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1. INTRODUCTION

The expansion chamber with single inlet/outlet is a common silencer in pulsating
internal flows, and has been investigated extensively [1-12]. The studies
demonstrated that the expansion chambers with end-inlet and end-outlet exhibit
the attenuation dome behaviour, while the expansion chambers with side-inlet
and/or side-outlet reveal the combination of the attenuation domes and the
resonance peaks below the cut-off frequency of the first excited order mode of the
chamber.

The expansion chamber with two inlets and one outlet is another practical and
important configuration which may be used in the exhaust system of reciprocating
engines to merge two gas streams into one common tailpipe. It appears, however,
the acoustic attenuation performance of this configuration has not been
investigated thus far in the literature. The present study considers a circular
expansion chamber with two end-inlets and one side-outlet. The objective is then
(1) to present a simple one-dimensional approach to estimate the transmission loss
of the chamber; (2) to apply the boundary element method (BEM) to predict
acoustic attenuation of the chamber and to assess the accuracy and applicability of
the 1-D solutions; and (3) to investigate the effects of geometry and incident wave
conditions on the acoustic attenuation performance of the chamber.

2. ONE-DIMENSIONAL APPROACH

Consider the expansion chambers with two end-inlets and one side-outlet shown
in Figure 1. Assuming plane wave propagation in the axial direction, the continuity
conditions of the acoustic pressure and volume velocity give
at the inlet 1:

pi +pi =pi +ps, 1)
pi —pr =mi(ps —pa), (2
at the inlet 2:
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Figure 1. An expansion chamber with two end-inlets/one side-outlet.

ps +p2 =ps +ps, (3)
ps — p2 = my(ps — ps), @)
and at the outlet 3:
pie * 4 pr et =p3 +p3, (5)
pse ¥+ pselt = pi + p3, (6)
pie M —pyret + plem M — pret = (pi — p3)/ms, (7)

where m; = §/S;,m, = S§/S,,m3 = §/S3,and S, Sy, S, and S5 are the cross-sectional
areas of chamber, two-inlet and outlet ducts, respectively; the superscript + and
— denote the incident and reflected waves.

For the non-reflecting outlet case (p; = 0), equations (1)-(7) lead to

_ 2(fapi +/1p2)
Q2+ 1m3) fifo + (1 — my) fre™ ¥ + (1 — my) fre

where f; = my coskly + jsin kly, f, = m, coskl, +jsinkl,, and j =,/ — 1 is the
imaginary unit. The transmission loss of an anechoically terminated chamber is
given by

Py t)

TL = 10logo(|p{1*Sy + [p51>S2)/(Ip5 1> S3). )
Substituting equation (8) into equation (9) yields
TL =201log0|(2 + 1/m3) fifa + (1 — my)foe 7% 4+ (1 — m,) fre~ 0

—201log102|fy + f2(pi/p3)| + 101ogyo(|pT /p3 12S1 + S2)/S5.  (10)



LETTERS TO THE EDITOR 1161

Clearly, the transmission loss of the expansion chamber with two end-inlets and
one side-outlet is a function of acoustic pressure ratio p; /ps of the incident waves.

3. BOUNDARY ELEMENT APPROACH

The sound propagation in a duct is given by the well-known Helmholz equation
as [13]

V2P + k*P =0, (11)

where P is the acoustic pressure, k = w/c is the wavenumber, o is the angular
frequency, and c¢ is the sound speed. The boundary integral equation of this
relationship can be represented as [14, 15]

|:G(X, Y) ZP

C(X)P(X) = j 5 (V) = P(Y) g—i (X, Y)} dr(y). (12)

r
Here I' is the boundary surface of the acoustic domain, n is the unit outward
normal vector on I', the function G(X, Y) = exp(—jkR)/4nR is Green’s function of
free space, where R = | X — Y| is the distance between any two points X and Y in
the domain or on the surface, and C(X) is a coefficient which depends on the
position of point X.

A numerical solution of the boundary integral equation (12) can be achieved by
discretizing the boundary surface of the domain into a number of elements. By
using discretization and numerical integration, and introducing the momentum
equation [13]

jpolU = —VP, (13)
the following algebraic system of equations is obtained:

[AT{P} = pc[BI{U.}, (14)

where [A] and [B] are the coefficient matrices, and {P} and {U,} are the vectors
whose elements are the sound pressure P and outward normal particle velocity U,
on the boundary nodes, respectively. The detailed treatment of the numerical
solution procedure for the boundary element method in duct acoustics can be
found elsewhere [15].

For the expansion chamber with two inlets and one outlet shown in Figure 1, the
boundary surface can be divided into two inlets, outlet and wall, and then the
variables in equation (14) are grouped as

Pl Un,l
PZ Un,2
[A4, Ay A3 A,] = pc[B; B, B3 B,] ) (15)
P3 Un,3
Pw Un,w

where P, P,, P; and P,, are vectors with dimensions N{, N,, N3 and N,,, and
subscripts 1, 2, 3 and w denote the corresponding quantities on the inlet 1, inlet 2,
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outlet and wall respectively. For the rigid wall (U,,, = 0), equation (15) may be
rearranged as

Py

P Us

P2 =pc[A; Ay A3 A,]7'[By By B3]{U,}, (16)
P3 Us

where {U;} = —{U,.1}, {Us} =—{U,.,}, {Us} = {U,3}, leading to

P, U,
Pyp = pc[T1{Us}, (17
P, U,

where [T] corresponds to the first Ny + N, + N5 rows of [4; A, Az A,] !
[B; B, Bi]. When the planar wave condition is satisfied at the inlets and outlet,
{P1}, {P5}, {P3}, {U4}, {U,} and {U;} may be represented by py, p, p3, Uy, u, and
us, yielding

