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Sound transmission characteristics of Tee-junctions
and the associated length corrections

S. K. Tang?®
Department of Building Services Engineering, The Hong Kong Polytechnic University, Hong Kong, China

(Received 30 March 2003; revised 22 August 2003; accepted 17 October 2003

The sound transmission characteristics of a Tee-junction formed by a sidebranch and an infinitely
long duct are investigated numerically using the finite element method. The associated corrections
of the branch length and the upstream duct length are also discussed in detail. The types of branch
resonance that result in strong or weak sound transmission across the junction are determined and
their effects on the length corrections examined. Results suggest that the type of sidebranch, the
branch width, the branch length, and the order and the form of the resonance affect more
significantly the length corrections of the duct section. The excitation of nonplanar higher branch
modes gives rise to rapid increase in the duct length corrections and also results in lower sound
transmission. ©2004 Acoustical Society of AmericdDOI: 10.1121/1.1631830

PACS numbers: 43.50.Gf, 43.20.MiBKW ] Pages: 218-227

I. INTRODUCTION nitely long branch or zero branch length opening. The second
one involves the longitudinal resonance inside the branch
Sidebranches are very commonly found in modernand is of the band-stop filter type. It has also been shown that
buildings with centralized air conditioning systems. Theya specific correction in the separation between two identical
help the distribution of treated air from the air handling unitssidebranches is required to explain the measured sound
into the occupied zones inside a building. It has been showpower transmission loss. However, an exact explanation has
that a sidebranch offers a change in the acoustic impedanemt been sought, as the knowledge of the length correction
along the main duct and thus results in sound transmissiodue to diffraction at the branch entrances is currently un-
loss® A formula for the prediction of this sound transmission known.
loss can also be found in textbookf®r instance, Ref. 2 In the present study, the sound field and the acoustic
However, this formula is accurate only at very low fre- length correction due to the presence of a Tee-junction in a
guency. Also, such a change in acoustic impedance alters tltict are investigated using the method of finite elements.
resonant characteristics along the main duct section upstreafiis method can allow for a much higher degree of nonuni-
of the sidebranch. A length correction for this section is ex-formity in pressure/velocity distribution inside the side-
pected. branches than that of Bruggemmhe frequency concerned
The issue of the end correction for plane wave mationis up to the first eigenfrequency of the duct, so that plane
for duct openings with and without flanges is well knolvn. wave propagation inside the duct at distances sufficiently far
This correction affects the resonance frequencies of the ducaway from the branch is guaranteed. It is hoped that the
The larger the opening, the greater will be this correctionpresent results can provide a stepping stone for investigation
However, the corresponding correction due to diffractionof the acoustical properties of duct element systems with
and/or scattering at a discontinuity internal to a duct is rarelynore complicated connections.
discussed. The theoretical deduction of Milesing the con-
formal mapping technique works only at very low frequency.ll. COMPUTATIONAL MODEL AND THEORY

Bruggemaf assumed plane waves inside the sidebranches Figure 1 illustrates the schematic of the sidebranch and

a_md the_main duct_exc_ept ir_1 a limited region inside thejunc'duct system(Tee-junction and the nomenclature adopted.
tion. This assumption is valid only at low frequency. Ne|therAII length scales are normalized by the duct widthThe
the results of Bruggemamor the more recent results from branch lengtH and the branch widthy are allowed to vary

