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Abstract. This paper presents a model reduction and subitradechnique for reduced dynamical models of atiou
duct systems. The behavior of the acoustic wawderducts is easier to understand using numesgallations,
because it is possible to observe the propagatidhe@wave front along the system. From the numeoiot of view,
acoustics simulations in ducts are accomplishedueately using the Finite Elements Method (FEM). The
disadvantage in using FEM technique to simulate B\(air-handling and conditioning system) and exhsasystems
is the computational cost demanded due to the gieaensions of the ducts since they are constitbiegbints,
unions, curves and obstacles that have to be mdd#ies leading to a limited frequency analysis.alternative to
obtain the reduced model of this kind of systentiseuse of Component Mode Synthesis (CMS) techriipe to the
presented aspects, in this work, the use of C\p&ojsosed in order to obtain the bi-dimensional estammodal model
of fluid-filled ducts of large dimensions. With tresulting modal model, the acoustic field insitle fuct due to a
noise source, being previously identified, is oféai. A substructure coupling method employing iinéerface
theoretical normal modes supplemented by Residiexilstlity Attachment Modes was used. The frequelependent
sound fields inside the ducts were obtained udiegproposed technique and good agreements werénebtavhen
they were compared to the results from the fulllgieal and finite element model.

Keywords: acoustic ducts, reduced model, substructuringtdielementsscomponent mode synthesis.

1. INTRODUCTION

Noise emissions from HVAC or duct systems are drtbe@main topics related to acoustic comfort peotd inside
buildings, as many national and local regulatiooflime. The prediction of the noise emission of HMAC system
depends mainly on the acoustic performance of @iffeHVAC components, given by manufacturers anmegted with
empirical relationships (Semprini et al, 2003).

Other manner to predict the acoustic behavior BVAC is by analytical or numerical methods. Thigetacan be
the finite element (FE) method or the boundary eletmBE) method which both are commonly used inuato
analysis (Maess and Gaul, 2006).

Numerical techniques, involving for example a FEdeloor a BE model, do not have the restriction iafpte
system geometries, but for computational and acgur@asons are applicable primarily to low frequepcedictions.
Similarly such an approach is inefficient for simtibns involving a large number of geometric vaoias (Magalhées
and Ferguson, 2005).

Duct systems are often built up by recurrent stechdamponents, as for example duct segments, jaimdsflanges.
These components are furthermore assembled inatitfeombinations to complex duct systems and ldngensions.
A proper analysis of the acoustical dynamic behawfosufficiently discretised duct systems in thadimensions is,
however, challenged by the large number of degoédeeedom. Thus this modeling of complex strucsuteads to
finite elements models of very large sizes.

It is thus important to reduce the size of the esysfor mainly several reasons: the cost of comurtavhen one
wants to extract the eigensolutions or to predie behavior of the full structure, the optimization updating
procedures which require fast iterative technicaras finally nonlinear mechanics.

The substructuring or also known as Component Méytghesis (CMS) method currently plays a consideratie
in the analysis of the complex structures. This hoétconsists in subdividing a structure in compdseralled
substructure or superelement, which are analyzeld camdensed separately, while preserving the jonstiDOFs
between substructures. The substructures, or coamp@nare represented by their modes. The lattérda the normal
modes, the rigid body modes, the static modesinteeface modes, etc. The advantages of such aochette to be able
to analyze problems of quasi-unlimited size with tluirrent data-processing resources (Massaih 2006).

The geometric modification of a substructure makgmssible to reanalyze the full structure withoa cost of
computation and it makes it possible to preparé @aadel of substructures independently of the sthEhis advantage
is significant for the study of the complex substuies whose designs are entrusted to various eguipsuppliers or
in the context of parallel processing.
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The aim in this paper is to develop a reduced motlghe acoustic field inside a duct provided byaise source.
The Component Mode Synthesis (CMS) method was fmsetie development of this alternative model. ®gosently,
the CMS model implemented was then compared witharefytical and numerical model, such as finiterelet model.

The CMS method requires the user to model sepa@tgonents of a problem in terms of a summatiorr ove
constraint modes and component normal modes. Tl coatributors and particular techniques of the £Method
are mainly found in the field of structural dynasjievhere it was originated as a substructuringriggcie dynamics
(Magalhdes and Ferguson, 2005).

