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Aamir Anwar

(ABSTRACT)

Noise levels in areas adjacent to high performance jets have increased
monotonically in the past few years. When personnel are exposed to such high noise
fields, the need for better hearing protection is inevitable. Adequate hearing protection
may be achieved through the use of circumaural ear defenders, earplugs or both.

This thesis focuses on identifying the dominant physical phenomena, responsible
for the low frequency (0 — 300 Hz) acoustic response inside the earmuffs. A large volume
earcup is used with the undercut seal for the study. The significance of this research is
the use of finite element methods in the area of hearing protection design. The objectives
of this research are to identify the dominant physical phenomena responsible for the loss
of hearing protection in the lower frequency range, and develop FE models to analyze the
effects of structural and acoustic modes on the acoustic pressure response inside the
earcup.

It is found that there are two phenomena, which are primarily responsible for the
lower frequency acoustic response inside the earmuffs. These modes are recognized in
this thesis as the piston mode and the Helmholtz mode. The piston mode occurs due to
the dynamics of the earcup and seal at 150 Hz, which resultsin loss of hearing protection.
The Helmholtz mode occurs due to the presence of leaks. The resonant frequency of the

Helmholtz mode and the pressure response depends on the leak size.
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CHAPTER 1

Introduction

1.1 General Overview and Statement of Need

Noise levels in the vicinity of high performance jet aircraft and modern weapon
system have increased astronomically over the past few decades. As aresult of increased
engine power in recent jet aircraft, the noise levels in the surroundings of these jets have
increased. These high noise levels have made it mandatory for personnel exposed to
these noise levels to have adequate hearing protection. The hearing protection devices
include earcups, earplugs or both. The use of either earcup or earplugs alone is called
single hearing protection (SHP), when both are employed it's caled double hearing
protection (DHP). This research project is supported by the US Navy to provide state-of-
the-art performance in single hearing protection and double hearing protection noise
attenuating systems worn by aircraft crew and deck crew personnel. The research is

conducted with collaborative efforts of Adaptive Technology Inc. and Virginia Tech.

1.2 Research Hypothesis and Goals

Through prior research literature and the experiments performed on the
earcup/seal system, it is observed that there are four mechanisms that are primarily
responsible for the poor performance of circumaural ear defenders. These mechanisms
are:

1 Air leaks, which influence the attenuation in a broad frequency range.

2. Earcup vibration, which pumps air trapped with in the earcup into the ear
canal.

3. Sound penetration of the earcup and the cushion that limits sound attenuation

at frequencies above 1000 Hz.



4. Bone and tissue conduction into the outer, middle and inner ear, which limit’'s

the sound attenuation at frequencies above 1500 Hz.

It is believed that two of these four mechanisms, air leaks and earcup vibration,
are responsible for the modes that occur at frequencies below 1000 Hz. These modes are

recognized in this thesis as the Helmholtz mode and the Seal Piston mode.

1.2.1 Helmholtz Mode

Due to the presence of leaks, between the earcup sea and the head, the earcup is
believed to behave as a Helmholtz resonator at lower frequencies. When a slug of air
present in the leak is excited by an ambient pressure source, it starts to vibrate between
the inner fluid volume of the earcup and the ambient air, causing a volume change. If an
ideal gas is assumed, the volume change is proportional to the pressure change in the ear
cup. The volume change can be enough to cause amplification of noise within the earcup

above the ambient pressure.

1.2.2 Seal Piston Mode

The seal piston mode occurs when the ambient noise field excites the earcup, such
that it starts to vibrate like a piston against the earcup seal. In this case the cup acts as a
rigid mass and the seal asa spring. The compression of the earcup against the seal causes

achange in the inner fluid volume and thus causing pressure amplification.

1.2.3 Goals

The overall goa of the research program is to investigate the dominant physical
phenomena, which are responsible for the loss of hearing protection of both SHP and
DHP at low, mid and high frequency range. However, this thesis is focused on modeling
and exploring the effects of low frequency modes (0 Hz -300 Hz) on the attenuation of
the earmuffs. For this purpose, a large volume earcup with undercut seals will be
employed in this research. Isolated study of each physical phenomenon will be performed
and the effects of different parameters on the attenuation will be explored. The coupling

between the fluid and structure enlightens the fact that the fluid and structure modes have



an impact on each other. Therefore, a coupled fluid-structure analysis will aso be

performed.

1.3 Concept For Solution

In order to achieve the desired goals of this research it is necessary to investigate
the phenomena responsible for the poor performance of the circumaural ear defenders at
low frequency range i.e. 0 Hz — 300 Hz. The two dominant low frequency physical
phenomena are, the seal piston mode and the Helmholtz mode, modeling of these
phenomenawill be critical for this study.

A careful observation of these modes has lead to the conclusion that these two
modes can be modeled as a single degree of freedom (SDOF) mass spring damper
systems. For the case of sea piston mode, the earcup acts like a rigid mass vibrating
axialy on a soft spring (seal) of stiffness ‘k’ and damping ‘c’. For the case of the
Helmholtz mode the mass of the air present in the leak acts like a rigid mass, the air
trapped inside the earcup provides stiffness and the damping is provided by the thermo-
viscous losses and the radiation losses. The equation of motion for the seal piston mode
and the Helmholtz mode can be written as,

MX+cx+kx = F, 1.0

Equation 1.1 can be used to derive the acoustic pressure response of the
earcup/seal system in the lower frequency. The criterion selected to analyze the
performance of the earcup is the acoustic pressure ratio P; / P,, where P; is the internd
acoustic pressure of the earcup and P, is the reference acoustic pressure at the external
surface of the earcup/seal system. The pressure ratio P; / P,, provides normalized
amplitude of pressure response inside the earcup.

Although the analytical models provide a good approximation for the pressure
response inside the earcup, these formulations are based on a single degree of freedom
system with lumped mass assumptions. The actual earcup/seal system is a multi degree-
of-freedom system with mass distributed over the volume of the earcup and the sedl. It is
therefore necessary to adopt a modeling and analysis tool, which better represents the

physicsinvolved in the analysis of the earcup.



Introduction of finite element modeling methods in the area of personal hearing
defender design is the most significant innovation offered by this research program. The
Finite Element Method has long been considered as a powerful tool for solving structura
problems, acoustic problems and coupled acoustic structure problems. The evidence of
FE formulations for acoustic and coupled acoustic structure problem can be found in
research conducted over the past 30 years, [15, 16, and 17]. The commercia FE
software programs are well equipped to perform the required analysis. The FE analysis
requires that the geometry of the part be imported into or created in the FE software
environment. Associated material properties are defined in the FE software program. The
geometry is meshed by appropriate elements to represent the spatial domain. The
boundary conditions and loads are applied on the meshed model before performing an
anaysis.

ABAQUS possesses very sophisticated material modeling capabilities, which are
required for defining the material properties for the viscoelastic seal material. Also, it is
quite versatile in its acoustic modeling capabilities. Several basdline studies are
performed to verify the capabilities of the commercial FE codes and the results are
correlated with the analytical results. Therefore ABAQUS was selected as the FE

software of choice.

1.4 Objective of Research

An objective of this thesis is to determine the low frequency acoustic pressure
response of the earcup/sea system for the purpose of identifying and examining the
dominant modes, which are responsible for the poor performance of the SHP over the
low frequency range (0 Hz - 300 Hz). The analysis of the earcup/seal system requires the
structural and acoustics FE modeling of earcup/seal system in order to perform structural
vibration analysis, acoustic leak analysis and the coupled fluid-structure analysis. The
following steps are needed to achieve the desired thesis goal:



Import the geometry of the earcup/seal system into the FE software
environment.

Modify the geometry to make it suitable for the FE modeling.

Acquire the material properties data associated with the earcup/seal system.
Create the FE model for structural analysis, which, includes static load
anaysis and structure vibration analysis i.e. mesh the geometry with
appropriate elements and specify loads and boundary conditions.

Perform a static load analysis to predict the deflection due to headband force.
Perform the modal analysis to predict the vibration modes of the earcup/seal
system.

Create geometry of acoustic leak FE model.

Estimate and represent the damping associated with the Helmholtz resonator
mode.

Create the FE model to perform acoustic leak anaysis, i.e. mesh the geometry
with appropriate acoustic elements and specify acoustic source and boundary
conditions).

Perform the frequency response analysis to predict the acoustic pressure
response inside the earcup due to an external harmonic pressure source.
Validate the FE results with the experimental and analytical results.

Perform the sensitivity analysis by changing the size of the leak.

Create geometry for the fluid-structure coupled FE model.

Specify material properties associated with the earcup/seal system and air into
the FE software.

Create the FE model to perform coupled fluid-structure analysis i.e. mesh the
geometry and specify acoustics and structural loads and boundary conditions.



4, Perform the frequency response analysis to predict the acoustic pressure
response inside the earcup due to an external harmonic pressure source.
Validate the FE results with the experimental and analytical results.

Perform the sensitivity anaysis by changing the size of the leak.

These steps not only determine the acoustic pressure response inside the earcup
but also help in studying and isolating the effects of the structural mode (seal piston
mode) and the acoustic mode (Helmholtz mode) on the low frequency performance of the
circumaural ear defenders. The fluid-structure coupled analysis determines the pressure
response when coupling occurs between Helmholtz mode and the seal piston mode.
Sensitivity analysis for different leak sizes determines the effects of leak size on the
acoustic pressure response inside the earcup. In essence the steps taken in this research
satisfies the desired goals of thisthesis.

1.5 Scope of Thesis

This thesis is focused on the FE modeling of the large volume ear defenders for
purpose of identifying and exploring the dominant physical phenomena, which are
responsible for poor low frequency attenuation. The dominant modeling issues related to
FE modeling of these phenomena are resolved. The material properties associated with
the earcup/seal system are acquired. The damping associated with the seal piston mode
and Helmholtz mode is estimated and modeled. The FE models are created and boundary
conditions are specified to represent the physics involved in these two phenomena. The
FE analysis is performed to obtain the acoustic pressure response inside the earcup/seal
system. In order to determine the effect of leak size on the acoustic pressure response
inside the earcup a sensitivity analysis is performed by employing leaks of various sizes.
The earcup elastic modes and internal acoustic modes are extracted to determine their

influence on the low frequency acoustic response.



1.6 Thesis Outline

This thesis consists of eight chapters including necessary background, research
hypothesis and goals, concept for solution, objectives and scope of thesis in Chapter 1.
Chapter 2 provides some related information and previous research done by other
researchers in the same area. It includes a review of the methods adopted by other
researchers to explore the attenuations limits of the earmuffs. The geometry of the
earcup seal system is presented in Chapter 3. The FE modeling issues, related to the
structural analysis of the earcup seal system, are discussed in Chapter 4. It also includes
the development of the FE model. Chapter 5 covers the issues related to the acoustic
modeling involve in the leak analysis, it aso includes the development of the acoustic
leak model. The FE modeling issues and the model development of coupled acoustic
structure model are discussed in chapter 6. Chapter 7 includes the results from the FE
anaysis performed on the earcup seal system. Chapter 8 covers the summary of this

thesis, the conclusion of the thesis and recommendations for future work.



Chapter 2

Literature Review

In the past fifty years researchers have explored noise attenuating characteristics
of hearing protection devices and the threshold limits of hearing protection. This review
will evince the fact that there is no recent literature that has been published that
documents the role of certain acoustic phenomena, which impact the performance of the
hearing protections devices (HPDs). Instead there is ample data describing measured
performance of several HPDs.

Von Gierke and Warren (1953) [4] investigated the maximum hearing protection
that can be achieved by circumaura ear defenders. The purpose of their study was to
provide hearing protection developers a reliable benchmark that defines the maximum
levels of protection achievable for humans exposed to noise. Their prediction was based
on bone conduction thresholds derived from direct stimulation of forehead via “sound
tubes’, but they did not conduct the measurement with the entire body or head irradiated
in asound field. The concept of bone conduction limits implies that sound is transmitted
via bony structures in the head that by-pass the norma mechanism for transmission of
sound through the ear canal. Von Gierke states that hearing protection only accounted
for 12 dB of noise attenuation. The conclusion of the paper was that at frequencies below
500 Hz, the maximum attenuation that could be achieved by hearing protection devices
was 28 dB. Above this frequency, the best attenuation would be between 40 and 50 dB.
The poor attenuation at low frequencies was attributed to the mechanical vibration of the
earcup.

Zwidlocki (1957) [6] performed direct measurement of bone conduction
thresholds in afree sound field; he provided values that have indeed withstood the test of
time. In his experiments, he measured REAT (real ear attenuation at threshold) in a free
sound field on a group of six subjects wearing solid earplugs in combination with heavy
circumaural ear defenders, three of those same subjects wearing only resonator earplugs



tuned to frequencies from 300 to 600 Hz, and one subjected to frequencies below 125 Hz.
The bone conduction (BC) limits were determined for the resonator earplugs below 400
Hz, the better performance resonator earplugs or the dual combination from 400 to 1500
Hz, and the dua combination only above 1500Hz. The maximum attenuation was
achieved for the uncovered head below 125 Hz is 52 dB; in the frequency range between
125-500Hz the attenuation is 68 dB. Due to the extreme measure employed by
Zwidlocki, with different types of earplugs used to acquire data at different frequencies
and the type of sea he achieved in bony meatus, his data may indeed define the true BC
[imits with the uncovered head.

Shaw (1958) [5] was the only researcher to explore the physics of low frequency
acoustic behavior of the ear defenders (earcup). He observed, “at frequencies below
1000 Hz sound reaches the ear through well fitting ear defender by setting the whole ear
defender into vibration.” He was the first author to develop an analogy between the
earcup seal system and a spring mass damper system, he states that “ If a mass-like ear
defender supported by a spring like cushion and an alternating force is applied to the
mass it will be set into vibration whose amplitude will depend upon frequency of the
applied force.” Shaw developed an anaytical formulafor transmission ratio as afunction
of frequency assuming the vibration of a spring mass system. In his paper he plotted the

transmission ratio versus frequency for different values of damping, Figure 2.1.
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Figure 2.1 Vibration of a spring mass system as a function of frequency for different damping
values. [5]



Shaw [5] then conducted his experiment on actual earmuffs having a liquid filled
cushion; he obtained transmission ratios for different values of the spring constant of the
cushion by changing the temperature, Figure 2.2. It is to be noted that the experimental
results are similar to the results obtained by the analytical model for the vibration of

Spring mass system.
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Figure 2.2 Transmission ratio of sound through ear defender for different values of the spring
constant of the cushion. [5]

He aso pointed out that the volume of the cup and the spring constant of the
cushion including the flesh, controls the attenuation of the earcup at lower frequencies.
He suggested that the vibration of the ear defenders could be minimized by means of a
cushion, which uses a high Young's modulus sheath to contain high bulk modulus filler,
Figure 2.3.
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Figure 2.3 Ear defender having liquid filled cushions. [5]

By analyzing various seals (cushions) of different damping values he noticed that
for reasonably low damping values there are two regions, alower frequency region and a
higher frequency region where the damping has insignificant effects, called the stiffness
controlled region and the mass controlled region respectively. In the stiffness controlled
region the vibration is independent of frequency and depends on the spring constant of
the cushion. In the mass controlled region the vibration decrease by 12 dB per octave
increase in frequency. Shaw concluded, “A suitably designed ear defender can easily
provide 20 dB attenuation at 50 cps’ [5].

Thiessen (1962) [7] realized that considerable attention is given to the acoustical
behavior of large volume circumaura ear defenders, which is obvious from severd
publications on that subject. However, there were very limited publications on specific
problems that arise when an electro-acoustic transducer is added into such a device. The
development of louder weapon systems, more powerful aircraft jet engines and military
communication have made it necessary to develop a combined circumaura ear defender
and ear phone.