Requre and Mulhollar?denable an _est!mat|on of such a relative tod. As only plane incident waves will be considered
correction. Knowledge of this correction in a reasonable fre

in the present study, the sound field dealt with here is uni-
qguency range will enable a better prediction of the soun4 P v

t ission | q ide cl for the phvsical I orm in the direction normal to the-y plane. The finite
ransmission 1oss and provide ciues for the physical explands o oy computations for solving the standard wave equation
tion of acoustical properties of multiconnected duct elements

along a duct. VZp+k*p=0, (1)
Recently, the experimental results of the author on SOU”Q/herep and k denote the acoustic pressure and the wave

transmission across a single sidebranch revealed the presenge . per of the sound, respectively, are implemented using the

of two main branch impedance typedhe first one is @ gotiware matLAB. The computation domain starts atd
high-pass filter type. This corresponds to the case of an infi— _g5 54 ends ax/d=w/d+6. These locations are far

enough for all evanescent waves scattered and/or diffracted
dElectronic mail: besktang@polyu.edu.hk by the sidebranch to decay completely. Ad= —5, the

218  J. Acoust. Soc. Am. 115 (1), January 2004 0001-4966/2004/115(1)/218/10/$20.00 © 2004 Acoustical Society of America

10:71:80 G20z Ateniged 9z



Branch End : Opened, Closed or Fitted to Anechoic Termination

W
y
! , — Side-branch
' FIG. 1. Schematic of the Tee-junction and nomencla-
}ain Duct ture adopted.
d
Origin (0,0)
x=0
sound field is made up of a forward and a backward propa- 7z,  KPyge s

gating plane wave, while that afld=w/d+6 consists of a ()]
forward propagating plane wave only. The acoustic pressures _ . _ .
in the foregoing discussion are normalized by the incidentvherep is the ambient air density, the speed of sound, and

wave magnitude_ As in Ref. 7’ the Corresponding boundarﬁ the cross-sectional area of the main dUCt, which is not
conditions are important in the present study. The wave numieat which

the jth order resonance occurs can then be found. They are

— =] _—,
pcS 9P/ 9X|xj4=-s5

p Tikp= 2ik at x/d=-5, ) related to the acoustical length correctignby
an 0 at x/d=w/d+6, jm jm
wheren represents the outward normal direction of a bound- kj= L+e =T L, )

ary. The boundary conditions on boundaries other than the ] ) . )
branch exit follow that of a rigid wall of vanishing normal WhereL is the distance from the branch at which the duct

acoustic particle velocity. The sound frequency is kept belowsYStem is being driven and is equal tal 31 the present
the first higher-mode eigenfrequency of the main duct.  Study.L does not affect the length correctioh$he frequen-
The boundary condition at the branch exit substantiallyc'€S ©Of longitudinal branch resonances determined by the
affects the type of filtering action the sidebranch offers to thee@mputation are used to estimate the length corrections for
wave propagating along the main duct. In the present study® branches in a similar manner witiveplaced byl. Since

three types of branch endings will be considered. The firs_{he computat.ion.al results for acoustic pressure are normal-
type refers to an infinitely long branch, which does not pro-2€d by the incident sound wave magnitude, the squared

duce sound reflection back into the main duct. TheStength of the transmitted sound wavBda-wia+sl’,

impedance-matched anechoic termination of Tang and LaJfduals the sound power transmission coefficient, which is
is adopted ay/d=6, 0<x<w, instead of the plane wave denoted byrin the foregoing discussion. _ _
condition in order to attenuate any higher branch modes and "€ maximum branch width included here isd..&his
evanescent waves that may have been created in the Tds.already outside the practical dlmensmn,. WhICh is usually
junction. However, one should note that the branch imped?/d=1. However, the range ofdw/d<1.8 is included for
ance in this case does not depend on the branch ldngth the sake of completeness. The branch length investigated is
Such a branch produces a high-pass filtering action until thelP 0 5d-

cuton of the first higher mode in the branch or in the main

duct. The second type is an opened branch. For simplicity)]. RESULTS AND DISCUSSION

the condition ofp=0 aty=I1+d, 0<x<w is adopted. In
this case] includes the open-end correction due to exit ra-
diation impedancé.A high-pass filtering action is created The acoustical properties of infinitely long branches do
before resonance occurs. The last type is the closed bfanctot depend on the branch lengthHowever, it would be
The boundary condition at=1+d, 0<x<w is dp/dy=0. better to have a length not less thath $o that the computa-
This branch produces low-pass filtering action up to the firstional requirement of the numerical anechoic termination is
longitudinal branch resonance frequency. These branch erdss demanding. No standing wave is set up in the branches
conditions cover those categorized by Tang anfl Li. throughout the numerical experiment.

