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Abstract

An understanding of the vibration and acoustic properties of cylindrical shells is vital
if we are to solve noise problems in a wide range of practical applications, especially those
that occur in pipes, ducts, aircraft fuselage and rockets.

The focus of this study was thus to analyze the dynamic response and acoustic properties
of cylindrical shells with different types of end cap configurations namely Flat Ends and
Dome Ends. These structures were studied for Free-Free, Fixed-Free and Fixed-Translation
boundary conditions. An experimental study was conducted in a reverberation chamber
using acoustic excitation and the results compared with those obtained using a numerical
model developed using MSC/Nastran and MSC/Patran. The results obtained from the
numerical and experimental models were in good agreement, thus validating the numerical

model.
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Chapter 1

Introduction

As with beams and plates, in many branches of engineering, shells are utilized as prac-
tical elements when modelling engineering structures, ranging from simple elements such as
pipes and ducts, to complex structures such as the bodies of cars, space shuttles, aircraft
fuselages, ship hulls, submarines and buildings [1]. However, given that the classical bending
theory of shells is governed by an eighth order system of partial differential equations of mo-
tion, while the corresponding plate bending theory is only of the fourth order, the dynamic
characteristics of shells are inevitably far more complicated than those of beams and plates.

The determination of dynamic characteristics and acoustic properties for cylindrical
shells can be important. The main aim of this project is to analyze the dynamic charac-
teristics and acoustic properties of a cylindrical shell with different end cap configurations
(Flat and Dome Ends), boundary conditions (Free-Free, Fixed-Free and Fixed-Translation).
This study examined the dynamic characteristics and acoustic properties for each of these

configurations and boundary conditions.

1.1 Schematic Test Setup for a Cylindrical Shell

In order to experimentally analyze the dynamic characteristics and acoustic properties
of the cylindrical shells under different boundary conditions, the experimental setup shown
in Figure 1.1 was developed and utilized throughout the study.

The apparatus shown in Figure 1.1 consists of a Bruel & Kjaer Pulse Multi-Analyzer
System Type 3560C, Windows System with Bruel & Kjaer Pulse LabShop Software with

Reflex -19.0 Version, pyramid stereo power amplifier, speaker, microphones, cylindrical shell



Pyramid Stereo Amplifier
(e Ceppuen0n 90 Windows 7 Operating System
&l
Bruel &Kjaer Pulse Multi- Bruel &Kjaer Pulse LabShop Software
Analyzer System Type with Reflex- 19.0 Version
3560C

Reverberation Chambir)

Accelerometer
Microphone 2

Microphonel

S

Cylindrical Shell

Schematic Test Setup Approach for a Cylindrical Shell

Figure 1.1: Schematic Test Setup

and reverberation chamber. A detailed discussion of the setup and the specifications of the

equipment used are provided in the following subsections.

1.1.1 Bruel & Kjaer Pulse Multi-Analyzer System Type 3560C

This PC-Based analyzer system is used to perform noise and vibration measurements.
The analysis is determined by the application software packages installed in the system,
which include FFT, CPB (octave) and over-all level analyzers. Multiple analyzers of the
same type can used simultaneously, hence its designation as a Multi-Analyzer System Type

3560C.

1.1.2 Bruel & Kjaer Pulse Lab Shop Software with Reflex- 19.0 Version

The PC-based analyzer system Type 3560C is controlled by the Bruel & Kjaer Pulse

Lab Shop Software, which runs in a Microsoft system environment. The Noise and Vibration



Figure 1.2: Bruel&Kjaer Pulse Multi-Analyzer System Type 3560C

Type 7700 that is included in the Pulse Lab Shop Software contains a number of tools,
including the configuration, measurement, post processing function, display, report organizer
and calibration master. Software packages such as FFT, CPB (octave) and Overall level
analyzers must be installed along with the Noise and Vibration Type 7700 in order to record

measurements and process the data from the Multi-Analyzer System.

1.1.3 FFT Analyzer

FFT analysis is based on the Fast Fourier Transform Algorithm, which is a mathematical
method for transforming a function of time into a function of frequency that is utilized for
analyzing time-dependent phenomena. FFT analysis is crucial for obtaining the frequency
distribution of the power in a sound wave. An FFT analyzer uses constant bandwidth
resolution which is useful for vibration analyses because this provides the optimum frequency
resolution, facilitating the identification of structural resonances.

An FFT analyzer uses spectrum averaging and measures frequency spectra, measuring
auto spectra for signals and cross-spectra for selected pairs of signals. Spectrum averaging

is particularly useful for general signal and system analyses.



1.1.4 CPB Analyzer

A CPB Analyzer is used to perform digital filter based fractional octave analysis. In
a digital filter-based CPB, although the frequency range measured is set by altering the
sampling interval, the digital filters always operate with same relative bandwidth. A number
of parallel filtering operations are performed to analyze the frequency range selected; for
example, a 1/1-octave analysis requires one band pass filter per octave and a 1/3-octave
analysis requires three band pass filters per octave. A CPB analyzer can measure both auto

spectra and cross-spectra.

1.1.5 System Calibration

The objective of calibrating the system is to measure the inherent inaccuracies in the
various measurement channels (accelerometer and microphone). Regular calibration is re-
quired as the sensitivity of instruments and transducers used in a system normally changes
over time due to ambient temperature and ageing. The purpose of calibration is to iden-
tify the appropriate sensitivity adjustment value (gain adjustment) for each channel. These
adjustment values are then used to correct the measurement results to provide meaningful

results.

1.1.6 Coherence

Coherence is used to check the measurement conditions and system as a whole. The
coherence function is measured in the frequency domain and represents the linear relationship
between two signals. Coherence values ranges from 0 to 1, with a value of '1” indicating an
ideal system and ideal measurement conditions. A value of '0’ indicates no correlation
between signals. Coherence values less than "1’ indicate that there is a leakage or noise
in the measurements and the system is non-linear. Low coherence values indicates poor

measurements that should not be relied upon.



1.1.7 Stereo Amplifier (Total Output 600 W)

The stereo amplifier (Total Output 600 W) shown in Figure 1.3 was used in conjunction
with the Labshop software described above. Its technical specifications were as follows:

Manufacturer: Pyramid

Model: pB600x Stereo Power Amplifier

Dual Output Level Controls and Illumination

Protection Circuit and Indicator

Power On/Off Switch

Stereo/Mono Selector

w0 power ampiFier

& s FPYRAMD

v U e ek pgnt .
o chmnom Sl

TUTRL YR TPET POMER
e
cuping

Figure 1.3: Pyramid Stereo Amplifier

1.1.8 4” High Power Speaker

In the test setup, a Matrix 4”7 High Power Speaker was mounted at one end of the
cylindrical shell in a wooden box. This consisted of a 20 oz. magnet structure with high
quality polymica composite cone with 1”7 hi-temperature voice coil. The specifications for
the speaker as follows:

Manufacture: Matrix

Power- 100 Watts Max/50 Watts RMS

Impedance- 4 Ohm

Efficiency- 87 dB (1 Watt/1 meter)

Frequency Response-110 Hz- 18 KHz.



Figure 1.4: Matrix 4”7 High Power Speaker

1.1.9 Microphones

In the test setup, Bruel & Kjaer microphones of the type shown in Figure 1.5 were
placed at both ends of the cylindrical shell in such a way that the face of the microphone
was flush with the end surface of the cylindrical shell. One microphone was placed alongside
with the speaker in the wooden box and the other at the opposite end of the cylindrical
shell. The microphone specification were as follows:

Technical Specification of Microphone at Speaker End:

Manufacturer: Bruel & Kjaer

Prepolarized Microphone Type 4188-1-001

Serial No: 2381450

Gain Adjust- 0.9874

Nom.Sensitivity-31.6 m V/Pa

Max Peak Input- 7.071 V

HP Filter- 22.4 Hz.

Technical Specification of Microphone at Opposite to Speaker End:

Manufacturer: Bruel & Kjaer

Prepolarized Microphone Type 4188-L-001

Serial No: 2381451

Gain Adjust- 1.055



Nom.Sensitivity-31.6 m V/Pa
Max Peak Input- 7.071 V
HP Filter- 22.4 Hz.

