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� Low-frequency noise is reduced by a
design optimization of enclosed
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implemented using Altair OptiStruct.
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tion of the enclosed panel is verified
with in-situ experiment.
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An enclosure panel is widely used in industrial applications. The panel under a dynamic loading excites
the surrounding air medium and noise is radiated into the acoustic space. The radiated sound can be
suppressed by having changes in the structure. The noise reduction performance can be further
improved by a design optimization. In this study, a topography optimization is conducted to design an
enclosure panel. Topography optimization results in a bead pattern, which helps maintain the thickness
at a constant level throughout the structure. The final optimized structure can be manufactured using a
stamping process. Compared with other optimization methods, topography optimization requires min-
imal manufacturing effort and cost, with no additional increase in mass. Moreover, this type of opti-
mization is effective for noise reduction problems because no holes are created in the structure. In this
study, the objective function selected to minimize the low-frequency noise is the equivalent radiated
power. The topography optimization of the enclosure panel has been conducted using the commercial
software Altair OptiStruct, with loads and constraints considered. In order to verify the optimization
result, in-situ experiment was performed with panels produced by the stamping process.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

Recently, air conditioners have been more commonly installed
as built-in systems in the construction process of a building. In
conventional air conditioning systems, an outdoor unit operates
with a paired indoor unit. However, with the rapid increase in the
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Fig. 2. Power spectral density (PSD) of the reference accelerometer in the frequency range of (a) 0e3200 Hz, and (b) 0e600 Hz.

Fig. 1. Experimental setup of the air conditioning system excited by the rotating machinery.
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Fig. 3. 1/3 octave band comparison with respect to the test room temperature at a
rotating speed of 2200 rpm.

Fig. 4. (a) Schematic of the vibro-acoustic interaction in the boundary between the
structure and the air medium, (b) the details of the interaction in (a).
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number of indoor units in a building, central air conditioning sys-
tems have been developed to cover several indoor units. The con-
ventional central air conditioning systems are powered by an
electric heat pump that converts electrical energy to mechanical
energy along the axial direction. To enhance the performance of the
outdoor unit in the central air conditioning system, high perfor-
mance rotating machinery has been used in the system. The air
conditioning systems with high performance rotating machinery
have high power output and efficiency. However, the drawback is
that the noise is vastly increased due to the operation of the
rotating machinery.

Among the many types of noise propagation, a structure-borne
noise, which is induced by rotational machinery, is transmitted
through solid structures and radiated into acoustic space, similar to
the case of an automobile [1]. In a typical outdoor unit of an air
conditioning system, the sound emanates from the enclosure
panels, which are installed on all sides.

In industrial applications, noise and vibration problems have
been commonly solved by implementing passive sound and vi-
bration control. To improve the noise insulation performance based
on passive control, damping materials have beenwidely used [2,3].
In 2007, Li and Liang studied the sound power reduction by
attaching a damping layer on a steel panel subjected to a unit
harmonic force [2]. The thicknesses of the damping layer and base
panel were determined using the response surface method to
minimize the sound power of the damped structure. In 2016, Qin
et al. conducted a study to minimize the sound pressure level at the
center node in an enclosure [3]. The damping layer attached on top
of the enclosure was divided into several parts, and the thickness of
each part was optimized using the response surface method.
However, while most damping material-based noise reduction
approaches provide good insulation at high frequencies, the sound
absorption performance at low frequencies (<500Hz) is poor [4]. In
practice, reinforcements have also been used for vibration control
as in the case of fuselage sections of aircrafts [5,6].

Design optimization has been implemented to improve struc-
tural behavior with regard to compliance and natural frequency.
Among the well-known design optimization methods, topology
optimization, which involves optimizing the material layout for a
given set of loads and constraints, is widely used for solving vi-
bration problems. However, in topology optimization, the volume
constraint results in regions with void materials. Therefore, it is
inappropriate for problems where sound radiation is a concern,
because the noise escapes through the hole [7]. Topometry/rein-
forcement optimization is a specific case of sizing optimization,
wherein the optimal thickness distribution on each element is
found individually. It has been used to find the thickness distribu-
tion required to reinforce the gear box of a car to reduce the
structure-borne sound [8]. However, this design approach has a
disadvantage in that the mass is increased, requiring more labor to
manufacture and assemble the system.