Theissen noticed, “When an electro-acoustic transducer is added to a circumaural
ear defender the requirements of minimum sound transmission and maximum earphone

sensitivity are partially incompatible” An idea circumaural earphone would provide
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maximum attenuation of extraneous noise and optimum coupling between transducer and
ear. He investigated the transmission and response of simple (single cavity) and
compound (two cavity) systems, Figure 2.4, and concluded “a preferred system is arigid
structure with resistive coupling between the two cavities. This system has maximum
effective coupling volume at low frequencies thus providing maximum noise attenuation

and a smaler effective volume at high frequencies affording increased earphone
response.”
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Figure 2.4. Single cavity and double cavity cushioned circumaural earphone and corresponding
acoustic impedance network. [7]

Theissen aso concluded that the dua cavity earcup has a constant response over a
large frequency range. His theory is supported by measurements on an experimental
earphone having atransducer and cavity characteristics.

Berger (1983) [8] explored various combinations of HPDs in detail and provided
suggestions for the selection of each of the devices to be used in a dual protection
scenario. He investigated REAT values for three earplugs and three circumaura ear
defenders, which were employed both singly and in various combinations according to
ANSI S3.19-1974. He used commercially available earplugs, which aso include the 19
mm E-A-R® Classic® plug that was inserted partialy (Pl 15%-20%) of the plug in ear

canal, to a standard depth (SI; about 50%-60% in the ear canal) and deeply inserted (Dl;
about 80%-100% in the ear canal), Figure 2.5.
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Figure 2.5 Partial (PI), standard (SlI) and deep (DI) insertion of a Classic foam earplug in one
subject’s ear canal. [12]

Berger observed that below 1 kHz various combinations of earplugs and
circumaural ear defenders provide different values of attenuation. At and above 2 kHz all
combinations provide the same level of protection. He also observed that the combined
protection of a circumaural ear defenders and a plug aways exceed either of the
individual devices at al test frequencies.

Goff (1984) [9] was interested in testing hearing protection devices for the mining
industry. Personnel working in the mining industry are exposed to high ambient noise for
extended periods of time. Goff performed his experiments by setting up circumaural ear
defenders on several workers to test the actual noise attenuation seen in the field. He
placed two microphones on each of the test subjects; one next to the ear canal, and the
other on the corresponding shoulder. Time data of the microphones was then recorded on
a dua track tape recorder for an extended period of time. Goff observed that better
attenuation was achieved at frequency 2000 Hz and above. He also pointed out that the
actual noise attenuation seen in the field was lower than predicted by NIOSH and ANSI.
Goff also observed an amplification of noise between 80 and 315 Hz.

Pagkkonen (1992) [10] performed a comprehensive study to assess the effect of
the cup, cushion, foam lining and headband of earmuffs on noise attenuation. In hisview
the noise attenuation of hearing protectors are determined not only by type of circumaural
ear defenders material and by human parameters, but also by physica laws and
limitations. He pointed out that sound penetrates the hearing protection devices through
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four mechanisms which include, (1) air leaks (2) earcup vibration (3) sound penetration
of the earcup (4) bone and tissue conduction into the outer. Padkkonen conducted his
study with a miniature microphone method in an anechoic chamber, in a low frequency
chamber and with an acoustic tunnel.

He observed that “changes in cup foam lining improved attenuation as much as 10
dB, and changes in the cushion or in the dynamic stiffness and damping characteristics of
the cushion improved attenuation as much as 4 dB. These changes affected the
attenuation in the frequency range over 1000 Hz. However, the changes in the cup
volume or the tight setting between the skin and the cushion were most effective below
1000 Hz. The spring force effect was seen at frequencies over 3000 Hz and under 250
Hz.” He also analyzed the effects of defects in the earmuffs and found out that breaks in
the cushion or holes in the cup deteriorated the attenuation up to 30 dB, whereas a 5mm
leak between the cushion and the skin deteriorated attenuation less than 10 dB.
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Figure 2.6 Summary of results obtained with various configurations for the experiments. [10]

Padkkonen summarized his observations in atable, Figure 2.6, and concluded, * a
tight setting between the skin and the cushion, an increase in spring force of the headband
and the cushion, and an increase in absorption inside the cup improved the noise
attenuation of the earmuffs.”

Rimmer (1997) [11] proposed a new measure for hearing protection device (HPD)
attenuation called BCLB (Bone Conduction Loudness Balance). Through this method
Rimmer was able to measure attenuation in a 0-dB environment. He used pure tones and

noise bands. He used a third octave noise band centered at 2000 Hz in order to nullify
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the effect of bone conduction at the lower frequencies. It was his contention that bone
conduction has the largest effects at lower frequencies and it may be a limiting factor in
the low frequency attenuation of HPDs. Rimmer also mentioned that HPDs are less
effective below 2000 Hz. Rimmer’s results showed a 0-4 dB difference between REAT
testing and his new method, BCLB.

Gauger (2003) [12] realized that military personnel are exposed to steady noise
levels approaching and sometimes exceeding 150 dB and that the need for maximum
hearing protection is obvious. He performed a comprehensive study and experiments to
explore the limits of hearing protection and whether it can be achieved with existing
technology. He used conventional hearing protection devices and compared REAT
results with the experiments performed by several researchers in the past as shown in
Figure 2.7.
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Figure 2.7 Various estimates of the BC limits to REAT attenuation with head exposed, from
Gauger’s study and prior literature. [12]

Gauger employed procedures similar to those used by Berger in 1983. His test
method conformed to Method A of ANSI S12.6-1997. All REAT measurements were
conducted in the E-A-RCAL™™ acoustical laboratory of Aearo company. An important

feature of his experiment was the use of 24 mm long E-AR® Classics® Plus earplug (a

longer version of 19 mm classic foam ear plug) in conjunction with conventional ANR
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(Active Noise Reduction) circumaural earmuffs (made by Bose) and Gentex lightweight
fighter/attack aircrew helmet (HGU-55/P), Figure 2.8.

Figure 2.8 Gentex HGU-55/P flight helmet. [12]

The test signals were obtained in 1/3-octave-bands of noise spanning the range
from 125 Hz to 8 kHz. Gauger observed that the attenuation values for the single HPDs
increases by 2 to 4 dB with use of Classic Plus earplugs. He also observed that the flight
helmet data are similar to earmuff attenuation values up through about 1 kHz, but quite
different from circumaural ear defenders in the high frequency range. This is because at
high frequencies, the important BC pathway has been shown to be direct transmission to
the cochlea bypassing the external canal. For the case of double hearing protection,
Gauger observed that the dua protection data for ANR circumaural ear defenders
demonstrate values that are equal or greater than Berger's prior estimate obtained by
using a lead circumaural ear defender. This is due to the fact that the earplug is an
extremely important component of the dual protection system. He also observed that the
DI (deep inserted) ear plug used in his study exceeds the performance of the one
employed by Berger in 1983. Gauger concluded from his study that for an uncovered
head, switching from single to dual hearing protection could only achieve modest gains
of about 6 dB at and above 1 kHz before reaching the BC limits. However, at low
frequencies gains of 10 to 15 dB are observed. He also noticed that by using the tight-
fitting flight helmet with a face plate (visor) additional gains of 4 to 11 dB are possible
from 1 kHz and above. The maximum attenuation achieved by dual hearing protection is
50 to 60 dB at frequencies below 1 kHz and 40 to 50 dB at frequency above 1 kHz.
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Birch (2003) [13] examined the effectiveness of hearing protectors in a high
amplitude impulse noise field. He designed an acoustic test fixture for the evaluation of
hearing protection devices in this kind of sound field. The acoustic test fixture, referred
to as ATF, consisted of a high-pressure generator, and a long tube. The system was
capable of producing noise levels as high as 160 dB SPL. Birch concluded that the ATF
could be used to measure HPD attenuation up to 45 dB. There was little testing
conducted on the attenuation of the HPD.

In 2004, ASA work group S12/WG11 conducted experiments to develop
laboratory and field procedures that yield useful estimates of hearing protection devices
(HPDs) [12]. The REAT procedure was selected and tests were conducted for one
earmuff and three earplugs via interlaboratory study involving five laboratories and 147
subjects. The workgroup examined the REAT distribution as a function of protector,
fitting procedure and test frequency. Methodologies employed in the test were
experimenter-fit, informed-user-fit, and subject-fit. It was found that the subject-fit
method produced the most consistent results between the labs. Through this research,
mathematical relations were derived to determine the minimum detectable difference
between attenuation measurements and to determine the minimum number of test

subjects to achieve that level of precision. “For a precision of 6 dB, the study found that

the minimum number of subjects was 4 for the Bilsom UF-1 earmuff, 10 for the EAR®
Classics” earplug, 31 for the Willson EP100 earplug, and 22 for the PlasMed V-51R

earplug.”
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This literature review has adequately covered the research work that has been
conducted with regard to circumaural ear defenders noise attenuation. The first ever
published study of the earcup was in 1953 by Von Gierke, since then a number of
scientists have conducted research that focused on modeling the cup dynamics, field
testing of earmuffs, finding limits of attenuation and determining standard protocols for
testing hearing protection devices. However, it is important to realize that Shaw was the
only researcher to explore the theoretical acoustic behavior of earcup defenders i.e.
modeling the dynamics of the earcup. All other researchers were interested in exploring
the performance of several hearing protection devices (HPDS).

It is learned from the literature review that sound that there are four mechanisms
that are primarily responsible for the poor performance of circumaural ear defenders.
These mechanisms are:

1. Air leaks, which influence the attenuation below 1000 Hz.
2. Earcup vibration below 1000 Hz, which, pumps air trapped with in the earcup

into the ear canal.

3. Sound penetration of the earcup and the cushion that limits sound attenuation
at frequencies above 1000 Hz.
4, Bone and tissue conduction into the outer, middle and inner ear, which limit's

the sound attenuation at frequencies above 1500 Hz.
The past research has played an important role in identifying the phenomena,
which are responsible for the performance of the earcup in lower and mid frequency
range. The lower frequency phenomena, air leaks and earcup vibration will be explored

in this research.
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CHAPTER 3
3D Modeling of the Earcup

Getting the correct geometry into the software is a fundamental step in performing
finite element analysis. Once the modeling inputs are completed, analysis could be
performed. Large volume circumaura ear defenders, Figure 3.1, consist of rigid earcup,
soft gel seal and a stiff headband.

Figure 3.1 Large volume circumaural ear defenders

3.1 Geometry of Earcup/Seal System

The geometry used for FE modeling was obtained from the earcup supplier in
IGES format. The symmetry of the earcup requires only earcup and seal to be employed
in the FE model. Great efforts were made to make some modifications on the geometry,
to make the given IGES CAD geometry more suitable for FE modeling; the details of the
modifications will be covered in the next chapter. ANSYS modeling capabilities were
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utilized to modify the geometry. The original earcup geometry and the modified ear cup
geometry are shown in the Figure 3.2(a & b) respectively.
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Figure 3.2 (a) Orignal earcup geometry Figure 3.2 (b) Modified earcup geometry

The earcup sea was modeled by measuring the actual dimensions from the
original soft gel undercut seal. Figure 3.3 shows the 3-D model for the viscoelastic foam-
gel sedl.

Figure 3.3 Geometry of foam-gel seal
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3.2 ABAQUS Geometry

The geometry of the earcup/seal system must be imported into the ABAQUS
environment to perform the FE analysis. It was quite a difficult task to get the geometry
of the earcup into the ABAQUS environment. The earcup IGES file does not provide
enough information for ABAQUS to import the earcup as a single entity. The lugs and
the stiffeners inside the earcup had to be separated from the earcup and be imported into
ABAQUS environment as separate entities. Figure 3.4 shows the geometry of the
earcup/seal system after it has been modified and imported into ABAQUS.

Figure 3.4 3D solid model of earcup/seal system in ABAQUS
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3.3 Dimensions of the Earcup/Seal System

The overal dimensions of the large volume earcup are shown in Figure 3.5.

Important overall geometric factors of the earcup arelisted in Table 3.1.

0.0685m

0.0822m
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0.1069 m

Figure 3.5 Dimensions of the Earcup
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Table 3.1 Important overall Geometric Properties of the Earcup

Volume of the earcup 8577e5m’
Inner volume of the earcup 3.098e-4 m°
Outer Surface area of the earcup 0.0245 m*
Inner Surface area of the earcup 0.0206 m*

The overal dimensions of the soft gel undercut seal are shown in Figure 3.6,

important geometric properties of the seal arelisted in Table 3.2

<

0.078m ——p

Figure 3.6 Dimensions of the viscoelastic gel seal.
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Table 3.2 Important overall Geometric Properties of the Seal

Area of Cross-section of the Seal 4.107 e3 7’

Volume of the Seal 7.823m°
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CHAPTER 4

Earcup Structural Vibration Modeling

The finite element modeling research effort in this project has been focused on
developing models of the large volume earcup/seal system for the purpose of identifying
the dominant mechanisms responsible for the acoustic response inside the earcup. The
large volume earcup is made from polycarbonate material. The soft gel undercut seal is
comprised of an open-celled foam and a gel enclosed in a vinyl membrane. The
composition of the seal provides for comfort through compliance or low stiffness, which
results in several low frequency modes. Since the earcup is directly attached to the seal,
it also moves as the seal vibrates. The motion of the earcup excites the adjacent fluid
particle thus causing the acoustic response. Complete understanding of the different
physical phenomena causing acoustic response inside the earcup requires the isolated
study of each phenomenon. The FE modeling of the earcup/seal system involves
structural modeling, acoustic modeling and coupled acoustic-structure modeling. This
approach will not only help in isolating the structure and acoustic phenomena but will
aso help in understanding the coupled acoustic-structure interaction problem. This
chapter is focused on the structural dynamics modeling of the earcup/seal system.

4.1 Mechanical Vibration of the Cup

Through prior research on the circumaural ear defenders and the experiments
performed on the earcup/seal system, it is known that regardless of the seal material and
cup dimensions, there is a dominant low frequency structural mode referred to as the
piston mode. The piston mode causes the earcup to act as a rigid body sitting on a soft
spring, the seal. The rigid body motion of the cup on the seal pumps air directly into the
human ear, which is responsible for the loss of hearing protection. The mechanical

vibration of this mode can be represented by a spring mass damper system in which case
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the cup acts like a rigid mass and the seal acts like a spring of stiffness “k” and damper
with damping “c”. Figure 4.1 compares the earcup/seal system with a spring mass

damper system,

Ear Cup

—

K (Seal+ Air) B ¢ (damping)

N -

Figure 4.1 Earcup seal system is represented by a spring mass damper system.