Component mode synthesis involves three basic :stigsion of a structure into components, defunitiof sets of
component modes, and coupling of the component nmoo@els to form a reduced-order system model (Caig
2000).

In this work the implementation of the CMS method &coustic problem is demonstrated and the oldaiesults
shows the potentially of the technique beyond thectural dynamic area. The implemented methogied to a bi-
dimensional model.

2. METHODOLOGY
The acoustic field inside a duct can be estimateidguthe modal parameters of the system (eigensaunel

eigenvectors values). The relation between input @urtput sound pressure in terms of the modal petens can be
written by Eq. (1) (Maia and Silva, 1997):

Q’jk(w):pj:ZN: e )

wherep; is the output sound pressure in the npgg is the input sound pressure (harmonic excitationfie nodek; ¥
is the eigenvector value in the nodeelative to the mode; ¥, is the eigenvector in the nod#te(correspond to the
excitation node) relative to the modew, is the natural frequency relative to the mad@ rad/s;w is the angular
frequency under analysis in rad/s.

Although, the output sound pressure level (SPlthennodg due to an input harmonic sound pressure in the kod
is:
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wherep, is the reference sound pressure (0,00002 Pa).

For use the Eg. (1) and (2) the model is consiiénear and without damping. Then, theses equatiam be used
for estimate the sound pressure due to many haosmamput sound pressure.

The eigenvalues and eigenvectors of the model aitéd). (1) and (2) must be estimated using the Gdt&nique,
which is the purpose of the work and will be ddseryet in this topic.

The complete acoustic model considered in thiskvinas large dimensions and geometric obstaclederiti then,
no trivial solution is described in the availabterdature. This fact let us to use the CMS techajguhich uses simple
substructures to get a complex model. The mostrgetype of component, or substructure, is one ithabnnected to
one or more adjacent components by redundant auesf

The substructure coupling method used in the ptegaper is constituted of free-interface substmectormal
modes supplemented by "reduced flexibility" (RealddFlexibility Attachment Modes). This method is an
approximation of the method developed by Craig &@fthng (1977), and the basic ideas for represerttieg
substructures are contained in the works of MacKkE#/1) and Rubin (1975).

This CMS method is large used in the experimenigld,f once the eigenvalues and eigenvectors of each
substructure are determined using experimental haoddysis.

In this work, the normal modes of each substructuseobtained from analytical modal models. So,dbeplex
structure to be modeling using the CMS is dividedimple substructures that have analytical equatfor obtain the
eigenvalues and eigenvectors theoretical.

Component normal modes are eigenvectors, and mayassified according to the boundary conditigmec#ied
for the component — fixed-interface normal modese-finterface normal modes, hybrid-interface normaldes, or
loaded-interface normal modes (Craig Jr, 2000).

Using the Eg. (3) and Eg. (4) the normal naturedfiencies and normal modal shapes, respectiviedyrectangular
duct with closed ends can be estimated considenhgthe longitudinal axes (bidimensional model):
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wheref; is the natural frequency (Hz) of the duct respedhdexij, ¢, is the sound speed (m/&),is the length of the
duct,L, is the height of the ducg; is the modal shape due to mdpex is the coordinate in the x direction (along the
length) andy is the coordinate in the y direction (along theght.

Since model reduction is one of the major objestivteCMS, the normal mode set is usually reducea soaller
set ofkept normal mode®)). The upper frequency of interest in the complatalel analysis defines the number of
normal modes that it will be used in the CMS teqghi So, it is suggest using the normal naturgjueacies below 2.5
times the upper frequency of interest to have amyuresults after to do the synthesis of the subsires. The normal
modes above this limit frequency (calleidleted normal modeg);) are used to estimate the residual flexibility
attachment modes. It represents the flexibilityhef higher-frequency modes.

Residual-flexibility attachment mode&)(may be defined for the inertial forces appliedhet interface coordinates
of the substructures (boundary nodes of the sutistiel 1= boundary nodes of the substructure 2)hbyfollowing
equation:

3¢ =63 Nag By ®)

Ngg = (fq 27 (6)

where the subscript refers to deleted modes andefers to boundary nodes of the substructurestiperscript * refers
to transpose matrix and refers to inverse matrixiyg are the eigenvalues not considered in the normdeseet ang}
are the deleted natural frequencies obtained frqm(¥.

