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Two-step design process for optimal suction muffler in reciprocating compressor
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Abstract

A systematic design process for an optimal suction muffler is proposed to reduce the noise of a reciprocating compressor. Because the
outer shape of a suction muffler is complicated, the well-known internal configuration for simple expansion chamber mufflers is not
easily applicable to the suction muffler design problem. To achieve an optimal design of a suction muffler, two sequential optimization
problems are formulated to maximize the transmission loss value at a target frequency: acoustical topology and shape optimization prob-
lems. The key idea in the suggested method is to use an optimal topology obtained by solving the topology optimization problem as an
initial shape for the shape optimization problem. The formulated optimization problems are solved at several target frequencies, and the
acoustical characteristics of the optimal shapes are closely investigated. The experimental results for two optimal suction mufflers sup-
port the validity of our suggested two-step design process for optimal suction mufflers.
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1. Introduction

A suction muffler is installed between an intake pipe and a
suction port in a reciprocating compressor to reduce the noise
generated by the pressure pulsation of the inflow refrigerant or
the impact of a suction valve [1-3]. To increase the transmis-
sion loss value in the dominant frequency range of the noise,
the geometry of a suction muffler, including its outer shape
and internal configuration, and its inlet and outlet locations
must be carefully determined. However, because the location
and volume of a suction muffler generally have low priorities
during the development of a new reciprocating compressor
with a high energy efficiency, the outer shape of a suction
muffler is generally irregular or complicated, and its inlet and
outlet locations are determined without considering noise re-
duction. Therefore, the internal configuration of a suction
muffler should be effectively designed to reduce the noise
caused by the inflow refrigerant.

The conventional design strategy is the insertion of rigid
partitions to form several separate chambers or resonators
inside a suction muffler to increase the transmission loss value
in a target frequency range. Lee et al. [4] divided a suction
muffler into several chambers. Svendsen and Moller [5] di-
vided a suction muffler into a lower chamber and an upper
chamber with inserted partitions. Gosavi et al. [6] evaluated

the effect of the geometry of the inserted tube on the transmis-
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sion loss characteristics of a suction muffler. While general
methods to determine the optimal location and length of the
inserted partitions have already been reported for a simple
expansion chamber muffler [7-12], a systematic design
method for an optimal suction muffler has not yet been intro-
duced because of its irregular outer shape.

In an attempt to optimally design a suction muftler, acousti-
cal shape optimization problems were formulated and solved
by using the sequential quadratic programming method and
Taguchi’s method [5, 6]. The transmission loss values of the
obtained optimal mufflers were dramatically increased in a
target frequency range. Moreover, the optimal shape obtained
was not difficult to manufacture. However, a shape optimiza-
tion-based design method strongly depends on the initial
shape. A good initial shape should be selected for a good op-
timal result. Usually, a good initial shape requires a large
amount of efforts by a very experienced designer.

Since Bendsee and Kikuchi [13] successfully applied topol-
ogy optimization using computer-based simulation to struc-
tural design problems, the topology optimization design
method has been used in various applications [14]. Recently,
Lee et al. [15-17] introduced a muffler design method that
used topology optimization. They showed the possibility of
using this topology optimization-based muffler design method
to obtain a creatively designed internal configuration for a
simple expansion chamber muffler. However, their approach
is open to further improvements in relation to the designing
and manufacturing real mufflers because, even at the same
target frequency, the optimal topology is strongly affected by
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Fig. 1. Suction muffler, where refrigerant enters from right end (inlet)
and leaves through top end (outlet).

the allowed rigid partition volume ratio, and some optimal
topologies are difficult to manufacture in industry.

In this paper, we propose a two-step design process for an
optimal suction muffler, which combines the advantages of
topology optimization and shape optimization. The suggested
design process is validated by experiments on optimized suc-
tion mufflers. To that end, two separate optimization problems
are formulated: an acoustical topology optimization problem
and an acoustical shape optimization problem with the same
objective function. This suggested design process has the ad-
vantage of using one optimization method to overcome the
shortcomings of the other. The finite element method and a
gradient-based optimization scheme are employed. Optimal
topologies will be used as the initial shape in the acoustical
shape optimization problem. Design variables are used to
determine the acoustical properties of each finite element, and
the total volume of the rigid partitions are constrained in the
acoustical topology optimization problem. The lengths of the
partitions are selected as design variables, which are con-
strained in the acoustical shape optimization problem. Two
optimal acrylic mufflers are constructed in the experiment,
and the measured transmission loss curves are compared with
those of optimal finite element models. All of the numerical
solutions are obtained by using COMSOL multiphysics (ver-
sions 3.5 and 4.3) and MATLAB.

