a termina-
tion with specified modal reflection is installed. For a modal
decomposition of N number of modes, measurements should
be carried out with at least N=� and N=
. The solution of
the over-determined case can be found with N��. T is the
modal complex amplitude matrix of the transmission coeffi-
cient. This matrix is independent of upstream conditions,
which consist of N2 coefficients:

Tmn,pq, m,n,p,q = 1,2, . . . ,N ,

representing the sound transmission or scattering coefficient
amplitude from the �m ,n� mode upstream of the junction in
the main duct to the �p ,q� mode downstream of the junction.
The forms of Eqs. �12� and �17� are similar to those of the
well-known two-microphone method for fundamental mode.

An experiment was performed to verify and extend the
results of the numerical investigation. A test rig was con-
structed in which the main duct used in the measurements in
Fig. 1 was made of 20-mm-thick Perspex with a rectangular
cross-section of dimensions Lx=173 mm and Ly =150 mm.
This set-up yielded a first eigen-frequency of 991 Hz in the
main duct. Table I shows the normalized eigen-frequencies
of the first four modes of the main duct. The sidebranch has
the same cross-sectional dimensions as the main duct, with a
sidebranch length l of 1 m. The end of the sidebranch can be
closed or fitted with an anechoic termination. A loudspeaker
was mounted at one end of the main duct; the other end was
terminated anechoically using a length of highly absorbent
duct end, as described in Ref. 2, to eliminate the reflection of
sound produced at the other end of the main duct. The sound-
power reflection coefficient was less than 0.6% at the fre-
quency of interest, indicating that an anechoic condition was
establish.

To resolve sound transmission and scattering of the first
four modes, four microphones are required at each of four
axial locations �i.e., 16 microphones in total�. The micro-
phones were flush mounted in the sides of the duct. The
number and locations of the microphones were chosen to
observe the desired acoustic modes, which are the �0,0�,
�1,0�, �0,1�, and �1,1� modes. The locations of microphones

TABLE I. Eigen-frequencies, kmn, of the duct normalized by the first eigen-
frequency, kmn=�1,0�.

Acoustic modes �m ,n� kmn /kmn=�1,0�

�1,0� 1.00
�0,1� 1.15
�1,1� 1.53
�2,0� 2.00
are listed in Table II. The measurement microphones were

and K.-H. Leung: Sound transmission in higher-order modes 3031
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Bruel & Kjaer �B&K� Type 4935 microphones �7 mm diam-
eter�. For calibration of the amplitude and phase of all chan-
nels, each microphone was mounted in an intensity coupler
�B&K Type 3541� with a reference microphone. The same
acoustic pressure was exposed to the microphones, as only
the fundamental mode could propagate inside the intensity
coupler. The transfer functions of microphones were mea-
sured using a white noise generator �B&K Type ZI 0055� and
then used to correct the response of each microphone. The
phase mis-match among the microphones was less than
�2.7° at frequencies below 2 kHz. For the source conditions
employed in measuring the higher-order modes, four inde-
pendent source conditions were generated with four different
restrictor plates, as described in Schultz et al.15

III. RESULTS AND DISCUSSION

A. Numerical investigation

As mentioned above, we investigated sound-wave
propagation up to the eigen-frequency of the second x-axis
mode �m=2 and p=2� at kLx=2� in the main duct. A two-
dimensional system is considered in this section �n=0 and
q=0�. The sound transmission and scattering coefficients are
estimated from the computed data at ��z−w� /Lx�=8 in order
to eliminate the influence of evanescent waves. The numeri-
cal experiment focuses on the sound transmission and scat-
tering of the fundamental mode �m=0� and first asymmetric
mode �m=1� across a tee-junction along the main duct.

1. Infinitely long sidebranch

a. Sound-power transmission of the fundamental mode
(0,0) at higher frequency, �T00,00�2. For an infinitely long
sidebranch, the tee-junction is known to be a high-pass filter
at frequencies below the first eigen-frequency of the main
duct, kmn=�1,0�=� /Lx.

3 Figure 2�a� shows the effects of w /Lx

on the sound-power transmission of a fundamental mode
�T00,00�2 across the junction along the main duct at higher
frequencies below the eigen-frequencies of the �2,0� modes

2

TABLE II. Locations of microphones within the duct �mm�.