Unlike the topometry optimization, wherein the mass increases
with respect to thickness variation, topography optimization,
which is a specific type of shape optimization, generates a stiffer
structure while yielding a minimal mass increase, because this
optimization maintains a constant thickness throughout the
structure [7]. In topography optimization, a perturbation vector is
applied to each node in the design domain along the normal di-
rection, resulting in a bead pattern in the optimized structure [9].
Recently, topography optimizations have been performed on
structural designs in practical applications. In 2006, topography
optimization was used to maximize the natural frequency of the
first bending mode for the heat shield on a vehicle [10]. This study
was performed using the commercial software GENESIS. In 2011,
topography optimizationwas used to reduce the transient vibration
response of an engine block of a vehicle [11]. In 2012, topography
optimization under transient loading was comparatively studied
based on various design sensitivity analysis methods [12]. In 2013, a
research was conducted to optimize the equivalent radiated power
of an automobile oil pan [13]. The sound powerwas reduced by 20%
compared with its initial state. In another study, topography opti-
mization was applied to a wishbone suspension of an automobile
using OptiStruct and Abaqus. The residual stress was reduced,
whereas the natural frequency was increased [14]. In 2016, a
topography optimization of a gear box of an automatic transmission
was conducted to reduce the vibration response [15]. This optimi-
zation technique has been largely used in the solution of NVH
(noise, vibration, and harshness) problems. The bead pattern
generated by topography optimization of a flat surface can be
fabricated by stamping or deep drawing processes [15,16]. To
reduce the manufacturing cost and improve the noise insulation
performance, designing the enclosure panel by topography opti-
mization is considered as an ideal solution. In this study, the
topography optimization of an enclosure panel is conducted to
minimize the noise generated by an air conditioning system.

The rest of this paper is organized as follows. In Section 2, the
topography optimization and a finite element model of the enclo-
sure panel with loads and constraints are described. The objective
function selected to minimize the noise radiated from the panel is
formulated using the equivalent radiated power. The optimization
process using Altair OptiStruct is described in detail. Section 3
discusses the performance of the optimized panel fabricated us-
ing the stamping process, in comparison with that of the original
panel. Finally, Section 4 presents the conclusions of this study.
2. Topography optimization of an enclosure panel

The central air conditioning system has two main operating
cycles based on climate conditions. One operating cycle is associ-
ated with the winter weather condition in which the system



Fig. 5. Concept of topography optimization: (a) initial model, (b) optimization model where hmax is the maximum bead height.
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operates to warm the desired space. The other operating cycle is
run for the summer weather condition inwhich cooling occurs. The
high-performance rotating machinery is the main power source for
both climate conditions. In a typical air conditioning system, the
operating speed of the rotating machinery varies with respect to
climate mode. In the current application it was set to change be-
tween 900 and 2200 rpm (rpm). In order to identify the system
parameters a set of experiments were conducted. Fig. 1 shows the
experimental setup of the air conditioning system. The location of
the excitation source with respect to panels, and transducers are
shown.

In the preliminary operational measurements, the power spec-
tral density (PSD) with respect to the rotating speed revealed that
the response of the source is dominant at approximately 3 kHz for
all rotating speeds [17,18]. However, the magnitude of the response
of the enclosure panel is noticeable in the low-frequency range
(<1 kHz). Regardless of theweather condition or the rotating speed,
the acceleration response of the enclosure panel appears to be
relatively higher in the frequency range of 200e400Hz, as shown
in Fig. 2. Observing the noise level in the A-weighted 1/3 octave
band plot in Fig. 3, it is deduced that the frequency bands that
contribute most to the audible noise are in the range of 0e600Hz.
The identified frequency band of 200e400Hz has been considered
the target frequency band for this application.
2.1. Equivalent radiated power (ERP)

In systems with enclosure panels, vibrating panel structure ex-
cites the surrounding air medium and radiates noise. Fig. 4 shows a
Fig. 6. Finite element model of an enclosure pane
schematic of this vibro-acoustic interaction.
The sound power in the air medium is expressed as follows.

P ¼ ∬ GI, n
!dGwhere I ¼ 1

2
ReðpvÞ; (1)

where I; n!; G; p, and v are the acoustic intensity, normal vector,
structure-air interface, radiated acoustic pressure, and particle ve-
locity vector of air, respectively [19e21]. The acoustic intensity is
defined as the power carried by the acoustic wave per unit area in
the direction normal to the surface. The sound power for the
radiated noise is expressed as the surface integral of the acoustic
intensity along the normal direction at all points on a given surface
G. In the vibro-acoustic problem, the structural velocity is equal to
the air particle velocity at the boundary between the surface and
the air medium. This is called the velocity continuity, which is
expressed as follows.

vs;n ¼ vair ¼
p

raircair
; (2)

where vs, n, vair, rair, cair, and p are the structural normal velocity,
particle velocity of air, air density, speed of sound in air, and
acoustic pressure, respectively. By substituting Eq. (2) into Eq. (1),
the equivalent sound power emitted from the vibrating structure
can be expressed as a function of the vibration velocity of the
structure. The equivalent radiated power used in this study is
expressed as follows.
l to compute the equivalent radiated power.