D1 f11 tia T13 ] (Ug
D2y =pc|lay Ta2 23] (U2, (18)
D3 fz31 l32 33| (U3

where t,, = Y T;;/N;, and N, is the dimension of {P;}.
Intermsof p=p* + p~ and pcu = p* — p~ for the plane wave propagation and
p3 = 0 for the non-reflecting outlet, equation (18) may be written as

P1 1+ 144 5P) —t13 | ((tiy — D)pi + ti12ps
P2 =\ t21 L4+t —ta3 | {ta1pi + (t22 — Dps }. (19)
p3 31 32 1 — 133 t31P1 + 13205

For a specified p{/ps, p3/p5 can be evaluated from equation (19) and then
substituting into equation (9) to calculate the transmission loss of the present
configuration.

4. RESULTS AND DISCUSSION

For all configurations, the present study considers [ = 54-0 cm and d = 15-32 cm
for the length and diameter of the chamber; d; = d, = 486 cm and d; = 5-84 cm
for the inlet and outlet ducts. The chamber and two inlet ducts are concentric. The
speed of sound in computations is 346 m/s.

To examine the effect of outlet location on the acoustic attenuation performance,
Figures 2-5 present the transmission loss of the expansion chamber for four
different outlet locations (Figure 2: [, = [/8 = 6-75 cm, Figure 3: [, = 1/4 = 13-5 cm,
Figure 4: [, = 31/8 = 20-25 cm, Figure 4: [, = [/2 = 27-0 cm) with p{/p5 = 1-0.
Each figure compares the transmission loss from the boundary element predictions
with the one-dimensional solutions. The BEM calculations are extended 10 cm into
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Figure 2. Transmission loss of expansion chamber with two end-inlets/one side-outlet
(d=1532cm, dy =d, = 486cm, d; = 584 cm, | = 540 cm, [, = 6:75 cm, p{/p7 = 1:0): —, BEM,;
~~~~~ , 1-D analytical.
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Figure 3. Transmission loss of expansion chamber with two end-inlets/one side-outlet
(d=1532cm, d; =d, =486 cm, d3 = 584 cm, | = 54-0 cm, [, = 13-50 cm, p{ /p5 = 1-0): —, BEM;
~~~~ , 1-D analytical.
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inlet and outlet ducts so that the plane wave conditions at the inlets and outlet are
satisfied. The one-dimensional solutions of transmission loss in Figures 2-5 show
reasonable agreement with boundary element predictions at low frequencies,
particularly below the first higher order mode (1,0) of the chamber. By ignoring the
numerous sharp peaks in the boundary element results, the qualitative agreement
appears to the reasonable until the (0,1) mode. With increasing frequency, multi-
dimensional waves begin to dominate in the chambers, terminating the
applicability of the 1-D approach. Thus, in applying the one-dimensional
approach, the upper limit of frequency for a given configuration needs to be
examined. The transmission loss in Figures 2-5 exhibits the superposition of the
attenuation domes and the resonance peaks. It may be shown in 1-D approach that
the resonance frequencies are dependent on the difference [; — [, and correspond to
Iy — 1, =02n+ 1)4/2,wheren =0, 1,2, ..., and 4 being the wavelength. As [; — [, is
decreased, the resonance frequencies are increased.

The effect of incident wave condition on the acoustic attenuation of expansion
chamber with two end-inlets and one side-outlet is illustrated by varying the
acoustic pressure ratio pi/p5 . Figures 6 and 7 depict the transmission loss results
from the BEM and the 1-D approach for p{/p; =—10 and p{/p5 = with
I, = 675 cm. Compared to the in-phase incident waves py /p; = 1-0 of Figure 2,
Figures 6 and 7 reveal significantly different behaviour: The out-of-phase
pi/p3 = —1:0 of Figure 6 yields a desirable low-frequency attenuation (resonance),

(2)0) T

Transmission loss (dB)
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Figure 6. Transmission loss of expansion chamber with two end-inlets/one side-outlet

(d=1532cm, d; = d, = 486 cm, dy = 584 cm, | = 540 cm, I, = 675 cm, p{ /p5 = —1-0): —, BEM;
~~~~~ , 1-D analytical.
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Figure 7. Transmission loss of expansion chamber with two end-inlets/one side-outlet
(d=1532cm, di =d, =486cm, d3 =584cm, | =540cm, [, = 675cm, p{/ps =j): — BEM;
----- , 1-D analytical.

while the 90° phase angle p{/p3 =j of Figure 7 changes the transmission loss
considerably and moves the first resonance to higher frequencies. As expected,
Figures 6 and 7 again exhibit a resonable agreement between the 1-D solutions and
boundary element predictions until the (1,0) mode, and a qualitative agreement
until the (0,1) mode when numerous sharp peaks are ignored.

To conclude, the present study (1) provides a simple 1-D solution for the acoustic
attenuation of an expansion chamber with two end-inlets and one side-outlet; (2)
compares the 3-D boundary element predictions and the 1-D analytical results to
assess the accuracy and applicability of the latter; (3) demonstrates the effect of
outlet location; and (4) illustrates the importance of relative phase information of
two incident waves at the inlets.
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