Microphone No. Transverse location �x ,y� Axial location, z

1 �153, 0� �670
2 �0, 20�
3 �173, 130�
4 �20, 150�
5 �20, 0� �620
6 �0, 130�
7 �173, 20�
8 �153, 150�
9 �153, 0� 600
10 �0, 20�
11 �173, 130�
12 �20, 150�
13 �20, 0� 650
14 �0, 130�
15 �173, 20�
16 �153, 150�
�k�kmn=�2,0��. �T00,00� denotes the sound-power trans-

3032 J. Acoust. Soc. Am., Vol. 126, No. 6, December 2009 S.
mission-coefficient from fundament mode upstream of the
junction �m ,n�= �0,0� to fundamental mode downstream of
the junction �p ,q�= �0,0� in the main duct. A slight fluctua-
tion in �T00,00�2 can be observed at frequencies just above
kmn=�1,0�, which can be caused by the strong evanescent
waves close to the eigen-frequencies. At frequencies below
the first eigen-frequency of the sidebranch, k�� /w, only a
fundamental mode can propagate in the sidebranch. The
peaks in �T00,00�2 occur at the eigen-frequencies of the x-axis
modes in the main duct, kmn=�m,0�, as shown in Fig. 2�a� with
w /Lx=0.3 and 0.5, where it approaches unity at kLx=� and
2�. This indicates strong sound transmission of fundamental
mode at the eigen-frequencies of axial mode in x-axis at the
main duct. �T00,00�2 declines gradually and reaches a mini-
mum at frequencies between two eigen-frequencies of x-axis
modes in the main duct. The present study was extended to
higher frequencies, and the same observations were found at
other higher-order modes �data not shown�.

A greater amount of acoustic power is transmitted into
the sidebranch with increasing w /Lx by branch sound-power
division,19 resulting in a rapid decline in �T00,00�2 as the fre-
quency increases from k=kmn=�1,0�=� /Lx and a lowering in
the minimum point between kmn=�m,0�, as shown in Fig. 2�a�
with w /Lx=0.5 �cf. w /Lx=0.3�. For large w /Lx, the non-
planar branch-mode, which is the higher-order axial mode of
the side branch in the axis along the main duct z-axis, can be
excited at a frequency of k�� /w; however, a local maxi-
mum of �T00,00�2 can be found at or very close to the eigen-
frequencies of the sidebranch, k=�� /w, where � is the axial
branch-mode number for the z-axis.

An example with w /Lx=0.7 is shown in Fig. 2�a�, where
a local maximum in �T00,00�2 can be observed at the fre-
quency of the first asymmetric branch-mode, kLx=1.429�.
For frequencies just above the eigen-frequencies of the side-
branch, we find a sharp fall in �T00,00�2 followed by fluctuat-
ing values. Subsequently, the trend resumes, increasing as
the frequency approaches another higher eigen-frequency of

FIG. 2. Sound-power transmission and scattering across an infinitely long
sidebranch along the main duct.�a� �T00,00�2, �b� �T00,10�2, and �c� �T10,10�2.
�¯ · ·� w /Lx=0.3; �– – – – –� w /Lx=0.5; �–· – ·–� w /Lx=0.7; �–· · – · ·–�
w /Lx=1.5; �—� w /Lx=2.0.
an x-axis mode in the main duct; however, the peak of
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�T00,00�2 at the eigen-frequencies of the main duct declines
when the non-planar branch-mode is excited, as shown in
Fig. 2�a� with w /Lx=0.7, 1.5, and 2.0 �cf. w /Lx=0.3 and
0.5�. Similar patterns are found for higher branch-modes,
e.g., Fig. 2�a� with w /Lx=1.5 and 2.0. The local maxima in
�T00,00�2 are also found at or close to the eigen-frequency of
the second branch-mode, k=2Lx /w. These maxima and sub-
sequent fall at higher-order mode will now be discussed with
the visualization of the sound pressure and particle-velocity
fields in the rest of this sub-section.

Figure 3�a� shows the sound-pressure field at the eigen-
frequency of the second branch-mode, k=2Lx /w, with
w /Lx=1.5, due to fundamental-mode excitation. Higher
sound pressure can be observed inside the junction at x=0.
The distribution of acoustic velocity in x-axis toward the
sidebranch, vx �m/s�, is asymmetric �Fig. 3�b��; consequently,
the symmetric branch-mode is suppressed at kLx=1.333�.
This mismatch results in increased �T00,00�2 in the main duct
at and very close to the eigen-frequencies of the sidebranch
�see Fig. 2�a��. The situation is markedly different at frequen-