2. Optimization problem setup for optimal suction
muffler

Two acoustical optimization problems are formulated for an
optimal suction muffler, as shown in Fig. 1, where the outer
shape comes from the suction muffler in Ref. [5]. Because the
exact dimensions were not provided in the reference, the
lengths of all the sides are properly scaled. The depth (z-
direction) of an expansion chamber of the suction muffler in
Fig. 1 is assumed to be equal to the depths of its inlet and out-
let. Compared with the width and height of the expansion
chamber, its depth is so small that the muffler could be as-
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Fig. 2. Analysis model: (a) design domain and non-design domain; (b)
finite element model.

sumed to be a two-dimensional acoustical device in an acous-
tical topology optimization problem [18].

2.1 First step: acoustical topology optimization problem

The transmission loss values (7L) at target frequencies (f;)
are multiplied by their respective weighting factors (w,), and
the sum of the values thus obtained is selected as the objective
function in Eq. (1). The total volume of the rigid partitions is
constrained, as indicated in Eq. (2). The expansion chamber is
divided into a design domain and a non-design domain for
fluid passage, as shown in Fig. 2(a).

n;m_iw,n(f,;x) 0
=1
(Lx(r)dV)/VSVa (©))

where T is the total number of target frequencies and y repre-
sents the design variables, which are functions of r. The vari-
able r represents the position (r =(x, y) in a two-dimensional
space and r = (x, y,z) in a three-dimensional space), and 7,
represents the ratio between the volume of the allowed rigid
partitions and the total volume (V) of the design domain.

The finite element model shown in Fig. 2(b) is used for an
acoustical analysis. All the elements in the non-design domain
are filled with fluid, but the density and bulk modulus of each
element in the design domain are determined by the associated
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design variables y, which change continuously from “0” to “1”
during the optimization process. The associated element for
x =0 is filled with a fluid element, and an incident acoustic
wave is freely transmitted to the other side. In contrast, one
element for y =1 is filled with a rigid element, and an inci-
dent acoustic wave is fully reflected. The rigid elements build
up rigid partitions. To ensure that all the design variables be-
come “0” or “1” when the objective function converges, care-
fully-selected functions are used in Eq. (3) as interpolation
functions of the design variables that were validated in previ-
ous studies [15-17].

1/ p(2)=1/ puia +Z(1/Prigid _l/pﬂuid) (3a)
VK (7)=1/ Koy + 2(1/ Kriga =1/ Kquig) (3b)

rigid
where the subscripts “fluid” and “rigid” represent fluid and
rigid elements, respectively, and p and K represent the density
and bulk modulus (K = pc?, ¢ is the speed of sound in the
acoustic medium), respectively.

The transmission loss value at a target frequency is calcu-
lated by using the three-point method [19], as expressed in Eq.
(4). The acoustic pressures (p;, p», p3) at three points, whose
locations are illustrated in Fig. 1, are obtained by solving the
Helmbholtz equation for acoustic pressure in Eq. (5) with the
finite element model, as shown in Fig. 2(b). Eq. (6) represents
the relationship between the acoustic pressure (p) and the par-
ticle velocity (). The particle velocity of a unit magnitude in
Eq. (7a) is assigned to the inlet end, the anechoic termination
condition in Eq. (7b) is assigned to the outlet end, and rigid
wall condition in Eq. (7¢) is assigned to other boundaries.

TL(f;;()zZO-logw&, j:\/—_l, kzsz (4a)
out ¢

[pul =|(p1 = P )1 (1= e (4b)

| Pou| = | 3] (4c)

where x;, represents the distance between two points in the
inlet and fis the frequency.