AAAAA
Yyvy

It is important to realize that in an actual earcup seal system, some air is aways
trapped inside the earcup. This results in additional stiffness caused by the air spring.
This stiffness is higher when the seal is perfectly fit to the head. If aleak is present, it
allows some air to escape through it and hence reduces the stiffness of the air spring.
However, this phase of the analysis will assume a perfect fit, i.e. the no leak case. The
focus of FE modeling in this chapter will remain on the structural dynamics modeling. A

free body diagram of an earcup/seal system is shown in Figure 4.2,
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Figure 4.2 Free body diagram of earcup/seal system

The forces on the left side of the diagram are due to the stiffness of the sed, the
stiffness of the air spring and the damping of the viscoelastic seal, while F, is a function
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of ambient pressure. The air spring and the seal spring are in paralel, therefore the

relative stiffness are added. The equation of motion could be written as,

mx +cx + (kg + K, )x+ = F, (N) (4.1)
Where,
m = mass of the cup + the effective mass of the seal (kg)
¢ = damping of the sedl (kgls)
ks = stiffness of seal (N/m)
ka= stiffness of the air spring (N/m)

Hand Calculations for Piston Mode

For the given mass of the earcup and the sea and the stiffness of the seal and air

spring, the natural frequency of the piston mode can be approximated using the equation,

w= K (4.2
m

Where, 1 isthe natural frequency in rad/sec, m is the mass of the earcup plus the
effective mass of the seal in kg and k is the stiffness of the seal plus the stiffness of the air
spring.

mass of the earcup = 0.103 kg

mass of the seal = 0.046 kg

effective mass of the seal = 1/3(0.046) = 0.0153 kg

total mass= m= 0.103 + 1/3 * (0.046) = 0.1183 kg

stiffness of the seal @ 0 Hz = 1680 N/m

stiffness of the air spring = 7996 N/m

total stiffness = k= 1680 + 7996 = 9676 N/m
The estimate of the natural frequency of the earcup/seal systemiis,

w= @ =286.35rad/sec
\0.118

f=45Hz
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It is important to note that this natural frequency for the piston mode is estimated based
on the value of seal stiffness at 0 Hz. The stiffness of viscoelastic seal material changes
with frequency. For the case of the earcup/sea system the seal piston mode occurs in
between 170 Hz to 230 Hz. However, this simple calculation provides a reasonable initial

estimate for the occurrence of piston mode in the lower frequency range.

4.2 FE Modeling of Earcup/Seal System

The major concern on FE modeling of the both the structural and fluid models
was model size and complexity. The time required to build, solve and interpret models
of this complexity is significant. The models of the earcup/seal system were significantly
large and complex. The addition of necessary model features, such as, viscoelastic
material properties for the seal materia resulted in longer solution times and significantly
greater effort for model building. ANSYS, used as the first choice FE software, had
some limitations regarding size of the model and defining viscoelastic materia
properties. Later on ABAQUS was used to overcome these limitations. Some of the

limitations in structural vibration FE analysis are discussed in this chapter.

4.2.1 FE Modeling Issues

Finite element modeling requires the meshing of part geometry with elements for
solution. A very large effort was put into the earcup geometry to make it ready for
meshing. Meshing 3-D parts with solid elements requires a great deal of “partitioning” of
the CAD geometry definition. The smallest line of the geometry governs the size of the
mesh. The origina IGES earcup definition received from the supplier was reworked to
remove small lines and define sub volumes so the earcup could be meshed. This was not
enough; additional effort was put into the solid geometry to make it efficient for meshing.
Meshing controls were placed on individual lines of the new “clean ear cup geometry” to
control and produce a very effective meshing scheme for the earcup. This was significant
at the initial stage of the project, being that the ANSY S Research license only allows for
the use of 128,000 elements total. The effort paid off alowing the ANSYS meshing
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algorithm to reduce the number of elements from over 128,000 (where the part could not
be meshed at all) to 12,000 elements. Figure 4.3 (a & b) shows initially meshed model
and the reduced meshed model of the earcup.
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Figure 4.3 (a) Initial meshed model of the cup  Figure 4.3 (b) Reduced meshed model.

Because of complexity, and the approximate nature of the finite element method,
the ear cup models required many nodes and elements to obtain a converged solution.
This point is significant for the reason that models of this complexity require several

hours for solution in addition to model preparation.

Primarily the limitation on the solutions for natural frequencies has to do with
solution times required to extract the natural frequency and model shapes in the
frequency range of interest. The “modal density” is relatively high for these models.
Converging natura frequencies and mode shapes at the high end of the frequency range
requires a greater number of nodes and elements for a given level of accuracy. Even
though this study concentrated on lower frequencies associated with seal modes, getting
accurate estimates of the earcup flap and shell modes was also important.

A second limitation on extracting natural frequencies and mode shapes of the
earcup/seal vibration models had to do with the frequency dependent material properties
of the viscoelastic seal. Standard large-scale eigen-solvers cannot include frequency
dependent material properties or boundary conditions in the solution for natura
frequencies. The frequency dependence of the stiffness matrix in the earcup model

required the solution for natural frequencies to be broken down into several runs over a
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small frequency range so that material properties of the seal could be represented as
constant over the range of frequency extraction. While this approach results in
reasonabl e estimates, the process is tedious and requires a great deal of time to extract the
desired modes. Convergence of the resulting natural frequencies and mode shapes makes

the process even more tedious and time consuming.

Frequency resolution for the frequency response estimates is the principle
limitation for the earcup/seal vibration models. The experimental frequency response
estimates are regularly carried out at a frequency resolution of 1-2 Hz. The FE model
size and complexity required a harmonic response solution time of 30-40 minutes per
frequency on a top-end persona engineering workstation. Given the desired overall
frequency range was 40 to 2000 Hz and a frequency resolution of 1-2 Hz, the solution
time would have made solving the problem intractable. A modal superposition technique
was aso considered. However, moda superposition techniques require converged
natural frequencies over the modal domain. Given the high modal density of the model,
the harmonic frequency response was a much more practical approach. As a result, a
frequency resolution of 5 Hz was used over a limited frequency range for the study. The
frequency range used for the solutions was determined from experimental data and the
extraction of natural frequencies. The time required to obtain converged solutions over
the specified frequency ranges is problematic. This limitation really limits the study’s
ability to investigate the model at a frequency resolution comparable with the
experimental data.

One of the most restrictive limitations at the initial stage of the project for the FE
modeling had to do with ANSY S's inability to effectively handle the frequency domain
solution of the viscoelastic seal material. ANSYS does not alow the viscoelastic
materia properties to be entered as a function of frequency. As aresult a separate result
file is generated for each frequency solution, making the result extraction process
cumbersome and time consuming. Another issue that requires great attention is proper

viscoelastic materia characterization of the earcup seal. Experimental and FE results
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indicate the frequency dependent nature of the sea stiffness plays a large role in the
vibration and acoustic response of the earcup. Proper identification of acoustic

mechanisms will require proper viscoelastic characterization of the seal.

4.2.2 FE Modeling

Great efforts were made to address the issues encountered in the FE model
exploration. The software platform was replaced from ANSY S to ABAQUS standard.
There are two very practical reasons for replacing the ANSYS FE code with the
ABAQUS FE code. The first issue has to do with the implementation of frequency
domain viscoelastic material modeling. ABAQUS naturally accommodates material
properties as a function of frequency. These capabilities are effectively used within
ABAQUS for harmonic frequency response. Secondly, larger models can be built and
solved in ABAQUS than in ANSYS. The change to ABAQUS has enabled significantly

more time for model exploration and acoustic mechanism identification.

T # 5 %L

A hard fought effort was made to import the earcup geometry within the
ABAQUS modeling environment in order to perform the FE anadysis. The earcup
geometry was divided into sub-volumes i.e. the flap, stiffeners and lugs, which are the
part of the earcup, were separated out into sub-volumes. The sub-volumes of the earcup
geometry are imported into ABAQUS and the adjacent surfaces were tied together by
using the ABAQUS *TIE option. The creation of sub-volumes divides the complex
geometry of the earcup into simplified smaller volumes, which are easy to mesh.

Meshing is a very critical phase of a FE analysis. Mesh optimization is not only
necessary for an accurate FE solution but is also important for a time efficient FE
anaysis. The geometry of the earcup has already been simplified to reduce the number of
geometric features and hence of elements. The most critical areas to mesh were the
stiffeners and lugs; thisis due to the presence of small lines. Meshing controls are placed
on individual lines to produce an effective mesh. The most efficient mesh is obtained by

3-D solid brick elements but the geometry of the earcup only allows the earcup to be
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meshed with 3-D solid quadratic tetrahedrons. The earcup and seal system was meshed
by 12,000 such elements. The 3-D meshed model is shown in Figure 4.4.

Figure 4.4 Meshed model of Earcup/Seal system in ABAQUS
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4.3 Seal Material Characterization

The earcup seal plays a very important role in both the low frequency dynamic
response of the earcup and in allowing acoustic energy to “leak” into the interior of the
earcup, therefore, it is extremely important for the advancement of the project to
characterize the seal material. A great effort was made to establish a materia model,
which would be appropriate for low frequency as well as the high frequency range.

During the initial stages of the project, data for storage modulus was obtained
from simple load-deflection data at a few frequencies. A curve fitting technigue was
applied to an acceleration frequency response function (FRF) to estimate the damping
values of the seal material. The FRF obtained through experiments was curve fitted using
Matlab® to obtain the damping values at the resonant frequencies of the system. This
simple viscoelastic material model was not adequate for more refined vibro-acoustic
models. The viscoelastic material model will have to be derived from experiments on the
seal over the frequency range of interest. Once a reasonable material model is
established, the material behavior can be directly imported in ABAQUS for use.

4.3.1 ABAQUS Material Model

The material model in ABAQUS requires the eastic storage and loss modulus of
the system to be calculated. i.e. E' and E'’. Once E' and E’’ are obtained the bulk and
shear modulus can also be calculated and inserted into the input file for the analysis. The

formulae for the long-term bulk modulus K, , bulk storage modulus K’, bulk loss

modulus K”, long-term shear modulus G, , shear storage modulus G' and shear loss

modulus G” are given in Equation 4.3, 4.4, 4.5 and 4.6 respectively,

e_ 9 4.3)
31- 2)
E® (4.4)
3(1- 2)
E©
2(1+n) (45)
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21+n) (46)
— E¥
R @.7)
— E¥
Y 2(1+n) (48)

where v is the Poisson’sratio for the seal material.

For the viscoeastic seal, these moduli are frequency dependent. ABAQUS uses
bulk and storage moduli to form frequency dependent relations given in Equation 4.9,
4.10,4.11 and 4.12.

_G

my(f) = S (4.9)
_. &

me(f) =1 5 (4.10)
_K

me(f) = < (4.12)

me(f) =1- %‘D (4.12)

¥

Where, G, and K, are long-term shear and bulk moduli.

( ) & &
For the known values of E,, E' and E'’ the values for long-term bulk modulus
K, , bulk storage modulus K’, bulk loss modulus K” , long-term shear modulus G,, , shear

storage modulus G’ and shear loss modulus G” are calculated using equations 4.3-4.8,
These values for ABAQUS are calculated using the data at 43 Hz.

E, = 1680 N/m?

E @43 Hz=1.892 € N/m?
E’ @43 Hz=1.863¢ N/m?
v = 0.4995



5
43) => Ke_18%2€  _gaos0e” N/
3(1- 2(0.4995))

5
44) => 1863€"  _ g o000e" N/’
3(1- 2(0.4995))
5
45) => ce_8%2€  _gang0 N/m?
2(1+0.4995)
5
46) => _1883¢ o100 N/m?
2(1+0.4995)
@a7n = , = 080 =25193¢°  N/m?
3(1- 2(0.4995))
(48) => G, = 1680 N/m?
2(1+0.4995)

Using thevauesof K, ,K’, K", G,, G and G”, ABAQUS frequency dependent
relations can be calculated from equation 4.9-4.12,

62120

49 = Mu(43Hz) = ———— = 24.65
2520
(4.10) => me(a3Hz) =1- 23989 _ 24031
2520
]
(4.11) => mo(43Hz) = 220% 5465
25193¢
]
(4.12) => mu(43Hz) =1- O3% - 54031
25193¢

The values for entire frequency range of interest (0 to 300 Hz) are calculated and

are given in Appendix B.
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4.3.2 Complex Stiffness Extraction

The seal material properties currently used in this research for the lower
frequency range are extracted from complex stiffness data provided by Adaptive
Technology Inc. Complex stiffness associated with the soft gel undercut seal was
measured using an experimental setup illustrated in Figure 4.5 below. In this setup, a
wooden piece of mass, M, is positioned on top of the seal. The underside of the wooden
mass was shaped in such away that it resembled the way the actua earcup makes contact
with the seal. A force gage and an accelerometer were installed on top of the mass for
acceleration-to-force transfer function measurements. The force gage was connected to a
suspended shaker. Furthermore, two coil springs are installed in order to provide an
appropriate pre-loading force.

Suspension

Shaker

Stinger

Preloading

rugnj/ Spring (Adjustable)
Accelerometer

Force Gage

Mass

TAWAWAW

Earcup Seal

Figure 4.5 Seal complex stiffness measurement setup

The dynamics of the system shown in Figure 4.5 can be described by,

mx + kx + k x = f (4.10)

where m is the mass of the system, k; is the stiffness of the preloading springs

andk isthe complex stiffness of the seal. The real and the imaginary part of the complex
stiffness, k' and k”, (i.e. storage and loss stiffness) as a function of frequency can be
obtained from measured force-to-accel eration transfer function, Hy, as,
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k& Re(k (W)} = mw? - Re{1/H, (W)} - k, (4.11)
k@ In{k (W)} = - Im{1/ H , (W)} 7 (4.12)

The complex stiffness data obtained from the experimentsis plotted versus frequency in
Figure 4.6 for different levels of preload.

4 X 105 tS : Seal compressed thickness
T —— t =14.0mm [

3 Storage Stiffness, k: ti —132mm | |
= R —t =122mm ||
>20 - S S SN SR NN — t,=114mm | |
~—r | | | | | | |
- | | | | | | | |
M]proor e e

Loss Factor, h!

2
10 Frequency (H2)

Figure 4.6 Complex stiffness experimental data for viscoelastic seal

As indicated in Equation 4.11, the calculation requires the value of system mass,
m, and the preloading spring stiffness, k,. The mass of the system m was estimated by
adding the weight of the wooden mass and the effective mass of the seal, one-third of the
mass of the seal.

The values of the éastic storage and loss moduli i.e. E' and E” can be estimated

by,

K@\

EG-— (4.13)
L
E@& k%m (4.14)
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where A isthe area of cross-section of the seal and L is the height of the seal. The
values of the E' and E” can be used to calculate the shear and bulk moduli as described in
section 4.3.1.

( ) #
For the extracted values of k' and kK” from equation 4.11 and 4.12 the values of E’
and E” can be calculated using equation 4.13 and 4.14.

K @ 43 Hz =75119 N/m
K @ 43 Hz = 49790 N/m
A=4.1077e° n?

L =0.0185m
. -3
(4.13) Ee P9 4107787 _ 4 o918esN/m?
0.0185
. -3
(4.14) e 2970 41077€7 _; geaes Nym?

0.0185

These values of E' and E” are calculated at 43 Hz.
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CHAPTER 5

Acoustic Modeling

Finite element modeling requires proper engineering thought given to the
problem. If all the phenomena that are involved in causing an acoustic resonance inside
the earcup are not accounted for in the FE model the results obtained by FE analysis
could be midleading. It is therefore necessary to identify the dominant physical
phenomena that are responsible for the acoustic response inside the earcup. Since the
focus of this thesis is the lower frequency investigation of the circumaural ear defenders,
the phenomena responsible for causing the acoustic response in the lower frequency

range was modeled and explored.

5.1 Acoustic Leak and Helmholtz Resonance

As mentioned in the previous chapter, the seal of the circumaural ear defenders
plays a very important role in both the low frequency dynamic response of the earcup and
in alowing acoustic energy to “leak” into the interior of the earcup. The fact that the
earcup seal fails to conform completely to the head causes leaks; the leaks also occur due
to hair and eyeglasses stems etc. The leak causes the acoustic energy to seep into the
earcup. Due to the presence of the leaks, the earcup is believed to behave as a Helmholtz

resonator at low frequencies.

39



The Helmholtz resonator is a phenomenon that occurs when a slug of fluid
oscillates between a rigid walled volume and the ambient surroundings. Figure 5.1
illustrates a schematic of a Helmholtz resonator. For the case of the earcup, the cup is
hardly pressed against the head such that the cup acts like a rigid walled volume; the
mass of the air in the leak oscillates between the cup and the ambient environment at
resonant frequency. Simple harmonic motion occurs when the fluid in the neck of the
resonator responds as a lumped mass, which oscillates in the neck. This condition is
satisfied at low frequencies when | (wavelengthy>>L (length of the lesk),
S 1/3

| >>" Y3(volume of cup), and | >>A"*(leak area).