Figure 1.5: Bruel & Kjaer Microphone Type 4188L-001

1.1.10 Piezoelectric Accelerometer

In the test setup, an Endevco Piezoelectric Accelerometer, shown in Figure 1.6, was
placed at the end of the cylinder opposite to the speaker end of the cylindrical shell. The
accelerometer’s technical specifications were as follows:

Manufacturer: ENDEVCO

Piezoelectric Accelerometer

Model No- 2226C

Serial Number- 17746

Gain Adjust- 0.9202

External Amplifier Gain- 10G V/C

Max Peak Input- 7.071 V

HP Filter- 22.4 Hz



Figure 1.6: ENDEVCO Piezoelectric Accelerometer

1.1.11 HP Compaq 8200 Elite Windows based System

In the test setup, an HP Compaq 8200 Elite windows 7 based operating system was
used along with the Bruel & Kjaer Pulse LabShop Software with Reflex in order to perform
the data analysis. The computer’s system configuration was as follows:

Model - HP Compaq 8200 Elite

Operating System Windows 7

CPU-8 core 2.80 GHz Intel Core i7-2600s

Service Pack 1

RAM- 8078 MB

Hard Disk-500 GB

1.1.12 Reverberation Room

A reverberation room is a room specifically designed for use in acoustic experiments
that facilitates the evaluation of the sound absorption coefficient and the sound transmission
loss of acoustic material. It has reflective walls, floor and ceiling to recreate the conditions
required for a diffuse sound field within a limited space. In a reverberation room, where
the energy of an incoming sound comes from a number of different directions, the reverber-
ation time is extremely long and the sound pressure level distribution is almost uniform.

Reverberation rooms are designed for determining the noise output of sound sources, the



transmission loss of partitions, the insertion loss of silencers, the response characteristics of
microphones, and the random incidence absorption coefficients of materials.

The experimental setup was assembled in a reverberation room in the Acoustic Lab in
order to ensure the sound pressure was equal over the entire surface, including inside and
the outside the tubes. The reverberation room used for this experiment had a volume of 53

m3, shown in Figure 1.7.

Figure 1.7: Outside view of the reverberation chamber

1.1.13 CAD Drawings of Cylindrical Tube

This subsection provides selected drawings of the flat and dome end tubes and their end
caps. Figure 1.8 is a front view of the dome end tube. The aluminum cylinder is 60 in. in
length and 6 in. in diameter. The dome had an inner radius of 5.25 in.

Fig 1.9 is a front view of the dome end cap. The cutout in the center is for the speaker,
which was mounted on the end cap.

Fig 1.10 is a front view of the flat end tube. This tube had the same length and diameter

as the dome end tube.



Fig 1.11 is a front view of the flat end cap. There were cutouts made for the speaker

and microphone similar to the dome end cap.

60.00

R5.2500

All dimensions are in inches

Figure 1.8: Cylindrical Tube with Dome Ends

@6.0000

23.9100

4.0300 O

20.5000
Microphone Hole

All dimensions are in inches

Figure 1.9: Dome End with Speaker Setup
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60.0000

6.0000

All dimensions are in inches

Figure 1.10: Cylindrical Tube with Flat Ends

6.7500

6.0000
/_

24.0950
/—

6.0000 o

©0.5310

. All dimensions are in inches
Microphone Hole

Figure 1.11: Flat End with Speaker Setup

1.1.14 Setup Conditions

The aluminum tubes with flat and dome end caps were subjected to the following
boundary conditions.

a. Free- Free Condition.

b. Fixed- Free Condition.

c. Fixed- Translation Condition.

Pictures of each of these conditions will be shown in Chapter 2.

11



Aluminum tubes were subjected to fixed-free and fixed-translation conditions using jack-

stands as shown in Figure 1.12.

Figure 1.12: Pictures of the jack stand with the fixture to hold the tube

12



Chapter 2

Dynamic Response of Aluminum Tubes using Acoustic Excitation

To better understand the acoustic field inside thin walled cylindrical tubes, experiments
were conducted using aluminum cylindrical tubes . In this chapter, we discuss the experi-
ments conducted using the aluminum tubes shown in Section 1.1.13 for different boundary
conditions and end cap configurations.

The two end cap configurations used for the aluminum cylinders were:

1. Flat end caps

2. Dome end caps

2.1 Aluminum Tube with Flat End Cap Configuration

The three different boundary conditions applied at the ends of the aluminum tubes
were:

(i) Free-Free

(ii) Fixed-Free

(iii) Fixed-Translation

2.1.1 Free-Free Boundary Condition

Experimental Setup:
Tests were conducted on an aluminum circular cylindrical shell with material properties
as follows: Young’s Modulus = 1 x 107 psi, Density = 0.1 [b/in® and Poisson’s ratio = 0.33.

The experimental setup is shown in Figures 2.1, 2.2 and 2.3.

13



Accelerometer

Mic FWD

Figure 2.1: Free-Free Experimental Setup

Accelerometer

Mic FWD

Figure 2.2: FWD End Setup

14



Internal speaker

Mic AFT

Figure 2.3: Internal loudspeaker Setup (AFT End)

A frequency range of 0-800 Hz was used for the frequency response measurements and
an FFT analysis with a frequency resolution of 0.5 Hz averaged over 10,000 readings across
the time domain was conducted.

Results:

Figures 2.4 and 2.5 show the results for Sound Level (dB) versus Frequency (Hz) for the
AFT and FWD microphones, respectively,in the aluminum tube with flat ends. The first
peak was recorded at a sound level of 97.230 dB at 95 Hz for Mic AFT (AFT microphone)
and 99.288 dB at 91.5 Hz for Mic FWD (FWD microphone). Figure 2.6 is a composite of
Figures 2.4 and 2.5 comparing the sound levels recorded by the AFT and FWD microphones.

Figures 2.7 and 2.8 show the results for Sound Pressure (Pa) versus Frequency (Hz) for
the AFT and FWD microphones, respectively, in the aluminum tube with flat ends. The
first peak pressure was recorded as 1.454 Pa at 95 Hz for Mic AFT and 1.843 Pa at 91.5
Hz for Mic FWD. Figure 2.9 is a composite of Figures 2.7 and 2.8 comparing the sound
pressures recorded by the AFT and FWD microphones.

Figure 2.10 shows the Acceleration (m/s?) versus Frequency (Hz) for the accelerometer

placed at the FWD end of the aluminum tube with flat ends.

15
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Summary of Results
Table 2.1 shows the results for the aluminum tube with flat end caps (Free-Free Condi-

tion) using acoustic excitation.

Aluminum Tube with Flat End Caps using Acoustic Excitation

Experimental Results
Sound Pr
0111‘2‘_61;;;;“6 Sound Pressure (Pa)
97.230 dB at 95 Hz 1.454 Paat 95 Hz
Free-Free Condition (Mic AFT) (Mic AFT)
99.288 dB at 91.5 Hz 1.843 Paat91.5Hz
(Mic FWD) (Mic FWD)

Table 2.1: Experimental Results for the Aluminum Tube with Flat End Caps (Free-Free

Condition) using Acoustic Excitation
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2.1.2 Fixed-Free Boundary Condition

Experimental Setup:
The experimental setup for an aluminum tube with flat end caps for the fixed-free

condition is shown in Figure 2.11.

Figure 2.11: Fixed-Free Experimental Setup

Results:

Figures 2.12 and 2.13 show the results for Sound Level (dB) versus Frequency (Hz) for
the AFT and FWD microphones, respectively, in the aluminum tube with flat ends. The
first peak was recorded at a sound level of 97.160 dB at 95 Hz for Mic AFT and 99.180 dB
at 91.5 Hz for Mic FWD. Figure 2.14 is a composite of Figures 2.12 and 2.13 comparing the
sound levels recorded by the AFT and FWD microphones.

Figures 2.15 and 2.16 show the results for Sound Pressure (Pa) versus Frequency (Hz)
for the AFT and FWD microphones, respectively, in the aluminum tube with flat ends. The
first peak pressure was recorded as 1.442 Pa at 95 Hz for Mic AFT and 1.821 Pa at 91.5

24



Hz for Mic FWD. Figure 2.17 is a composite of Figures 2.15 and 2.16 comparing the sound
pressures recorded by the AFT and FWD microphones.
Figure 2.18 shows the Acceleration (m/s*) versus Frequency (Hz) for the accelerometer

placed at the FWD end in the aluminum tube with flat ends.
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Summary of Results
Table 2.2 shows the results for the aluminum tube with flat end caps (Fixed-Free Con-

dition) using acoustic excitation.