The order of magnitude of the residual flexibility smaller than that of the flexibility of the keptodes.
Incorporation of residual-flexibility attachment des into the component mode set ensures complatesentation of
static deflection of the component due to the iakfbrces applied at interface DOFs.

The next step is to use a Component Mode Syntisiisods to do the union of the substructureshiswork was
used the attachment-mode method approach.

If a reduced set of component normal modes is wsmbut including a complete set of interface efttment modes,
the component mode set is not statically complétevever, methods that employ free-interface nonmadles together
with attachment modes (including residual flextgilattachment modes and/or inertia-relief attachnmeades) are
widely used especially in context of experimentification of finite element models (Craig Jr, 200

For the considered synthesis method and considesiagubstructures; andg, the motion equation can be written
in terms of generalized coordinates:

M¢+Kq=0 ™
whereq is the kept modal coordinates and can be defised a

u=Silq (8)

a
andu is the modal coordinateS,is a compatibility matrix (it will be defined l&tf) andq = {u,;} where the subscrift
Ui

refers to kept modes.
The coupled-system mass and stiffness matricesthavierms:

io| M M KT K g
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The matrices in the Eq. (9) can be re-written mfibrm:
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Solving the reduced problem (Eq. 7), the eigenvalued eigenvectorg4) of the connected system (substructures
andp) are obtained in the modal coordinatgs o return to the original modal basg)(it is used the following linear
transformation:

w=71S07 (14)

where:
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where the subscriptrefers to internal nodes of the substructure.

Complementing the methodology used, there are twditions that must be obeyed:

- The number of boundary coordinates of each suttstre must be equal.

- The number of flexibility attachment modes must dqual to the number of boundary coordinates ef th
connected substructures.

The results obtained with the methodology prop@sedshowed in the next item.

3. NUMERICAL RESULTS

The methodology described was used to obtain tloeistic field inside a duct. For this work, two mizlef
acoustic ducts were used. Both models don’t consite fluid-structure interaction between the in&rfluid and the
ducts walls (rigid walls).

The first model has simple geometry (Fig. 1) ardanbalytical solution is available in the liter&tuso it was
modeled using CMS technique only to validate théhadology.

The second model (Fig. 2) has a complex geometey tdua plate inserted in the middle of the ductha
longitudinal axes. The results obtained with the &£dchnique for this model were validated usingfihiée element
method (FEM). Both models were excited by a poois@ source.
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Figure 1 — Duct acoustic of simple geometry

Each model (CMS model of the figures 1 and 2) wasrdtised in internal nodes and boundary nodescéesee
in the figures only the boundary nodes, although ghbstructures 1 and 2 have internal nodes spzfc@®2m in
longitudinal direction and 0,25m in the verticatedition. In these nodes (internal and boundary)Bbe(3) and (4)
were computed.

The frequency of analysis of interest is 500 Hzthso kept normal modes have the upper limit freqyesf 1250
Hz. Above 1250 Hz the normal modes (called “def§tade used to estimate the flexibility attachmerudes.

In the acoustic models were assumed that:

- The fluid is inviscid and the averaged presssneniform.

- The pressure fluctuations in the acoustic fiekllawer than the mean pressure of the fluid.

- Reflection coefficient simulating an open ducthie end termination.

Boundary condiction:

Complete Model Reflection coefficient

0499 m Plate \
Monopole Lm
noise source 0499 m
= = =
Sm 3m Sm
CMS Model
Boundary Nodes
2 e
Substructure 1
BEBBB® s Py BRB BB [ TYIIE Im
- ) . . Substructure 2 - ‘ .
Conexion Conexion
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Figure 2 —Duct with a thinner plate inside it.

The modal models obtained with the CMS technique ¢@od agreements with the analytical and finitgrednt
(FE) models. For the first model it was obtained ®kdex near the unity for the frequency rangentériest, and for
the second model, the perceptual error betweelCM8& and FE model didn’t have value major than 3%stiie first
twenty modes (Nunes and Duarte, 2009).