Figure 5.1The simple Helmholtz resonator

There are losses associated with the motion of the bulk fluid. These losses include
radiation losses, which occur due to sound radiation through the leak opening into the
ambient environment, and the thermo-viscous losses, which are caused by the resistance
offered due to shear stresses between the fluid mass and neck wall. The mass of air
contained in volume " of the resonator acts as an air spring and is responsible for the
stiffness of the system.
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In the literature [1], the Helmholtz resonator is often modeled as a spring-mass-
damper system, Figure 5.2. The slug of fluid in the neck between the large fluid volume
and ambient air represents the mass. The compression of air within the rigid volume
provides the stiffness of the system. The acoustic radiation losses and thermo-viscous
losses provide damping to the system.

Fo

!

k (air spring) § u ¢ (viscous damping)

NN

Figure 5.2 SDOF representation of Helmholtz resonator

A free body diagram of the of the spring mass damper system is shown in Figure 5.3

KaX slug of
4“— air
mx I:o

Figure 5.3 Free body diagram of the Helmholtz resonator

The equation of motion for the above system is given by,

mx+cx+kx = F, (5.1
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The force F, represents the external pressure, which is acting on the leak opening. The
coefficients, m, ¢, and k are physical parameters of the system. These coefficients are
defined in[1],
m=r_ALO (kg) (5.2
L& L+14a (m) (5.3
m = mass of the leak fluid moving through the neck of the leak (kg)
L’ = effective leak length (m)
r, = density of air (kg/m®)
A = areaof leak (m?)
L = length of leak (m)
a = radius of the leak (m)

For agiven leak size and the internal fluid volume of the earcup, the Helmholtz resonator

mode can be estimated by equation 5.4,
w=c i (5.9

A = area of leak (m?)
L’ = effective leak length (m)
V =internal fluid volume of the earcup

¢ = speed of sound in air (mM/sec)

( ) (
The natural frequency associated with the Helmholtz resonator mode is predicted
for the case of earcup using equation 5.4.
A =25335¢° m?
L' =0.0212m
V =347¢* m’®
c =343 m/sec

(5.4) = =190 rad/sec

-6
_ayn | 25335 4
(0.0212)(3.47¢*)

=> f=31Hz

42



5.1.1 Effective Leak Length

Effective leak length represents the effects of fluid momentum. As the slug of
fluid is accelerated through the leak, it does not lose its momentum at the end of the leak.
The momentum of the fluid dissipates over some length past the leak. An additional
length, can be added to the physical leak length, comprises the effective leak length, to
account for the radiation.

5.1.2 Damping

The damping term, ¢, is comprised of two terms, radiation resistance and thermo-
viscous resistance. The radiation resistance is a representation of losses due to sound
radiation into the open medium outside the leak. This component of the damping term is

represented as R, whichisgivenin[1] as,

r.ck®*A*  k
R =" A kg (5.5)
0 S
R. = radiation resistance (kg/s)

c = speed of sound in air at STP (m/s)
k = wavenumber (1/m)

The second component of the damping term is the thermo-viscous resistance.
This term represents the losses due to viscous boundary layer effects at or near the wall.
The thermo-viscous resistance, R, is represented in equation 5.6 [1].

R, =2mca,, k_Sg (5.6)

where , (1/m) isthe absorption coefficient and is defined in Kinser and Frey [1],

1/2
" _1 mw 1+L1 1 (5.7)
ac 2r, JPr m
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1
h==r|l.c 5.8
Srolne (58)
where,
h = viscosity (N.s/m?)
w = frequency (rad/s)
g = specific heat ratio
Pr = Prandtl number
Im = mean free path between atoms (m)
a = radius of the leak
The sum of the resistance terms yields the total resistance of the system such that,
c= (R+5*Ry) (5.9)

The wall losses are multiplied by a factor of 5 in order to match the anaytical
results with the experimental resultsin [18]. Thisvalueis aso used to add damping in the
FE leak model.

Using the above eguations the damping for the leak analysis can be calculated at a
particular frequency. The material properties of air are described at Standard Temperature
and Pressure, STP (0°C/ 273.15 K and 1 atm/101.325 kPa).

o= 1.21 kg/m®
g=14
h=18¢e>N.gm?
Pr=0.75
Cc =343 m/sec
Theleak dimensions are,
A =25335¢° m?

L =0.02m
V =347e*m®
a=28.98¢*m

Based on the above leak dimensions the mass of the air in the leak is calcul ated as,
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m= ) A| L
m= (1.21).( 2.5335e°).(0.02) = 7.0013 e® Kg
the wavenumber k iscalculated at 43 Hz as,

K= w_ 20f _ 2(3.14)(43)
C C 343

=0.787

Radiation Resistance

For the above-calculated parameters and the material properties of air, the
radiation resistance is calculated using equation 5.4,

R = (1.21).(343)(0.787)%(2.5335¢ )2 _13e® KO
4p S

Thermo-viscous Resistance

The absorption coefficient used to calculate thermo-viscous resistance is obtained

by equation 5.7,
-5 1/2 i
a, = :t (1.85e7°)(2p.43) 1+ 14-1 — 02074 1
(8.98e"%)(343) (2).(1.213) ~0.75 m

using this value for absorption coefficient, the value for thermo-viscous resistance is
calculated at 43 Hz,

R, = 2(7.0013e ®)(343)(0.2047) = 9.8315¢ ® k?g

Total Damping

The total damping is the sum of thermo-viscous resistance and the radiation
resistance.
c=5*9.8315e° + 1.31¢'% = 4.916 €°® Kg/sec
This value of damping is calculated at 43 Hz frequency, the values for damping
for the entire frequency range of 0-300 Hz is given in Appendix B.
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5.2 Acoustic FE Modeling

The lower frequency acoustic response of the earcup/seal system is dominated by
the leak phenomenon, which causes the earcup to behave like a Helmholtz resonator. In
order to capture the Helmholtz resonance phenomenon in FE analysis it is required to
model an external acoustic pressure source emitting a spherical pressure wave that travels
in an infinite medium, the pressure wave reaches the internal fluid volume of the cup
through the leak. The acoustic modeling of the earcup requires the 3-D geometry of
externa fluid (air) domain, the interna fluid volume of the earcup and the leak are to be
imported into the FE software environment. The leak connects the external air domain to
internal fluid volume of the earcup. ABAQUS, which is appropriate for the structural
part of the problem, is aso versatile in acoustic modeling; therefore it is used for the
acoustic analysis as well. ABAQUS not only has a quadratic acoustic element but also
have built-in radiation boundary conditions for specified geometric shapes, which is
necessary for the creation of an infinite acoustic medium.

In order to understand completely the Helmholtz resonator phenomenon, it is
initially necessary to isolate the structural effects that are caused by the dynamics of the
earcup/seal system. This means that for acoustic only analysis it is not necessary to
model the structural components of the earcup (cup and the seal) in the FE model, only
fluid volumes are required. Once the isolated structural and acoustic effects are analyzed
the structural components will be added to the problem for a coupled fluid structure
analysis. This approach will greatly simplify the FE modeling efforts by eliminating the
ambiguities that are caused by the viscoelastic seal material. Since the structura
components are not modeled initially, the acoustic FE analysis will only consist of fluid
elements, which will significantly reduce the model size and complexity. Some of the
issues related to the acoustic modeling of the earcup are discussed in the following
section.
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5.2.1 FE Modeling Issues

)

The proper representation of an acoustic infinite medium is an extremely
important aspect of FE anaysis of the problems involving large domains such as a
submarine in a sea, a car in an open atmosphere or an earmuff in a noise field, which is
the case for this research. The term “infinite medium” refers to an endless domain. The
FE analysis of such a domain is crucia because, ssmulation time increases with the size
of the problem; moreover, it is impossible to represent infinite domains in FE without
specifying appropriate boundary conditions which leave the same effect of a domain on
infinite extent. Fortunately, the commercial FE software programs allow users to specify
such conditions at the boundaries of a finite acoustic domain, which alows the acoustic
waves to pass through and not reflect back into the computational domain and hence
represent an infinite domain. In ABAQUS, an infinite medium can be modeled in two
different ways, by meshing the boundary with infinite acoustics elements or by
specifying radiation boundary conditions at the boundary of the acoustics domain.
ABAQUS alows to specify a built in radiation boundary condition e.g. for a spherical
domain, a plane wave domain, as well as user defined radiation boundary for shapes that
are not regular. For smplicity, the built-in radiation boundary condition for spherical air
domain is employed in this research. The next question arises, how much acoustic
domain has to be modeled for an accurate FE analysis? The ABAQUS theory manual [3]
recommends modeling a layer of the acoustic medium using finite elements, to a
thickness of 1/3 to a full wavelength, out to a“radiating” boundary surface for the lowest
frequency to be used in the analysis. A condition is then imposed on this surface to allow
the acoustic waves to pass through and not reflect back into the computational domain.
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Radiation
boundary
condition

4

Symmetry
condition

Figure 5.4. External air domain (infinite medium)

The geometry of the externa air domain is shown in Figure 5.4. In order to
minimize the number of degrees of freedom (DOF) in the FE model, the symmetric
boundary condition option is employed which allows modeling a portion of sphere
instead of modeling a full sphere to get the same effects as modeling a full sphere. The
lowest frequency of interest for this analysis is 50 Hz; in order to get accurate results
from the FE analysis, the radius of the acoustic medium has to be 1/3 of the lowest
wavelength, which in this case is 2.5 m. Radiation boundary conditions are then applied
at the boundary of the sphere.

Acoustic source representation is another important aspect of the FE modeling.
The sound waves emitted from an acoustic spherical source in an ambient environment
travel in the form of spherical waves. A simple point source generating spherical waves
could be employed into FE model. However, the real issue is, what is the best way to
represent a point source in the FE model. The point source can be represented in the FE
model by specifying pressure at a single node. However, this is a singularity in the
acoustic formulation, which requires a highly refined mesh around the source to properly
inject the energy from that node into the entire fluid domain. This highly refined mesh
will result in very large number of nodes and elements, which will result in large
simulation time. A better way to represent a point source is to expand the surface area



upon which the acoustic source acts such that the acoustic source strength remains the
same as it is for the case of pressure acting on a point. Figure 5.5 (a & b) show two

different representations of a point source.

Source of
—  Strength A~

—~ Infinite
Acoustic
Domain

Figure 5.5 (a) Pressure radiation from a point  Figure 5.5 (b) Pressure radiation from a surface

The geometry of the external air domain is truncated at 0.5 m from the origin of
the sphere. Acoustic pressure is applied at the truncated area. Expanding the surface area
of the source will significantly reduce the number of elements required near the source to
propagate the pressure wave effectively into the entire fluid domain. This approach is
used in modeling the source in FE model.

)
The pressure emitted by a point source in an infinite domain at a distance ‘r’ is given by
equation 5.10 [1],

P(r,t) = (% i (5.10)

where,

A = source strength (N/m)

r =radia distance from source (m)
k = wavenumber

w = frequency (rad/sec)

t =time (sec)

The spatial component of the emitted pressure wave is given by,

P(r) = (% e (5.11)
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( ) )

A spherical acoustic source of radius 0.5 m is emitting pressure in an infinite
domain. The source strength is 3502.66 N/m. The pressure amplitude can be calculated at
some distance from the source using equation 5.11.

— 3
1.756)‘ 2€ Pa

The infinite domain FE model shown in Figure 5.4, gives the same results for

P(1.756) = 3502/

pressure amplitude at a distance of 1.756 m from the source.

Damping plays an important role in determining the accurate response of the
system; therefore, it is necessary to get the correct damping estimates into the FE model.
In ABAQUS the damping of an acoustic medium is introduced in the analysis by
specifying a frequency dependent volumetric drag. ABAQUS uses the equilibrium
equation for small motions of a compressible, adiabatic fluid with velocity-dependent
momentum losses to solve for an acoustic problem. It is important to realize that the
velocity is higher where the momentum is high i.e. the leak. Therefore in the FE solution
it will make only a dlight difference whether the damping is spread out to the complete
acoustic domain or if it islumped over the leak volume. For lower frequency analysis the
damping is calculated from the Equation 5-8 derived in Kinder and Frey [1] and as
described in section 5.1. These damping values are entered in ABAQUS as volumetric
drag after slight modification as described in section 5.2.1.

5.2.2 Acoustic Leak Model in ABAQUS

The major issues regarding the acoustic modeling are resolved. However, an
effective meshing scheme is key to finite element analysis. In order to create an effective
mesh, partitioning has to be performed on the geometry of the fluid domain. The 3-D
solid geometry of the externa fluid domain, the leak and the internal fluid domain are
brought into the ABAQUS environment in order to mesh and conduct the FE analysis.
The geometry of the external fluid domain is complicated because the volume of the

earcup has to be subtracted from it, which leaves lots of curved surfaces that are causing
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problems in meshing. The initial mesh of the external fluid domain, the interna fluid
volume and the leak volume consisted of more than 90,000 3-D quadratic acoustic
elements, which was not appropriate for a time effective FE analysis. In order to have
more mesh control and to add versatility to the model, a cubic fluid volume is created at a
point, where the earcup is placed in the field, this box has plane outer boundaries but
inner boundaries assumed the external shape of the earcup and seal (Figure 5.6).

Figure 5.6 Fluid box created in the external domain

Using the earcup’s internal surface area easily creates the inner fluid volume of
the cup. Figure 5.7 displays the inner fluid volume of the earcup.

Figure 5.7 Internal fluid volume of the earcup
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The internal fluid volume of the earcup is connected to the externa fluid domain
through the leak (Figure 5.8). The leak is defined by an air volume the surfaces of which
are tied to the internal and externa fluid volume using ABAQUS *TIE option. The leak
sizes were selected to match the leak sizes used in the experiments performed for the
analysis.

Leak
Volume

Figure 5.8 Leak connects the internal fluid volume of the earcup and external fluid box

The externa fluid volume is partitioned to accommodate the fluid box. The outer
boundaries of the fluid box are tied to the external fluid volume using ABAQUS *TIE
option (Figure 5.9). The remaining portion of the externa fluid domain is added to

obtain a symmetric external fluid domain as shown in Figure 5.4

3

Y

2

1

Figure 5.9 The box of fluid volume is added to the rest of the external fluid domain
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Mesh controls are placed on lines to mesh the external fluid volume, the leak
volume and inner fluid volume by 45,000 3-D quadratic acoustic elements, hence,
reducing the size of the model by 50 percent. The meshed volumes of the external fluid
volume, box fluid, leak and the inner fluid volume are shown in Figure 5.9.

Radiation
conditions

Specified
pressure

N

2

T

Fluid box Leak volume Inner fluid volume

Figure 5.9 Meshed components of the acoustic leak model.
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Chapter 6
Coupled Modeling

The FE models created for the structure and acoustics alow the isolated study of the
acoustics and structural phenomena and the factors affecting these phenomenain addition
to the reduction in size and complexity of the FE model. The reduction in size and
complexity of the FE model allow for better exploration of the model. However, it is
important to realize that if an acoustic medium is adjacent to a structure, fluid-structure
coupling occurs, such coupling is also present in the actual earcup seal system. The
acoustic and structural modes of the earcup are coupled i.e. the acoustic modes have an

impact on the structural modes of the earcup, and vice-versa.

