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The dissipative silencers used to attenuate noise emanating from air moving devices such as fans are normally of
a simple splitter design, with parallel baffles of absorbent material arranged over the width of a duct. However
in more specialist applications, such as the exhaust systems of gas turbines, different silencer geometries are
often used. One such geometry is a so-called bar silencer, in which rectangular bars, or bricks, of absorbing
material are placed in a lattice arrangement over the duct cross section. The acoustic performance of these bar
silencers is investigated here using a finite element based numerical mode matching scheme. The insertion loss
of the bar silencers is then calculated and compared against traditional splitter designs in order to investigate the

relative efficiency of each design

Introduction

Attenuating noise from fluid moving devices presents a
considerable challenge. Normally considerations of space
mean that large reactive based silencers are inappropriate
and so attention inevitably turns to the use of sound
absorbing materials. Traditionally, fibrous materials such
as rock wool or glass fibre are used and these are arranged
in parallel baffles to give the so-called splitter silencer
configuration. These dissipative silencers are then placed
upstream (intake) and downstream (exhaust) from the fluid
moving device. The use of only of porous materials to
attenuate sound does of course mean that these splitter
silencers generally perform well at medium to high
frequencies but are less effective at lower frequencies. This
article examines in more detail the design of these silencers
and investigates the effect of arranging the porous materials
in an alternative “bar” or “brick” configuration in order to
improve acoustic performance over a wide frequency range.
To do this a mathematical model is developed and
numerical experiments are carried out with the aim of
investigating performance of silencers used on gas turbines.

Quantifying the performance of large dissipative
silencers is challenging. @ The measurement of these
silencers according to European Standards [1] requires very
expensive testing equipment and although some
experimental data has been reported for silencer
transmission loss (for example, Kirby et al. [2]) there is
very little data available in the literature. In view of this,
focus has turned to developing theoretical models, which
allow for relatively quick and easy investigations into
silencers deigns to be performed when compared to
experimental testing. Here, the most popular methods for
characterising silencer performance have traditionally been
based on computing modal attenuation, usually the least
attenuated mode, see for example references [3] — [7].
However, these models do not take into account the
scattering of sound from the inlet and outlet planes. It is
only recently that these effects have been fully
characterised for splitter silencers and here Lawrie and
Kirby [8], and Kirby [9] used numerical and analytic
methods to compute silencer insertion/transmission loss for
those silencers typically found in air conditioning ducts.
Here, the method of Kirby [9] is the most appropriate for
studying the insertion loss of silencers with a more general
design since the numerical approach facilitates the study of
arbitrary  cross-sectional = geometries,  whilst  also
accommodating perforated plates and fairings that are
typically found in both the intake and exhaust of gas turbine
silencers. Accordingly, the method reported by Kirby [9] is
used here to investigate alternative silencer designs to those
traditionally used and this will focus on the study of bar
silencers similar to those studied by Cummings and Astley;
however, this article will proceed to analyse the insertion
loss of these bar silencer, rather than restrict the analysis to
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modal attenuation. Predictions will also be compared to a
simple splitter silencer in order to review the relative
performance of each design. The theory is presented first in
the following section, results are then presented in section 3
and finally conclusions are draw regarding the relative
acoustic performance of the two types of silencer.

2 Theory

The dissipative silencer is assumed to be uniform in
length, but to have an arbitrary cross section containing a
region of porous material R, surrounded by a region of
fluid Ry. The cross section of the silencer is shown in
Figure 1.

Figure 1: Cross sectional geometry of general
dissipative silencer.

For reasons of clarity only one region of porous material
is shown in Figure 1, although the analysis that follows is
completely general and it is assumed that region R, may be
further separated into additional regions of porous material
in order to take on the geometry of, say, a parallel baffled
splitter silencer or a bar silencer. In addition, I', denotes a
perforate separating the fluid from the porous material and
I'r denotes the outer surface of the silencer, which is
assumed to be a hard wall and may also take on the outer
surface of R;,. The geometry in the axial direction is shown
in Figure 2.

