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Abstract
Pneumatic percussion tools are extensively used in the construction industry. They are
one of the noisiest machines in the construction industry generating noise levels above
110 dBA which are well beyond the permissible exposure limit (PEL) of 85 dBA. This
work presents a comprehensive methodology for the acoustic characterization and noise
source identification of these percussion tools. The methodology is applied to a
representative pneumatic tool and the characterization results are described in detail. A
mechanical analysis was performed on a chipping hammer finding mode shapes and
natural frequencies of individual components. The mechanical analysis included modal
hammer measurements and creating FE models. Fluid measurements were performed on
the chipping hammer to find the velocity of the exhaust and pressure in the upper and
lower chambers. The fluid tests found that the velocity of the exhaust is approximately
Mach 1.0 or greater. Noise measurements were carried out on the chipping hammer to
determine the spectral characteristics, overall sound power level, and spatial source
strength maps of the tool. A spherical array of microphones was used to obtain an
accurate estimate of the overall sound power levels and the directivity. The overall sound
power radiation was found to be in the range of 110-115dBA.
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microphone phased array was used to successfully locate and identify the major sources
of noise from this tool via the use of beam-forming maps. This thesis also presents a
preliminary noise control method employing commercial-off-the-shelf pneumatic
silencers. The outcome of the tests is illustrated in detail in this thesis.
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Chapter 1

Introduction

This chapter will discuss pneumatic percussion tools, where they are used, and why
acoustic characterization and noise control must be addressed. The chapter will first
discuss the motivation behind the thesis, then discuss how pneumatic tools work,
followed by a literature review regarding the construction industry’s issues with
hazardous noise levels produced by pneumatic percussion tools and the previous work
done to characterize that noise. The remainder of the chapter will discuss the objectives
of this thesis and the methodology that is proposed for acoustic characterization of
pneumatic tools. Finally, the chapter will conclude with an outline of the format of the
thesis.

1.1 Summary/Motivation
Pneumatic percussive power tools are extensively used in the construction, industrial, and
mining industries.

Examples of pneumatic percussive tools are chipping hammers,

concrete breakers, rock drills, jackhammers, utility drills and many others. Basically
these tools are mainly used for demolition tasks in the construction industry. Pneumatic
tools are one of the noisiest pieces of machinery generating noise levels at or above 110
dBA. According to Mulholland pneumatic tools rank as the third noisiest piece of
machinery on a construction jobsite3. These noise levels are well beyond the Permissible
Exposure Limit (PEL) of 85 dBA set by National Institute for Occupational Safety and
Health (NIOSH) or the 90 dBA of the Occupational Safety and Health Administration
(OSHA). It is not only hazardous to the user but to the surrounding workers as well.
Hearing protection usage on the job site is approximately 18% to 49% according to an
article in the American Industrial Hygiene Association Journal10. This statistic relates to
only the operator of the tool, therefore the surrounding workers on the jobsite can also be
exposed to the loud operating conditions of pneumatic tools.
Traditionally, there are three methods by which noise reduction can occur:
reduction of the noise levels at the listener, reduction via an acoustic obstruction between
the source and the listener, and reduction of the noise actually created at the source.
1

Because eliminating the noise at the listener also inhibits other sounds such as warning
sirens and directions from supervisors, this is not an advisable or permanent solution.
Placing an obstruction between the source and the listener is not a feasible solution
because the operation of the machine will not allow it. Therefore, the preferred method
for noise reduction is attenuating the noise produced at the source.
The development of effective noise reduction technologies at the source involves
multiple stages. The first stage is the acoustic characterization of the tool to uncover the
noise generation mechanisms. This effort should be followed by an investigation into
possible noise control solutions. Promising options must then be experimentally tested to
determine a cost versus benefit ratio for each noise control method.

The practical

implementation of the noise control solution is the final step in this process. This thesis
will completely encompass the first stage involving acoustic characterization and touch
on a suggested noise control method.