6.1 Coupled Mode

For the case of earmuffs two main phenomena (Piston mode and Helmholtz
mode) are identified which are responsible for low frequency acoustic response inside the
earcup. However, it is important to realize that these phenomena are not mutually
exclusive. The pressure wave approaches the earcup/sea system and excites the earcup
structure and the fluid present in the leak (Figure 6.1).

Earcup

[|:|: Viscoelastic seal
Leak /

Figure 6.1 Earcup/seal system and leak excited by a pressure wave.

Depending upon the dimensions of the leak and the seal used, these modes could

occur very close to each other, in which case the pressure response could only be
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predicted by a coupled model. It is therefore necessary to perform a coupled physics FE
analysis of the earcup seal system.

6.2 Coupled FE Modeling

The FE model for the coupled acoustic structure response is the combination of
the acoustic leak model and the earcup structure model. The issues regarding FE
modeling of the coupled fluid structure problem are similar to those, which were

associated with the structure and acoustic models.

6.2.1 Modeling Issues

Many of the issues related to the acoustic and the structural modeling of the
earcup/seal system has aready been discussed in previous chapters. These issues include
model size and complexity, viscoelastic seal properties, infinite acoustic medium acoustic
source and leak damping. In addition to these issues the coupled acoustic-structure
modeling involve the coupling of fluid and structure meshed surfaces.

Defining the fluid-structure coupling is the key to the coupled fluid-structure
anaysis of the earcup/seal system. In ABAQUS, a surface-based procedure is used to
enforce this coupling. This method requires that the structural and acoustic meshes use
separate nodes. The user defines surfaces on the structura and fluid geometries and
defines the interaction between the two meshes using the *TIE option. The *TIE
command replaces the adjacent fluid and structure elements with the interface elements.
The nodes of the interface element possess both acoustic and structure degrees of
freedom i.e. the pressure as well as the displacement degrees of freedom.
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6.2.2 Coupled FE Model

The FE model for the acoustic structure coupled analysis, is created by importing
the geometries of the earcup, sed, interna fluid volume of the earcup and sedl, leak
volume and the external fluid volume into the ABAQUS environment. The volumes are
partitioned so that the adjacent areas could be tied using ABAQUS *TIE command. The
earcup and the seal geometry are meshed by 3D solid quadratic tetrahedrons, while the
fluid domains are meshed with 3D acoustic quadratic tetrahedrons. The initial FE model
consists of more than 140,000 elements. The geometries of the internal and external fluid
domain were partitioned and meshing controls were specified on lines in order to reduce
the mesh size to 55,000 elements. The reduction in mesh size reduces the simulation
time and enables model exploration.

An acoustic source is specified at the inner radius of the sphere and the radiation
boundary conditions are specified at the outer radius of the sphere. The meshed coupled
FE model and all the components are shown in Figure 6.2.

Radiation
conditions

Specified
pressure

N

<
y
/

(T

Leak volume Inner fluid volume

Fluid box

Earcup and Seal

Figure 6.2 Acoustic structure coupled FE model components
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CHAPTER 7
ANALYSIS and RESULTS

The objective of the FE analysis in this research work is to investigate the lower
frequency structural and acoustic phenomena, which are responsible for the acoustic
response inside the earcup. FE modeling efforts were focused on two main phenomena, the
seal piston mode and the acoustic response due to the presence of acoustic leaks. The FE
models created for the investigation of the above-mentioned phenomenon are meshed and
major modeling issues are resolved. The FE analysis is performed on the meshed
models.

7.1 FE Analysis Formulations

The analysis of the earcup/seal system involves steady-state dynamic analysis as
well as modal anaysis. In steady-state dynamic analysis, a harmonic force excites the cup
or the acoustic medium and the response of the system is examined. Modal analysis is
important because it provides information about the various structural and acoustics
modes. However, it is extremely important to correlate these anayses in order to
understand which structural and acoustic modes are responsible for causing large
resonance and hence, greater acoustic response inside the earcup. The formulations
associated with these analyses are described below,

For objects subjected to continuous harmonic excitation, ABAQUS/ Standard
offers a “direct” steady-state dynamic analysis procedure. The formulation for this
procedure is based on the dynamic virtual work equation [3],
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raudv + ra_adiudVv + ge:sdv - aitdS=0 (7.0

\ \Y \Y S

where u and u are the velocity and the acceleration fields, 7 is the density of
the material, a, isthe mass proportional damping factor, s is the stress, t is the surface

traction, and gk isthe strain variation that is compatible with the displacement variation
au. The same procedure can also be used for coupled acoustic-structural medium
analysis, including radiation boundary conditions and infinite elements.

The direct-solution steady-state dynamic analysis procedure is the preferred
solution method for acoustics in ABAQUS if volumetric drag and/or acoustic radiation
are significant. If these effects are not significant, the mode-based procedure is preferred
because of its efficiency.

All model degrees of freedom and loads are assumed harmonic at an angular

frequency w, therefore,
f=fexpimt (7.2)
where f is the constant complex amplitude of the variable f. Thus,
f =inf (7.3
= - uAf (7.4)

The equilibrium equation for small motions of a compressible, adiabatic fluid with

vel ocity-dependent momentum lossesiis,

m+gj“+rfuf:O (7.9)
I

and use the harmonic time-derivative relations to obtain
.y 94/ a =0 (7.6)
Ix w

the complex density, r isdefined as,

F=9+r, (7.7)
/4
thus,
(e o =o (7.8)
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Divide equation 7.8 by r and combine it with the second time derivative of the

constitutive law equation 7.9 to obtain equation 7.10.

1
p=-K (xq)u' (7.9)

x

where Ktis the bulk modulus and p is the pressure,
-wziﬁ-l é@ =0 (7.10)

K x r qx
The variation equation is,
1 - T 19

-W—p-— =— dv=0 711
P Ky P ix r qx ( )

Vs

Moda analysis is the extraction of eigenvalues of the system, and hence
investigate it’s natural frequency of vibration. The formulation for eigenvalues extraction
isgivenin equation 7.12,

(- w2 M]+[K]fr =0 (7.12)

where M is the mass of the system, K isthe stiffnessand 7 represent the eigenvalues.

7.2 Earcup Structure Modes

Earcup structural modes have an effect on the acoustics of the earcup. Therefore,
it is necessary to investigate these modes. Also, it is necessary for the creation of a valid
mesh to converge the first few modes of the earcup. Modal anaysisis performed on the
cup structure with free-free condition i.e. no boundary conditions were applied on the
cup. This analysis is performed at the initial stages of the research therefore ANSYS is
used for this analysis. The FE model of the earcup is shown in Figure 7.1.
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Figure 7.1 Free Free structural model

Modal analysis was performed on the earcup. The undeformed shape and first few
mode shapes of the earcup are shown in Figure 7.2.

ZoETs A
d paeiete]

mor . 1

undeformed 1* Flap mode (1083 Hz) 2" Flap mode (1204 Hz)

3" Flap Mode (2592 Hz) 1% Shell Mode (2644 Hz) 4™ Flap Mode (2915 Hz)
Figure 7.2 Structural modes of the earcup

Some modes are responsible for large deformation primarily associated with the
vibration of earcup flap these modes are referred to as “Flap modes’. A mode in which
the shell of the cup contracts and expands is named as “Cup piston mode’. The cup
piston mode (2,638 Hz) may lead to significant loss in attenuation, especialy if that mode
shape couples with an internal acoustic resonance. In fact, the uncoupled acoustic
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analysis indicates that there is a nearby translation acoustic resonance (one-half wave) at
asimilar frequency (2860 Hz).

The frequencies associated with each of the modes are compared with the
experimental results in Table 7.1. The FE results show very good correlation with the
experimental results. The first few modes extracted by FE are within 2% of the
experimental results. However, it is important to realize that these modes are not
significant for the lower frequency analysis, but have great significance in mid and higher
frequency analysis.

Table 7.1 Comparison of Earcup Structural Modes

Mode Frequency (Hz) Frequency  [% Difference
(Experiment) (Hz) (FE)
1™ Flap Mode Missed 1083 -
2" Flap Mode 1200 1204 0.33
3" Flap Mode 2642 2592 1.8
[ 15" Shell Mode 2692 2644 1.7
4" Flap mode 2932 2915 0.5
6 3135 3059 2.2

The percentage difference calculated in the above table is given by,

Frequency FEA- Frequency Experiment
Frequency Experiment

% difference = *100
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7.3 Ear Cup Internal Acoustic Modes

There are resonances associated with the internal fluid volume of the earcup. It is
important to have information about the occurrence of the internal acoustic modes in the
frequency range. Theinternal fluid volume mesh is shown in Figure 7.4.

Figure 7.3 Inner fluid volume of the earcup

Modal analysisis performed on the rigid volume of the fluid. The first few acoustic
modes of the interna air volume are shown in Figure 7.5.

—
g 20,505,
150

o

(d) Full wave (long axis) (e) Full wave (diagonal) (f) Full wave (diagonal)

Figure 7.4 Standing waves associated with the inner fluid volume of the earcup
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The FE results predict that the first three modes are half waves that setup in three
primary directions i.e. X, y and z directions. A rough estimate of half waves and full

waves can al so be estimated using the wavelength calculation in Equation 7.1.

_c
/=2 (7.0)

Where is the wavelength in meters, c is the speed of sound in m/s and f is the

frequency in cycles/sec. First full waveisshownin Figure 7.5 (d).

Table 7.2 Comparison of Earcup Internal Acoustic Modes

Mode Frequency Frequency FE (Hz) % difference
Analytica (Hz)
1 1603 2201 37
2 2085 2840 38
3 2503 3152 26
4 3207 3994 25
5 - 4000 -
6 - 4151 -

The percentage difference calculated in the above table is given by,

Frequency FEA- Frequency Analytical
Fregquency Analytical

% difference = *100

However, it is important to important to realize that the earcup does not have
three specific lengths, due to the spherical geometry of the earcup these modes could
setup in directions other than x, y and z Figure 7.7 (d & €). The first internal acoustic
mode appears at frequency 2214 Hz, this means that these internal acoustic modes are not
significant for the lower frequency analysis.
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7.4 Coupled Modal Analysis

The earcup seal plays a very important role in the low frequency dynamic
response of the earcup; therefore it is essentia to investigate the modes, which are
considered to be responsible for the poor low frequency performance of the earcup. The
meshed models of the earcup/seal system are shown in Figure 7.6. Under typica
operating conditions the headband compresses the earcup to the head. This preload due
to the headband results in the seal material, being stressed and deformed. It isimportant
to account for preload because of the fact that it compresses the seal, as aresult of which
the stiffness of the seal is increased. The preload on the ear cup due to the headband is
estimated experimentally to be 11.7 N. In order to account for preload, a structura

pressure equivalent to the preload force is applied on the areas of ear cup’slugs.

Figure 7.5 Fluid Structure coupled FE model without leak

The analysis consists of two steps; the first step is the static analysis due to the
preload. The deformed shape of the earcup sea system due to the preload is shown in
Figure 7.6. The actua deflection of the seal due to this preload is calculated using
Equation 7.14 and is found to be 7 mm, where as FE results predict a maximum
deflection of 5 mm. The difference in the FE and analytical results could be due to the
shortcomings in the material model used for the extraction of the viscoeastic sed

material properties.

F=k« X=— (7.14)



where k is the static stiffness and F is the force. The values of k and F are obtained from

the experiments,

k= 1680 N/m
F=11.7N
Therefore,
B S
k 1680

Figure 7.6 Static deflection due to preload

The second step in the solution is the modal analysis of the pre-stressed
earcup/seal system. The moda density of the viscoelastic sedl is very high but it was
learned from the experiments performed on the earcup/seal system that the resonances
occur in the frequency range of 170 Hz~230 Hz therefore modal analysis was focused in
this frequency range. The natural frequencies of the seal in the frequency range from
170~230 Hz and there identities are tabul ated below,

Table 7.3 Natural Frequencies of the Seal

Mode No. Natural Frequency(Hz) Mode ldentity
1 178 Rocking (Diagonal)
2 193 Rocking (Diagonal)
3 203 Rocking (Long Axis)
4 206 Piston
5 231 Rocking(Short Axis)

The cup pumping resonance (piston mode) has long been considered to be
responsible for the poor low frequency performance of an earcup defender in a SHP
application. However, the rocking of the earcup may also contribute to seal lifting if the
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displacements associated with either the external pressure loading or mode compliance is
high enough. The lifting of the seal may lead to acoustic |eaks.

7.5 Acoustic only Leak Analysis

Acoustic leaks cause the earcup to behave like a Helmholtz resonator at lower
frequencies. The Helmholtz resonator acoustic response occurs when a slug of fluid
undergoes harmonic oscillation between a large fluid volume and an ambient
environment. Thus, it is important to analyze the effects of the leak on the performance
of the earcup. In order to isolate the effects of the leak from the earcup/seal dynamics,
acoustic only analysis is performed on the acoustic leak model. A schematic of the model
is shown in Figure 7.7 Specifying a harmonic pressure at surface “A” generates a
pressure wave that travels through the ambient air and excites the mass of air present in
the leak, which aso connects to the inner fluid volume of the earcup.

Surface B
Radiation b.c
Ambient Air
Surface A
Specified Pressure \

\ ™

Inner Fluid
Volume of the
Earcup

Figure 7.7 3D FE Model representing the Leak in the earcup.
The acoustic energy is carried out of the computational domain without any

reflections back into the domain by specifying the radiation boundary condition at the
outer boundary surface “B” of the domain.
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For an actual earcup, the parameter which is most likely to change from person to
person, is the leak area. This is due to the different shape of the skull around the ear,
different hair pattern and use of different eye glasses stems. Therefore, FE anaysis is
performed for six different leak sizes and the pressure is measured at severa locations
inside the earcup. This pressure inside the earcup is called the internal pressure, P.. The
external pressure or the reference pressure P, is measured at the leak opening. The ratio
of internal pressure to the reference pressure, P, / P, is the normalized amplitude of the
pressure, called the pressure ratio.

The analysis is primarily focused on the lower frequency range between 0~200
Hz where the Helmholtz resonance is believed to occur for the given leak sizes. The

contour plot from FE results, Figure 7.8, shows the propagating pressure wave.

Figure 7.8 Contour plot of pressure for 1/8” leak analysis
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The FE results are plotted versus the anaytical results for six different leak sizes in
Figure 7.9,

Figure 7.9 Driving point FRF for the pressure ratio Pi/P,

The analytical solution to the problem is obtained from Jonathan Sides [18]. The
transfer function for the Helmholtz resonator is given as,

P(s) _ ro A’
P(S) " opMs® +" oo (R +R,)S+ 7 C2A?

(7.15)

The above equation is used to model the Helmholtz trends in the ear cup. The
complete derivation of can be found in “Low Frequency Modeling and Experimental
Validation of Passive Noise Attenuation in Ear Defenders’[18]. It can be observed from
Figure 7.9, that the FE and analytical results follow the same trend. The pressure

amplitude at resonance and the resonant frequency increase with the increase in leak area,
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while the damping decreases with the increase in leak area. The frequency of the

Helmholtz mode and amplitude of the response are aso tabulated in Table 7.3.

Table 7.4 Helmholtz Resonance and Amplitude of Pressure Ratio for Different Leak Sizes

Leak Size Natural Frequency Pressure Ratio
(in) Analytical | FE(Hz) | % difference | Analytical FE % difference
(Hz) (dB) (dB)
1/8" 42 43 2.3 -7.9 -7.8 1.2
3/16" 56 56 0 3.2 3.2 0
3/8" 76 76 0 6.2 6.1 1.6
1/2" 86 86 0 7.8 7.6 25
3/4" 101 102 1 9.1 9.2 1
1" 115 116 1 10.6 10.5 1

The percentage difference calculated in the above table is given by,

FEA- Analytical ,
Analytical

% difference = 100

The results obtained by FE are in good agreement with the analytical model. It
can be observed from Figure 7.9, that the inner pressure response of the cup from both
the solutions follows the same trend. The analytical results agree with FE results with an
error of lessthan 3%. However, it isimportant to realize that the purpose of FE modeling
in this research is not limited to a comparison against analytical model solution. The
analytical solution is applicable for the lower frequency response but in the higher
frequency range it may not be possible to derive an analytical solution for the acoustic

pressure response. Therefore, this comparison can help to validate the FE model.