FIG. 3. Sound field around the tee-junction between the main duct and an
infinitely long sidebranch with w /Lx=1.5 due to fundamental-mode excita-
tion. �a� kLx=1.333�, pressure magnitude �Pa�; �b� kLx=1.333�, particle-
velocity profile �toward the sidebranch�, �cvx�kg m−1 s−2�; �c� kLx=1.340�,
pressure magnitude �Pa�; �d� kLx=1.340�, particle-velocity profile �toward
the sidebranch�, �cvx�kg m−1 s−2�. �, c, and vx are the density of the media
�kg /m3�, speed of sound in the media �m/s�, and acoustic particle velocity
�m/s�, respectively.
cies slightly above the eigen-frequencies of the sidebranch,
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as shown in Fig. 3�c�. This change occurs because the wave-
length is slightly smaller than the width of the sidebranch at
the frequencies immediately above the eigen-frequency of
the sidebranch. This leads to an extension in the distribution
of acoustic velocity in axis, vx �m/s�, toward the sidebranch
at x=Lx �Fig. 3�d�� and thus more effective excitation of the
symmetric branch-mode. Strong resonance of the higher
branch-mode is evident in Fig. 3�c�. As a result of the large
amount of acoustic power taken away by the strong reso-
nance of the branch-mode, a slump occurs in the sound trans-
mission �T00,00�2 across the junction along the main duct at
frequencies slightly above the eigen-frequency of the side-
branch �see Fig. 2�a��.

The results also confirm that higher-order branch-mode
excitation is shifted at higher frequency by the relatively uni-
form particle-velocity field toward the sidebranch, as evident
in the results of Tang,3 although this previous study did not
explicitly specify the effects of the higher-order branch-
mode. The present results indicate weak coupling of the trav-
eling wave in the main duct and branch-modes at or very
close to the eigen-frequencies of the sidebranch. This weak
coupling arises because of the mismatch between the
particle-velocity field and branch-mode at the entry to the
sidebranch, resulting in a shift in excitation of the higher-
order branch-mode at higher frequency and thus an increase
in the sound transmission of the fundamental mode across
the junction along the main duct at the eigen-frequencies of
the sidebranch. As the frequency increases, the non-planar
branch-mode is excited and thus acoustic power is transmit-
ted into the sidebranch. This causes the decrease in �T00,00�2.

b. Sound-power scattering of the fundamental mode
(0,0) into the first mode (1,0), �T00,10�2. Because of acoustic
scattering and diffraction at the junction in the main duct, all
modes are able to propagate downstream of the junction due
to excitation by the fundamental mode and other modes at
the entry to the junction at z=0. Figure 2�b� shows that the
sidebranch acts as a low-pass filter for sound scattering of the
fundamental mode into the first duct mode of the x-axis
�T00,10�2 at frequencies of kLx=� to 2�. The first mode of the
x-axis is able to propagate through the duct at frequencies
above kmn=�1,0�=� /Lx. Generally, �T00,10�2 shows a gradual
decrease with increasing frequency from kmn=�1,0�. Again, a
slight fluctuation in �T00,10�2 at frequencies just above
kmn=�1,0� can be caused by the strong evanescent waves at and
close to the eigen-frequencies. For k�Lx /w, an increase in
�T00,10�2 is observed with increasing w /Lx, as shown in Fig.
2�b� with w /Lx=0.5 �cf. w /Lx=0.3�. �T00,10�2 vanishes at the
eigen-frequency of the �2,0� duct mode, k=2� /Lx.

Figure 4 shows the sound-pressure field due to
fundamental-mode excitation with small w /Lx�=0.5�. A high
sound pressure occurs inside the junction at x=0 at frequen-
cies above and close to kmn=�1,0� �Fig. 4�a��. With increasing
frequency, the region of high sound pressure is extended to
the exit of the junction, and the strength is reduced �Fig.
4�b��. Sound pressure is again high inside the junction at the
frequency close to kmn=�2,0�; however, this area is located
close to the center of the junction, as shown in Fig. 4�c�. This

positioning results in inefficient excitation of the first asym-
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metric mode and the vanishing of sound scattered into the
�p ,q�= �1,0� mode by the fundamental mode downstream of
the junction along the main duct at a frequency close to
kmn=�2,0�. For k�Lx /w, a marked drop in �T00,10�2 occurs as
frequency increases from kmn=�1,0� to the eigen-frequencies of
the sidebranch. �T00,10�2 reaches a local minimum at or close
to the eigen-frequencies of the sidebranch �k=�Lx /w�. Fig-
ures 2�a� and 2�b� shows weak modal coupling of the branch-
mode and traveling wave in the junction at or close to the
eigen-frequencies of the sidebranch, as a consequence of
high �T00,00�2 and low �T00,10�2. The sudden fall in �T00,00�2
�Fig. 2�a�� at the frequency slightly above the eigen-
frequencies of the sidebranch results in a small jump in
�T00,10�2 �Fig. 2�b�� due to the non-uniform distribution of
pressure at the exit of the tee-junction along the main duct;
thus, some acoustic power is scattered into the �1,0� mode
�Fig. 3�c��, followed by minor fluctuations with increasing
frequency. For large w /Lx, a more effective scattering of the
fundamental mode into the �1,0� mode can be observed at
frequencies above k=Lx /w �Fig. 2�b��, with excitation of the
non-planar branch-mode and thus non-uniform distribution
of pressure at z=w.