1.2 Pneumatic Tools Primer
To understand the noise sources of pneumatic tools, it is important to have a good
understanding of the operation of the machine. Therefore, the operation of a typical
percussion tool is explained in this section. Pneumatic tools by definition operate via the
constant supply of compressed air. A pneumatic hammer has the capability to deliver a
large number of impulses in rapid succession to a surface intended for demolition. The
mechanism which delivers the impact is a piston contained in the center chamber of the
tool. The piston strikes the top end of the impact tool inserted into the end of the
hammer. Various kinds of tools can be inserted so that the tool can be used as more than
merely a hammer; it can be used as a pick, concrete breaker, a digging tool, and so forth.
Here a description of a chipping hammer is described in detail as shown in Figure
1-1. The operation of the tool starts with the compressed air that is supplied to the tool
through a hose from an air compressor external and independent of the tool.

The

compressed air enters the tool through the handle and is then subject to the setting of the
inlet valve. The inlet valve of the pneumatic tool is opened by means of an on/off lever
2

on the handle. The location of the inlet valve and the general operation of the tool are
shown in Figure 1-1. After the air is allowed to pass through the inlet valve, the
compressed air then flows through a diaphragm valve into either the upper or lower
chamber. The diaphragm valve switches the flow of compressed air from the upper
chamber to the lower chamber and vice versa. The lower chamber is defined as the
volume of air below the piston and above the inserted impact tool. The upper chamber is
defined as the volume of air above the piston and below the diaphragm valve. Refer to
Figure 1-1-A for more clarification regarding the locations of the chamber definitions.
The first motion of the piston is in the upward direction because the compressed air
supply is directed toward the lower chamber. The pressure in the lower chamber is
higher than that of the upper chamber and thus the piston rises. When the piston passes
the exhaust port, the air in the upper port has no means of escape and is then compressed.
When the ratio of the pressure in the upper chamber to the lower chamber reaches a set
value the diaphragm valve switches the flow path. Therefore, the compressed air supply
is then directed to the upper chamber and the piston changes direction and starts to move
in the downward direction. Once the piston passes the exhaust port on the way down,
there is no place for the air in the lower chamber to escape, therefore the pressure in the
lower chamber increases. As the pressure in the lower chamber increases, the piston
strikes the tool and starts to rise. The ratio of pressures between the upper and lower
chambers is now at a point where the diaphragm valve switches flow again and directs
the flow of compressed air to the lower chamber. The process repeats thusly.

3

A) Initial position

B) Piston moving up

C) Piston
delivering blow

Figure 1-1: Diagram of a generic pneumatic percussion tool28. A) Shows the different parts of the tool in
its initial position. B) Shows the tool in the first stage of operation. C) Shows the tool at the point when the
piston strikes the chisel.

Please note that this is a generic model of a pneumatic tool and that any given
pneumatic tool can vary on the operation by using different types of diaphragm valves
and different kinds and spacing of exhaust ports. Nonetheless, the basic operation is the
same.

1.3 Literature Review
In the construction industry, there are many safety concerns. One of the main concerns is
excessive noise and hearing damage of construction workers on the jobsite.

It is

estimated that at least 420,000 United States construction workers are potentially exposed
to hazardous noise levels above 85 dBA1. The hazardous noise levels can affect physical
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health and, consequently, the productivity of the workers2,3. Examples of the physical
health problems include stress, hearing loss and tinnitus2.
The stress produced by hazardous noise levels is a broad effect which can include
many different physical problems such as quickened pulse rate, increased blood pressure
and a narrowing of the blood vessels. Over time, these effects may place an added
burden on the heart. The hazardous noise levels can put stress on other parts of the body
which can in turn produce abnormal amounts of hormones and the tensing of muscles.
Workers who experience these problems complain of nervousness, sleeplessness and
fatigue2. These effects and others relating to stress can be seen in Figure 1-22. It can also
be shown that when the worker is stressed, the worker may experience loss of
productivity, efficiency, accuracy and safety3,4.

Figure 1-2: Common problems associated with exposure to hazardous noise levels2.
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Another common and more noticeable effect of hazardous noise levels is hearing
loss.

Hearing loss can be temporary to permanent and minor to severe. Rates of

permanent hearing loss among US construction workers easily exceed 20% for most
construction activities5.