7+ #

The objective of FE modeling in this research effort is to predict the acoustic
response and to investigate the physical phenomena, which are critical for the design of
the earcup. The god is to simulate the ambient noise field and boundary conditions,
which are acting upon the earcup. Therefore it is necessary to validate the FE results
with the experimental results obtained by the analysis performed on the actual earcup.
The acoustic only leak analysis is performed by modeling and meshing the earcup
interna fluid volume. This model implies arigid earcup. An artificial leak was created
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in arigid seal gasket; the actual earcup seal is not used. The driving point FRF for

experimental resultsis plotted in Figure 7.10.

magnitude

20

o
T

Pi/Po (dB)

100} =~ -

phase (degrees)

-150

50

frequency (Hz)

Figure 7.10 Driving point FRF of pressure Pi/Po from experiments

The magnitude of pressure ratio P/P, is plotted versus leak diameter in Figure 7.11. The
resonant frequencies are plotted versus leak diameter in Figure 7.12.
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Figure 7.12 Natural Frequency versus leak diameter

It can be observed from the above plots that FE, analytical and experimental

results follow the same trend. The amplitude of the pressure ratio P,/P,, at resonance and

the resonant frequency, increase with the increase in the leak diameter or leak area. The
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increase in leak area increases the net force acting on the leak area, which increases the
stiffness of the air spring. The increased stiffness of the air spring results in an increase
in the inner pressure amplitude of the earcup. This phenomenon is also verified by
eguation 7.16 [1] derived for Helmholtz resonator in Kinsler and Frey.

P= r:czA x  (Pa) (7.16)

oup

As seen in Equation 7.16, the internal pressure of the cup is a function of the
volume (") of the cup, the leak area (A)) and the distance the slug of fluid travels (x).

The primary reason for the increase in resonant frequency is the increase in the
stiffness of the air spring. However, it is plausible that the thermo viscous damping
which is the main damping mechanism in this model, decreases with the increase in leak
area, thus allowing the slug of air to move freely. For the smaller leak area the thermo-
viscous damping is more and it tends to shift the resonant peak towards left i.e. lower
resonant frequency.

The FE results are compared with the experimental results for the given leak sizes
inFigure7.13(a, b,c,d & €).
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The FE results correlate well with the experimental results for the respective leak

sizes. The resonant frequencies and maximum pressure amplitude obtained from

experiments and FE analysis are compared in Table 7.4.

Table 7.5 Helmholtz Resonance and Pressure Amplitude for Different Leak Sizes

Leak Size Natural Frequency Pressure Amplitude
(in) Experiment | FE(Hz) % Experiment FE (dB) % difference
(Hz) difference (dB)
1/8" - - - -
3/8" 62 76 22 6.1 6.1 0
iz 73 86 17 8.1 7.6 6
" 88 102 16 10.4 9.2 11
1" 104 116 13 11.7 10.5 10

The percentage difference calculated in the above table is given by,

FEAvalue- Experimental _value
Experimental _ value

% difference = *100

In all the plotted leak cases the difference of the maximum pressure amplitude
between the FE results and the experimental results is less than 2 dB. However, it is
interesting to note that in al leak cases the resonant frequency peak obtained from FE
analysis is shifted 12-14 Hz higher than the experimental curve peak. This is aso
obvious from the phase plots for the respective leak cases. Once the analysis passes the
resonant frequency the experimental and FE curves lie on top of each other.

Although 12-14 Hz shift in resonant frequency is not large considering the whole
frequency range from O to 200 Hz, but it isimportant to know the reason for this shift and
minimize this difference. The material properties used for air are published values, but
the possibility of difference in the medium cannot be ruled out. The dimensions of the
earcup’s inner fluid volume, leak lengths and the leak areas in the FE model are kept the
same as in the experimental setup. The FE model for the leak analysis consists of acoustic
elements, there is no solid element present in the model and hence there is no interaction
between the fluid and structure. The implied interaction between the fluid and structure
is a perfect reflection of acoustic energy i.e. no losses. In the FE model the pressure
comes from a single acoustic source and is radiated out of the domain without any

reflections into the system.
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The experiments for this analysis were not performed in an anechoic chamber and
hence there may be reflection of acoustic energy from objects that are present in the
surroundings of the test setup and the objects that are part of test setup. The reflected
acoustic energy acts as several acoustic sources, which may affect the magnitude and
phase of the pressure response. In essence, a better comparison between FE and
experimental results is possible if the FE models are coordinated well with the

experiments.

7.6 Fluid Structure Coupled Analysis

In the previous section the focus of the analysis was to analyze the isolated leak
effects. However, in the actual earcup seal system the modes are coupled and the
dynamics of the viscoelastic seal plays as important role in the lower frequency response
of the earcup. As mentioned earlier in this thesis, there are two known phenomena, which
are believed to be responsible for the performance of the circumaural ear defendersin the
lower frequency range. These include the Helmholtz resonator and the piston mode.
Since these modes are found very close in the lower frequency range they may have an
impact on each other. It is therefore necessary to perform a fluid-structure coupled
analysis of the earcup/seal system.

The lower frequency leak analysis is performed for the fluid structure coupled FE
models, which include the earcup and the seal. The FE model developed to perform the
anaysis is shown in Figure 7.14. The inner fluid volume of the earcup is connected to
the ambient environment through a leak. The earcup/seal structure is coupled with the
fluid domain i.e. fluid elements at the fluid structure interface have displacement DOF

which are coupled with the structure displacements.
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Ambient Air Surface B

Radiation b.c

-

Surface A
Specified Pressure

\ Earcup

Seal
| ¥

Leak :

Figure 7.14 Acoustic structure coupled model including leak

The analysis consists of two steps, in the first step a static analysisis performed to
account for the headband force on the earcup/seal system. The deformed shape due to the
preload is shown in Figure 7.15.

Figure 7.15 Deformed shape of the earcup/seal system due to preload

In the second step, harmonic acoustic pressure is specified at surface A (Figure
7.14), the radiation boundary conditions are specified at surface B. The pressure waves
traveling in the fluid domain excites the earcup as well as the fluid mass present in the

leak which connects to the inner fluid volume of the earcup.
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The coupled field analysis was performed on the earcup seal system for three different

leak size, the contour from the FE resultsis shown in Figure 7.16.

Inner Fluid Volume of the Earcup

e

1/8” Leak

T~

Figure 7.16 FE contour pressure plot for coupled analysis

The contour plot shows the pressure distribution in the external fluid domain, the
leak and the inner fluid volume of the cup. It can be observed from Figure 7.16, that the
pressure distribution inside the cup is uniform for the lower frequency analysis.

The analytical solution to the coupled mode problem is provided by Dr. Kenji
Homma of Adaptive Technologies Inc. The coordinate system for the coupled analytical
model is shown in Figure 7.17.

Seal (ksCs)

Figure 7.17 Coordinate system for coupled analytical model
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The pressure inside the cup is a function of the change of volume within the
enclosure. Accounting for this change in volume, and applying the ideal gas law can find

an expression for the inner pressure in terms of x; and X..

2 2
p=/Ry +CA (7.17)
cup cup

where,

A. = effective cup surface area

A = leak opening area

x = leak displacement coordinate

Xc = cup displacement coordinate

The analysis of the coupled system is simplified by transforming the equations
into vector form. Equation 7.17 can be represented in matrix form as,

XX (7.18)

where,

The external pressure exerts a force on the cup that can be quantified by the
displacement of the system. This displacement is a function of the stiffness of the
system.

kxx =axP, (7.19)

where,

rCAA

ms® +c,5+ (K, +ka,)

2
% m52+cls+ka|
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S=jw

Cs = seal damping coefficient

¢ = damping coefficient for leakage

ks = seal stiffness

ka. = air spring stiffness as seen by the cup
kay = air spring stiffness as seen by the leak

The expressions for the air stiffness are defined as:

2 p2
ka:rcA:

C n

rc?A’?

ka, =

Equation 7.18 and Equation 7.19 can be combined to create a transfer function between

theinterior and exterior pressure of the cup.

2
il "r—caT k'a (7.20)
o cup

Equation 7.20 is used to obtain the pressure ratio for the coupled piston and Helmholtz

resonator mode.
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Harmonic pressure analysis was performed for the leak diameters of 1/8'’, 3/16"’
and 3/8’. These leak sizes are chosen because they are close to the leaks that occur in
the actual earcup seal system. The pressure ratio of the reference pressure outside the cup
and the pressure inside the earcup P/P; is plotted versus frequency in Figure 7.17, Figure
7.18 and Figure 7.19 respectively. Figure 7.17 shows the frequency response for the
pressure ratio P/P, for the smallest leak size of 1/8”. The magnitude of the pressure ratio
is within 4 db up to near 150 Hz. It is important to note that the FEA study predicts a
smaller pressure ratio with a mean error of -2.17 dB. The FEA phase prediction exhibits
the same trend as the anaytica solution. The maximum phase difference with the
analytical result is approximately 15 degrees and occurs at 90 Hz. The mean error is
defined as,

{FEA valueat ndatapoints- Analytical valueat n datapoints}

Mean Error = -
No. of data points
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Figure 7.17 Driving point FRF for pressure response (Pi/P,) for the 1/8” leak
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The larger 3/16” diameter leak case shown in Figure 7.18 shows better agreement
with the analytical result in both magnitude and phase. The magnitude and phase trends
of the FEA and anaytical model are highly correlated. The maximum difference in
pressure ratio magnitude over the frequency range is about 4 db near 200 Hz. FE predicts
a low value of pressure ratio than the analytical with the mean error of -1.67 dB. The
phase response of the pressure ratio is further out of phase than the analytical model with

amaximum difference of 10 degrees.
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Figure 7.18 Driving point FRF for pressure response (P;/P,) for the 3/16” leak

The FE results show good agreement with the 2DOF analytical model for the
largest leak size shown in Figure 7.19. The results correlate to within 2 dB in magnitude
and 10 degrees in phase. The mean error is 0.88 dB. The FEA error are 4 dB for the
smaller leak sizes, Figures 7.17 and 7.18, the difference in results are 4dB. Comparison
of the P/P, for the three leak sizes shown in Figure 7.20 conforms to the prior inference
for P/P, versus leak size i.e. the amplitude of pressure ratio P,/P, and the resonant

frequency increase with the increase in the leak area.

82



FRF for 3/8" Leak

T

ﬂ | |
L|- -+

Analytical

-30

10

10"

I
K I
wm _————_——————
] o L _____
= |
\Nl |
c < |
lew | _______]
< ,
‘7 [ P
|
I
|
! |
\\\\\\\\ R
! 7
| \
! /
- - - <y - —
| \r\
| /
LS
| /
,\ /
| /
“““““ L
Q\
\\\\\\\ I
\\\\\\\ \\\”%\\\\\\\\
\\\\\V\T \\\\\\\\\
/ 4 |
\\\\\ S - — 4
s |
‘mmmx“‘, “““““
Z |
s I
DA [
|
|
\\\\\\\\ - - - — — — - 4
|
|
|
|
\\\\\\\\ [
|
|
|
|
|
|
L
o o o
0 o n
] 3 =

(bep) sseud

10°

10"

Frequency (Hz)
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FSI Analysis with different leak sizes
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Figure 7.20 Comparison of pressure ratio (Pi/Po) for Fluid Structure Interaction (FSI) analysis for

three different leak sizes
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However, it is interesting to note that the amplitude of Pi/Po for the earcup/sed
system is less than the amplitude of Pi/Po for the rigid earcup. This may be due to the
observation that some energy in the system goes into lifting the cup, which gets damped
out in the seal, also some energy goes into flexing the cup. For the rigid cup there is no

loss of energy, therefore the strength of reflected waves has significant impact on Pi/Ps.



For the purpose of investigating the maximum attenuation at low frequency, a no
leak analysis is performed with the fluid structure coupled model. This analysisis similar
to the previous leak analysis except that there is no leak that connects the external fluid
domain to the internal fluid domain. The only pressure created within the earcup is due to
the motion of the earcup/seal system and transmission through the material. The cup

flexure modes do not occur between 0 Hz and 200 Hz.

Figure 7.21 Comparison of pressure ratio (Pi/Po) for no leak case

The above plot compares the FE results for the no leak case with the analytical
results. . The results correlate to within 2dB in magnitude and 5 degrees in phase. The
mean error is —1.5 dB. The maximum amplitude Pi/P, for the no leak case is —18 dB,
where as the smallest leak size has maximum amplitude Pi/Po of —12 dB. It can be
inferred from this result, that eliminating the leak could improve the attenuation by 6 dB.
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One of the most important factors in the FE analysis is the analysis time; the
analysis time for the three cases of analysis is tabulated in Table 7.5. It can be noticed
that the analysistimeis substantially less with use of SGI Altix system.

Table 7.6 Analysis Run Time for FE Models.

Case No. of Element Dell Workstation 450 SGI Altix 3300
(Run time/Frequency) (Run
time/Freauencv)

Structural Model 12,000 60 sec -
Acoustic Model 45,000 300 sec 50 sec
Acoustic-Structure 55,000 1000 sec 200 sec

Coupled Model
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Chapter 8

Conclusion

8.1 Summary of Thesis

The primary goa of this research is to identify, model and explore the physical
phenomena that are primarily responsible for the poor performance of circumaural ear
defenders at low frequencies (0 Hz — 300 Hz).

Through prior research literature and the experiments performed on the
earcup/seal system, it is observed that there are four mechanisms that are primarily
responsible for the poor performance of circumaural ear defenders. These mechanisms
are,

1. Air leaks, which influence the attenuation in a broad frequency range.
2. Earcup vibration which causes the circumaural earmuffs to work as a mass-

spring system generally below 1000 Hz, resulting from the earmuff’ s inability

to fit rigidly against the head.

3. Sound penetration of the earcup and the cushion that limits sound attenuation
at frequencies above 1000 Hz.

4. Bone and tissue conduction into the outer, middle and inner ear, which limit's

the sound attenuation at frequencies above 1500 Hz.

It is believed that two of these four mechanisms, air leaks and earcup vibration,
are responsible for the modes that occur at frequencies below 300 Hz. These modes are
recognized as the Helmholtz mode and the Seal Piston mode.

Due to the presence of leaks, between the earcup sea and the head, the earcup is
believed to behave as a Helmholtz resonator at lower frequencies. When a slug of air
present in the leak is excited by an ambient pressure source, it starts to vibrate between
the inner fluid volume of the earcup and the ambient air, causing a volume change. If an
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ideal gas is assumed, the volume change is proportional to the pressure change in the ear
cup. The volume change can be enough to cause amplification of noise within the earcup
above the ambient pressure.

The seal piston mode occurs when the ambient noise field excites the earcup, such
that it starts to vibrate like a piston against the earcup seal. In this case the earcup acts as
a rigid mass and the seal as a spring. The compression of the earcup against the sed
causes a change in the inner fluid volume and thus causing pressure amplification.

The objective of this research is to mode the above-mentioned physical
phenomenon. For this purpose, the large volume earcup with soft gel undercut seal is
employed in this research. Isolated study of each physical phenomenon is performed and
the effects of different parameters on the attenuation are explored. The coupling between
the fluid and structure enlightens the fact that the fluid and structure modes have an
impact on each other. Therefore, a coupled fluid-structure analysisis aso performed.