Although one expects the sound field to be nonplanar in  Figure 2 shows the variation of sound power transmis-
the vicinity of the Tee-junction, the waves far away from thesion along the main duct with wave numidéequency be-
junction are still planar. The acoustic length correction forfore the first eigenfrequency of the duct. The importance of
the upstream duct section due to the Tee-junctigris de-  the branch widthw is manifested. Fow/d<1, the branch is
termined by the wave number or frequency at which thea high-pass filter, and the sound transmission becomes more
input impedanceZ;, to the system has vanishing reactanceand more effective alsd approachesr. Forw/d>1, the first
and its magnitude reaches a local minimum in the frequenchigher branch mode is excited before that of the main duct.
variation! The input impedance can be estimated once thé\gain rincreases with frequency, but this time with a faster
acoustic pressure field at the system inkdid= —5) and its  rate than that fow/d<1, and reaches a local maximum at or
gradient are obtained: very close to the eigenfrequency of the branch. After that,

A. Infinitely long branches
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fluctuates chaotically before it resumes its increasing trend as 4 8"2‘
kd approaches the upper limit of the present study. This ob- 33 0
servation appears consistent with the experimental observa- =2 02
tion of Redmore and Mulholland,which shows that the 1 -0.4
0 0.6

sound power transmission loss along the main duct around 43210 12

the first higher branch mode eigenfrequency appears at fre- i

guency slightly higher than this frequency. This will be dis-

cussed further later. Fav/d> 1, the maximumr before the FIG. 4. Sound field around Tee-junction of an infinitely long sidebranch of
cuton of the first branch asymmetric higher mode decrease¥d=1.2. (@ kd=0.833r, pressure magnitudéb) kd=0.833r, upward

. particle velocity; (c) kd=0.844m, pressure magnituder) kd=0.844r,
asw increases. At very low frequenckd—0, and one can upward particle velocity.
observe that

d 2 which agrees with the prediction of the low-frequency plane
= 550 - (5) i
d+0.5w wave theory regardless the ratiw/d.
Figure 3 illustrates some sound fields around the Tee-
junction for w/d=0.9. At low frequency, the sound field

)16 close to the entry of the Tee-junction is planar, while a strong
standing wave is observed in the upstream duct, suggesting
L 414 that a strong reflection exis{§ig. 3(@]. As the frequency

increases, greater sound energy is accumulated inside the
junction[Fig. 3(b)] due to the higher diffraction effectiveness
i 12 at higher frequency.This produces stronger excitation in the
plane wave propagation into the downstream duct and thus
reduces the sound power transmission loss. At frequencies
close to the first higher eigenfrequency of the duct, some
nonplanar sound waves can be found within and at some
distances downstream of the junction because of the acoustic
scattering and diffraction as expectddg. 3(c)]. These eva-
nescent waves decay quickly inside the duct and the branch.
Sound fields fow/d>1 are more complicated, although
those at frequencies before the first higher eigenfrequency of
the branch resemble very much those shown in Fig. 3. The
characteristics of the sound field development fomethrger
than d are essentially the same and thus only the case of
w/d=1.2 will be illustrated. As the sound frequency ap-
proaches the first eigenfrequency of the branch withl
=1.2 (kd=m/1.2~2.62), one can observe that the sound

FIG. 3. Sound field around Tee-junction of an infinitely long sidebranch of€Nergy gradually fills up the inlet of the branghig. 4(a)]
w/d=0.9.kd= (a) 0.254w, (b) 0.729r, and(c) 0.923r. and the distribution of acoustic velocitypward across this
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FIG. 6. Acoustic length corrections in the presence of an infinitely long
sidebranch®: first order;M: second order® : third order;A: fourth order;
V. fifth order.