Plane A Plane B
—»Z —p 7
Fairing
: Rs

A

Figure 2: Axial geometry of uniform dissipative
silencer.
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In Figure 2, a plane wave is assumed to be incident from
the left, in region R;. The splitter silencer and the fluid
region is grouped together so that R, = Rg + Ry,; the
silencer is terminated anechoically in region R; so no
reflected waves are permitted in this region. Finally, the
inlet plane A, and the outlet plane B, denote the location of
the silencer fairings, which are present at the entrance and
exit to the silencer.

The acoustic wave equation for each region is given as

9%pq
at2

1
2
¢q

0.

_ V2pq

(1

Here, p, is the acoustic pressure, and ¢ is the speed of
sound in region q, respectively; ¢ is time. The solution now
proceeds by first calculating the eigenmodes for the silencer
cross section and then using point collocation to matching
continuity of pressure and acoustic particle velocity over
planes A and B. Accordingly, the sound pressure in each
region is first expanded as an infinite sum over the duct
eigenmodes, to give

D1 (X, Y, Z) = Z;.;O F}CDJ (X, y)e_ikoyjz +

T30 A;@j(x, y)etors (2)

P2(X,Y,2) = Ximeo B Wi (x, y)e Hotm? 4
Y=o Cm W (x, y)etkodm? 3)
P3(%Y,2) = Lo Dp @y (x, y)e Horn? 4)

Here, 4;, By, Cm, Dy, and F; are modal amplitudes, Ams
is the wavenumber in region R, and y;, is the wavenumber
in the inlet/outlet section. The quantities ®(x,y) and
Y(x,y) are the transverse duct eigenfunctions in the
inlet/outlet region and the silencer section respectively. In
additioni = vV—1 and ky = w/c,.

On substituting the modal expansion for the each region
into the governing wave equation, an eigenequation is
obtained for regions R, R, and R;. Here, regions R; and
R; are assumed to be identical and an eigenequation may
be found by implementing the hard wall boundary
condition of Vp-n =0 over I. This problem is solved
using finite elements and has been repeated many times in
the literature [8, 9] and so is not discussed further here. For
the silencer section, one may arrive at an eigenequation by
also enforcing continuity of velocity over the perforate, and
for the pressure enforcing

Pm — Pr = PoCoSUm * M. (5)

where, ¢ is the (dimensionless) impedance of the
perforate and u is the acoustic particle velocity. An
eigenequation may then be constructed and it is solved here
using the finite element method. See papers by Kirby and
Lawrie [8], Kirby [9-11] for examples of how this
eigenproblem is solved using the finite element method.
Note that this eigenequation will contain the acoustic
properties of the porous material, via the complex sound
speed ¢, and the complex density p(w), which appears
following the application of continuity of velocity between
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the fluid and the material. Values for these parameters may
be specified by using Delany and Bazley coefficients [12]
and this is discussed in more detail in the majority of the
references included here.

On obtaining the eigenvalues 4,, and y;, and the
eigenvectors ®(x,y) and W(x,y) the silencer insertion loss
may then be computed. To do this it is necessary to enforce
continuity of acoustic pressure and normal particle velocity
over planes A and B. This is accomplished here by using
point collocation, which requires the pressure in each
region to be written as a vector, which and this holds the
values of pressure at each node in the finite element mesh.
Thus, in vector form we may write the pressure as

p1(xy,2) = Z;-lio Fid;(x, y)e korjz 4

Z}Eo Aj(bj (x, Y)e+ik°yjz (6)

P2(%,2) = Lo B W (x, y)e~ohm? +
Yoo Cm Wi (x, y) e+ Hom? (M
P3(xy,2) = Lylo D@, (x y)eKorn ®)

where the modal sums have also been truncated at the
numbers of nodes in the transverse finite element mesh in
each region (n, = n3). The modal amplitudes are no found
by enforcing the following matching conditions over plane
A,

p1(x,y,0) = p,(x,y,0) over R ©)]
u,(x,y,0) =u,(x,y,0), overRg (10)
u,(x,y,0) =0, overR, (11)

u,(x,y,0) =0, overR, (12)

and over plane B,

p2(x,y,L) = p3(x,y,0) overRg (13)
u,(x,y,L) =us(x,y,0), overRg (14)
u,(x,y,L) =0, overR, (15)

u;(x,y,0) =0. overR, (16)