1 ®°
V| —Vp|l+—p=0 5
[p p] P )]

where o is the angular frequency (0 =27 f").

1

u=-——Vp (©)
jpo

u =1 for an inlet boundary (7a)

p/u=pc foran outlet boundary (7b)

u=0 for other boundaries. (7¢)

As a gradient-based optimizer, the method of moving as-

ymptotes [20] is used to update the design variables. This
requires the sensitivity analysis of the objective function in Eq.
(1) with respect to each design variable [15]:
2 2
drL(fix) _ 10 [ 1 || |

10 1 P
dy 10 | p,[ O |pou

2 aZ

®)

where the symbol “In”” denotes the natural logarithm.

2.2 Second step: acoustical shape optimization problem

An acoustical shape optimization problem is formulated us-
ing the objective function in Eq. (9) and constraints in Eq. (10)
for an initial partition configuration inside the expansion
chamber of a suction muffler. An optimal topology obtained
by solving the acoustical topology optimization problem for-
mulated in the previous section will be used as an initial parti-
tion configuration in which one design variable (/,) is assigned
to each partition. Unlike in the case of Eq. (2) where the parti-
tion volume was constrained, the lengths of the partitions are
constrained as in Eq. (10)

T
n}jn—sz-TL(ﬁ;lﬂ) )

t=
L <1, <P, (n=1,2,+,N) (10)
where /" and 7 represent the lower and upper limit

values of each design variable (/,), respectively, and N is the
total number of design variables. Because all the elements are
filled with fluid in the shape optimization problem, the inter-
polation function in Eq. (3) is not required. For an updated
finite element model of a suction muffler with partitions at
each iterative calculation, the acoustic pressures at the three
points shown in Fig. 1 are calculated by using Egs. (5)-(7),
and the transmission loss values at the target frequencies are
calculated by using the three-point method [19] during the
optimization process. For a sensitivity analysis, the gradient of
the objective function shown in Eq. (9) with respect to the
design variable (/,) is calculated by using the following dif-
ference equation:

oTL( f;31,) _ TL(f;31, +AL)—TL( f;31,)
a Al ’

n n

(11)

3. Numerical results

The two acoustical optimization problems formulated in the
previous section are sequentially solved by following the flow
charts shown in Fig. 3. The iteration calculation is stopped
when the difference between the current and previous objec-
tive functions are less than 10, First, the acoustical topology
optimization problem is solved using the first flow chart
shown in Fig. 3(a) at several target frequencies and volume
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Table 1. Geometrical information for suction muffler used in solving
optimization problems.

Table 2. Specific values of symbols used for optimization problems.

Symbols Quantity Value
Symbol Value Symbol Value Symbol Value . Distance between two measurement points 0001 m
a 0.050 m by 0.030 m by 0.010m 2 in the inlet :
a 0.005 m by 0.030 m bg 0.010 m Phuid Density of fluid 1.21 kg/m’
as 0.025m b 0.015m bo 0.095 m Ciluid Sound speed in fluid 343 m/s
ay 0.015m by 0.035m bio 0.015m Prigid Density of a rigid body 107 Piid
as 0.015m bs 0.030 m bu 0.010 m Crigid Sound speed in a rigid body 10" Chuia
as 0.020 m bs 0.010 m b 0.045m e Upper limit value of design variable /; 0.085m
ar 0.030 m lll{'w” Lower limit value of design variable /; 0.001 m
L Upper limit value of design variable /, 0.06 m
lower o . .
[ —Tnital topology ] Initial shape Ih Lower limit value of design variable /, 0.001 m
(Initial values of design variables) (Initial values of design variables) l;’p per Upper limit value of design variable /5 0.04 m
|
Calculati terial rti o} lower .. . B
o [ T Roowimrauss ] ™| Lowerlimitvaue ofdesignvaribles | 0001 m
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Fig. 3. Flow charts for solving optimization problems formulated for

suggested muffler design method: (a) acoustical topology optimization
problem; (b) acoustical shape optimization problem.