Construction workers are known to develop occupational

hearing loss early in their careers, becoming substantially impaired by middle age. The
average 25-year-old carpenter has the hearing ability of a 50-year-old person who has not
been exposed to high noise levels6. Another health issue related to hearing loss is
Tinnitus which is the constant ringing in the effected person’s ears. Tinnitus is also
caused by exposure to excessive noise levels commonly found in the construction
industry.
Noise has been regulated in U.S. industry under OSHA since the late 1960s.
Initially the requirements were based on making the workplace safer by noise control of
the sources. Concerns about the cost of effectively controlling hazardous noise and the
lack of a process to measure the human effects of noise exposure resulted in a major
revision to the rules with the adoption of the 1983 Hearing Conservation Amendment.
The focus shifted from noise control and reduction to hearing conservation, i.e.
implementation of hearing tests, training, and hearing protection. Abandoning the goal of
quieting workplaces in favor of mandatory testing and ear protection has had a
detrimental outcome. Recent research has shown hearing protection devices usage rates
in construction workers in the 18-49% range illustrating the difficulty of implementing
effective hearing loss protection programs7-9.

Thus, common noise sources in the

construction industry must be evaluated and eliminated. Recent investigations have
provided a useful picture of the biggest sources of noise exposure10,11. These studies
have demonstrated that pneumatic percussion drills are one of the main noise sources
among construction equipment3. Therefore, there is a need to reduce the noise radiated
from pneumatic tools.
The common noise control methodology is presented in many books including
“Noise Control Management” and “Noise Control in Industry”12,13.

However,

Mulholland3 went as far to present a block diagram methodology of noise control which
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is shown in Figure 1-3. It should be noted that all options for noise control start with
characterizing the specific noise sources. All authors recognize that noise control will
involve one of three key areas: noise source, noise path, and noise receiver. This is noted
in Mulholland’s diagram by the numbers 1, 2 and 3 which correspond to the noise source,
path and receiver, respectively. Currently, the industry is relying on controlling the noise
that reaches the receiver. However, as described previously, a low percentage of workers
use hearing protection11, therefore this is not a viable solution. Some research has been
performed towards tackling the noise path, such as sound deadening booths14. However,
it is believed that booths are not a viable solution for pneumatic tools because of the size,
mobility and location constraints imposed by the common usage of these tools. The other
noise control option is controlling the noise at the source. This is the most feasible and
common noise control method. Such examples that have been applied to pneumatic tools
mainly consist of mufflers yielding up to 10 dB in reduction. Even though this is a good
start towards reaching the PEL goal of 85 dBA, it is not good enough and more is needed
to find a complete solution. It is also noted that research has been done regarding other
novel noise control approaches14, such as using constrained layer damping on mechanical
components and immersing the impact surface in sand. The addition of damping to the
mechanical components is a good idea and should be investigated further. However,
using this type of damping may cause problems as a permanent solution because of the
harsh environments that the tools are exposed to.
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Figure 1-3: Representation of Noise Control methodology suggested by Mulholland3.

It must be noted that for any of the three noise control methods to work properly,
the specific source of the noise must be identified.

Therefore, an acoustic

characterization of the pneumatic tool must be carried out, which is where this thesis
contributes to the subject matter.

This thesis presents a methodology for acoustic

characterization that can be applied to any pneumatic tool to identify the dominant noise
sources so that a complete noise control solution can be investigated.

1.4 Pneumatic Tool Noise Sources
To begin the analysis of the pneumatic tool, the potential noise sources of the tool must
be addressed. It is assumed that one of the main noise sources in pneumatic percussion is
due to the fluid mechanisms that run the tool and another due to the mechanical
mechanisms of the tool. One component of the fluid noise is the discharge of high
8

pressure air from the exhaust port15,16. This noise source consists of a series of discharge
pulses located at the exhaust ports at approximately 1700 cycles per minute that leads to
high intensity noise detonations. The possibility of supersonic flow and shockwaves
exist in this area of the fluid noise sources22. Another component of the noise relating to
the operating fluid is due to the high exit velocity behaving similar to a subsonic or sonic
jet. Noise from subsonic jets has been investigated by Lighthill20,21 who found that
subsonic jets produce broadband noise which is related to the velocity of the jet to the
eighth power. The broadband noise caused by the subsonic jets in this case is produced
by the turbulent mixing of the jet and the surrounding stationary flow, and the source is
located downstream of the exhaust exit port. The mechanical mechanisms which are
believed to cause noise arise from the vibration of individual tool components. As an
example, one such source is the noise caused by the vibration generated by the impact
between the piston and chisel, thus making the chisel radiate.