c. Sound-power transmission of the first mode
(1,0),�T10,10�2. Similar to the situation for �T00,00�2 at frequen-
cies below kmn=�1,0�,

3 the tee-junction acts as a high-pass filter
for the sound-power transmission of the first duct mode
�T10,10�2 at frequencies between kmn=�1,0�=� /Lx and kmn=�2,0�
=2� /Lx of the x-axis modes, as shown in Fig. 2�c�; however,
the vanishing of �T10,10�2 can be observed at or close to
kmn=�1,0�. Again, a fluctuation in �T10,10�2 at frequencies just
above the eigen-frequency of the main duct kmn=�1,0� occurs

FIG. 4. Sound-pressure field �Pa� around the tee-junction between the main
duct and an infinitely long sidebranch with w /Lx=0.5 due to fundamental-
mode excitation. �a� kLx=1.050�, �b� kLx=1.500�, and �c� kLx=1.950�.
due to the strong evanescent waves. Sound transmission of
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the �1,0� mode, �T10,10�2, becomes increasingly effective with
increasing frequency, approaching kmn=�2,0�. A rapid increase
in �T10,10�2 occurs with increasing frequency from kmn=�1,0�,
and sound transmission of the �1,0� mode becomes more
effective with decreasing w /Lx because less acoustic power
is taken away by the sidebranch. For frequencies below k
=Lx /w, �T10,10�2 approaches unity at kmn=�2,0�, which is an
eigen-frequency of the higher-order x-axis mode. Again, a
sharp fall in �T10,10�2 is followed by fluctuating values at fre-
quencies just above the eigen-frequencies of the sidebranch
�e.g., Fig. 2�c� with w /Lx=0.7, 1.5, and 2.0�.

Figure 5 shows the sound-pressure field around the tee-
junction arising from excitation of the �1,0� mode only in the
area upstream of the duct. A strong standing wave of the first
mode �1,0� is observed upstream of the duct �Fig. 5�a��, in-
dicating the occurrence of high modal reflection at frequen-
cies close to that of the �1,0� mode. With increasing fre-
quency, high sound pressure occurs inside the junction at x
=0; thus, effective transmission of the �1,0� mode is ob-
served close to kmn=�2,0� �Fig. 5�b��. Again, the non-planar
branch-mode is suppressed at or close to the eigen-
frequencies of the sidebranch �Fig. 5�c�� because of weak
coupling of the branch-mode and traveling wave in the junc-

2

FIG. 5. Sound-pressure field �Pa� around the tee-junction between the main
duct and an infinitely long sidebranch due to unit �1,0� mode excitation. �a�
kLx=1.100�, w /Lx=0.5; �b� kLx=1.950�, w /Lx=0.5; �c� kLx=1.429�,
w /Lx=0.7; �d� kLx=1.436�, w /Lx=0.7.
tion. With increasing frequency, a sudden drop in �T10,10�
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occurs in response to the improved distribution of acoustic
velocity at the entry to the sidebranch �data not shown�.
Strong resonance of the branch-mode is observed at frequen-
cies slightly higher than the eigen-frequencies of the side-
branch �Fig. 5�d��; however, the effects of the non-planar
branch-mode on the sound transmission of higher-order
modes are reduced compared with the effects on
fundamental-mode transmission, especially for higher-order
branch-modes �Fig. 2�c��. The scattering of other modes is
minor, and is not considered here.

d. Discussion of infinitely long sidebranch. In general,
sound transmissions of fundamental mode and higher-order
modes are high at the eigen-frequencies of the main duct and
branch. These are due to resonance of the main duct and
weak modal coupling between the branch-mode and travel-
ing wave in the junction, respectively. With the excitation of
the non-planar branch-mode, a decrease in sound transmis-
sion can be observed. A fluctuation in sound transmission
and scattering at frequencies just above the eigen-frequencies
of the main duct occurs due to the strong evanescent waves.