ratios. Second, the acoustical shape optimization problem is
solved using the second flow chart shown in Fig. 3(b) and the
initial shape, which is determined on the basis of the obtained
optimal topologies. To carry out acoustical analysis for two
optimization problems, the standard finite element method is
employed: Egs. (5)-(7) are converted to the finite element
approximation shown in Eq. (12):

[K—aﬂM]P:F (12)

where K and M are the stiffness matrix and the mass matrix,
respectively, and P and F are the nodal vectors of the acoustic
pressure and equivalent force, which are the functions of
shape functions and acoustical properties expressed in Refs.
[15-17]. Numerical calculations and design variable updating
are carried out by using the Partial Differential Equation mod-
ule of COMSOL Multiphysics (versions 3.5 and 4.3) with
MATLAB [17, 21, 22] and a gradient-based optimization
algorithm, MMA [20]. The geometrical information of the
suction muffler shown in Figs. 1 and 2(a) is summarized in
Table 1. The values of the variables used in the optimization
problems are specified in Table 2. The fluid in the optimiza-
tion problem is assumed to be air. The density and sound
speed values of a rigid body element are determined using the
criteria suggested in Ref. [23].

(a) (b)
(c) (d

Fig. 4. Optimal topologies depending on target frequency for
¥, =0.015:(a) f,=400Hz;(b) f,=600Hz;(c) f, =800 Hz; (d)
f; =1000 Hz .

3.1 Optimal topologies

3.1.1 Single target frequency

For V,= 0.015, the acoustical topology optimization formu-
lated in Egs. (1)-(3) is solved at four single target frequencies:
;=400 Hz, 600 Hz, 800 Hz, 1000 Hz. The initial values of the
design variables are set to zero. Fig. 4 shows the optimal to-
pologies at the target frequencies. While the white areas repre-
sent fluid elements, the black areas represent rigid body ele-
ments, which build up the partitions. The locations of the par-
titions are strongly affected by the target frequency. In the
optimal topology at 400 Hz, three partitions are built up along
the board between the design domain and the non-design do-
main: two partitions around the inlet and the other partition
around the outlet. As the target frequency increases, the width
of the partition around the outlet increases, and the lengths of
the two partitions around the inlet decrease. In the optimal
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Fig. 5. Comparison of transmission loss curves of optimal topologies
in Fig. 4 and reference muffler.
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Fig. 6. Optimal topologies depending on volume ratio of partitions at
f,=600Hz : (a) V,=0.010; (b) V,=0.025; (c) V,=0.030; (d)
V,=0.035.

topology at 1000 Hz (Fig. 4(d)), one thick and short partition
is located around the outlet, and one short partition is placed
around the inlet.

Fig. 5 compares the transmission loss curves of the optimal
topologies shown in Fig. 4 with the transmission loss curve of
the reference muffler, where all elements are filled with fluid.
The transmission loss values of the reference muffler at the
target frequencies are 8.12 dB at 400 Hz, 10.95 dB at 600 Hz,
12.83 dB at 800 Hz, and 14.02 dB at 1000 Hz. The transmis-
sion loss value of the optimal topology obtained at each target
frequency is increased by 0.86-26.18 dB: the improvements of
the optimal topologies are 0.86 dB at 400 Hz, 3.19 dB at 600
Hz, 7.49 dB at 800 Hz, and 26.18 dB at 1000 Hz.

To investigate the effect of the volume ratio (V) on the op-
timal topologies, the formulated topology optimization prob-
lem is solved at 600 Hz for four volume ratios:
v, =0.010, 0.025, 0.030, 0.035 . Fig. 6 compares the depend-
ences of the four optimal topologies on the volume ratio. As
shown in Fig. 6(a), one partition is placed around the outlet,
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Fig. 7. Comparison of transmission loss curves of optimal topologies
in Fig. 6 and reference muffler.
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Fig. 8. Optimal results obtained at multiple target frequencies
( f;=600Hz, 650 Hz , 700 Hz , 750 Hz , 800 Hz ) for ¥V, =0.020:
(a) optimal topology; (b) comparison of transmission loss curves of
optimal topology and reference muftler.
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and one shorter upper partition and one longer lower partition
are placed around the inlet in the optimal topology
forV, =0.010 . As the volume ratio increases, the end of the
partition around the outlet is divided into two branches; the
lower partition around the inlet is lengthened, and the upper
partition around the inlet almost vanishes. The transmission
loss value at the target frequency dramatically increases with
the volume ratio, as shown in Fig. 7.