increases toward the eigenfrequency of the first asymmetric
higher duct mode. These features 4f are observed for
otherw/d. The very high-power transmission at frequency
close to the first duct mode eigenfrequency, as illustrated in
Fig. 2, is accompanied by a large reduction in the reflected
wave energy as the resistance to wave propagation becomes
weak. The situation becomes similar to that of an infinitely
long duct without the sidebranch and thtis— pcS. This is
consistent with the computed results even with the presence
of evanescent waves in the vicinity of the Tee-junction. The
propagation of higher branch modes does not offset the gen-
eral trend ofZ;, variation, except for the minor smooth but
relatively rapid fluctuations close to the first branch mode
eigenfrequencyFig. 5b)].

Figure 6 shows the variation of the acoustic length cor-
rections for the first five order resonances of the main duct
inlet at frequency very close to the mentioned branch eigenwith wave number. Unlike the case for the open-ended tube,
frequency is symmetrical about the branch g¥g&y. 4b)].  these corrections increase with frequency as diffraction and
Therefore, the first higher branch mode, which is asymmetwave scattering are in general more efficient at higher
ric, is not properly excited even when the frequency reachegequency’ They also increase witlwv in general, although
the mode eigenfrequency. At higher frequency, the wavethere are occasional irregularities in the increasing trend.
length of the sound becomes smaller tham. Btrong reso-  Sych irregularities are probably due to the very frequency
nance of the higher branch mode can then be obsdfigd  and geometry dependent diffraction, which leads to nonuni-
4(c)]. This strong resonance takes away a considerablgrm distribution of acoustic pressure and air particle veloci-
amount of acoustic energy, resulting in a drop of the soundies near the branch entrance. For smalthe first four order
power transmissiofFig. 2). The corresponding upward par- |ength corrections are very similar. The difference increases
ticle velocity field, shown in Fig. @), illustrates the asym- with w, and this increase accelerates when the higher branch
metric excitation at the branch inlet around this critical fre-mode starts to propagate. The fifth order resonance/dt
quency. =1.2 occurs after this higher-mode cuton, while vatd

Figures $a) and Jb) illustrate the frequency variations =1 5, the fourth one occurs. Those lower-order resonances
of the normalized input impedancg,/pcS for w/d=0.9  occur before such a cuton in the present rangev/af. The
and 1.2, respectively. The local minima of the impedanceyropagation of higher branch modes enhances the spreading
magnitude occur at frequencies of vanishing reactance fasf acoustical energy across the Tee-junction. It is also noted
both w. At very low frequency, that iskd—0, the present that the first three order length corrections and those of the
results suggest thaZ;, is real and conforms to the low- other two orders before the higher-mode cuton increase
frequency theoryprediction that slowly with w, and the ratice/w actually drops asv/d in-
creasegnot shown herg

Normalized Input Impedance

04 0.6 08
Wavenumber kd

FIG. 5. Frequency variation of input impedance with an infinitely long
sidebranchw/d= (a) 0.9; (b) 1.2.——: Impedance magnitude; - —-—-:
resistance; ——: reactance.

d
Zin:pcsm' ©) B. Opened branches

Figure 5 also shows that the reactance tends to converge Standing waves can be found in the branches in this case
toward zero and the resistance toward unity as the frequenajue to open-end reflection. Two types of resonance, namely,
221
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1.2 T T T T

Sound Power Transmission Coefficient

FIG. 8. Sound fields at frequencies of vanishing sound transmission for
open branch casega) kd=0.831r, w/d=0.3; (b) kd=0.789%, w/d
=1.8; (c) kd=0.9497, w/d=1.8.1/d=1.