Table 1
Bead parameters for the topography optimization.

Parameter Value

Minimum width 10mm
Maximum bead height 5mm
Bead angle 45�
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PERP ¼ 1
2
raircair∬ G

��vs;n��2dG ¼ 1
2
raircair

XNe
e¼1

Ae
��vs;n��2; (3)

where Ae and Ne are the elementary surface area and element
number in domain G, respectively. In a finite element analysis
(FEA), the integral equation can be expressed in terms of a sum-
mation as shown in the second term of Eq. (3). The level of the
equivalent radiated power (LERP) can be expressed as follows.

LERP ¼ 10log

 
PERP
Pref

!
½dB� where Pref ¼ 10�12 ½W � (4)

2.2. Optimization setup

Topography optimization is a specific case of shape optimization
[7]. In shape optimization, each node can be perturbed in all di-
rections, whereas in topography optimization the nodes can be
perturbed only in the z-direction from its initial position. In a
topography optimization process, which is shown in the conceptual
diagram in Fig. 5, the structure surface is modified iteratively until
the objective function is satisfied. Hence, the optimized structure
features a bead pattern.

In this study, the design domain is the enclosure panel of the air
conditioning system outdoor unit. The system is enclosed by six
panels. Each panel is fixed on the supporting frame by six bolts. The
edges are considerably rigid because of the flanges on left, right,
Fig. 7. Optimization result: (a) initial model, (b) initial optimization using OptiStruct, (c) opt
optimization, and (e) layer options in OSSmooth.
and top positions. The panels are identical, that is, they have the
same material property, assembly condition, size, and shape. The
nodes located at each bolt hole are interconnected by rigid body
elements (RBE3) [22]. The excitation forces act on independent
nodes located at the center of each RBE3 element. As the three
edges (top, left, and right) on the panel are enclosed by a relatively
rigid supporting frame, a clamped boundary condition is consid-
ered on the three edges, as shown in Fig. 6.

To reduce the analysis time, the enclosure panel was changed to
a shell structure with a constant thickness using the mid-surface
because the width and length of the panel are considerably
greater than its thickness. The optimization statement is expressed
as follows.

minmax: PERP ¼ 1
2

raircair
⏟

Characteristic

impedance of air

∬ U

��vs;n��2
⏟

RMS velocity

dU;

s:t:

8>>>>>>>><
>>>>>>>>:

MðhÞ €uþ CðhÞ _uþ KðhÞu ¼ f;

where u ¼ ~uejut ; f ¼ ~fejut ;

fminð ¼ 200HzÞ � freq � fmaxð ¼ 400HzÞ;
0 � hi � hmaxð ¼ 2mmÞ;
h : design variable vector;

(5)

where M, C, K, F, u, hmax, and h are the global mass, damping,
stiffness matrices, force vector, displacement vector, maximum
bead height, and vector of design variables hi, respectively. As
mentioned above, the target frequency band ranges from fmin
(200 Hz) to fmax (400 Hz). In this study, the design optimization is
conducted as a minmax problem, which involves minimizing the
maximum equivalent radiated power PERP within a target fre-
quency band at each iteration.

To build the topography optimization model to minimize the
equivalent radiated power, several parameters were needed to be
defined. In this study, the speed of sound propagation, material
imized model using OSSmooth, (d) user-defined parameter description for topography



Fig. 8. Equivalent radiated power of (a) initial model and optimized model using Altair OptiStruct and OSSmooth in Fig. 5, and (b) optimized model and modified model with
rounded fillet (R1, R2).
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density of air, and reference sound power were set as 343m/s,
1.2 kg/m3, and 10�12W, respectively. The sequential quadratic
programming (SQP) algorithm was used as the optimization algo-
rithm. The SQP algorithm is one of the most successful methods for
Fig. 9. Physical interpretation of the optimization result; nodal lines of mode shapes of the i
view of the nodal lines; (e) zoom view of Fig. 9(c).
a large scale constrained optimization problem [23,24]. The mini-
mum width, maximum bead height, and bead angle are the con-
straints in the optimization problem. They determine the bead
shape of the optimized structure. Table 1 lists these parameters.
nitial model at (a) 254.98, (b) 342.00 Hz and (d) optimal bead design; (c) a comparative



Fig. 10. In-situ experimental setup for verification of the optimized panel.