3.1.2 Multiple target frequencies

To improve the acoustical attenuation performance of the
suction muffler in a wider frequency range, the transmission
loss values at multiple target frequencies are maximized. Two
cases are considered, depending on the target frequency range
and the volume ratio. In Case 1, five equidistant frequencies
from 600 Hz to 800 Hz are used as target frequencies (600 Hz,
650 Hz, 700 Hz, 750 Hz, and 800 Hz) for ¥, =0.020 . Fig. 8
shows the optimal results obtained with equivalent weighting
factors. The optimal topology shown in Fig. 8(a) looks similar
to the optimal topology shown in Fig. 6(b), which was ob-
tained at 600 Hz for/, =0.025 , but the lower branch of the
partition around the outlet has been thickened to improve the
transmission loss values at the other target frequencies, as
shown in Fig. 8(b). In Case 2, the transmission loss values at
800 Hz, 850 Hz, 900 Hz, 950 Hz, and 1000 Hz are maximized
simultaneously with the same weighting factors for 10 volume
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Fig. 9. Optimal topologies at multiple target frequencies ( f, =800 Hz ,
850 Hz , 900 Hz , 950 Hz, 1000 Hz ): (a) ¥, = 0.005 ; (b) V, = 0.050 .
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Fig. 10. Comparison of transmission loss curves of optimal topologies
in Fig. 9 and reference muffler.

ratios (¥, =0.005 ~0.050 ). Fig. 9 shows the optimal topolo-
gies for ¥, =0.005 and ¥, =0.050, and Fig. 10 compares
their transmission loss curves with that of the reference suc-
tion muffler. In Fig. 9(a), two partitions are built up around the
inlet and the outlet. The widths and lengths of the two parti-
tions increase with the volume ratio. To maximize the trans-
mission loss values in the target frequency range, the partition
around the outlet is made thicker, as shown in Fig. 9(b).

In summary, the topology optimization-based muffler de-
sign approach could successfully give an optimal topology
depending on a selected target frequency for the high trans-
mission loss of a suction muffler, as shown in Figs. 4 and 8(a).
Without the topology optimization, such a creatively designed
internal configuration in a suction muffler could not be easily
obtained. However, even at the same target frequency, an
optimal topology is strongly affected by the pre-determined
volume ratio (V,) of the partitions, as shown in Figs. 6 and 9.
The peak frequency in the transmission loss curve of some
optimal topologies does not coincide with the target frequency,
as shown in Figs. 5 and 8(b). Moreover, some of the optimal
topologies are difficult to manufacture because the partitions
are non-uniform or too thick, as shown in Fig. 9(b), and their
shapes are complicated, as shown in Figs. 6(b)-(d) and 8(a).
Therefore, the practical implementation of the topology opti-
mization-based design method for an optimal suction muffler
requires the second step (shape optimization) formulated in
Sec.2.2.

15 M7

Fig. 11. Initial shape used in acoustical shape optimization problem.

3.2 Optimal shapes

3.2.1 Initial shape

Based on the optimal results obtained by solving the acous-
tical topology optimization problem, a good initial shape, as
shown in Fig. 11, is determined for the acoustical shape opti-
mization problem formulated in Sec. 2.2. The depth of the
suction muffler is set to 15 mm for the three-dimensional de-
sign. The optimal topologies obtained in Sec. 3.1 give some
information on the number of partitions and the approximate
locations and lengths of the partitions: two partitions around
the inlet and one partition around the outlet. The partitions are
located in the board between the non-design domain and the
design domain, as shown in Fig. 2(a). Considering the fact that
thin and uniform partitions are generally used in the suction
muffler for a commercial reciprocating compressor, the width
of the partitions is set to 2 mm, even if the widths of partitions
are too thick in some optimal topologies. Three design variables
(I, L, k) are assigned to the lengths of the three partitions and
constrained to prevent interference among the partitions by
using Eq. (10), where the specific values are summarized in
Table 2. The inclination angle 8 of the partition around the out-
letis setto @ =arctan((a, —ag)/ (by+b, +bs—by,)) .