Sound Power Transmission Coefficient

tudinal branch resonance as shown in Fi@) 8ow pressure

at the two ends of the branchThis appears consistent with
the experimental results of Tang and ®LHowever, asw
increases, high sound energy accumulation inside the Tee-
junction especially ay=0 is found atw/d=1.8 under the
“both-end-opened” branch resonanjdég. 8b)]. The second
vanishing 7 is due to the resonance of the first asymmetric
opened branch modéig. 8c)].

The increase in the branch lendthesults in more oc-
currence of branch mode resonances and thus more frequen-
cies of vanishing sound transmissidfigs. 1b) and(c)]. For
I/d=3, the vanishingr observed akd~0.32r and 0.64r

Sound Power Transmission Coefficient

08 : . are due to the type of planar longitudinal branch resonance
Wavenumber kd illustrated in Figs. &) and(b). However, the nodal and an-
FIG. 7. Sound power transmission across open brantkes. (a) 1; (b) 3; tinodal planes become .more inclined at lasgdFig. 9(a)]
© 5. --- - wd=03 —— — w/d=09 ———— wid=12; and atw/d=1.8, and this resonance cannot take place be-
—.—w/d=1.5;—: w/d=1.8. cause of the excitation of the first asymmetric standing

branch moddFig. 9b)]. Such coexcitation of the axial and

asymmetric branch modes results in a vanishing pressure re-
the “both ends opened” and “one end closed one endgion at the entry of the branch. The effective branch length is
opened,” can be defined according to the wave patterns ingreatly reduced, increasing the sound transmission inside the
side the sidebranchésThe former refers to the case where main duct and thus the rise in sound transmission at the
low-pressure regions are found at the two ends of the brancleorresponding frequency observed in Figb)7 The vanish-
The latter denotes the situation where the high-pressure réag 7 for w/d>1 at kd>0.77 is due to the excitation of
gions are established at the duct wall opposite the branch. higher-standing branch modes. This pattern repeatkdas

The sound power transmission coefficients shown inapproachesr. The situations fot/d=5 are the same except

Figs. 1a) (b), and(c) suggest that these branches are highthat the variation ofr with frequency is more rapid. Thus,
pass filters at low frequency. However, one can see from ththey are not discussed further. The observed high sound
same figures that the branch lengitihis time has significant transmission before the excitation of higher-branch mode
effects on the sound transmission. For short branch lengtliesonance for allv andl is due to a “one-end-closed-one-
for instance ai/d=1, one can find more broadband high- end-opened” type branch resonahceith high pressure
pass action at reduced branch widltig. 7(a)]. Also, apart  buildup around the entry of the branch. A typical example of
from the case of vanishinigd, there is only one frequency at such a sound field is given in Fig(d. This is consistent
which no sound can go across the branchviéd<1. This  with the experimental observation of Tang ancPLi.
vanishing sound transmission occurs twice foid>1.2 at Two length corrections are involved in this opened-
kd<<a. The frequency of the first vanishingdecreases a8  branch case. One is the acoustic length correction of the
increases and the rate of decrease decreases with increasmgin duct section upstream of the sidebranch, and the other
w. This is mainly due to a “both-end-opened” type of longi- that of the sidebranch. Figure () shows three examples of
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the sidebranch impedandg calculated using the formula in Wavenumber kd/z

Ref. 1. The pattern of |mpedance variation of the =1, FIG. 10. Variation of mechanical impedance magnitudes with wave number

w/d=0.3 case appears to be very similar to that of an openso; gpen-branch casega) Sidebranchib) input impedance of main duct.
end tubét The situations withl/d=3, w/d=1.3 andl/d  —— I/d=1, w/d=0.3; — —: I/d=3, w/d=1.3; ———-— 1/d=5,