Table 2
Operating conditions for experimental verification.

Operating condition Value

Sample frequency 6400 Hz
Number of lines 3201
Frequency resolution 1 Hz
Time duration 40 s
Operational speed cases 900 rpm, 1000 rpm, …, 2200 rpm
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2.3. Optimization results

This section presents the results of the topography optimization
defined in Section 2.2. To solve the optimization problem, the Altair
OptiStruct was used [13,14]. Fig. 7 shows the optimization results.

Fig. 7(a) shows the initial model of the panel. Fig. 7(b) shows the
initial optimization result, which was obtained by the OptiStruct
solver [22]. However, this structure cannot be manufactured
directly because of its complex shape. Therefore, the OSSmooth,
which is a post-processor in OptiStruct, is applied to the optimized
model, as shown in Fig. 7(c). The color of the initial optimization
represents the height of the bead. The nodes on the base panel
where no deformation occurs are indicated in blue. Fig. 7(d) shows
the parameters for the topography optimization, which was listed
in Table 1. The resultant shape of the topography optimization is
determined by these user-defined parameters. Fig. 7(e) shows the
concept of the layer options in OSSmooth. In the case where layer
equals one, two layers are generated, namely a base layer and a
bead layer, whereas three layers (a base layer and two bead layers)
are generated in the case where layer equals two. With the increase
in the number of layers, the manufacturing cost of the panel in-
creases significantly because of the increase in complexity of the
bead shape. As it is shown in Section 3, an optimized model cor-
responding to layer¼ 1 was employed for experimental verifica-
tion. Fig. 8 shows the calculated equivalent radiated power (LERP)
for each case.

As shown in Fig. 8(a), the equivalent radiated power of the
optimized model is reduced by 5.9 dB at a target frequency band of
200e400 Hz compared with the initial model, whereas in the fre-
quency band of 0e600 Hz, it is reduced by approximately 9.4 dB.
However, in the manufacturing process using stamping, the fillet
must be applied to the bead pattern of the optimized model
because of the limitations in producing hard-edged corners. Two
modified models were created by applying fillets with dimensions
of 1 and 2mm, corresponding to R1 and R2 in Fig. 8(b). Fig. 8(b)
shows the equivalent radiated power of themodifiedmodels. In the
frequency range of 0e600Hz, the equivalent radiated power of the
modifiedmodel with R2 fillet is reduced by 8.59 dB, compared with
the initial model. However, as shown in Fig. 7, the mass increase in
the optimization process is only 0.6%. Thus, topography optimiza-
tion significantly improves noise insulation with minimal increase
in the mass.

As shown in Fig. 8a, the initial model has a high equivalent
radiated power at 255 and 342 Hz within the target frequency band
(200e400 Hz). These frequencies correspond to the vibrating
modes (254.98 and 342.00 Hz). Fig. 9(a), (b) show the nodal lines of
the vibrating modes of the initial model at 254.98 and 342.00 Hz,
respectively. Fig. 9(d) is the contour of the optimization result.
Fig. 9(c) is a comparative view that overlaps these two nodal lines
and the contour. Fig. 9(e) is the zoom view of Fig. 9(c). In Fig. 9(c),
the black (�), red (�), and blue (�) lines represent the nodal lines
for the mode shapes at 254.98, 342.00 Hz and the bead shape of the
optimization result, respectively. The nodal line of the bead shape
shows a tendency to cross the nodal lines of the two mode shapes.
This results in a stiffer structure that reduces the bending defor-
mation and minimizes the velocity response corresponding to
these mode frequencies. Thus, the objective function, which is the
equivalent radiated power of the panel, is satisfied as shown in Eq.
(5). Section 3 demonstrates the noise and vibration evaluation of
the manufactured panel that is based on the modified model with
R2 fillet (Fig. 8b).
3. Experimental verification

To verify the performance of the air-conditioning system
covered with the optimized panels, a set of experiments were
conducted. Two main weather conditions were tested for this
specific unit, as mentioned in Section 2. For the summer condition,
the temperature inside the test room was set at a constant tem-
perature of 35 �C, and to simulate thewinter weather, the test room
temperaturewas set to 2 �C. Although the experimental verification
was carried out for both climate conditions, only the result with
respect to winter weather condition is presented.