2. Branch-end reflection

Two types of longitudinal branch resonance have been
found to be critical for the sound transmission of fundamen-
tal mode at frequencies below kmn=�1,0� due to the end reflec-
tion of the sidebranch:3 the “both-ends-closed” and “one-
end-closed–one-end-open” types, which correspond to the
creation of high and low pressures at the entry to the side-
branch, respectively. Moreover, �T00,00�2 approaches zero and
unity for infinitely long and closed sidebranches, respec-
tively, at very low frequency, kd→0. Here, we investigate
the case of a closed sidebranch using numerical experiments,
and the frequency is extended to the higher-order modes of
the x-axis, kmn=�2,0�. We consider the effects of two types of
longitudinal branch resonance and non-planar branch-modes
on sound transmission in higher-order modes.

Figures 6�a�–6�d� show the sound-power transmission of
a fundamental mode �T00,00�2 and sound-power scattering of a
fundamental mode into the �1,0� mode �T00,10�2, respectively,
for a duct across a 1-m-long closed sidebranch along the
main duct at various high frequencies between kLx=� and
2�. �T00,00�2 attains minima at certain frequencies in response
to the two types of branch resonances. These two types of
branch resonance are excitation of the longitudinal branch
resonance in a low-pressure region created at the entry to the
sidebranch at frequencies 1.4��kLx�1.6� and excitation
of the non-planar branch-mode.

Figure 7�a� shows the sound-pressure field at the mini-
mum point in Fig. 6�a� with w /Lx=0.3, due to a one-end-
closed–one-end-open type of longitudinal branch resonance
at frequencies above kmn=�1,0�. A low-pressure region is cre-
ated inside the junction and at the entry to the sidebranch,
while a high-pressure region is created in the wall opposite
the sidebranch. This non-uniform distribution of sound pres-
sure results in effective scattering of the fundamental mode
into the asymmetric mode �1,0� downstream of the junction,
along the main duct �Figs. 6�c� and 7�a��. In addition to an

increase in w /Lx, more inclined nodal and anti-nodal planes
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are observed �Fig. 7�b��. The inclined nodal plane at the en-
try to the sidebranch extends to the center of the junction,
and the high-pressure region in the wall opposite the side-
branch is reduced in size. These changes lead to an increase
in the effectiveness of sound transmission of the fundamental
mode �T00,00�2 and a reduction in the effectiveness of sound

FIG. 6. Sound-power transmission and scattering across a closed sidebranch
along the main duct. l /Lx=1. ��a� and �b�� �T00,00�2, ��c� and �d�� �T00,10�2, and
��e� and �f�� �T10,10�2. �¯ · ·� w /Lx=0.3; �– – – – –� w /Lx=0.9; �–· – ·–�
w /Lx=1.2; �–· · – · ·–� w /Lx=1.5; �—� w /Lx=1.8.

FIG. 7. Sound-pressure field �Pa� around the tee-junction between the main
duct and a closed sidebranch due to fundamental-mode excitation, with
l /Lx=1. �a� kLx=1.410�; w /Lx=0.3; �b� kLx=1.552�; w /Lx=0.9; �c� kLx
=1.556�, w /Lx=1.2; �d� kLx=1.510�, w /Lx=1.8.
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scattering into the first asymmetric mode �T00,10�2 down-
stream of the junction. The inclined nodal and anti-nodal
planes also act to shift the frequency of the minimum points
of �T00,00�2 toward the higher side with increasing w /Lx, e.g.,
the plot for w /Lx=0.3 and 0.9 in Figs. 6�a�, 7�a�, and 7�b�.
For large w /Lx, the co-excitation of the non-planar and lon-
gitudinal branch-modes results in a decrease in �T00,00�2 �Fig.
7�c� with w /Lx=1.2�.

A more effective scattering of the fundamental mode
into the first asymmetric duct mode �T00,10�2 is observed with
excitation of the non-planar branch-mode, as shown in Figs.
6�c� and 7�c�. Figures 7�a� and 7�b� show the inclined nodal
plane �low-pressure region� at the entry to the sidebranch at
higher frequencies but with the same l /Lx, for which the
longitudinal branch resonance is subdued and �T00,00�2 does
not vanish at frequencies higher than kmn=�1,0�, in contrast to
the vanishing observed at low frequencies �see Fig. 8 in Ref.
3�. The excitation of strong resonance of longitudinal
branch-modes results in vanishing �T00,00�2 and a reduction in
the frequency of the minimum point �Fig. 7�d��. The non-
planar mode is suppressed because of the weak modal cou-
pling of the non-planar branch-mode and the traveling wave
at or close to the eigen-frequencies of the sidebranch. The
development of a strong standing wave in the duct upstream
of the junction and inside the sidebranch indicates the high
reflection of sound and strong longitudinal branch resonance.
There exists a uniform distribution of acoustic velocity �up-
ward� at the entry to the sidebranch �data not shown�, and
�T00,00�2 and �T00,10�2 are low, as shown in Figs. 6�b� and 6�d�.
Scattering is less dependent on excitation of the longitudinal
branch-mode �Figs. 6�c� and 6�d� at a frequency of 1.4�
�kLx�1.6��. The minima in Figs. 6�a� and 6�b� outside the
range of 1.4��kLx�1.6� are caused by excitation of the