1.5 Objectives/Methodology
The purpose for this thesis is to develop a methodology for characterizing the noise from
pneumatic tools. The methodology is to be developed and applied to one particular
pneumatic tool, e.g. a chipping hammer. The same characterization procedure can be
applied to other tools.

Once the acoustic characterization of a pneumatic tool is

complete, the task of controlling the noise sources can be addressed appropriately. The
methodology used for the identification of the noise sources for pneumatic tools is briefly
described here. The methodology consisted of performing:
i. Mechanical analysis of the tool. The analysis involved modal testing and finite
element modeling of specific mechanical components to identify mechanical
resonances.
ii. Fluid measurements of the tool.

The measurements included hot film

anemometry to find the time varying velocities of the exhaust jet which helps to
characterize the low frequency noise, as well as the spatial location of the
turbulent mixing in the exhaust jet which helps to characterize the high frequency
broadband noise. The tests also included measurements of the pressures in the
upper and lower chambers of the tool.
9

iii. Noise measurements of the unloaded and loaded tool. Conventional far-field
noise measurements are used to determine the power spectrum, sound power level
and the directivity of the tool for the unloaded case. The power spectrum and
sound power level were also determined for the loaded case.
iv. Microphone phased array measurements of the tool. This technology was used to
identify the individual noise sources by creating beam-forming maps.

This

technique has the ability to determine the spatial position of all the noise sources
and their frequency content with a single measurement. This data is crucial to the
complete characterization of the tool.
Please recall that this thesis is not intended to develop a noise control solution for the
noise sources identified even though some work has been undertaken towards that end.

1.6 Outline of Thesis
The format of this thesis will follow the characterization methodology described in the
previous section. First, a mechanical analysis of the tool will be discussed including the
measurements and numerical modeling performed regarding the tool’s mechanical
components. Second, fluid measurements of the tool will be discussed including the
pressure profiles in the upper and lower chambers as well as the exhaust velocities as a
function of time and space. Third, the acoustic characterization will be performed with
the assistance of microphone phased array technology. Individual noise sources will be
identified and ranked in this section. In the next chapter, the thesis will discuss a
preliminary noise control solution which uses industry available, off-the-shelf
components, as well as a specifically designed encapsulation method for the tool.
Finally, conclusions regarding the acoustic characterization methodology will be
discussed and future work will be suggested.
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Chapter 2

Mechanical Analysis of Tool

This chapter presents the development of dynamic models for the pneumatic tool.
Because mechanical vibrations of a surface can cause noise, a dynamic model of each
tool component was created to complete the acoustic characterization. The dynamic
modeling is used to predict and identify the vibrating surfaces and components of the tool
which are causing noise to radiate at the frequencies of interest. Dynamic modeling
includes numerical modeling and modal hammer testing of individual tool components.
Modal hammer testing is an experimental method used to determine natural frequencies
and is explained in detail in section 2.2. A prime example of numerical modeling is a
Finite Element Model (FEM) which is used to find mode shapes and natural frequencies.
These concepts will be explained in section 2.2.1.

The natural frequencies of the

components will be used to identify the source of resonance peaks found in the power
spectrum at certain frequencies. The mode shapes are necessary for future work towards
a noise control solution and yield information into exactly how that component is
radiating noise. The final section of this chapter will discuss the results of the FEM and
the modal hammer tests and present the dominant mode shapes and natural frequencies.

2.1 Tool Description
It has been decided that the proposed characterization methodology be demonstrated on
one particular pneumatic tool to prove the viability of the method. The pneumatic tool
used in all the measurements presented in this thesis is the Atlas Copco TEX-317
pneumatic chipping hammer shown in Figure 2-1. The reason for choosing this tool was
because of its relative size and ease of use. The chipping hammer is about two feet tall
and about three inches in diameter.

This size is relatively small which allows for

enhanced operability in the laboratory setting. The tool consists of three major physical
components: the center body, chisel, and oval retainer.

The chisel is the generic

component that is used to transfer the force from the internal piston to the surface
intended to be struck. The tip of the chisel often is shaped in a way that allows for
maximum breaking potential and penetration. For this project, two variations of the
chisel were used. The first variation, referred to as the short chisel, does not have an
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angled tip and the chisel is 16.3 cm in length. The second variation, referred to as the
long chisel, has an angled tip and a length of 28.8 cm. The oval retainer is the component
of the tool which holds the chisel in place when the tool is not in operation, and also
keeps the chisel from being launched away from the tool when the tool is operating. The
center body is the main component of the tool.