=5, w/d=1.8 are similar, except that there are a number ofv/d=1.8.
higher-branch standing wave modes being excited as dis-
cussed before. The weak impedance is due to a “both-end- The acoustic length correction in the main duct does not
opened” type branch resonance discussed before. The casg#fsow a very well defined trend of variation with branch
of high resistancébranch impedance magnitude as walle  length, branch width, or the order of resonahEey. 11(b)],
due to the “one-end-closed-one-end-opened” branch resadsut it is certain that the branch resonance plays an important
nance[Fig. 9c)]. The corresponding input impedangg is  role in it. Forl/d=1, e; decreases with increasing while
shown in Fig. 10b). One can observe similar frequency de- the other corrections show the opposite trend. The resonance
pendence as faf,, at low frequencies onlyZ;, depends very in the main duct in this case, especially the first and second
much on the impedance produced by the branch, such thanes, does not depend very much on the branch resonance as
the resonance does not occur so regularly as in the case tfe first important branch resonance which results in serious
infinitely long branchegFig. 5. There are lots of vanishing reflection is located akd near to . The weak reflection,
reactance casedsot shown herg but only those associated especially for shortv [Fig. 10b)], allows easy passage of
with a weak impedance magnitude and a relatively weaksound across the branch and thus the large length correction
total acoustic pressure at the inlet/d=—5) indicate the observed. As the order of resonance increases, the duct sec-
occurrence of resonance. One should also noteZphade-  tion upstream of the branch resonates with a shorter wave-
pends orL, but the corrections do not. length and the correction increases withbut decreases as
The branch length corrections of the initial few branchthe order of resonance increases. Only four duct resonance
resonance are summarized in Fig.(@1 Those related to are observed atd<<r for I/d=1.
frequencies where higher branch modes are excited are ex- The situation withl/d=3 appears very different from
cluded as the formula of Ref. 1 may not apply directly tothat withl/d=1. The first branch resonance causing vanish-
such situation. It is noticed that for the high-sound-ing sound transmission takes placédt-0.33m, the second
transmission case$arge branch resistangehe corrections one being akd~0.677. The strong reflection around these
are negative and do not vary much with branch length andesonance frequencies gives rise to duct section resonance.
the order of the resonance. For the case of vanishing sounthe first two appear arounkd~0.37 and the third and
transmission, the corrections are positive. They decrease #&surth orders aroundkd~0.67 [Fig. 1Qb)]. The first and
branch length increases, but are reduced at increased resbird duct resonances are due to the “both-end-opened”
nance order. branch resonance, while the other two are produced by the

J. Acoust. Soc. Am., Vol. 115, No. 1, January 2004 S. K. Tang: Sound transmission across Tee-junctions 223
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—+—-—-—: third order;— — —: fourth order; —-—: fifth order. Closed
symbols: weak impedance; open symbols: strong impedance.

Sound Power Transmission Coefficient

“one-end-opened-one-end-closed” branch resonance. In the Wavenumber kd

former case, the strong reflection takes place before the wavgg. 12. Sound power transmission across closed sidebrari¢ties (@) 1;
goes into the Tee-junction, resulting in a negative length cor¢b) 3; (¢) 5. - - - : w/d=0.3; — — — w/d=0.9; ——-—— w/d
rection. The opposite occurs in the latter cases. Examples ¢f1.2; ——w/d=1.5—— w/d=18.

such resonance can be found in Fig&) @nd (c). For this

branch length, the length corrections increase witbxcept  with the results for the infinitely long branch. In fact, a simi-

for that of the second order resonance, which shows a fairljar rapid rise in length correction can also be found in the

constant correction regardless of the valuevof fourth order resonance of théd=3 case. Results shown in
The very good correlation between the magnitudeg,of Fig. 11(b) suggest that the duct length corrections can be

andZz;, for I/d=5 shown in Fig. 10 suggests that the corre-comparable tad, implying that the conjecture of Tang and

sponding duct resonance is mainly controlled by the “both-Li® on large branch separation correction is possible.