FIG. 8. Sound-pressure field �Pa� around the tee-junction between the main
duct and a closed sidebranch due to fundamental-mode excitation, with
l /Lx=1. �a� kLx=1.184�, w /Lx=0.9; �b� kLx=1.392�, w /Lx=1.5; �c� kLx

=1.714�, w /Lx=1.8; �d� kLx=1.756�, w /Lx=0.9.
non-planar branch-modes �e.g., Fig. 8�; however, sound
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transmission does not completely vanish at higher frequen-
cies �compare with the results reported by Tang3 at frequen-
cies below kmn=�1,0��. For excitation of the second branch-
mode at frequencies of kLx=1.722�, 1.392�, and 1.176�
with w /Lx=1.2, 1.5, and 1.8, respectively, we observed that
the eigen-frequencies of the sidebranch are shifted toward
the high side, and �T00,00�2 decreases with increasing w /Lx, as
shown in Figs. 6�a� and 6�b�. Again, a strong scattering of
the fundamental mode into the first asymmetric mode
�T00,10�2 is observed with excitation of the non-planar branch-
mode �Figs. 8�a�–8�c��. In the case of co-excitation of the
longitudinal branch-mode and non-planar branch-mode, we
find a more broad band-stop action in �T00,00�2 �Figs. 6�a� and
8�d��.

Figures 6�e� and 6�f� show the effects of w /Lx on the
sound-power transmission of the �1,0� mode �T10,10�2 across
the junction and along the main duct at various frequencies
between kmn=�1,0� and kmn=�2,0�. Vanishing and minimum
�T10,10�2 are found with excitation of the longitudinal branch-
modes within the low-pressure region at the entry to the side-
branch and with excitation of non-planar branch-modes.

Figures 9�a� and 9�b� shows the sound-pressure fields at
frequencies of vanishing �T10,10�2 due to the excitation of one-
end-closed–one-end-open type of longitudinal branch reso-
nance in the range 1.4��kLx�1.6�, which is similar to
�T00,00�2 �cf. Figs. 7�a� and 7�b��. Figures 9�c� and 9�d� show
excitation of non-planar branch-modes at frequencies of a
minimum and vanishing �T10,10�2, respectively, for the case of
a closed sidebranch, which yields similar results to that in the
case of �T00,00�2 �cf. Figs. 8�a� and 8�c��. The both-ends-
closed type of longitudinal branch resonance, which leads to
a high-pressure region at the entry to the sidebranch, results

2 2

FIG. 9. Sound-pressure field �Pa� around the tee-junction between the main
duct and a closed sidebranch due to unit �1,0� mode excitation, with l /Lx

=1. �a� kLx=1.404�, w /Lx=0.3; �b� kLx=1.558�, w /Lx=0.9; �c� kLx

=1.192�, w /Lx=0.9; �d� kLx=1.796�, w /Lx=1.8.
in high �T00,00� and �T10,10� �data not shown�.
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With increasing sidebranch length, additional occur-
rences of branch resonance are observed; an example for
l /Lx=3 with w /Lx=0.3 and 1.8 is shown in Fig. 10, involv-
ing the same mechanism as that described for l /Lx=1. The
corresponding results are not discussed here.

To summarize this sub-section, the sound transmissions
�T00,00�2 and �T10,10�2 are low with excitation of the non-planar
branch-mode and excitation of the longitudinal branch reso-
nance when a low-pressure region created at the entry to the
sidebranch. However, an increase in �T00,10�2 occurs with ex-
citation of the non-planar branch-mode.