Aluminum Tube with Flat End Caps using Acoustic Excitation

Experimental Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

Fixed-Free Condition

07.16 dB at 95 Hz
(Mic AFT)

1.442 Pa at 95 Hz
(Mic AFT)

99.18 dB at 91.5 Hz

1.821 Paat91.5 Hz

(Mic FWD) (Mic FWD)

Table 2.2: Experimental Results for the Aluminum Tube with Flat End Caps (Fixed-Free

Condition) using Acoustic Excitation
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2.1.3 Fixed-Translation Boundary Condition

Experimental Setup:
The experimental setup for an aluminum tube with flat end caps for the fixed-translation

condition is shown in Figure 2.19

Figure 2.19: Fixed-Translation Experimental Setup

Results:

Figures 2.20 and 2.21 show the results for Sound Level (dB) versus Frequency (Hz) for
the AFT and FWD microphones, respectively, in the aluminum tube with flat end caps. The
first peak was recorded at a sound level of 97.138 dB at 95 Hz for Mic AFT and 99.174 dB
at 91.5 Hz for Mic FWD. Figure 2.22 is a composite of Figures 2.20 and 2.21 comparing the
sound levels recorded at the AFT and FWD microphones.

Figures 2.23 and 2.24 show the results for Sound Pressure (Pa) versus Frequency (Hz)
for the AFT and FWD microphones, respectively, in the aluminum tube with flat end caps.
The first peak pressure was recorded as 1.439 Pa at 95 Hz for Mic AFT and 1.819 Pa at 91.5
Hz for Mic FWD. Figure 2.25 is a composite of Figures 2.23 and 2.24 comparing the sound

pressures recorded at the AFT and FWD microphones.
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Figure 2.26 shows the Acceleration (m/s?) versus Frequency (Hz) for the accelerometer

placed at the FWD end in the aluminum tube with flat end caps.
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Summary of Results
Table 2.3 shows the results for the aluminum tube with flat end caps (Fixed-Translation

Condition) using acoustic excitation.

Aluminum Tube with Flat End Caps using Acoustic Excitation

Experimental Results

Sound Pr
OE;'EIEE;HE Sound Pressure (Pa)
97.14 dB at 95 Hz 1.439 Pa at 95 Hz
Fixed-Translation (Mic AFT) (Mic AFT)
Condition
99.17 dB at 91.5 Hz 1.819 Paat91.5 Hz
(Mic FWD) (Mic FWD)

Table 2.3: Experimental Results for the Aluminum Tube with Flat End Caps (Fixed-

Translation Condition) using Acoustic Excitation
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2.2  Aluminum Tube with Dome End Cap Configuration

The three different boundary conditions applied at the ends of the aluminum tubes
were:

(i) Free-Free

(ii) Fixed-Free

(iii) Fixed-Translation

2.2.1 Free-Free Boundary Condition

Ezxperimental Setup:

Tests were conducted on an aluminum circular cylindrical shell with the following ma-
terial properties: Young’s Modulus = 1 x 107 psi, Density = 0.1 {b/in® and Poisson’s ratio
= 0.33.The experimental setup for an aluminum tube with dome end caps for the free-free

condition is shown in Figure 2.27

Figure 2.27: Free-Free Experimental Setup
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A frequency range of 0-800 Hz was chosen for the frequency response measurements and
a simple FFT analysis with a frequency resolution of 0.5 Hz averaged over 10,000 readings
across the time domain was evaluated.

Results:

Figures 2.28 and 2.29 show the results for Sound level (dB) versus Frequency (Hz) for
the AFT and FWD microphones, respectively, in the aluminum tube with dome end caps.
The first peak was recorded at a sound level of 105.132 dB at 112.5 Hz for Mic AFT and
105.687 dB at 112.5 Hz for Mic FWD. Figure 2.30 is a composite of Figures 2.28 and 2.29
comparing the sound levels recorded at the AFT and FWD microphones.

Figures 2.31 and 2.32 show the results for Sound Pressure (Pa) versus Frequency (Hz)
for the AFT and FWD microphones, respectively, in the aluminum tube with dome ends.
The first peak pressure was recorded as 3.611 Pa at 112.5 Hz for Mic AFT and 3.849 Pa at
112.5 Hz for Mic FWD. Figure 2.33 is a composite of Figures 2.31 and 2.32 comparing the
sound pressures recorded at the AFT and FWD microphones.

Figure 2.34 shows the Acceleration (m/s?) versus Frequency (Hz) for the accelerometer

placed at the FWD end in the aluminum tube with dome ends.
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Summary of Results
Table 2.4 shows the results for the aluminum tube with dome end caps (Free-Free

Condition) using acoustic excitation.

Aluminum Tube with Dome End Caps using Acoustic Excitation

Experimental Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

105.132dBat112.5Hz | 3.611Paatl112.5Hz
Free-Free Condition (Mic AFT) (Mic AFT)

105.687 dB at 112.5Hz | 3.849 Paat 112.5 Hz
(Mic FWD) (Mic FWD)

Table 2.4: Experimental Results of Aluminum Tube with Dome End Caps (Free-Free Con-

dition) using Acoustic Excitation
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2.2.2 Fixed-Free Boundary Condition

Experimental Setup:

The experimental setup for an aluminum tube with dome end caps for the fixed-free

condition is shown in Figure 2.35

Figure 2.35: Fixed-Free Experimental Setup

Results:

Figures 2.36 and 2.37 show the results for Sound Level (dB) versus Frequency (Hz)
for the AFT and FWD microphones, respectively, in the aluminum tube with dome end
caps.The first peak was recorded at a sound level of 105.160 dB at 112.50 Hz for Mic AFT
and 105.712 dB at 112.50 Hz for Mic FWD. Figure 2.38 is a composite of Figures 2.36 and
2.37 comparing the sound levels recorded at the AFT and FWD microphones.

Figures 2.39 and 2.40 show the results for Sound Pressure (Pa) versus Frequency (Hz)

for the AFT and FWD microphones, respectively, in the aluminum tube with dome end caps.
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The first peak pressure was recorded as 3.623 Pa at 112.50 Hz for Mic AFT and 3.860 Pa at
112.50 Hz for Mic FWD. Figure 2.41 is a composite of Figures 2.39 and 2.40 comparing the
sound pressures recorded at the AFT and FWD microphones.

Figure 2.42 shows the Acceleration (m/s?) versus Frequency (Hz) for the accelerometer

placed at the FWD end of the aluminum tube with dome end caps.
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Summary of Results
Table 2.5 shows the results for the aluminum tube with dome end caps (Fixed-Free

Condition) using acoustic excitation.

Aluminum Tube with Dome End Caps using Acoustic Excitation

Experimental Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

105.160dB at112.5Hz | 3.623Paat112.5Hz
Fixed-Free Condition (Mic AFT) (Mic AFT)

105.712dB at 112.5Hz | 3.860 Paat 112.5 Hz
(Mic FWD) (Mic FWD)

Table 2.5: Experimental Results of Aluminum Tube with Dome End Caps (Fixed-Free Con-

dition) using Acoustic Excitation
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2.2.3 Fixed-Translation Boundary Condition

Experimental Setup:
The experimental setup for an aluminum tube with dome end caps in the fixed-translation

condition is shown in Figure 2.43

Figure 2.43: Fixed-Translation Experimental Setup

Results:

Figures 2.44 and 2.45 show the results for Sound Level (dB) versus Frequency (Hz) for
the AFT and FWD microphones, respectively, in the aluminum tube with dome end caps.
The first peak was recorded at a sound level of 105.144 dB at 112.50 Hz for Mic AFT and
105.697 dB at 112.50 Hz for Mic FWD. Figure 2.46 is a composite of Figures 2.44 and 2.45
comparing the sound levels recorded at the AFT and FWD microphones.

Figures 2.47 and 2.48 show the results for Sound Pressure (Pa) versus Frequency(Hz)
for the AFT and FWD microphones, respectively, in the aluminum tube with dome ends.