The analysis of the earcup/seal system involves the structural modeling, acoustics
leak modeling and fluid-structure coupled modeling. A simple representation of the
Helmholtz and the seal piston mode can be modeled analytically by the single degree of
freedom equation that estimates the acoustic pressure response of the earcup/seal system
in the lower frequency. The criterion selected to analyze the performance of the earcup is
the acoustic pressure ratio Pi/P,, where P; is the internal acoustic pressure of the earcup
and P, is the reference acoustic pressure at the external surface of the earcup/seal system.
The pressure ratio Pi/P,, provides normalized amplitude of pressure response inside the
earcup.

Although, the analytical models provide a good approximation for the pressure
response inside the earcup, these formulations are based on single degree of freedom
system with lumped mass assumptions. The actual earcup/seal system isamulti degree of
freedom system with mass distributed over the volume of the earcup and the seal. It was
therefore necessary to adopt a modeling and analysis tool, which better represents the
physicsinvolve in the analysis of the earcup.
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A better representation of the earcup/seal system and the physics involved in the
anaysis of the above mentioned phenomena is achieved by employing the Finite
Elements Methods. The FE modeling of the earcup/seal system involves the structura
modeling, the acoustic modeling and the fluid structure coupled modeling. The FE
analysis consist of the following steps,

4, Build the geometry for the required analysis.
Mesh the geometry with appropriate elements to represent the spatial domain.
Input material properties datainto the software environment.

5
6
7. Apply loads and the boundary conditions.
8 Solve the problem.

9

Extract and interpret the FE results.

The geometry of the earcup/seal system was imported into the FE software
environment. A very large effort was put into the earcup geometry to make it ready for
meshing. Meshing 3-D parts with solid elements requires a great deal of “partitioning” of
the CAD geometry definition. The original IGES ear cup definition received from ATI
was reworked to remove small lines and define sub volumes so the earcup could be
meshed. This was not enough; additional effort was put into the solid geometry to make
it efficient for meshing. Meshing controls were placed on individua lines of the new
“clean ear cup geometry” to control and produce a very effective meshing scheme for the
earcup. As aresult the earcup mesh was reduced to 12,000 elements from over 110,000
elements. The reduction in the number of elements is important for an efficient FE
analysis because it directly effects the analysis solution times.

The earcup consists of polycarbonate material for which the material properties
data was readily available. However, the seal consists of viscoelastic material, which has
frequency dependant storage and loss moduli. Enormous efforts were made to come up
with a material model, which is adequate for the lower frequency range anaysis.
Material properties extractions models were created from SDOF and MDOF model.
However, insufficient data restricted the utility of these material models. The material
properties used in the FE models were extracted from the complex stiffness data that was

obtained from experiments.
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The geometry of the acoustic leak model was imported into ABAQUS. It
consisted of an external air domain, the internal fluid volume of the earcup and the leak
volume that connects the internal fluid volume of the earcup to the external fluid domain.
The leak sizes were selected to match the experimentsi.e. (17, 3/4”, 1/27,3/8", 3/16” and
18*).

There were two FE modeling issues in modeling the external domain, the creation
of infinite domain and representation of acoustic source. In ABAQUS, applying radiation
conditions at the boundary of the acoustic medium creates an infinite acoustic medium.
The ABAQUS theory manual [3] recommends modeling a layer of the acoustic medium
using finite elements, to a thickness of 1/3 to a full wavelength, out to a “radiating”
boundary surface for the lowest frequency to be used in the analysis. The lowest
frequency of interest for this analysis was 50 Hz; in order to get accurate results from the
FE analysis, the radius of the acoustic medium has to be 1/3 of the lowest wavelength,
which in this case is 2.5 m. The radiation boundary condition is then imposed on this
surface to allow the acoustic waves to pass through and not reflect back into the
computational domain.

The acoustic source was represented as a point source emitting spherical pressure
waves. The acoustic pressure could be specified at a node, but creates a singularity in the
FE model, which requires a heavy mesh around that particular node to inject acoustic
energy from that node into the entire fluid domain. In order to avoid this numerical
problem an acoustic pressure was specified over an area so that the intensity of the
spherical source remains the same as for the point source.

Some partitioning was performed on the geometry of the acoustic leak model to
reduce the number of elements from 90,000 to 45,000 3-D quadratic acoustic elements.
This model takes 50 sec to solve for each frequency on the SGI Altix machine.

For lower frequency analysis, damping is calculated from thermoviscous damping
model. These damping values are entered in ABAQUS as a volumetric drag term.

The geometry of the fluid structure coupled model is imported into the FE
software environment. The modeling issues related to the coupled modeling are similar to
those associated with the structural and acoustic modeling. However, defining the fluid-

structure coupling is the key to the coupled fluid-structure analysis of the earcup/sed
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system. In ABAQUS, a surface-based procedure is used to enforce this coupling. This
method requires that the structural and acoustic meshes use separate nodes. The user
defines surfaces on the structural and fluid geometries and defines the interaction
between the two meshes using the * TIE option. The * TIE command repl aces the adjacent
fluid and structure elements with the interface elements. The nodes of the interface
element possess both acoustic and structure degrees of freedom i.e. the pressure as well
as the displacement degrees of freedom.

The initial coupled FE model was consisted of more than 140,000 elements. The
geometries of the internal and external fluid domain were partitioned and meshing
controls were specified on lines in order to reduce the mesh size to 55,000 elements. This
model takes 200 sec to solve for each frequency on the SGI Altix machine.

Moda anaysis was performed on the earcup structure in order to locate the
earcup elastic modes. The first elastic mode was found at 1076 Hz frequency. This result
means that the earcup elastic modes do not significantly affect the pressure response at
frequencies below 300 Hz.

Moda analysis was performed on the earcup/sea system. It was found that the
seal piston mode occurs a 206 Hz. The sea piston structural modes have a strong
influence on pressure response at frequencies below 300 Hz.

Moda anaysis was performed on the earcup internal fluid volume in order to
locate the earcup internal acoustic modes. The first interna acoustic mode was found at
2201 Hz. As aresult the earcup internal acoustic modes do not significantly affect the
pressure response at frequency below 300 Hz.

Frequency response analysis was performed to analyze the affects of leak size on
the pressure response inside the earcup. The results show that the leak has a dominant
impact on the acoustic response at lower frequencies. The dimensions of the leak govern
the resonant amplitude of pressure inside the earcup, as well as the resonant frequency. It
was observed that both the resonant amplitude of the pressure ratio and the resonant
frequency increase as the leak size isincreased.

Frequency response analysis was performed to analyze the affects of leak size and
the seal piston mode on the pressure response inside the earcup. The results obtained

from the coupled analysis also exhibit the same trend of pressure inside the earcup as for
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the acoustic only leak analysis. The amplitude of the pressure ratio and the resonant
frequency were shown to increase as the leak size increased. However, the overall
amplitude of response for the coupled analysis that also includes the seal, was lower than
what was observed for the acoustic only leak case or therigid cup case.

Frequency response analysis was performed to analyze the affects of the sedl
piston mode on the pressure response inside the earcup. It was observed that eliminating
the leak from the earcup/seal system increased the over all attenuation of pressure by 6
dB. This means that the coupling of the Helmholtz mode and the piston mode can cause

a6 dB lossin hearing protection.
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8.2 Conclusion of Research

The significance of this research is the use of FE modeling technique for the
analysis of circumaura ear defenders. The FE modeling has proved to be very useful for
the investigation of phenomena responsible for the performance of the circumaura ear
defenders at lower frequency range. The analysis results not only provide information
about the structural and internal acoustic mode shapes of the earcup/seal system but also
provide the pressure response (0 Hz — 300 Hz) due to excitation through an ambient
pressure wave. The findings of this research are,

The piston mode for the earcup/seal system occurs at 206 Hz and is responsible
for poorer performance of the circumaural ear defenders.

The Helmholtz resonator mode occurs at low frequency (below 300 Hz) due to
the presence of acoustic leaks

The amplitude pressure ratio P; /P, and the resonant frequency associated with the
Helmholtz resonator mode increase with the increase in the leak size.

The amplitude of pressure ratio P; /P, for the earcup/seal system is less than the
amplitude of P; /P, for the rigid earcup case.

The coupled model for the smallest leak size i.e. /8" predicts the maximum
amplitude of P; /P, is—12 dB.

Eliminating the leak improves the attenuation of the earcup/seal system by 6 dB.
For the mid frequency range there are resonances due to earcup’ s structural modes
and the internal acoustic modes that occur due to the formation of standing waves

in theinterna fluid volume of the earcup.
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8.3 Recommendations for Future Work

The current research has led to a better understanding of phenomena that are
responsible for the lower frequency acoustic response of the earcup, but a lot has to be
done to develop a earcup sed system which will attenuate the sound pressure more
effectively.

Although, the FE models developed in this research correlate well with the
anaytical and experimental results, but there is a need to coordinate the FE modeling
efforts with the experimental testing. A better correlation between FE and experimental
results can be achieved by coordinating test and model development realize practical test
and model conditions

The FE software issues regarding the lower frequency acoustic and structure
modeling are resolved. One of the most important factors in FE modeling is to get the
appropriate material properties into the FE model. The material properties for earcup
were readily available but the most challenging work regarding the FE modeling in this
research work is to get the appropriate material properties for the viscoelastic sed
material. The material model used in this research is good enough for lower frequency
range, but a proper system identification process is required to come up with the materia

model that is appropriate for lower frequency as well as the mid frequency range.
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Appendix A

FE Software Verification Studies

Al. Transmission Loss Study

The purpose of this study is to calculate transmission losses, for the case of plane
acoustic wave traveling in one medium (water) encounters another medium (steel plate)
of some thickness ‘L’ and then transmitted to a third medium ( water). When an acoustic
wave traveling in one medium encounters the boundary of a second medium reflected
and transmitted waves are generated. If the amplitude of the pressure of the incident wave
is P; and that of transmitted pressure is P; then the transmission coefficient T is the ratio
of transmitted pressure to incident pressure, transmission coefficient is used to calculate
transmission loss

The analysis is performed using ANSY S which is capable of performing both
coupled & uncoupled acoustics analysis. However, we are interested in the coupled fluid
structure analysis, which takes fluid structure interaction into account. The model
consists of a water channel, at the center of which there is a steel plate which acts as a
partition between the two fluid (water) mediums. A pressure wave is generated on the | eft
side of the channel; the pressure incident on the partition & the transmitted pressure is
obtained from the analysis. These pressures are used to calculate transmission coefficient

and transmission loss. The results are aso verified by analytical solution
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In this problem we have channel carrying water which is separated by a steel plate

as shown in Figure A1.1. A plane pressure wave of pressure 1 Pais generated in the left

portion of the channel at a distance of 1.5m from the partition. Analysis is to be done for

partition thickness of 0.015m & 0.05m, in order to determine the effects of the stiffness

of the partition on transmission |oss.

Pressure Source <«

water 4\

>

Steel plate (thickness =t)

Figure Al.1 Schematic diagram of channel containing water partitioned by a steel plate.

Geometry

L=6m

t =0.015m (for first run)

t = 0.05m (for second run)
h=0.2m

Press=1 Pa

Material Properties

Steel

Density = 7700 Kg/m®

Y oung’s Modulus = 19.5e'° Pa
Poisson’s Ratio = 0.29

Speed of Sound in Steel = 5050 m/sec

Water

Density = 1000 Kg/m®
Speed of Sound in Water = 1481 m/sec
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The system is modeled in ANSY S to carry out the acoustics analysis. Seven areas
are created as shown in Figure A1.2 (a, b and c). Solid plane 42 elements are used to
mesh Area 7 which represents a partition (steel plate). Areas 2 & 6 are adjacent to area 7
and are meshed with Fluid 29 elements with key option ‘O’ i.e. structure present option.
Fig 1.2 ¢ shows meshed areas 2, 6 & 7 the boundary between Plane 42 elements and
Fluid 129 elements is marked as the Fluid Structure Interface (FSI).

Figure Al.2 a: seven areas each represented by different color.

As A A

Figure A1.2 b: zoomed view of areas 2,6 & 7

FS

Fluid 29 (Key Opt 0)

.

Plane 42 Elements

Figure A1.2 ¢ meshed areas 2,6 & 7
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Areas 1, 3,4 & 5in Figure A1.2 a are meshed with Fluid 29 elements with key
option ‘1’ i.e. structure absent option. At the ends of the channel Fluid 129 (infinite
acoustic elements) are created. The meshed areas 3 & 4 & the infinite acoustics elements
areshown in Figure A1.3.

—

Fluid 29 (Key opt 1) Fluid 129 elements
(At the boundary -
of the channel)

Figure A1.3 Meshed areas 3 & 4. Infinite acoustic elements at the boundary of the channel

- 8

A plane pressure wave of 1 Pa at 2000 Hz is generated towards the left of the
channel which is acting normal on the steel partition the partition is constrained so that it
can not move in x & y direction. Infinite acoustic elements at both ends of the channel
provide an absorbing boundary condition so that an outgoing pressure wave reaching the
boundary of the model is absorbed with minimal reflection into the fluid domain. Figure

A1.4 shows a comprehensive model with all elements, loads & boundary conditions.

Fluid 129 Pressure Displacement B.C's Fluid 129
(Inf-Acoustic) applied on partition (Inf Acoustics)

Figure A1.4 Comprehensive view of the model & B.C’s
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’

Harmonic Analysis is performed on the model for three different thicknesses of
the steel partition and three different thicknesses of the fluid structure interface. The
pressure incident on the partition and the pressure transmitted through the partition are
obtained from FEA results and are used to calculate transmission coefficient and the

transmission loss by using following relations,

Transmission Coefficient: T = I% (A1.D

Transmission Loss: TL =10 Log (1/T)
where,

P, = Amplitude of incident pressure
P. = Amplitude of transmitted pressure

For analytical solution, the expression used to calcul ate transmission coefficient is,

T= 4n (AL2)

2
(wm- s/ w) + w,mh N+l
f2C2 f2C2

where,

r isthe density of the fluid medium.

cisthe velocity of sound in fluid medium.
sis stiffness of the partition.
h istheloss factor.

mis the mass per unit area of the partition.
n is the ratio of acoustic impedance.
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Figure Al15 below compares the current ANSYS FEA transmission loss
computations to the expected transmission loss values according to Equation 1.0 cited
earlier. Work is ongoing to identify reasons for the differences in the two results;
however, it should be stated that the trend is very good and the approach seems very
encouraging. It iswell known that precise boundary conditions of a panel subject to an
incident pressure field will have a significant influence on the TL values. Equation 1.0 is
based on “infinite” panel dimensions where the boundary conditions have not been taken
into account. It is precisely this type of limitation in the analytical-based solutions that
call for exploration of the FEA solution methodologies being investigated in this Phase |

program.

Figure A1.5: Comparison of current ANSYS TL calculations for a plane wave incident on a 0.015
m steel panel in a heavy (water) fluid; comparison to analytical TL from Equation 1.0
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A2. Coupled Acoustic Structure Study

The objective of the FEA validation problem presented next is to verify the
accuracy of ANSY S modeling algorithms in predicting the response of a fluid-structure
coupled field analysis. The reason for performing this analysis is that ear cups are
surrounded by an acoustic medium (air), and the interaction between certain cup
materials and the fluid may alter the natural frequencies of the ear cup from its in-vacuo
values. Modal analysis is then performed with ANSY S to find the natural frequencies of
a fluid loaded structure. The other phenomenon investigated during the analysis is the
pressure-velocity coupling generated in the fluid due to a prescribed velocity of a piston.
Harmonic analysis is performed with ANSY S to investigate the pressure generated due to
a harmonic velocity. The problem selected for the analysis is a spring mounted piston
dliding in athin cylindrical tube containing water, terminated by arigid end cap.