end-opened” branch resonance, the first one of which occurs

atkd~0.27r. Similar to the case of an infinitely long branch, C. Closed branches

the length corrections for the first three resonance are very”

close to each together regardless of the branch width, and all The closed branches produce a low-pass filtering effect

corrections are positive. The magnitudes of the corrections dh sound propagation such that-1 askd— 0. Two types of

the first three resonance are also comparable to those of thxeanch resonance will occur. The first one is the “both-end-

infinitely long branchegFig. 6). Those of the fourth reso- closed” one where high pressure is created in the junction.

nance appear close to those of the first three resonance uniihe second one is again of the “one-end-closed-one-end-

the higher branch mode is excited. As discussed before, thepened” type but this time the low-pressure region is found

higher asymmetric branch mode helps the spreading ahside the junction.

acoustical energy across the junction, resulting in a more  Figures 12a), (b), and(c) illustrate the frequency varia-

rapidly increase in the length correction with branch width.tions of the sound power transmission coefficients Ifat

Fifth order resonance is observed in this case. Early rapiec1, 3, and 5, respectively, at variong While the wave

rise in the length correction is observed. This is consistenhumber at the second vanishing sound transmission de-
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v/d FIG. 14. Acoustic length corrections for closed sidebranck@sBranch
length correction{b) length correction of upstream duct section. Legends:
FIG. 13. Some typical examples of resonance inside the closed sides@me as those of Fig. 11.
branches(a) kd=0.4337, w/d=0.9,1/d=1; (b) kd=0.500r, w/d=1.8;
I/d=1; (c) kd=0.6727, w/d=1.8; I/d=1; (d) kd=0.3127r, w/d=1.5;

variations in the range 0b<kd<0.67 for w/d=1.8, I/d
I/d=3; (e) kd=0.6497, w/d=1.5;1/d=3.

=3, in the range 08<kd<0.97 for w/d=1.5, I/d=3
[Fig. 12b)] and in similar ranges for thedd=5 caseqFig.
creases with increasing as in the opened-branch cases, thatl2(c)] and some others are due to the same mechanism as
of the first one increases asincreases as shown in Fig. 12. described for thd/d=1 caseqdFigs. 13a)—(c)]. Thus, the
Again the first vanishing sound transmission is due to a plaeorresponding results are not discussed further.
nar longitudinal branch resonance, but this time this reso- Comparing the results shown in Figs. 7 and 12, one can
nance results in high acoustic pressure magnitude at thiind that the frequencies for the vanishing sound transmis-
closed-branch end and a low acoustic pressure region insidgon due to the longitudinal plane wave branch resonance for
the Tee-junctiorfFig. 13a)]. This resonance resembles that the opened-branch cases correspond approximately to those
of the “one-end-closed-one-end-opened” tube. Asin-  of ideal sound transmission for the closed-branch cases, and
creases, it is more difficult to sustain a planar standing waveice versa. However, in the closed-branch cases, the strong
form inside the branch, as illustrated in Fig.(B8 as the and vanishing transmissions are due to a “both-ends-closed”
boundary condition at branch end in this case does not ertype and a “one-end-closed-one-end-opened” type branch
force uniform pressure there. The branch length for the resa-esonance, respectively. Some examples of the corresponding
nance decreases @adncreases, resulting in a shift of the first sound fields are given in Figs. &3, (d), and(e). The large
vanishing sound transmissigm toward the higher side. The accumulation of acoustical energy on the main duct wall im-
nodal plane eventually intersects with the branch end and inediately opposite the branch entry illustrated in Figgdl3
is then obvious that the excitation of the first asymmetricand(e) tends to suggest a relatively large branch length cor-
standing branch mode soon follows, resulting in an earlierection.
occurrence of the second vanishing sound transmission at Figure 14a) summarizes the branch length corrections
lower kd [Fig. 13c)]. for the first few closed-branch resonances. The observations
As the branch length increases, more branch resonaneae similar to those for the opened sidebrandlfés. 11(a)].
occurs at lowekd as in the opened branch ca$Bmys. 12b)  The corrections correspond to the strong sound transmission
and (c)]. The longer the branch, the larger the number ofcases, this time due to the “both-end-closed” type branch
plane wave resonances inside the branch before the exciteesonance, are negative and are not sensitive to the order of
tion of the higher-standing branch modes. The patterns of resonance and the branch length before the higher branch
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modes are excited. Their values are also comparable to tho$elds at the entry of the sidebranches at the higher branch
of the opened-branch cases. The corrections associated withode eigenfrequencies delay such higher-mode excitations.
the vanishing sound transmission, resulted from the “oneThe corresponding acoustic length corrections of the up-
end-closed-one-end-opened” type branch resonance, increaseeam duct section increase with branch width and the order
with the order of resonance, but unlike the case of the openedf the resonance.
sidebranch, they increase with branch length. The data ob- Opened sidebranches produce alternate strong and weak
tained after the excitation of higher branch modes are agaisound transmissions due to the occurrence of the planar
excluded. branch mode resonance. At strong sound transmission, the
Figure 14b) illustrates the length corrections in the branch length corrections are negative and their magnitudes
main duct upstream section. Again, these resonance corréicrease as the branch width increases. They do not really
spond to weak input impedance and are very often associatettpend on the order of the branch resonance. For the other