Oval retainer
Oval
section

Center body

(B)

(A)

(C)

Figure 2-1: Chipping hammer used for the measurements: (A) center body of the tool with the exhaust
deflector attached (B) the oval retainer and (C) the long and short chisels.

The center body contains the main working parts of the tool such as the piston,
inlet valve, and diaphragm valve. Figure 2-1-A shows a closer view of the center body.
The center body itself is the shell which holds all these components. The center body, in
its strictest terms, is a hardened steel shell where the inside of the shell is the cylinder in
which the piston operates. The center body shell also contains some major operating
components of the tool. The center body has exhaust ports which allow the pressure in
the upper and lower chambers to exhaust at the appropriate times during the operating
cycle. For this chipping hammer, there are two levels of exhaust ports: upper and lower
level exhausts. There are six exhaust ports per level making a total of twelve exhaust
ports. The center body is covered by an exhaust deflector made of rubber as shown in
Figure 2-2. This deflector has one hole per level. It was observed that the space between
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the exhaust deflector and the tool is filled with air during operation. The air that is in this
area is not only exhausted out of the two holes in the deflector but also exhausted from
the top and bottom of the exhaust deflector. It was also observed that the deflector
rotates during operation so that the deflector can either cover all of the twelve exhaust
ports or allow two of the ports to be open to atmosphere. The unpredictability of the
deflector position caused concerns regarding repeatability of noise measurements.
Therefore, the deflector was fixed so that two of the ports would be exposed at all times
during measurements. Otherwise the exhaust deflector was removed from the center
body of the tool

Exhaust deflector

Exhaust ports

(A)

(B)

Figure 2-2: Center body of the tool (A) without and (B) with the exhaust deflector.

The chipping hammer operates in the same form as explained in section 1.2.
However, there are some key differences which make this model of pneumatic tool
special. The main difference between the generic tool described in section 1.2 and the
Atlas Copco TEX 317 model is the quantity and location of the exhaust ports. As
described before, the Atlas Copco tool has two levels of exhaust ports. The orientation of
these exhaust ports relative to the rest of the tool can be seen in Figure 2-2. The spacing
of the high and low ports relative to each other can affect the operation of the tool such as
the operating frequency and impact force. Each of the exhaust port levels is responsible
for exhausting the compressed air in the corresponding chamber at a certain time, i.e. the
pressure in the upper chamber exhausts through the upper exhaust ports. If the upper
13

chamber exhaust earlier in the operation cycle, then the operating frequency will be
affected. Similarly, if the pressure in the lower chamber is exhausted later in the cycle,
the operating frequency will be affected in the same manner.

2.2 Structural Characterization of Tool
It will be shown later in section 4.1.2 that the noise spectra in the 1500-25000 Hz
frequency range is dominated by a number of peaks. These peaks are associated with
resonances of tool components and possibly acoustic cavities. Therefore, the mechanical
resonances of the chisel, oval retainer, and the partially assembled center body of the tool
must be investigated. These components, shown in Figure 2-1, form the mechanism of
transmission of the impact force from the tool to the impact surface. As consequence,
these parts are excited by the impulsive force driving many of their natural frequencies
during the operation of the tool. Theoretically, the impulses have the capability of
exciting all the modes of each mechanical component.

To determine the modal

properties of these components, Finite Element (FE) models were developed to determine
mode shapes and natural frequencies.

In addition, modal hammer testing was also

performed on these parts. The modal hammer measurements were used to verify the FE
models and independently characterize the mechanical components of the tool. It should
be noted that the FE analysis and the modal hammer measurements presented in this
section were performed by another engineer in the project, Jorge Muract. This work was
presented in a paper authored by Mr. Muract and was published at the NOISCON
conference in 200530. The measurements and results are presented and explained here for
completeness. The FE analysis and the modal hammer measurements will be discussed
in sections 2.2.1 and 2.2.2, respectively. Section 2.2.3 presents the results from these two
efforts.

2.2.1 Finite Element Models
A Finite Element Model was developed for each component of the tool starting with the
center body. Here only the center hardened shell of the center body was modeled as a
hollow shell made of steel. This component is shown in Figure 2-3-A. A cross sectioned
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view of the center body is shown in Figure 2-3-B. The oval retainer was also modeled
and it is shown in Figure 2-3-C. A cross sectioned view of the oval retainer is shown in
Figure 2-3-D. The long and short chisels were modeled next. Both chisels were modeled
as solid steel and are shown in Figure 2-3-E and Figure 2-3-F, respectively.