B. Experimental results

Here, the formulations in Sec. II B are used for modal
decomposition of the sound-pressure field upstream and
downstream of the junction in the test rig within three-
dimensional space. Figure 11 shows the sound-power trans-
mission and scattering of fundamental mode with an
anechoic sidebranch. Also plotted for comparison are the re-
sults of finite element modeling for �T00,00�2, �T00,10�2, and
�T10,10�2. In terms of sound transmission and scattering, the
results of the experiment show a reasonable match with the
results of numerical modeling with anechoic termination at
the end of the sidebranch. The sound transmission of funda-

2

FIG. 10. Sound-power transmission and scattering across a closed side-
branch along the main duct, with l /Lx=3. �a� �T00,00�2, �b� �T00,10�2, and �c�
�T10,10�2. �¯ · ·� w /Lx=0.3; �—� w /Lx=1.8.
mental mode, �T00,00� , shows peaks close to the eigen-
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frequencies of the x-axis mode, kmn=�m,0� �Fig. 11�a��. High
sound scattering of the fundamental mode to the first mode
�T00,10�2 is observed close to kmn=�1,0�, although a gradual de-
crease is observed with increasing frequency �Fig. 11�b��. As
mentioned above, �T00,10�2 attains a minimum at the �2,0�
mode, k=2� /Lx.

The experiment reveals a dramatic fluctuation in the re-
sults at frequencies close to the eigen-frequencies of the duct
at kLx=� to 1.2�, reflecting the influence of the evanescent
mode; therefore, those results are not shown here. For sound
transmission of the first mode across the junction, �T10,10�2
shows a vanishing trend at kmn=�1,0�. With increasing fre-
quency, sound transmission of the first mode becomes in-
creasingly effective, as shown in Fig. 11�c�. Figure 11�d�
shows the sound transmission of the first mode of the y-axis
�T01,01�2, a scenario that cannot be evaluated using the two-
dimensional numerical experiments described in Sec. III A.
The upward trend in �T01,01�2 observed at frequencies from
kmn=�0,1� to kmn=�1,1� �Fig. 11�d�� is similar to that of �T00,00�2

from kmn=�0,0� to kmn=�1,0� �i.e., from k=0 to � /Lx�, as shown
in Fig. 2 in Ref 3. This finding indicates the same mechanism
of sound transmission for the non-planar mode of the y-axis
as that for the fundamental mode. The fluctuation of �T01,01�2
at frequencies above the eigen-frequency of the �1,1� mode at
kLx=1.53� is due to modal coupling of the spanwise branch-
mode and the traveling wave at the junction.16

Figure 12 shows �T00,00�2, �T00,10�2, �T10,10�2, and �T01,01�2
with a 1-m-long closed sidebranch. The finite element model
slightly overestimates the sound transmission and scattering
compared with measured values, especially for cases of
sound transmission for higher-order modes. This discrepancy
possibly reflects the occurrence of modal damping within the
duct, especially at high frequencies; however, the results are
with acceptable engineering tolerance.

As mentioned above, the minima in �T00,00�2 and �T10,10�2
are found in response to excitation of the branch resonances,
as shown in Figs. 12�a� and 12�c�. The modal decomposition
method can satisfactorily solve the modal transmission and
scattering coefficients. Figure 12�d� indicates several minima

2

FIG. 11. Sound-power transmission and scattering across a tee-junction with
anechoic termination along the main duct. �a� �T00,00�2, �b� �T00,10�2, �c�
�T10,10�2, and �d� �T01,01�2. �—� measured data; �– – – – –� simulation results.
in �T01,01� at some frequencies between kLx=1.5� and 2�.
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The fluctuation in �T01,01�2 at higher frequencies is possibly
due to branch resonances. High sound transmission of the
higher-order modes is observed in Figs. 11�c�, 11�d�, 12�c�,
and 12�d�, thereby confirming the importance of sound
propagation at higher-order modes.

Figures 13�a� and 13�b� shows the sound scattering of
the �0,1� mode into the �1,1� mode and sound transmission of
the �1,1� mode across the junction with an anechoic termina-
tion, respectively, revealing downward and upward trends.
Fluctuations are due to modal coupling of the spanwise
branch-mode and the traveling wave in the duct. Again, Figs.
11�b� and 13�a� reveal high sound scattering into higher-
order modes at the frequency of the transmitted higher-order
modes. Figures 11�c� and 13�b� demonstrate that sound trans-
mission of high-order modes and the fundamental mode �as
shown in Ref. 3� is increased from its eigen-frequency to a
higher eigen-frequency. Finally, Figs. 13�c� and 13�d� show

FIG. 12. Sound-power transmission and scattering across a 1-m-long closed
tee-junction along the main duct. �a� �T00,00�2, �b� �T00,10�2, �c� �T10,10�2, and
�d� �T01,01�2. �—� measured data; �– – – – –� simulation results.