The first peak pressure was recorded as 3.616 Pa at 112.50 Hz for Mic AFT and 3.854 Pa at
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112.50 Hz for Mic FWD. Figure 2.49 is a composite of figures 2.47 and 2.48 comparing the
sound pressures recorded at the AFT and FWD microphones.
Figure 2.50 shows the Acceleration (m/s*) versus Frequency (Hz) for the accelerometer

placed at the FWD end of the aluminum tube with dome end caps.
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Summary of Results
Table 2.6 shows the results for the aluminum tube with dome end caps (Fixed-Translation

Condition) using acoustic excitation.

Aluminum Tube with Dome End Caps using Acoustic Excitation

Experimental Results

Sound Pressure

Level(dB) Sound Pressure (Pa)

105.144dB at 112.5Hz | 3.616Paat112.5Hz

Fixed-Translation (Mic AFT) (Mic AFT)

Condition

105.697 dBat 112.5Hz | 3.854 Paat 112.5 Hz
(Mic FWD) (Mic FWD)

Table 2.6: Experimental Results of Aluminum Tube with Dome End Caps (Fixed-Translation

Condition) using Acoustic Excitation
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Chapter 3

Comparison of Graphs between End Cap Configurations and Boundary Conditions

In this chapter, comparing graphs with different end cap configurations (Flat and Dome
End Caps) and different boundary conditions (Free-Free, Fixed-Free, Fixed-Translation)
were presented.

Comparison of graphs:

The graphs for the Flat and Dome end cap configurations are compared for the following
boundary conditions:

(i) Free-Free Boundary Condition

(ii) Fixed-Free Boundary Condition

(iii) Fixed-Translation Boundary Condition

The graphs for the Free-Free,Fixed-Free and Fixed-Translation conditions are then com-
pared for the following end cap configurations:

(i) Dome End Cap Configuration.

(ii) Flat End Cap Configuration.

3.1 Comparison of Graphs between Dome and Flat End Cap Configurations
Under the Free-Free Condition:

Results:

Figure 3.1 shows the Sound Level (dB) and Frequency (Hz) recorded by the AFT micro-
phone in the aluminum tube under the free-free condition, comparing the results obtained
for the dome and flat end caps. The first peak was recorded at a Sound Level of 105.132 dB
at 112.5 Hz for Mic AFT for dome end caps and 97.230 dB at 95 Hz for Mic AFT for flat

end caps.
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Figure 3.2 compares the graphs for the Sound Level (dB) and Frequency (Hz) recorded
by the FWD microphone in the aluminum tube under the free-free condition for dome and
flat end caps.The first peak was recorded at a Sound Level of 105.687 dB at 112.5 Hz for
Mic FWD for dome end caps and 99.288 dB at 91.5 Hz for Mic FWD for flat end caps.

Figure 3.3 shows the graphs for the Sound Pressure (Pa) and Frequency (Hz) recorded
by the AFT microphone in the aluminum tube under the free-free condition for dome and
flat end caps. The first peak was recorded at a Sound Level of 3.611 Pa at 112.5 Hz for Mic
AFT for dome ends and 1.454 Pa at 95 Hz for Mic AFT for flat end caps.

Figure 3.4 compares the graphs for the Sound Pressure (Pa) and Frequency (Hz) recorded
by the FWD microphone in the aluminum tube under the free-free condition for dome and
flat end caps. The first peak was recorded at a Sound Level of 3.849 Pa at 112.5 Hz for Mic
FWD for dome ends and 1.843 Pa at 91.5 Hz for Mic FWD for flat end caps.

Figure 3.5 compares the graphs of the Acceleration (m/s?) and Frequency (Hz) measured
by the accelerometer placed at the FWD end in the aluminum tube for both dome and flat

end caps.
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3.2 Comparison of graphs between Dome and Flat End Cap Configurations
Under the Fixed-Free Condition:

Results:

Figure 3.6 compares the graphs for the Sound Level (dB) ancompares the graphs for the
Sound Level (dB) and Frequency (Hz) for the AFT microphone mounted in the aluminum
tube under the fixed-free condition with either dome or flat end caps. The first peak was
recorded at a Sound Level of 105.160 dB at 112.5 Hz for Mic AFT for dome end caps and
97.157 dB at 95 Hz for Mic AFT for flat end caps.

Figure 3.7 compares the graphs of the Sound Level (dB) and Frequency (Hz) for the
FWD microphone in the aluminum tube under the fixed-free condition for dome and flat
end caps. The first peak was recorded at a Sound Level of 105.712 dB at 112.5 Hz for Mic
FWD for dome end caps and 99.185 dB at 91.5 Hz for Mic FWD for flat end caps.

Figure 3.8 compares the graphs of the Sound Pressure (Pa) and Frequency (Hz) for the
AFT microphone in the aluminum tube under the fixed-free condition for dome and flat end
caps. The first peak was recorded at a Sound Level of 3.623 Pa at 112.5 Hz for Mic AFT
for dome end caps and 1.442 Pa at 95 Hz for Mic AFT for flat end caps.

Figure 3.9 compares the graphs of the Sound Pressure (Pa) and Frequency (Hz) for the
FWD microphone in the aluminum tube under the fixed-free condition for dome and flat end
caps. The first peak was recorded at a Sound Level of 3.860 Pa at 112.5 Hz for Mic FWD
for dome end caps and 1.821 Pa at 91.5 Hz for Mic FWD for flat end caps.

Figure 3.10 shows the data for Acceleration (m/s?) and Frequency (Hz) measured by
the accelerometer placed at the FWD end of the aluminum tube for both the dome and flat

end caps.
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3.3 Comparison of graphs between Dome and Flat End Cap Configurations

Under the Fixed-Translation Condition:

Results:

Figure 3.11 compares the graphs of Sound Level (dB) and Frequency (Hz) for the AFT
microphone mounted in the aluminum tube under the fixed-translation condition for dome
and flat end caps. The first peak was recorded at a Sound Level of 105.144 dB at 112.5 Hz
for Mic AFT for dome ends and 97.138 dB at 95 Hz for Mic AFT for flat end caps.

Figure 3.12 compares the graphs of Sound Level (dB) and Frequency (Hz) for the FWD
microphone in the aluminum tube under the fixed-translation condition for dome and flat
end caps. The first peak was recorded at a Sound Level of 105.697 dB at 112.5 Hz for Mic
FWD for dome ends and 99.174 dB at 91.5 Hz for Mic FWD for flat end caps.

Figure 3.13 compares the graphs of Sound Pressure (Pa) and Frequency (Hz) for the
AFT microphone in the aluminum tube under the fixed-translation condition for dome and
flat end caps. The first peak was recorded at a Sound Level of 3.616 Pa at 112.5 Hz for Mic
AFT for dome ends and 1.439 Pa at 95 Hz for Mic AFT for flat end caps.

Figure 3.14 compares the graphs of Sound Pressure (Pa) and Frequency (Hz) for the
FWD microphone in the aluminum tube under the fixed-translation condition for dome and
flat end caps. The first peak was recorded at a Sound Level of 3.854 Pa at 112.5 Hz for Mic
FWD for dome ends and 1.819 Pa at 91.5 Hz for Mic FWD for flat end caps.

Figure 3.15 compares the graphs obtained for Acceleration (m/s?) and Frequency (Hz)
for an accelerometer placed at the FWD end of the aluminum tube for dome and flat end

caps.
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3.4 Comparison of graphs between Free-Free, Fixed-Free and Fixed-Translation

Condition for Dome End Cap Configuration:

Results:

Figure 3.16 compares the graphs of the Sound Level (dB) and Frequency (Hz) recorded
by an AFT microphone mounted in the aluminum tube with dome end caps for three different
boundary conditions (Free-Free vs Fixed-Free vs Fixed-Translation). At 112.5 Hz, the first
peak was recorded at sound levels of 105.132 dB, 105.160 dB, and 105.144 dB for the Free-
Free, Fixed-Free and Fixed-Translation conditions, respectively.

Figure 3.17 compares the graphs of the Sound Level (dB) and Frequency (Hz) recorded
by the FWD microphone in the aluminum tube with dome end caps under all three bound-
ary conditions. At 112.5 Hz, the first peak was recorded at sound levels of 105.687 dB,
105.712 dB, and 105.697 dB for the Free-Free, Fixed-Free and Fixed-Translation conditions,
respectively.