In the figures (3) and (4) it is shown the acousgtiessure inside of the simple duct (Fig. (1))reated from the
CMS results for the frequencies: 400 and 500 Hapeetively. It was simulated a harmonic noise seamd the sound
pressure level was computed using the Eq.(2). Bftevare Matlal was used to estimate and plot the results from
modal model (CMS technique) and the finite elenmeethod (Ansy8) was used to validate and to compare the results.
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Figure 3b — Sound pressure level inside the simptt at 400Hz (FEM method).
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Figure 4b — Sound pressure level inside the simptt at 500Hz (FEM method).

We can see in Fig. (3) and Fig. (4) that the ad¢otigd for both models, CMS and FEM, produced ianmresults.
The vantage of the CMS model in relation of therk@del is the reduced model that decreases the giocetime for
an optimization process, for example.

The sound pressure level in the duct with a thirplate inside it is showed in the Fig. (5) and K&).for the tonal
frequencies: 300 and 400 Hz, respectively.
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Figure 5a — Sound pressure level inside the dutt avplate at 300 Hz (CMS technique).



Proceedings of COBEM 2009 20th International Congress of Mechanical Engineering
Copyright © 2009 by ABCM November 15-20, 2009, Gramado, RS, Brazil

1%

4Z .66 52.842 63.024 73.206 83.388
47.751 57.933 65.115 78.297 85.479

::I

i

L)

{l

r
|
|

A

—
]
]
—
..'.-;_f:l
e
ey
—
=

W
gl

e
e—

Figure 5b — Sound pressure level inside the duitt avplate at 300 Hz (FEM method).
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Figure 6b — Sound pressure level inside the duitt avplate at 400 Hz (FEM method).

Although the color of the scale used is differéhé results are agreement between both technitjuése Fig. (5a)
and (5b) we can see that along the cavities forfoedhe plate and duct the sound wave is plan, dheecut-off
frequency (343 Hz) in these cavities have a valagnthan the excitation frequency (300 Hz). Owddide cavities, or
along the original duct, the cut-off frequency ®l15 Hz, so the sound waves have high-order modes.

We can see in Fig. (6a) and (6b) that the sourld feecomplex along the entire duct. It's notalattfor this
excitation frequency the partition inside the ddoésn’t have effect under the sound field. This due to the cut-off
frequency inside the partition being lower than #0(excitation frequency).

It was verified that the computational time pro@egsf the SMC model is about three times less tienFEM
model.

The number of d.o.f for the SMC and FEM model withpartition inside the duct are the same for bbth,for the
model with partition, the FEM model has much mam@fdwhen compared with the SMC model becausgéuenetry
of the first became complex inside the duct andntlesh need to be refined near the partition. Téfimement is not
necessary for the SMC model, so the number of.da.this model is decreased.

The component modal synthesis technique showee ta §ood tool to obtain the sound field inside atduith
geometric restriction, what difficult the numericode! increasing the complexity of the mesh (forregke in FEM)
and consequently in the solver. So, this acoustidahobtained from SMC technique may be used immopation
routine, like heuristic methods, where the compoai processing time is an important parameterraag be reduced
using the SMC model if compared with the FEM model.

4. CONCLUSION

The objective of this paper was to develop a redunedel of the acoustic field inside a duct prodids a noise
source using the Component Mode Synthesis (CMShadetvhich was implemented for an acoustic probl&hen,
the technique applied to acoustic was demonstratetithe obtained results shows the potentiallyhef technique
beyond the structural dynamic area. The implememtethod was applied to a bi-dimensional model.

In previous work was shown the good agreementsdeithe modal models obtained with the CMS teclenand
the analytical and finite element (FE) models. &simple duct without obstacles inside it the MAQdx was near the
unity for the frequency range of interest, andtf@ duct model with a plate inside it, the percaparror between the
CMS and FE model didn’t have value major than 3%He twenty firstly modes (Nunes and Duarte, 2009)
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In this work, we could see that the acoustic fiebdained from the modal models, using CMS techniguel the
analytical and FEM model produced similar resulise vantage of the CMS model in relation of therk@del is the
reduced model that decreases the processing tinas foptimization process, for example.

With the reduced acoustic model obtained from CR&hnique is possible to see that the complex aicofistd
along the duct, although between the cavities fdrfoethe plates inside it where the sound wavesp&an.

The component modal synthesis technique showea ta §ood tool to obtain the sound field inside atduth
geometric restriction, what difficult the numericode! increasing the complexity of the mesh (forregke in FEM)
and the solver.
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