On substituting equations (6)- (8) into equations (9) to
(16) one obtains a complete set of n, =2(n; +n,)
simultaneous equations. After setting Fp =1, and F; = 0
for j > 0 (plane wave excitation) then equations (9) to (16)
may be solved for the unknown modal amplitudes. The
silencer insertion Loss IL (or transmission loss, which is the
same under these conditions) is then defined as

2
IL = —10log;, Re [Z"l YulnlPalT]

n=0" [

)

where I,, = lelq)n(X, y)|? dxdy.
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3 Results and Discussion

The numerical model described in the previous section
is used here to analyse two different silencer designs: the
splitter silencer typically used in air conditioning systems,
and the bar-silencer which has found use in a number of
applications but in this study its relevance to the exhaust
systems of gas turbines is of most interest. This is of
particular interest because the improved airflow distribution
profile, and reduction in thermal stresses, can lead to
improved equipment longevity and engine efficiency. In
order to properly compare the two designs, the same
percentage open area is chosen for both designs, and here
values for open area of A = 75%, 50% and 25% are chosen.
In Figures 3 and 4, the different silencer geometries are
shown, where for the bar-silencer a square geometry is
specified for ease of comparison, although any other cross-
sections may readily be accommodated.

Figure 3: Geometry of splitter silencer
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Figure 4: Geometry of bar-silencer

For the splitter silencer symmetry allows the eigenvalue
problem to be reduced to a one dimensional transverse
finite element mesh, provided that a plane wave is incident
on the silencer. However, for the bar silencer it is
necessary to specify a two dimensional transverse finite
element mesh, although symmetry does allow for the
discretisation of only one quarter of the geometry shown in
Figure 4. Therefore, the study of the bar silencer is
considerably more computationally expensive than that of
the splitter silencer under plane wave conditions.

In Figure 5 the insertion loss for splitter and bar
silencers is compared for a silencer of length L = 1 m and
open area A = 75%. In addition, a = 0.05m, b = 0.15 m,
d=0.1m, and e = 0.1 m, so the overall cross-sectional
dimension of the bar-silencer is 0.8 m X 0.8 m. The flow
resistivity of the porous material is 15,000 Pa s/m?, the

3202

Proceedings of the Acoustics 2012 Nantes Conference

porosity of the perforate is 30%, the thickness of the
perforated screen is 1.6 mm with a hole diameter of 3 mm.
The solution for the splitter silencer is obtained using
values of n, up to a maximum of n, = 264, whereas for the
bar silencer as maximum value of n, = 1492 was used.

30 r
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Figure 5: Insertion loss for an open area of A = 75%.
splitter silencer; = = = , bar silencer.

40
35
30
25
20
15
10

Insertion Loss (dB)

10 100 1000 10000
Frequency (Hz)

Figure 6: Insertion loss for an open area of A = 50%.
splitter silencer; = = = | bar silencer.
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Figure 7: Insertion loss for an open area of A = 25%.
splitter silencer; = = = , bar silencer.
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In Figure 6 the silencer insertion loss is plotted for
A=50% (a=005m, b=015m, d=0.1m, and
e =0.1m) and in Figure 7 for A =25% (a = 0.05m,
b=015m, d =0.1m, and e = 0.1 m), with all other
variable stating the same.

In Figures 8-10, the same silencers are studied, but this
time the flow resistivity of the porous material is changed
to 50,000 Pa s/m’.
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Figure 8: Insertion loss for an open area of A = 75%.
splitter silencer; = = = , bar silencer.