Figure 3.18 compares the graphs of the Sound Pressure (Pa) and Frequency (Hz)
recorded by the AFT microphone in the aluminum tube with dome end caps under all
three boundary conditions. At 112.5 Hz, the first peak was recorded at sound pressures
of 3.611 Pa, 3.623 Pa, and 3.616 Pa for the Free-Free, Fixed-Free and Fixed-Translation
conditions, respectively.

Figure 3.19 compares the graphs of the Sound Pressure (Pa) and Frequency (Hz)
recorded by the FWD microphone in the aluminum tube with dome end caps under all
three boundary conditions. At 112.5 Hz, the first peak was recorded at sound pressures
of 3.849 Pa, 3.860 Pa, and 3.854 Pa for the Free-Free, Fixed-Free and Fixed-Translation
conditions, respectively.

Figure 3.20 compares the graphs of Acceleration (m/s?) and Frequency (Hz) obtained
by an accelerometer placed at the FWD end in the aluminum tube with dome end caps

under all three boundary conditions.
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3.5 Comparison of graphs between Free-Free, Fixed-Free and Fixed-Translation

Condition for Flat End Cap Configuration:

Results:

Figure 3.21 compares the graphs of the Sound Level (dB) and Frequency (Hz) recorded
by the AFT microphone in the aluminum tube with flat end caps for three different boundary
conditions (Free-Free vs Fixed-Free vs Fixed-Translation). At 95 Hz, the first peak was
recorded at Sound Levels of 97.230 dB, 97.157 dB, and 97.138 dB for the Free-Free, Fixed-
Free and Fixed-Translation conditions, respectively.

Figure 3.22 compares the graphs of the Sound Level (dB) and Frequency (Hz) recorded
by the FWD microphone in the aluminum tube with flat end caps under all three boundary
conditions. At 91.5 Hz, the first peak was recorded at Sound Levels of 99.288 dB, 99.180 dB,
and 99.174 dB for the Free-Free, Fixed-Free and Fixed-Translation conditions, respectively.

Figure 3.23 compares the graphs of the Sound Pressure (Pa) and Frequency (Hz)
recorded by the AFT microphone in the aluminum tube with flat end caps under all three
boundary conditions. At 95 Hz, the first peak was recorded at Sound Pressures of 1.454
Pa, 1.442 Pa, and 1.439 Pa for the Free-Free, Fixed-Free and Fixed-Translation conditions,
respectively.

Figure 3.24 compares the graphs of the Sound Pressure (Pa) and Frequency (Hz)
recorded by the FWD microphone in the aluminum tube with flat end caps under all three
boundary conditions. At 91.5 Hz, the first peak was recorded at Sound Levels of 1.843
Pa, 1.821 Pa, and 1.819 Pa for the Free-Free, Fixed-Free and Fixed-Translation conditions,
respectively.

Figure 3.25 compares the graphs of Acceleration (m/s?) and Frequency (Hz) measured
by the accelerometer placed at the FWD end in the aluminum tube with flat end caps under

all three boundary conditions.
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Chapter 4

Numerical Model Analysis using MSC Nastran/Patran Software

This chapter presents the numerical analysis conducted for an aluminum tube with dif-
ferent boundary conditions and end cap configurations using MSC Nastran /Patran Software.
The two end cap configurations used for the aluminum cylinders were:

1. Flat end caps

2. Dome end caps

4.1 Aluminum Tube with Flat End Cap Configuration

The three different boundary conditions applied at the ends of the aluminum tubes
were:

(i) Free-Free

(ii) Fixed-Free

(iii) Fixed-Translation

4.1.1 Free-Free Boundary Condition

In order to perform the numerical analysis of the aluminum tube with flat end caps,
a model was developed using the MSC/Patran software with the following dimensions and
material properties :

Length of the aluminum tube= 60 in, diameter of the aluminum tube= 6 in, shell
thickness=0.125 in, flat end cap thickness= 0.25 in, Young’s Modulus = 1 x 107 psi, Density=
0.1 Ib/in® and Poisson’s ratio=0.33. The entire model is meshed with quad4 mesh tool.

The value of the force applied from the speaker was unknown during all of the experi-

ments. In order to obtain an approximation to the force from the speaker, a force was chosen
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that matched the first peak sound pressure level for the free-free boundary condition for the
aluminum tube with flat end caps. This force was then used to make comparisons between
the results for the other boundary conditions which were investigated for the aluminum tube
with flat end caps. Figure 4.1 shows the mesh established for the numerical analysis of the

aluminum tube with flat end caps (free-free condition).

o 15 ) 2 4 6 5 0 2 e
e 5 5 s ] ] 5 5 5 5 e o e 2 5

Figure 4.1: Numerical Analysis Mesh for the Aluminum Tube with Flat End Caps (Free-Free

Condition)

A frequency range of 0-250 Hz was chosen for the frequency response analysis, with a
force of 0.0025 1bf and a frequency resolution of 0.5 Hz. The frequency response analysis was
performed using the MSC Nastran Software.

In the numerical analysis for the case of the aluminum tube with flat end caps, the
starting peak that occurs in the Sound Pressure (Pa) vs Frequency (Hz) graph for Mic AFT
(Figure 4.5) and Mic FWD (Figure 4.6) appears to be due to the vibration of the speaker
membrane that is a part of the aluminum tube mesh. Hence, the second peak in the Sound
Pressure (Pa) vs Frequency (Hz) graph should be considered the first peak for the purposes
of this analysis.

Results:

Figures 4.2 and 4.3 show the results of the numerical analysis for Sound Level (dB)

versus Frequency (Hz) for the AFT and FWD microphones, respectively, in an aluminum
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tube with flat end caps. At 97.22 Hz, the first peak was predicted to be at a sound level of
96.670 dB at Mic AFT and 96.590 dB at Mic FWD. Figure 4.4 is a composite of Figures 4.2
and 4.3 to facilitate the comparison of the sound levels at the AFT and FWD microphones.

Figures 4.5 and 4.6 show the results of the numerical analysis for sound pressure (Pa)
versus frequency for the AFT and FWD microphones, respectively, in the aluminum tube
with flat ends. At 97.22 Hz, the first peak sound pressure was predicted to be 0.897 Pa
at Mic AFT and 0.895 Pa at Mic FWD. Figure 4.7 is a composite of Figures 4.5 and 4.6

compares the sound pressures at the AFT and FWD microphones.
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Summary of Results
Table 4.1 shows the results of the numerical analysis of the aluminum tube with flat

end caps (Free-Free Condition) using acoustic excitation.

Aluminum Tube with Flat End Caps using Acoustic Excitation

Numerical Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

96.67 dB at 97.22 Hz 0.897 Paat 97.22 Hz
Free-Free Condition (Mic AFT) (Mic AFT)

96.59 dB at 97.22 Hz | 0.895 Paat 97.22 Hz
(Mic FWD) (Mic FWD)

Table 4.1: Results of the Numerical Simulation for the Aluminum Tube with Flat End Caps

(Free-Free Condition) using Acoustic Excitation
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4.1.2 Fixed-Free Boundary Condition

Figure 4.8 shows the mesh established for the numerical analysis of the aluminum tube

with flat end caps (Fixed-Free Condition).

{55 15 6 e . 5 5 o o 5 o o o e

Figure 4.8: Numerical Analysis Setup of Aluminum Tube with Flat End Caps (Fixed-Free

Condition)

Results:

Figures 4.9 and 4.10 show the results of the numerical model for sound level (dB) versus
frequency for the AFT and FWD microphones, respectively, in an aluminum tube with flat
ends. At 97.22 Hz, the first peak was predicted to be at a sound level of 98.46 dB at Mic AFT
and 98.42 dB at Mic FWD. Figure 4.11 is a composite of Figures 4.9 and 4.10 to facilitate
the comparison of the sound levels at the AFT and FWD microphones.