The system is modeled in ANSY S as a 2-D axi-symmetric model. The reason to
for this approach is that a 2-D axi-symmetric representation can be used to represent most
of the physics associated with the actual 3-D system. This approach minimizes the
computing resources required to investigate the model. The Figure below shows the
schematic of the FE model.

x)
Piston: Solid, axisymmetric elements, (ANSY S Plane 42).
FSI:  Fluid, axisymmetric elements, structure present. (ANSY S Fluid 29)
Ux, Uy and dynamic pressure degrees of freedom.
Water: Fluid, axisymmetric, structure absent. (ANSY S Fluid 29)
Dynamic pressure degree of freedom

$
The boundary conditions are applied to perform the modal analysis with ANSYS.

The piston is constrained to move only in y-direction. The bottom nodes of the spring
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elements are constrained not to move. The boundary between solid and fluid elementsis

marked as afluid structure interface (FSI) Figure A2.1.

: |
Axis of i
symmetry ——————P dP/Dy =0
Fluid 29 Elements
Pres Dof
Fluid Fluid 29 Elements
Structure Interface Ux,Uy and Pres Dof
Piston
modeled by
Solid Plane 42
Elements
Combination 14
<« [& Spring Element
. /

Figure A 2.1 Schematic diagram of the FEA Model.

Water was chosen as the fluid for this problem, in order to exaggerate the effects
of fluid loading. This problem is considered for the analysis because the analytical
solution to this classical problem is well known. The FEA results will then be compared
with the analytical results. The boundary conditions applied to the model, the modal
analysis, and the harmonic analysis are evident from the figure (continuity of velocity at
the piston face and zero velocity at the closed end of the tube). The geometric

dimensions of the tube, material properties and the physical properties are given below:
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Table A 2.1 Properties for FSI Problem

Geometric Properties

Steel Material
Properties

Water Properties

Physical Properties

L = length of tube =20 m

Density = 7700
kg/m3

Density = 1000
kg/m3

Mass of the piston
=12.252 kg

d = diameter of tube = 0.2m

Young's Modulus
=19.5¢" Pa

Phase Speed in
Water = 1481
m/sec

Stiffness of the
Spring = 4836978
N/m

h = height of piston = 0.05m

Poisson’s Ratio =
0.29

Phase Speed in
Steel = 5050
m/sec

Effects of Fluid Loading on Structure’s Natural Frequency

In order to determine the effects of fluid loading on the spring piston’s natural

frequency, the in-vacuo natural frequencies and the fluid structure coupled natural

frequencies are obtained by performing a moda analysis with ANSYS. The results will

then be compared with the analytical solution shown below.

The appropriate equation for simple harmonic motion of a fluid loaded piston is

F= jm((orZXZa +2p)

given by,
where,
F =force

r = radius of piston

X = line displacement

Z, = acoustic impedance of a column of fluid

Z,,= impedance of in-vacuo piston
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The natural frequency of the coupled system corresponds to the condition F=0,ie the

total impedance vanishes. Hence,

cot(kl) = (b‘l) kL()ll 1- o (A2.2)
The term on the left hand side of the Equation 1 is the eigen frequency function.
The term on the right consists of 6, kl and kol where, bis the ratio of characteristic
specific acoustic impedance of the fluid to the magnitude of the impedance of the piston
mass per unit area at the in-vacuo natural frequency , kil is the normalized wave number

at any frequency and kol is the normalized wave number at in-vacuo natural frequency

w,

-
_ r,CA
Mw,

r, = mean fluid density

A = cross-section area of piston
. K
w, = in-vacuo natural frequency of the structure = | /ﬁ

K = stiffness of the spring

M = mass of therigid piston
k, = wave number = w, /c

¢ = the speed of sound in fluid
| = the length of the tube

The peaks in Figure A2.2 below correspond to the wave numbers at the natural
frequency. The natural frequencies are obtained by using the relation k=wj/c.
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Results

The results obtained by FEA analysis are tabulated below. It can be seen from Table
A2.2 that the fluid structure interaction has significant effects on the natural frequencies of the

Figure A2.2 Plot of cot(kl)= -1(kl/kol)(1-(kol/kl)2) vs. k

spring piston system as expected, and that the FEA calculation is valid as shown next.

Table A2.2 Coupled Natural Frequencies FEA versus Analytical

No. Coupled Natural Coupled Natural Frequency | % Difference Coupled
Frequency FEA(Hz) Analytical(Hz) Natural Frequency
1 25.3 25.0 1.2
2 57.9 57.7 0.3
3 92.9 92.9 0.0
4 128.6 128.6 0.0
5 164.6 164.6 0.0
6 200.8 200.8 0.0
7 237.0 237.0 0.0
8 273.3 273.3 0.0
9 309.7 309.7 0.0
10 346.1 346.1 0.0
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Frequency Response Problem
The velocity pressure coupling is now investigated by performing harmonic

analysis with ANSY' S and the results are compared with the analytical solution for the

harmonic plane wave.

The pressure gradient of the fluid is given by Euler Equation,

—=-rwu (A2.3)

where,

1P

— = pressure gradient

I

r = mean fluid density

w =theforcing frequency
U, = prescribed displacement

The complex form of the harmonic solution for the acoustic pressure of a plane waveis
P=pae' "' 4 gel ) (A2.4)
and after differentiation with respect to x,

P Cikae

X

j(nt- k) j(nt+k2)

+(ik)Be

. . P .
Factoring out e”'t for steady state acoustics, 11]]— can be written as,
X

TP _ Cikyae ™ + (ikyBe ™ (A2.5)

I

Two boundary conditions are obtained from Equation 2 for x=0 and x=L.
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:11_P =- ruw’D @x=0 (driver/piston end)
X

11]1—P =0 @x=L (closed end of the tube)
X

These two boundary conditions give two equations and two unknowns (A and B)
when applied to Equation 5. The values of A and B are substituted in Equation 3 to
obtain the values of the pressure at a particular location x. The pressure at any location X
isgiven by,

P = 2C coskx + 2D sinkx

where C and D are constant coefficients, k is the wave number.

# )
The FE model used to perform the harmonic analysis is the same model used for
the modal analysis except for the prescribed displacement at the structure (piston)
elements (refer back to Figure A2.1).

Loads and Boundary Conditions
A prescribed displacement of the piston oscillating at a specified frequency is

used to perform the harmonic analysis. The piston displacement is a prescribed axid
displacement of 2 x 10-11meters. The forcing frequency ranges from 0-500 Hz with a

frequency resolution of 1 Hz.

Figure A2.3 Boundary conditions for harmonic analysis
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The pressure generated due to the prescribed displacement is determined at the
driver end (piston end) and at the closed end where the velocity is zero. The results
obtained by FEA and analytical solutions are plotted in the following FRF plots. Figure
A2.3 (a& b) shows the plots of the impedance frequency response function at the piston
end and the impedance frequency response function at the closed end respectively versus
the frequency. These plots indicate the excellent agreement between the frequency
response function predictions using ANSY S. The peak values at each resonance are not
identical because no attempt was made to calibrate damping values between the two

solution approaches.

Figure A2.4 (a) Driving point impedance vs. frequency, prescribed displacement of 2e- 11m
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Figure A2.4 (b): Transfer impedance vs. frequency, prescribed displacement of 2e-11m

The peaks in the above plots correspond to the resonance. It can be seen that the
peak amplitude at resonance is decreased as the frequency is increased this is due to the
fact that at higher frequencies the pressure amplitude gets lower.

FEA Conclusions of Validation Problems

Since the FE results obtained from the modal analysis and the harmonic analysis
performed with ANSY S compared well with the analytical solution it could be concluded
that FEA using ANSY S is valid for performing acoustics coupled field analysis of any
structure. The in-vacuo and the acoustics natural frequencies of the ear cup can be
obtained by performing modal analysis with ANSY S. Similarly, the pressure generated
inside the ear cup due to the vibration of the cup material could be predicted by
performing harmonic analysis with ANSYS. These essentia results confirm the ability
of the FEA modeding to accurately assess the transmission loss, fluid-structure

interaction, and harmonic analysis.
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APPENDIX B

Material Properties Data

B1l. Viscoelastic Material Data For ABAQUS

my, My, Mg, Ms, Frequency (Hz)

OO NNNNNNOODOODODODODOODOOOOUUTONUOOITORARDRBREDRMDMDRWOWWWWWNDNDNDN

. 4650E+001, - 2.
. 3678E+001, - 2.
. 6695E+001, - 2.
. 8451E+001, - 2.
. 0593E+001, - 2.
. 2710E+001, - 2.
. 4150E+001, - 3.
. 5470E+001, - 3.
. 6513E+001, - 3.
. 0252E+001, - 2.
. 4221E+001, - 3.
. 5089E+001, - 3.
. 5935E+001, - 3.
. 6808E+001, - 3.
. 8589E+001, - 3.
. 0585E+001, - 3.
. 2020E+001, - 3.
. 3224E+001, - 3.
. 5439E+001, - 3.
. 7078E+001, - 4.
. 8349E+001, - 4.
. 9674E+001, - 4.
. 0915E+001, - 4.
. 2315E+001, - 4.
. 3467E+001, - 4.
. 5324E+001, - 4.
. 6882E+001, - 4.
. 8325E+001, - 4.
. 9808E+001, - 4.
. 1146E+001, - 4.
. 2957E+001, - 4.
. 4851E+001, - 4.
. 6192E+001, - 4.
. 7299E+001, - 4.
. 9536E+001, - 4.
. 0935E+001, - 4.
. 1691E+001, - 4.
. 2422E+001, - 4.
. 3787E+001, - 4.
. 4937E+001, - 4.
. 6020E+001, - 4.
. 7081E+001, - 4.

4030E+001, 2.
4652E+001, 2.
6676E+001, 2.
7341E+001, 2.
7830E+001, 3.
9427E+001, 3.
2392E+001, 3.
2878E+001, 3.
1722E+001, 3.
9872E+001, 4.
2512E+001, 4.
4902E+001, 4.
5707E+001, 4.
6528E+001, 4.
7338E+001, 4.
7944E+001, 5.
8594E+001, 5.
8737E+001, 5.
9624E+001, 5.
0226E+001, 5.
0473E+001, 5.
1535E+001, 5.
1797E+001, 6.
2473E+001, 6.
2975E+001, 6.
3192E+001, 6.
3579E+001, 6.
4203E+001, 6.
4775E+001, 6.
4591E+001, 7.
5208E+001, 7.
5882E+001, 7.
5998E+001, 7.
5896E+001, 7.
7197E+001, 7.
8847E+001, 8.
9317E+001, 8.
8904E+001, 8.
9497E+001, 8.
9861E+001, 8.
9409E+001, 8.
9394E+001, 8.

4650E+001, - 2.
3678E+001, - 2.
6695E+001, - 2.
8451E+001, - 2.
0593E+001, - 2.
2710E+001, - 2.
4150E+001, - 3.
5470E+001, - 3.
6513E+001, - 3.
0252E+001, - 2.
4221E+001, - 3.
5089E+001, - 3.
5935E+001, - 3.
6808E+001, - 3.
8589E+001, - 3.
0585E+001, - 3.
2020E+001, - 3.
3224E+001, - 3.
5439E+001, - 3.
7078E+001, - 4.
8349E+001, - 4.
9674E+001, - 4.
0915E+001, - 4.
2315E+001, - 4.
3467E+001, - 4.
5324E+001, - 4.
6882E+001, - 4.
8325E+001, - 4.
9808E+001, - 4.
1146E+001, - 4.
2957E+001, - 4.
4851E+001, - 4.
6192E+001, - 4.
7299E+001, - 4.
9536E+001, - 4.
0935E+001, - 4.
1691E+001, - 4.
2422E+001, - 4.
3787E+001, - 4.
4937E+001, - 4.
6020E+001, - 4.
7081E+001, - 4.
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4030E+001, 4.
4652E+001, 5.
6676E+001, 5.
7341E+001, 6.
7830E+001, 6.
9427E+001, 7.
2392E+001, 8.
2878E+001, 8.
1722E+001, 9.
9872E+001, 1.
2512E+001, 1.
4902E+001, 1.
5707E+001, 1.
6528E+001, 1.
7338E+001, 1.
7944E+001, 1.
8594E+001, 1.
8737E+001, 1.
9624E+001, 1.
0226E+001, 1.
0473E+001, 1.
1535E+001, 1.
1797E+001, 1.
2473E+001, 1.
2975E+001, 1.
3192E+001, 2.
3579E+001, 2.
4203E+001, 2.
4775E+001, 2.
4591E+001, 2.
5208E+001, 2.
5882E+001, 2.
5998E+001, 2.
5896E+001, 2.
7197E+001, 2.
8847E+001, 2.
9317E+001, 2.
8904E+001, 2.
9497E+001, 2.
9861E+001, 2.
9409E+001, 2.
9394E+001, 3.

3750E+001
0000E+001
6250E+001
2500E+001
8750E+001
5000E+001
1250E+001
7500E+001
3750E+001
0000E+002
0625E+002
1250E+002
1875E+002
2500E+002
3125E+002
3750E+002
4375E+002
5000E+002
5625E+002
6250E+002
6875E+002
7500E+002
8125E+002
8750E+002
9375E+002
0000E+002
0625E+002
1250E+002
1875E+002
2500E+002
3125E+002
3750E+002
4375E+002
5000E+002
5625E+002
6250E+002
6875E+002
7500E+002
8125E+002
8750E+002
9375E+002
0000E+002



B2. Leak Damping Data

Damping (Kg/sec) , Frequency(Hz)
. 8278E+002, 4.
. 0506E+003, 5.
. 1144E+003, 5.
. 1746E+003, 6.
. 2320E+003, 6.
. 2868E+003, 7.
. 3393E+003, 8.
. 3899E+003, 8.
. 4386E+003, 9.
. 4858E+003, 1.
. 5316E+003, 1.
. 5760E+003, 1.
. 6191E+003, 1.
. 6612E+003, 1.
. 7022E+003, 1.
. 7423E+003, 1.
. 7814E+003, 1.
. 8198E+003, 1.
. 8573E+003, 1.
. 8941E+003, 1.
. 9301E+003, 1.
. 9656E+003, 1.
. 0004E+003, 1.
. 0346E+003, 1.
. 0682E+003, 1.
. 1013E+003, 2.
. 1339E+003, 2.
. 1659E+003, 2.
. 1976E+003, 2.
. 2287E+003, 2.
. 2595E+003, 2.
. 2898E+003, 2.
. 3197E+003, 2.
. 3493E+003, 2.
. 3785E+003, 2.
. 4073E+003, 2.
. 4358E+003, 2.
. 4640E+003, 2.
. 4918E+003, 2.
. 5193E+003, 2.
. 5466E+003, 2.
. 5735E+003, 3.

NNNPNPNNNMNDNDNNNDNMNDDNMNDNDNNDNNNNMNNMNNNPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRPRRPRPRPRRERO

3750E+001
0000E+001
6250E+001
2500E+001
8750E+001
5000E+001
1250E+001
7500E+001
3750E+001
0000E+002
0625E+002
1250E+002
1875E+002
2500E+002
3125E+002
3750E+002
4375E+002
5000E+002
5625E+002
6250E+002
6875E+002
7500E+002
8125E+002
8750E+002
9375E+002
0000E+002
0625E+002
1250E+002
1875E+002
2500E+002
3125E+002
3750E+002
4375E+002
5000E+002
5625E+002
6250E+002
6875E+002
7500E+002
8125E+002
8750E+002
9375E+002
0000E+002
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