3.2.2 Optimal internal configuration

The acoustical shape optimization problem in Egs. (9) and
(10) is solved at three single target frequencies: f, =600 Hz,
/f, =800 Hz, and f, =1000 Hz . Fig. 12 shows the optimal
internal configuration with the acoustic pressure distribution at
each target frequency, where the colors represent the absolute
value of the acoustic pressure. Fig. 13 compares the transmis-
sion loss curves of the optimal suction mufflers with that of
the three-dimensional reference muffler. Table 3 summarizes
the optimal values of the design variables. Fig. 14 compares
the history of the design variables with that of the objective
function during the optimization process at f, =1000 Hz . The
transmission loss value and the absolute value of the acoustic
pressure are compared at each target frequency. The compari-
son leads to the conclusion that an internal partition configura-
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Table 3. Specific values of symbols used for optimization problems.

. Target opt opt opt
Figure number frequency A L Iy
Fig. 12(a) 600 Hz 0.0441 m 0.0034 m 0.0175 m
Fig. 12(b) 800 Hz 0.0287 m 0.0025 m 0.0085 m
Fig. 12(c) 1000 Hz 0.0166 m 0.029 m 0.0100 m
. 800, 850, 900,
Fig. 15(a) 950, 1000 Hz 0.0184 m 0.0012 m 0.0105 m
Fig. 16(c) 400 Hz 0.0716 m 0.0039 m 0.0127 m
. 600, 650, 700,
Fig. 16(d) 750, 800 Hz 0.03 m 0.0014 m 0.0182 m

High

(a) (®) ©
Fig. 12. Optimal shapes at three single target frequencies: (a) optimal

shape at f, =600 Hz ; (b) optimal shape at f, =800 Hz ; (c) optimal
shape at f; =1000 Hz .
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Fig. 13. Transmission loss curves of optimal shapes in Fig. 12 and
three-dimensional reference muffler.

tion should be designed to minimize the absolute value of the
acoustic pressure around the outlet to achieve a high transmis-
sion loss value at a target frequency. The optimal shape shown
in Fig. 15(a) is successfully obtained at multiple target fre-
quencies ( f, =800, 850, 900, 950, 1000 Hz ) with high trans-
mission loss values, as shown in Fig. 15(b).

The shortcomings of the previously discussed topology op-
timization are eliminated by using the shape optimization. The
peak frequencies in the transmission loss curves coincide with
the target frequencies of optimal suction mufflers, as shown in
Fig. 13. The partition volume is automatically optimized be-
cause the lengths of the partitions are optimized, and all of the
optimal shapes are simple to manufacture, as shown in Figs.
12 and 15(a). The good initial shape obtained through the
topology optimization was the starting point of all these results.

%0 0.02
g™ 1 b Al
=70 ¢ % |* 0.015E
2 (%]
860 8
T WA S L S —— 001 &
% >
‘€ 40 <
(7} =
g 30 0.0053
N, a

2004

%" 20 80 40 50 &0

Iteration number

Fig. 14. History of design variables and objective function during
shape optimization process at f, =1000 Hz .

High

I "0 200 400 600 800 1000 1200 1400 1600
Low Frequency (Hz)

(2) (b)

60 [ 3 dimensional
50 ! i reference muffler

Transmission loss (dB)

Fig. 15. Optimal results obtained at multiple target frequencies: (a)
optimal shape; (b) transmission loss curve.