Figures 4.12 and 4.13 show the results of the numerical model for sound pressure (Pa)
versus frequency for the AFT and FWD microphones, respectively, in an aluminum tube
with flat ends. At 97.22 Hz, the first peak sound pressure was predicted to be 1.138 Pa at
Mic AFT and 1.1.136 Pa at Mic FWD. Figure 4.21 is a composite graph of Figures 4.12 and

4.13 that compares the sound pressures at the AFT and FWD microphones.
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Summary of Results
Table 4.2 presents the results of numerical analysis of the aluminum tube with flat end

caps (Fixed-Free Condition) using acoustic excitation.

Aluminum Tube with Flat End Caps using Acoustic Excitation

Numerical Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

08.46 dB at 97.22 Hz 1.138 Paat 97.22 Hz
Fixed-Free Condition (Mic AFT) (Mic AFT)

98.42 dB at97.22Hz | 1.136 Paat 97.22 Hz
(Mic FWD) (Mic FWD)

Table 4.2: Results of the Numerical Simulation for the Aluminum Tube with Flat End Caps

(Fixed-Free Condition) using Acoustic Excitation
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4.1.3 Fixed-Translation Boundary Condition

Figure 4.15 shows the mesh used for the numerical analysis of the aluminum tube with

Flat end caps (Fixed-Translation Condition).

e E—

2,

Figure 4.15: Mesh used for the Numerical Analysis of the Aluminum Tube with Flat End

Caps (Fixed- Translation Condition)

Results:

Figures 4.16 and 4.17 show the results of the numerical analysis for Sound Level (dB)
versus Frequency (Hz) predicted at the AFT and FWD microphones, respectively, in an
aluminum tube with flat ends. At 97.22 Hz, the first peak was at a sound level of 98.25dB at
Mic AFT and 98.21 dB at Mic FWD. Figure 4.18 is a composite of Figures 4.16 and 4.17 to
facilitate the comparison of the predicted sound levels at the AFT and FWD microphones.

Figures 4.19 and 4.20 show the results of the numerical analysis for Sound Pressure
(Pa) versus Frequency (Hz) predicted at the AFT and FWD microphones, respectively, in
an aluminum tube with flat ends. At 97.22 Hz, the first peak sound pressure was predicted to
be at 1.131 Pa at Mic AFT and 1.128 Pa at Mic FWD. Figure 4.21 is a composite of Figures

4.19 and 4.20 that compares the sound pressures at the AFT and FWD microphones.
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Summary of Results
Table 4.3 gives the results of the numerical analysis of the aluminum tube with flat end

caps (Fixed-Translation Condition) using acoustic excitation.

Aluminum Tube with Flat End Caps using Acoustic Excitation

Numerical Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

98.30 dB at 97.22 Hz 1.131 Paat 97.22 Hz

Fixed-Translation (Mic AFT) (Mic AFT)
Condition

98.25 dBat97.22Hz | 1.128 Paat 97.22 Hz
(Mic FWD) (Mic FWD)

Table 4.3: Results of the Numerical Analysis of an Aluminum Tube with Flat End Caps

(Fixed-Translation Condition) using Acoustic Excitation
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4.2 Aluminum Tube with Dome End Cap Configuration

The three different boundary conditions applied at the ends of the aluminum tubes
were:

(i) Free-Free

(ii) Fixed-Free

(iii) Fixed-Translation

4.2.1 Free-Free Boundary Condition

In order to perform the numerical analysis of the aluminum tube with dome end caps,
the model was developed in the MSC Patran software with the following dimensions and
material properties:

Length of the aluminum tube= 60 in, diameter of the aluminum tube= 6 in, shell
thickness= 0.125 in, dome end cap thickness= 0.25 in, Young’s Modulus = 1 x 107 psi,
Density= 0.1 [b/in® and Poisson’s ratio= 0.33 .The entire model is meshed with quad4 mesh
tool.

The value of the force applied from the speaker was unknown during all of the experi-
ments. In order to obtain an approximation to the force from the speaker, a force was chosen
that matched the first peak sound pressure level for the free-free boundary condition for the
aluminum tube with dome end caps. The value of this force was different from the one used
for the aluminum tube with flat end caps discussed in the Section 4.1.1. This force was then
used to make comparisons between the results for the other boundary conditions which were
investigated for the aluminum tube with dome end caps. Figure 4.22 shows the mesh used

for the numerical analysis of the aluminum tube with dome end caps (free-free Condition)
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Figure 4.22: Numerical Analysis Mesh for the Aluminum Tube with Dome End Caps (Free-

Free Condition)

A frequency range of 0-250 Hz was chosen for the frequency response analysis, with a
force of 0.065 1bf and a frequency resolution of 0.5 Hz. The frequency response analysis was
performed using the MSC Nastran Software.

In the numerical analysis for the case of the aluminum tube with dome end caps, the
starting peak that occurs in the Sound Pressure (Pa) vs Frequency (Hz) graph for Mic AFT
(Figure 4.26) and Mic FWD (Figure 4.27) appears to be due to the vibration of the speaker
membrane that is a part of the aluminum tube mesh. Hence, the second peak in the Sound
Pressure (Pa) vs Frequency (Hz) graph should be considered the first peak for the purposes
of this analysis.

Results:

Figures 4.23 and 4.24 show the results of the numerical analysis for sound level (dB)
versus frequency for the AFT and FWD microphones, respectively, in an aluminum tube
with dome ends. At 109.5 Hz, the first peak was predicted to be at a sound level of 104.00
dB at Mic AFT and 104.00 dB at Mic FWD. Figure 4.25 is a composite of Figures 4.23
and 4.24 to facilitate the comparison of the predicted sound levels at the AFT and FWD

microphones.
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Figures 4.26 and 4.27 show the results of the numerical analysis for sound pressure (Pa)
versus frequency for the AFT and FWD microphones, respectively, in an aluminum tube
with dome ends. At 109.5 Hz, the first peak pressure is predicted to be 2.142 Pa at Mic
AFT and 2.142 Pa at Mic FWD. Figure 4.28 is a composite of Figures 4.26 and 4.27 that

compares the sound pressures expected at the AFT and FWD microphones.
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Summary of Results
Table 4.4 shows the results of the numerical analysis for an aluminum tube with dome

end caps (Free-Free Condition) using acoustic excitation.

Aluminum Tube with Dome End Caps using Acoustic Excitation

Numerical Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

104.00 dB at 109.5 Hz 2.142 Paat 109.5 Hz
Free-Free Condition (Mic AFT) (Mic AFT)

104.00 dB at 109.5 Hz | 2.142 Paat 109.5 Hz
(Mic FWD) (Mic FWD)

Table 4.4: Numerical Results of Aluminum Tube with Dome End Caps (Free-Free Condition)

using Acoustic Excitation
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4.2.2 Fixed-Free Boundary Condition

Figure 4.29 shows the mesh used for the numerical analysis of an aluminum tube with

dome end caps (Fixed-Free Condition)

5 £ e o ) 5 e 5 A e P i e

Figure 4.29: Numerical Analysis Mesh for an Aluminum Tube with Dome End Caps (Fixed-

Free Condition)

Results:

Figures 4.30 and 4.31 show the results of the numerical analysis for sound level (dB)
versus frequency at the AFT and FWD microphones, respectively, in an aluminum tube with
dome ends. At 109.5 Hz, the first peak is predicted to be at a sound level of 104.52 dB at
Mic AFT and 105.00 dB at Mic FWD. Figure 4.32 is a composite of Figures 4.30 and 4.31
to facilitate the comparison of the sound levels at the AFT and FWD microphones.

Figures 4.33 and 4.34 show the results of the numerical analysis for sound pressure (Pa)
versus frequency at the AFT and FWD microphones, respectively, in an aluminum tube
with dome ends. At 109.5 Hz, the first peak sound pressure is predicted to be at 2.368 Pa
at Mic AFT and 2.375 Pa at Mic FWD. Figure 4.35 is a composite of Figures 4.33 and 4.34

to compare the sound pressures at the AFT and FWD microphones.