with the “one-end-closed-one-end-opened” branch resoplanar branch resonance cases, the corrections show a slight

nance. The branch resonance is even more important wheéncrease with short branch width and then decrease as the
the first asymmetric branch mode is excited as it forces &@ranch width increases beyond that of the main duct, except
weak pressure in the middle of the junction, causing strondor the first order resonance, which appears to stay at a par-
upstream reflectioffor instance, see Fig. 13]. One can ticular value as the branch width increases. They also de-
expect that the branch resonance takes place at frequencie®ase with branch length and the order of the resonance.
earlier than those in the opened branch cases.|fbr1,  The length corrections related to the main duct do not show
negative corrections are observed for the first order resca very general trend, but the magnitudes of the corrections
nance over the range of investigated. Then the corrections show a tendency to converge at increased branch width be-
increase monotonically with the order of resonance. Excitafore the nonplanar branch modes are excited. After the exci-
tion of higher branch modes is illustrated by the results of theation of such modes, the corrections increase rapidly and
fourth order resonance. The corrections increase wjthut ~ keep on increasing as the branch width increases.
show a tendency to converge before they are affected by the The closed sidebranches produce actions similar to that
higher branch modes. of an expansion chamber before the nonplanar higher branch
The situations at/d=3 resemble very much those in modes are excited. The excitation of the nonplanar higher
the opened-branch case, although the variations of the cobranch modes reduces the sound transmission coefficients.
rections with the order of resonance are opposite. In thiThe branch length corrections due to the strong sound trans-
case, the corrections due to the odd order resonance are posiission branch resonance are negative and the values are
tive and the others negative. Together with the results for theomparable to those of the opened-sidebranch cases. The
opened branches, one can conclude that the correction torresponding length corrections at vanishing sound trans-
negative and positive whenever a high- and low-pressure ranission increase with branch length and the order of reso-
gion is enforced by the branch resonance respectively. Rapigance. The duct length corrections show features that are in
increase in the corrections can be observed again after thgeneral opposite to those observed in the opened-sidebranch
excitation of the higher branch modes. The duct resonance sases. However, their magnitudes still show some degrees of
again controlled by the vanishing sound transmission branchonvergence at increased branch width unless a nonplanar
resonance whelvd=5 (not shown here However, before higher branch mode is excited. These excitations result in
the occurrence of the higher branch mode resonance, thapid increases in the correction magnitudes.
associated corrections decrease with some degrees of conver-
gence as the order of resonance increases. The positive cor-
rections are expected as the branch resonance this time tends
to force a low-pressure region within the junction. One car"CKNOWLEDGMENT
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