4. Experimental validation and summary of sugges-
ted method

To validate the suggested method experimentally, the two
real acrylic mufflers shown in Figs. 16(a) and (b) were made
using the optimal shapes shown in Figs. 16(c) and (d), which
were obtained at a single target frequency ( f, =400 Hz ) and
at multiple target frequencies ( f, =600, 650, 700, 750,
800 Hz ), respectively. The experimental setup shown in Fig.
17 was used to measure the transmission loss curves of these
two acrylic mufflers. The sound transmission loss module in
at the LMS Test Lab, which is based on the four-microphone
method, was used with four microphones (GRAS 46BE Mi-
crophone) and one horn driver (InterM DU-75). The burst
random signal generated by LMS SCADAS mobile recorder
was fed into the horn driver. The transmission loss curve was
obtained by measuring three acoustic transfer functions with
respect to microphone 3 simultaneously. The measured trans-
mission loss curves were averaged 50 times, and their fre-
quency resolution was 1.5625 Hz. Fig. 18 compares the meas-
ured transmission loss curves of the optimal acrylic mufflers
with the calculated transmission loss curves of the optimal
shapes: the suction mufflers of Figs. 16(a) and (c) in Fig.
18(a); and the suction mufflers of Figs. 16(b) and (d) in Fig.
18(b). The measured transmission loss curve in each compari-
son agrees well with the calculated transmission loss curve
around the target frequency.

These experimental results show that our suggested muffler
design approach (two-step design process) can be successfully
applied to acoustical design problems involving arbitrarily-
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@ (b)

(d)

Fig. 16. Optimal shapes and acrylic mufflers used for experiment: (a)
acrylic optimal muftler at 400 Hz; (b) acrylic optimal muffler at multi-
ple target frequencies ( f, =600 Hz, 650 Hz, 700 Hz, 750 Hz ,
800 Hz ); (c) optimal shape at single target frequency (400 Hz); (d)
optimal shape at multiple target frequencies ( f, =600 Hz, 650 Hz ,
700 Hz , 750 Hz , 800 Hz).
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Fig. 17. Experimental setup for transmission loss measurement.

shaped acoustic devices such as a suction muffler to achieve
high transmission loss in a target frequency range. The sug-
gested design procedure is summarized as follows:

(1) Formulating a topology optimization problem using a
finite element model: The objective function in Eq. (1) and the
constraint in Eq. (2) are used with the interpolation function in
Eq. (3). A non-design domain in a finite element model is
properly declared for fluid passage.

(2) Solving the formulated topology optimization problem
at several target frequencies and for several volume ratios, and
obtaining optimal topologies: acoustic pressures are calculated
by using the governing equations in Egs. (5) and (6) and the
boundary condition in Eq. (7). The transmission loss value at a
target frequency and its sensitivity with respect to the design

90
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%\70 P Fig 16 (c)
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Fig. 18. Comparison of measured transmission loss curves of acrylic
optimal mufflers and calculated transmission loss curves of optimal
finite element models: (a) single target frequency (400 Hz); (b) multi-
ple target frequencies ( f, = 600, 650,700 , 750 , 800 Hz ).

variables are calculated by using Egs. (4) and (8), respectively.
All of the design variables are updated through MMA [20].
Several optimal topologies are obtained.

(3) Determining an initial shape with design variables: on
the basis of the optimal topologies, a potential best shape is
determined by considering that uniform partitions facilitate
acoustic device manufacturing. The lengths or thicknesses of
the partitions are selected as design variables.

(4) Formulating a shape optimization problem with the ini-
tial shape: the objective function in Eq. (9) and constraint in
Eq. (10) are used.

(5) Solving the formulated shape optimization problem and
obtaining an optimal shape: the transmission loss value at a
target frequency and its sensitivity are calculated by using the
three-point method [19] and the difference equation in Eq.
(11). All of the design variables are updated through MMA
[20]. An optimal shape is obtained.

5. Conclusions

The advantages of topology optimization and shape optimi-
zation were combined to suggest a new suction muffler design
method (two-step design process for an optimal suction muf-
fler), which was experimentally validated. To maximize the
transmission loss value at a target frequency, acoustical topol-
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ogy and shape optimization problems were formulated. Two
acoustical optimization problems were sequentially solved.
First, creative optimal topologies were obtained at several
target frequencies and for partition volume ratios. On the basis
of the optimal topologies, a potential best shape was deter-
mined by considering that uniform partitions facilitate suction
muffler manufacturing. Second, by selecting the best shape as
an initial shape and solving the shape optimization problem,
the optimal internal shape of a suction muffler was obtained.
A comparison of the calculated transmission loss curves of the
optimal shape mufflers and the measured transmission loss
curves of manufactured acrylic mufflers supported the validity
of our suggested method.
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