141



(3R] |aAaa] sunssald punos | 4y ———

[S[REREN

(uoryrpuo)) 901 ]-paxt ‘sde’) puy owo(] Ym oqny, wnurn(y) (zg) Aouenbarg sA (gp) LAV U

0052
|

FFED
|

a8l
|

L0z
|

SZal
|

BliL
|

£451
|

{zZH)4ousnbaly

90FL
|

sl
|

FEOL
|

S4°ER
|

eras
|

0524
|

284
|

5218
|

£9°51
|

o

106y 93]

noog
nogl
ok
noze
0ok
noek
0095
0o'ra
nozé
noog
noes
0096
]
nakl

et

(gpilana] ainssald punos

142



(uonyrpuoy) 9a1]-paxt ‘sder) pug swo(] YIM oqn], wnurwun(y) (zg) Louenbaig spA (gp) QM 21N :1¢F 231

{zH}Aousnbaig

0oose  eE'rEZ 54°le ELED2 094BL BETLAL S2WSL E90rl 00S2E BEROL 0S4°EE Sel@d 00528 5489k 05¢LE Se9St !l
| | | | | | | | | | | | | | | | il

— oons'2
— ooo'stk
— ooszz
— oooog
— 0oseg
- 000°sk
- 0os2s
- oooog
- 00544
- 0o0°ss
— oosze

(gp)jana] ainssald punog

— 0o0°06
— 00546
— ootsol
— 052l

L oozl

(gp) |anan] ainssald punog gand ——

[NERPER

143



(uonyipuoy) 9a1,]-pox1 ‘sde) pus owo(] YIM oqn], wnuruny) (ZH) Aouenbai] sp (gp) [0A97] 2Inssald punog :g¢'y oImsI,g

{zH)ousnbsi4

00nse  BEFEE 54%le ELE02 0SZBL O BETLAL G2MSL E90rl 00S2F BERODL 05466 S2l@d 005728 5489k 052LE 52951 0
| | | | | | | | | | | | | | | | 0

— noo'sk

— noone

— 0005k

— noong

— no0°ss

(gp)|anaT alnssald punosg

— 000°06

— no&nk

L noozk

(gp) |jana] ainssald punog gad ——
(gp) |anaT aInssald punog ;| 4y ——

[GNEPER

144



fedlaunssaid punos | 4y ———

[RERER

(uorypuo)) 9o1]-paxt ‘sde’) puy swo(] Ym oquy, wnurunyy) (zg) Louenborg sp (ed) LAV °UN €€ o3I

noosz
|

BEFEL
|

S48la
|

ELEDD
|

05481
|

aeLslL
|

S2°851
|

(zH)4ousnbaly

£90rL
|

o0saL 8E'R0L 0S4°ER S2l84 005249 S4EHF 052718 S28SL

i

Fessas

BSL
851E
LELF
LEY
G684
FeFE
S0LL
£92°L
[
G571
LELL
S68°L
£50°2
Lige
29£2
92572
FBYZ
k82
noo'e

(Edjainssald punog

145



(edlainssald punog gamd ——

[@NERER

(uorytpuoy) eo1]-pex1q ‘sdey) puf swo(] YIm aqn], wnurumiy) (zH) Aousnbaig sA (ed) QM 21N :

noniz

005ez

nonat

{zH)Aousnbalg

nosel 0o0ne noo°sk

-

7&'§ 08I

nooskE
noooe”
noosk
nooog’
noose”
nooos’
nosoL
nooz'L
0ose't
noos't
0osg'L
noog't
nose’L
nool'z
nosz's
nook'2
00ss'2
noos'z
nose'z
0oo0'e

(ed)ainssald punosg

146



(uorIPUO)) 98I -PoxXI] ‘SPUY oWO(] YIM aqn], wnurun[y) (zHg) £ouenbalf sA (eJ) oInssald punog :Gey omsig

{zZH)4ouanbalyg

nonse  BE'rEZ 54912 ElE0Z 05481 8RTLAL O 52951 £RORL 0021 BEROL 0DSLEE 52184 00528 G4R9F 0SETlE G295l 0
| | | | | ! | | | | | | | | | | i}

IJJ/ — noooe”

— oooog

— 0000

— nooe’t

— onos L

— noog’t

(edjainssald punos

— ootz

— nook'z

— nooe'z

— onooe

(e4)ainssald punog ;| 4y ——
(ed)aunssaid punos (ad ——

[NEFER

147



Summary of Results
Table 4.5 presents the results of the numerical analysis for an aluminum tube with dome

end caps (Fixed-Free Condition) using acoustic excitation.

Aluminum Tube with Dome End Caps using Acoustic Excitation

Numerical Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

104.52 dB at 109.5 Hz 2.368 Paat 109.5 Hz
Fixed-Free Condition (Mic AFT) (Mic AFT)

105.00 dB at 109.5 Hz | 2.375 Paat 109.5 Hz
(Mic FWD) (Mic FWD)

Table 4.5: Results of the Numerical Simulation for an Aluminum Tube with Dome End Caps

(Fixed-Free Condition) using Acoustic Excitation
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4.2.3 Fixed-Translation Boundary Condition

Figure 4.36 shows the mesh used for the numerical analysis of an aluminum tube with

dome end caps (Fixed-Translation Condition)

s

a2 &
57 e 1 e O e e O [ e 1 e 1 ) 1 P ) e O e o e O e B o £

Figure 4.36: Numerical Analysis Mesh for an Aluminum Tube with Dome End Caps (Fixed-

Translation Condition)

Results:

Figures 4.37 and 4.38 show the results of the numerical analysis for sound level (dB)
versus frequency at the AFT and FWD microphones, respectively, in an aluminum tube with
dome ends. At 109.5 Hz, the first peak is predicted to be at a sound level of 104.90 dB at
Mic AFT and 104.430 dB at Mic FWD. Figure 4.39 is a composite of Figures 4.37 and 4.38
to facilitate the comparison of the sound levels expected at the AFT and FWD microphones.

Figures 4.40 and 4.41 show the results of the numerical analysis for sound pressure (Pa)
versus frequency at the AFT and FWD microphones, respectively, in an aluminum tube with
dome ends. At 109.5 Hz, the first peak sound pressure is predicted to be 2.360 Pa at Mic
AFT and 2.373 Pa at Mic FWD.

Figure 4.42 is a composite of Figures 4.40 and 4.41 to compare the sound pressures

expected at the AFT and FWD microphones.
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Summary of Results
Table 4.6 shows the results of the numerical simulation for an aluminum tube with dome

end caps (Fixed-Translation Condition) using acoustic excitation.

Aluminum Tube with Dome End Caps using Acoustic Excitation

Numerical Results

Sound Pressure

Level(dB)

Sound Pressure (Pa)

104.43 dB at 109.5 Hz 2.360 Pa at 109.5 Hz

Fixed-Translation (Mic AFT) (Mic AFT)
Condition

104.90 dB at 109.5Hz | 2.373 Paat 109.5 Hz
(Mic FWD) (Mic FWD)

Table 4.6: Results of the Numerical Simulation for an Aluminum Tube with Dome End Caps

(Fixed-Translation Condition) using Acoustic Excitation
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Chapter 5

Conclusion

This chapter summarizes the work performed for this research project, reporting the

analysis of the dynamic characteristics and acoustic properties of the aluminum tube with

different end configurations (Flat and Dome End Caps) and boundary conditions (Free-

Free, Fixed-Free and Fixed-Translation). The following tables show details of the dynamic

characteristics and acoustic properties of the Aluminum tube .

Table 5.1 and 5.2 compare the experimental and simulation results for the dynamic

characteristics and acoustic properties of an aluminum tube with flat end caps and dome

end caps, respectively, while Table 5.3 and Table 5.4 focus on the experimental and simulated

results, respectively.