FIG. 13. Experimental results of sound-power transmission and scattering
across a 1-m-long closed tee-junction along the main duct. ��a� and �b��
�T01,11�2 and �T11,11�2 across a tee-junction with anechoic termination along
the main duct, respectively; ��c� and �d�� �T01,11�2 and �T11,11�2 across a 1-m-
long closed tee-junction along the main duct, respectively. �—� measured

data; �– – – – –� simulation results.
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that high sound scattering and transmission �with end reflec-
tion of the sidebranch� can be observed at higher frequencies
in higher-order modes.

The numerical results in Sec. III A are verified in this
sub-section using direct modal decomposition method. The
experimental method for measurement of sound transmission
and scattering of rectangular duct in higher-order modes is
demonstrated. There exists a difficulty in the measurement at
frequencies close to the eigen-frequency of the main duct
due to the strong evanescent waves. For the tests with
branch-end reflection, the measured values are slightly less
than that of the numerical simulations due to the occurrence
of modal damping in the experiments.

IV. CONCLUSIONS

We investigated the sound-transmission characteristics
of a tee-junction along an infinitely long rectangular duct
using numerical simulations and model experiments. The
analysis considered infinitely long sidebranches and closed
sidebranches. Sound transmission and scattering of the first
four acoustic modes across the tee-junction of the duct were
decomposed and investigated experimentally.

For an infinitely long sidebranch, two acoustical multi-
band filters in series can be observed in the sound transmis-
sion of fundamental mode. The tee-junction acts as a multi-
band filter for the fundamental mode. The pass-bands of the
filter are found at the eigen-frequencies of the axial mode in
the axis along the sidebranch, along which the sound trans-
mission of fundamental mode gradually increases from a
very low frequency and approaches a maximum at the eigen-
frequencies of the axial mode of the main duct. An increase
in sidebranch width results in higher attenuation at the stop-
bands of the filter as the sidebranch takes away larger
amounts of acoustic power. Another relevant mechanism is
the weak coupling of the branch-mode and traveling wave in
the junction at the entry to the sidebranch, which provides
multi-band filtering with pass-bands at or very close to the
eigen-frequencies of the sidebranch, thereby shifting excita-
tion of the higher-order non-planar branch-modes at higher
frequency. Sound transmission decreased with excitation of
the non-planar branch-mode; however, this effect is reduced
for sound transmission of higher-order modes across the
junction along the main duct because of weaker coupling of
the branch-modes and traveling wave in the junction. Sound
transmission of the axial mode along the sidebranch axis
vanishes at its eigen-frequencies and increases as the fre-
quency approaches the eigen-frequency of the immediately
higher axial mode along the same axis of the sidebranch. For
sound scattering into higher acoustic modes, the sidebranch
acts as a low pass filter; for example, sound scattering from
fundamental mode into the first asymmetric mode of the duct
in the axis along the sidebranch becomes more effective as
the frequency approaches the eigen-frequency of the first
asymmetric mode; it also decreases with increasing fre-
quency. Sound scattering into higher-order modes is in-

creased with excitation of the non-planar branch-mode, and
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an increase in sidebranch width results in an increase in
sound scattering and the reduced transmission of higher-
order modes.

In the case of a closed sidebranch, lower sound trans-
mission of higher-order modes are observed with excitation
of the longitudinal branch-mode in the low-pressure region
created at the entry to the sidebranch and with excitation of
the non-planar branch-mode. The inclined nodal plane of the
longitudinal branch-mode means that sound transmission
does not vanish at higher frequencies; however, vanishing of
the sound transmission of fundamental mode and a reduction
in the effectiveness of higher-order-mode scattering are ob-
served for a strong standing wave of the longitudinal branch-
mode and suppression of the non-planar branch-mode.

A procedure of measurement of sound transmission and
scattering of a duct element in a rectangular duct is reported,
using a modal decomposition approach based on the transfer
functions of microphones located at different axial positions.
Further simplification of the formulation is possible if the
modal reflection condition is known downstream of the duct
termination. The present study experimentally verified the
sound-transmission coefficients of a tee-junction. The experi-
ment results are reasonably consistent with the simulation
results; however, the simulation of a tee-junction with
branch-end reflection and a hard-wall overestimated the
sound transmission and scattering, possibly due to modal
damping at high frequencies. Fluctuations in sound transmis-
sion and scattering are observed due to coupling of the span-
wise branch-mode and traveling wave.

The sound-transmission characteristics of a tee-junction
at higher-order mode have been shown. Such problems fre-
quently arise when the sound propagation in waveguide is at
frequencies higher than first eigen-frequency of the duct.
Ventilation duct is a representative example. A procedure of
the measurement of sound transmission of scattering at
higher-order mode is demonstrated in the present study.
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