Figure 2-3: Finite element models of A) B) center body, C) D) oval retainer, E) long chisel, and F) short
chisel.

After the models were developed, the appropriate boundary conditions for each
component were determined. In the modal hammer test described in section 2.2.2, the
complete center body was measured, i.e. including the tool handle. However, the FE
model included only the center body shell. To be able to correlate the FE and hammer
test results, it was considered that the most appropriate boundary condition was to fix the
upper section of the shell where the handle is attached. Though this boundary condition
is not completely correct, it was considered to most accurately represent the tool in
operation. The boundary conditions for both the oval retainer and the chisels were
assumed to be free-free.
The FE models produced many different mode shapes for each component, e.g.
these are modally rich components. For the sake of completeness, all the mode shapes
and natural frequencies calculated from the model are presented in Appendix A.
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However, only a limited number of the modes are discussed in this chapter.

The

verification of the FE model is discussed in the results in section 2.2.3.

2.2.2

Modal Hammer measurements

To corroborate the FE data and gain a better understanding for the mechanical noise
generation, modal hammer measurements of the short chisel, oval retainer, and center
body shell were performed.
For modal hammer measurements, an impulse is input into the system and the
response of the system is measured. An impulse imparts equal energy in all frequency
bands. If the tool is excited at the proper location, the impulse has the capability of
exciting all the modes of each tool’s component. To apply the impulse to the system a
“modal hammer” was used. The tip of the hammer has a hard plastic, rubber, or metal tip
which sits atop a force transducer. The force transducer measures the impulse which is
imparted to the system. Because the tip of the hammer is not perfectly hard, the impulse
is not perfect either. The imperfect tip acts as a low pass filter where the softer the tip,
the lower the corner frequency of the low pass filter. For the measurements presented
here, the modal hammer was equipped with a metal tip, thus allowing for a relatively
high corner frequency for the input signal. The response of the system is traditionally
measured by an accelerometer as was the case for these measurements.

The

accelerometer used for the measurements was a one directional sensor. Merely one
accelerometer is needed to determine the natural frequencies of the components.
Multiple accelerometers, or more impact locations, would be necessary to determine
mode shapes via the modal hammer method. However, since only the natural frequencies
are desired from these tests, only one input location and one output location was
measured. With these two measurements, a transfer function of the system can be
calculated and the resonant frequencies estimated.
The experimental setup of the modal hammer tests consisted of suspending each
component by a small elastic “bunji” cord or string. This method of suspension allows
for the assumption that the measured component is in a free-free boundary condition.

16

This setup is the easiest and most common method of measuring transfer functions of
mechanical components.
The tool’s components that were measured for this experiment were the center
body, oval retainer and short chisel. Each of these components is identified in Figure 2-1
and was tested under multiple input and output measurement locations. Each variation in
input and output location is from hereon referred to as a “configuration”, e.g. multiple
configurations were tested for each component. As will be noted in section 2.2.3, there
are slight variations in resonant frequencies estimated from different configurations.
These small changes might be due to the added mass of the accelerometer to different
locations.

Even though the mass of the accelerometer is nearly insignificant when

compared to the mass of the entire center body, at higher frequencies this small mass
could have an effect on the resonance frequencies. It is also likely that not all of the
resonant frequencies can be determined given that a mode might either not being excited
by the impact or is not being observed by the accelerometer.
The center body was analyzed first since it is perhaps the most important
component for operation of the chipping hammer. The suspension method and examples
of the measurement location configurations discussed in this paragraph can be seen in
Figure 2-4. For the first center body configuration, the accelerometer was placed halfway
between one of the upper exhaust ports and one of the lower exhaust ports. The modal
hammer excited the tool on the opposite side from the accelerometer. For the second
center body configuration, the accelerometer was placed near the lower tip of the tool.
The excitation location was at the opposite side. For the third center body configuration,
the accelerometer was placed at the top of the center body main section as seen in Figure
2-4c and the modal hammer excited the structure from the lower tip of the tool. For the
fourth center body configuration, the accelerometer was placed on the underside of the
handle and the modal hammer excited the structure at the lower tip of the tool. Other
locations for the accelerometer and hammer impact were also tested.
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Accel

Accel

Accel

Accel

Configuration 4
D)
Configuration 2
Configuration 1

B)

A)

Configuration 3
C)
Figure 2-4: Modal hammer testing of tool center body.