Fig. 10 shows the experimental setup including the locations of
the transducers. A reference accelerometer was attached to the
panel next to the power source to measure the acceleration
response. The location of the reference accelerometer was chosen
such that the vibration amplitudes of the original and optimized
panels are similar [18]. To measure the acoustic pressure at a



Fig. 11. Comparison of responses for original and optimized panels under operating condition: (a) PSD comparison of the reference accelerometer at the rotating speed of 2200 rpm,
(b) overall A-weighted sound pressure level (0e3200Hz) comparison of the reference microphone with respect to the rotating speed.
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reference location, a GRAS¼” free-fieldmicrophonewas placed 1m
from the panel where the accelerometer was attached, at a height
of 1m from the ground level. Table 2 lists the test parameters for
the experimental verification.

Fig. 11 shows the results obtained from the operational mea-
surements. The PSD of the reference accelerometer was compared
for the original and optimized panels. At the maximum operating
speed of 2200 rpm, the average reduction in the PSD magnitude
was 3 dB for the entire frequency range of the test. At the target
frequency range of 200e400 Hz, an average reduction of 3.1 dB was
obtained, whereas in the range of 0e600 Hz, the reduction in
magnitude was 3.8 dB. The results from the measured sound
pressure on the reference microphone also showed a reduction for
the optimized panel across all operational speed cases. A-weighted
sound pressure level (SPL) that was measured at the microphone
location shows a favorable result for all rotating speeds as shown in
Fig. 11b. At 2200 rpm, the magnitude of reduction was measured to
be 3.2 dB(A), while the average decrease was 2.6 dB(A) with respect
to the original panel. Even under extreme operating conditions
(�2000 rpm) the optimized panel was demonstrated to perform
better.

The results obtained from the modal testing and operational
measurements were found to be in overall agreement with the FE
simulation results shown in Section 2. In the target frequency band,
the vibration response of the panel and the radiated noise
decreased for the optimized system. For the frame structure con-
nected to the enclosure panel via bolts, the assumption of clamped
boundary conditions was proved accurate based on the relative
rigidity of the frame. Therefore, the vibration transmission path
was reduced to bolted joints for the panel. Airborne noise inside the
cavity could be another excitation source; however, for the fre-
quency range of interest, the effect of airborne noise was assumed
to be insignificant. A transfer path analysis should be performed on
the system to precisely determine the noise contribution; however,
it was considered unnecessary given the scope of this study.

4. Conclusions

In this work, a topography optimization-based design approach
was applied to an enclosure panel of an air conditioning system
operated by a high-performance rotating machinery. The equiva-
lent radiated power was employed as the objective function in the
optimization procedure to quantify and minimize the noise radi-
ated from the surface of the panel.

The optimized structure was produced through a stamping
process, wherein a bead pattern is formed. The FEA results were
validated by conducting experiments on the original and manu-
factured optimized panels. As outlined in the paper, this type of
solution to a common NVH problem can be advantageous in
practical implementation when other solution techniques are
considered. The following are the main advantages:

1. Compared to material-based noise insulation, such as con-
strained layer damping treatment or stiffeners, the mass in-
crease resulting from the topography optimization is relatively
insignificant (<1%). As a result, the manufacturing cost can be
reduced by applying a topography optimization-based solution
procedure.

2. The structure-borne noise can be effectively reduced for a spe-
cific frequency band at low frequencies.

3. The ERP function, which adopts velocity continuity at the
structure-acoustic boundary in the numerical analysis, is
considered to present an upper bound on the expected reduc-
tion in the radiated noise. Although the experimental results
were found to be more conservative, the ERP function can be
useful to approximate the sound radiating to free acoustic space.
Under controlled experimental conditions, this approximation
was found to be applicable from the resulting behavior of the
optimized structure.

These considerations make the solution procedure appealing for
other NVH applications. The manufacturing process used in this
research can be unreasonable if the source of excitation or make up
of the system is changed significantly, making the optimized
structure obsolete for the intended purposes. Therefore, the pro-
cedure outlined in this research is not recommended for the mid
stages of product design; rather, it should be implemented on the
final product.

The flexibility of damping treatments commonly utilized in
practical applications can make the combined effect with topog-
raphy optimization a suitable approach to further reduce the noise
within the framework developed in this research. This will be
explored in future studies.
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