Insertion Loss (dB)

= = N N w w D

o U1 O U1 O U»un O
L] 1

o wun

10

100
Frequency (Hz)

1000 10000

Figure 9: Insertion loss for an open area of A = 50%.
splitter silencer; = = = , bar silencer.
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Figure 10: Insertion loss for an open area A = 25%.
splitter silencer; = = = , bar silencer.
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It is clear from the plots in Figures 5-10 that the
configuration in which the absorbing material is placed
within the duct plays a significant role in silencer
performance. For low percentage open areas the
performance of the splitter and the bar silencer is similar,
although the splitter silencer does tend to perform better at
lower frequencies. But as the percentage open area is
reduced the bar silencer becomes much more effective at
higher frequencies. Whilst this is at the expense of a small
drop in IL at lower frequencies the improvement in IL
above about 1 kHz is very noticeable, both for A = 50%
and A = 25%. Of course, in reality one would not be able
to achieve the IL levels seen in Figures 7 and 10 because
noise flanking transmission would serve to reduce the IL
values above about 60 dB. Nevertheless the improvement
in IL is significant and is achievable for large open areas
over a wide upper frequency range.

A large improvement in the performance of bar
silencers, when compared to splitter silencers, was also
observed by Nilsson and Soéderqvist [13] who used
experimental measurements to investigate the two different
designs. Nilsson and Soderqvist quote a high frequency
improvement of 35 dB, as well as a low frequency
improvement of 4 dB. The theoretical results presented
here tend not to support the claims for improvement in IL at
lower frequencies, in fact for most of the bar silencers there
is a small drop in IL. But at higher frequencies the effect of
changing from a splitter to a bar silencer is clearly evident
and supports the observations of Nilsson and Soderqvist,
although this does depend on the percentage open area.
Unfortunately it is not possible to compute the percentage
open area of the silencer studied by Nilsson and Soderqvist,
but it is probably reasonable to conclude that this was
below 50% in view of the results presented here.
Cummings and Astley [7] also studied a bar silencer and
they examined three different percentage open areas: 36%,
55.6% and 66.7%. Cummings and Astley did not notice a
significant increase in silencer performance in their
predictions at higher frequency, and their experimental
measurements are inconclusive. However, the predictions
of Cummings and Astley are based on computing the least
attenuated mode only and so at higher frequencies their
model is likely to be inaccurate in view of the large number
of higher order modes that will be propagating at these
frequencies. Thus, the results presented here seem to
support those observations of Nilsson and Séderqvist, but
do not fully agree with the observations of Cummings and
Astley [7]; there appears to be a case then for further
experimental measurements to investigate the effect of the
open area on silencer performance and to see if the
predictions presented here provide a reliable indication of
the relative performance of each design.

In Figure 11 the effect of flow resistivity on the
performance of the bar silencer is investigated. Here, three
flow resistivites are investigated: 10 kPa s/m’, 30 kPa s/m’
and 50 kPa s/m’. It can be seen that as the flow resistivity
of the porous material is increased the low to medium
frequency performance of the bar silencer tends to drop,
whereas the higher frequency performance does the
opposite. It is noticeable, however, that the improvement in
the low frequency performance is significant, whereas for
higher frequencies the difference is less pronounced. Thus,
the performance of the bar silencer is observed to be very
dependent on the material chosen and the flow resistivity of
this material (which is linked to the overall bulk density of
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the material placed in the silencer). This places a strong
emphasis on the development of accurate design tools
suitable for optimising silencer performance for a particular
application.

40 r

N N w w
o (9] o w
T T T T

Insertion Loss (dB)

[EEN
wu
T

100 1000
Frequency (Hz)

Figure 11: Insertion loss for a bar silencer of open
area of A = 50%.=— — — ¢ = 10 kPa s/m?;
,0 = 30kPas/m?= = =g = 50 kPa s/m?

5 Conclusion

A finite element based mathematical model has been
presented here, which is suitable for computing the
insertion loss of a dissipative silencer of arbitrary (but
uniform) cross-section. The model is used to investigate
the relative performance of splitter and bar silencers. For a
fixed percentage open area, significant differences between
the performance of the two silencer designs is observed.
This difference is most obvious as the percentage open area
of each silencer is reduced, and here a significant
improvement in performance at high frequencies is
observed for the bar silencer. At lower frequencies the
performance of the two silencer designs is observed to be
similar. It is also shown the flow resistivity of the porous
material used to fabricate the silencer play a significant role
in silencer performance and needs to be chosen carefully
for a particular application.
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