Dynamic Response of Aluminum Cylindrical Tube with Flat End Caps using Acoustic Excitation

Experimental Method

Numerical Method

Sound Pressure Level(dB) Sound Pressure(Pa) Sound Pressure Level(dB) Sound Pressure(Pa)
97.230 dB at 95.00 Hz 1.454 Pa at 95.00 Hz 96.67dB at 97.22 Hz 0.897 Pa at 97.22 Hz
Free-Free (Mic AFT) (Mic AFT) (Mic AFT) {Mic AFT)
Condition 99.288 dB at 95.00 Hz 1.843 Paat91.5Hz 96.59 dB at 97.22 Hz 0.895 Pa at 97.22 Hz
(Mic FWD) (Mic FWD) (Mic FWD) (Mic FWD)
97.160 dB at 95.00 Hz 1.442 Pa at 95.00 Hz 98.46 dB at 97.22 Hz 1.138 Paat 97.22 Hz
Fixed-Free (Mic AFT) (Mic AFT) (Mic AFT) (Mic AFT)
Condition 99.180 dB at 91.50 Hz 1.821 Paat91.50 Hz 98.42 dB at 97.22 Hz 1.136 Pa at 97.22 Hz
(Mic FWD) (Mic FWD) {Mic FWD) (Mic FWD)
97.138 dB at 95.00 Hz 1.439 Pa at 95.00 Hz 98.30 dB at 97.22 Hz 1.131 Pa at 97.22 Hz
Fixed —Translation (Mic AFT) (Mic AFT) (Mic AFT) (Mic AFT)
Gein 99.174 dB at 91.50 Hz 1.819 Pa at 91.50 Hz 98.25 dB at 97.22 Hz 1.128 Pa at 97.22 Hz
(Mic FWD) {Mic FWD) (Mic FWD) (Mic FWD)

Table 5.1: Dynamic Response of Aluminum Cylindrical Tube with Flat End Caps using

Acoustic Excitation
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Dynamic Response of Aluminum Cylindrical Tube with Dome End Caps using Acoustic Excitation

Experimental Method

Numerical Method

Sound Pressure Level(dB)

Sound Pressure (Pa)

Sound Pressure Level(dB)

Sound Pressure(Pa)

105.132 dB at 112.5 Hz

3.611Paat112.5 Hz

104.00 dB at 109.5 Hz

2.142 Pa at 109.5 Hz

Free-Free Condition (Mic AFT) (Mic AFT) (Mic AFT) (Mic AFT)
105.687 dB at 112.5 Hz 3.849 Paat 112.5 Hz 104.00 dB at 109.5 Hz 2.142 Pa at 109.5 Hz

(Mic FWD) (Mic FWD) (Mic FWD) (Mic FWD)
105.160 dB at 112.5 Hz 3.623Paat112.5Hz 104.52 dB at 109.5 Hz 2.368 Pa at 109.5 Hz

Fixed-Free Condition (Mic AFT) (Mic AFT) (Mic AFT) (Mic AFT)
105.712 dB at 112.5 Hz 3.860 Paat112.5 Hz 105.00 dB at 109.5 Hz 2.375 Paat 109.5 Hz

(Mic FWD) (Mic FWD) (Mic FWD) (Mic FWD)
105.144 dB at 112.5 Hz 3.616 Paat112.5 Hz 104.43 dB at 109.5 Hz 2.360 Pa at 109.5 Hz

Fixed —Translation (Mic AFT) (Mic AFT) (Mic AFT) (Mic AFT)
Condition 105.697 dB at 112.5 Hz 3.854 Paat112.5 Hz 104.90 dB at 109.5 Hz 2.373 Pa at 109.5 Hz

(Mic FWD) (Mic FWD) (Mic FWD) (Mic FWD)

Table 5.2: Dynamic Response of Aluminum Cylindrical Tube with Dome End Caps using

Acoustic Excitation

Dynamic Response of Aluminum Cylindrical Tube using Acoustic Excitation

Experimental Method (Dome End Caps)

Experimental Method (Flat End Caps)

Sound Pressure Level(dB)

Sound Pressure(Pa)

Sound Pressure Level(dB)

Sound Pressure(Pa)

105.132 dB at 112.5 Hz

3.611 Paat112.5 Hz

97.230 dB at 95.00 Hz

1.454 Pa at 95.00 Hz

Free-Free Condition (Mic AFT) (Mic AFT) (Mic AFT) (Mic AFT)
105.687 dB at 112.5 Hz 3.849 Paat 112.5 Hz 99.288 dB at 91.50 Hz 1.843 Pa at 91.50 Hz

(Mic FwD) (Mic FWD) (Mic FWD) (Mic FWD)
105.160 dB at 112.5 Hz 3.623 Paat112.5Hz 97.160 dB at 95.00 Hz 1.442 Pa at 95.00 Hz

Fixed-Free Condition (Mic AFT) (Mic AFT) (Mic AFT) (Mic AFT)
105.712 dB at 112.5 Hz 3.860 Paat 112.5 Hz 99.180 dB at 91.50 Hz 1.821 Pa at 91.50 Hz

(Mic FWD) (Mic FWD) (Mic FWD) (Mic FWD)

105.144 dB at 112.5 Hz 3.616 Pa at 112.5 Hz 97.138 dB at 95.00 Hz 1.439 Pa at 95 Hz

Fixed —Translation (Mic AFT) (Mic AFT) (Mic AFT) (Mic AFT)
Condition 105.697 dB at 112.5 Hz 3.854 Paat 1125 Hz 99.174 dB at 91.50 Hz 1.819 Pa at 91.50 Hz

(Mic FWD) (Mic FWD) (Mic FWD) (Mic FWD)

Table 5.3: Dynamic Response of Aluminum Cylindrical Tube using Acoustic Excita-

tion(Experimental Method)
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Dynamic Response of Aluminum Cylindrical Tube using Acoustic Excitation

Numerical Method (Dome End Caps)

Numerical Method( Flat End Caps)

Sound Pressure Level(dB)

Sound Pressure(Pa)

Sound Pressure Level(dB)

Sound Pressure(Pa)

104.00 dB at 109.5 Hz

2.142 Pa at 109.5 Hz

96.67dB at 97.22 Hz

0.897 Pa at 97.22 Hz

Fixed-Free Condition

N (Mic AFT) (Mic AFT) ( Mic AFT) ( Mic AFT)
Free-Free Condition 62750 4 at 109.5 Hz 2.142 Pa at 109.5 Hz 96.59 dB at 97.22 Hz 0.895 Pa at 97.22 Hz
(Mic FWD) (Mic FWD) ( Mic FWD) ( Mic FWD)
104.52 dB at 109.5 Hz 2.368 Pa at 109.5 Hz 98.46 dB at 97.22 Hz 1.138 Pa at 97.22 Hz
(Mic AFT) (Mic AFT) ( Mic AFT) ( Mic AFT)

105.00 dB at 109.5 Hz

2.375 Pa at 109.5 Hz

98.42 dB at 97.22 Hz

1.136 Pa at 97.22 Hz

Fixed —Translation
Condition

(Mic AFT) (Mic FWD) ( Mic FWD) ( Mic FWD)
104.43 dB at 109.5 Hz 2.360 Pa at 109.5 Hz 98.30 dB at 97.22 Hz 1.131 Paat 97.22 Hz
(Mic AFT (Mic AFT) ( Mic AFT) (Mic AFT)

104.90 dB at 109.5 Hz
(Mic FWD)

2.373 Pa at 109.5 Hz
(Mic FWD)

98.25 dB at 97.22 Hz
( Mic FWD)

1.128 Paat 97.22 Hz
(Mic FWD)

Table 5.4: Dynamic Response of Aluminum Cylindrical Tube using Acoustic Excita-

tion(Numerical Anaylsis Method)

The data presented in Table 5.1 show that the results of the experimental and numerical

methods for sound pressure levels (dB) and sound pressure (Pa) at the natural frequency are
consistent for an aluminum tube with flat end caps for the three boundary conditions tested
(Free-Free, Fixed-Free and Fixed- Translation). The data in Table 5.2 confirm that this is
also the case for an aluminum tube with dome end caps, as once again the experimental
and numerical results for sound pressure levels (dB) and sound pressure (Pa) at the natural
frequency are consistent for all three boundary conditions (Free-Free, Fixed-Free and Fixed-
Translation).

The information presented in Table 5.3 demonstrate that the experimentally measured
sound pressure levels (dB) and sound pressure (Pa) at the natural frequency were higher
in the aluminum tube with dome end caps than in the aluminum tube with flat end caps.
The results of the numerical simulation shown in Table 5.4 agree, with the results of the

numerical simulations for sound pressure levels (dB) and sound pressure (Pa) at the natural
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frequency also being higher in the aluminum tube with dome end caps than in the aluminum
tube with flat end caps.

Given that the experimental and numerical results for sound pressure levels (dB) and
sound pressure (Pa) at the natural frequency of the aluminum tube with both flat and
dome end caps compared very well for all three boundary conditions (Free-Free, Fixed-Free,
Fixed-Translation), it is reasonable to conclude that the experimental results validated the

numerical model constructed for this study.
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