For the oval retainer measurements, the oval retainer was also suspended from the
ceiling with a small elastic string.

Because the oval retainer is a geometrically

complicated component, multiple excitation and response locations were again measured.
Five oval retainer configurations were tested some of the configurations can be seen in
Figure 2-5. For example, in Figure 2-5-A, the accelerometer was placed near the top of
the component and the modal hammer excited the structure on the opposite side from the
accelerometer.

Configuration 1
A)

Configuration 2 and 3
B)

Configuration 4
C)

Figure 2-5: Modal hammer testing of oval retainer.
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For the short chisel, the frequency response data was measured using three
different configurations. Each of the measurement configurations can be seen in Figure
2-6. For the measurements, the chisel was suspended by means of a string tied to the
oval region of the chisel. The oval region has been identified previously in Figure 2-1.
For the first chisel configuration, the tip of the chisel was impacted in the radial direction
and the response was measured midway along the chisel by an accelerometer measuring
in the radial direction. For the second chisel configuration, the chisel was excited in the
radial direction by impacting near the top of the chisel. The response of the chisel was
measured with the accelerometer placed in the same location as the first configuration.
For the third chisel configuration, the chisel was excited in the radial direction near the
tip while the accelerometer was placed near the top in this configuration.

B)

A)

C)

Figure 2-6: Modal hammer testing of the short chisel.

2.2.3 Analysis of Results
In this section, the modal hammer measurements and the FE predictions are discussed.
The discussion will include the estimated natural frequencies for each of the tool
components and some representative mode shapes calculated from the FE models. The
relationship of the modal hammer tests to the FE results is also discussed in this section.
Center Body: The modal properties of the center body are discussed first. The resonant
frequencies for each configuration of the modal hammer measurements have been
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compiled and are presented in Table 2-1. The last column in this Table is the estimated
natural frequency obtained as the average of the individual configuration results. It can
be seen that the lowest resonance found for the center body is relatively low at 542 Hz.
In a related vibration study of the chipping hammer, it was determined that the handle has
a fundamental resonance at around 550 Hz23. Therefore, the most likely source for this
resonance frequency is the handle of the center body. It should be noted that most of the
frequencies are relatively low in comparison to the other components. The reason why
the center body has lower natural frequencies is because of the longer dimensions of the
tool. The center body is the longest component and therefore has the lowest natural
frequencies.
Table 2-1: The natural frequencies of the center body found from modal hammer measurements for the
different configurations tested.

Natural Frequencies for Individual
Configurations

Mode
#1
1
2
3
4
5
6
7
8
9
10
11
12

822

#2
542
820
1084
1145
1626
1733

#3
542
817
1084
1145
1626
1738

#4
542

#5
542
820

1626
1743

2046

2056
2168

2773
3557
3586

2773
3313

3318

3308
7405

Resonance
Frequency
[Hz]
542
820
1084
1145
1626
1738
2051
2168
2773
3374
3586
7405

Oval Retainer: The results of the oval retainer measurements are the next component to
be analyzed. A compilation of all of the natural frequencies found from the modal
hammer measurements of the oval retainer configurations is shown in Table 2-2.
Contrary to the center body, the oval retainer has much higher resonant frequencies. This
is caused by the physical dimensions of the component being smaller than the center
body. It should be noted that these results make logical sense as well. The oval retainer
seems to have “sets” of natural frequencies: 6413 and 6478 Hz, 12820 and 12870 Hz, and
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so forth. These sets of frequencies arise from the asymmetry of the oval retainer. These
resonance frequencies are likely associated with radial “breathing” modes of the oval
retainer. Because the oval retainer is not completely symmetrical, one direction will be
stiffer than the other orthogonal direction, thus causing a rise in natural frequency for the
stiffer dimension. Therefore, the mode shapes for the 6413 Hz resonance frequency will
look very similar to the 6478 Hz resonance frequency except the amplitudes will be 90
degrees offset. The next higher set of natural frequencies (12820 and 12870 Hz) would
be the second radial “breathing” mode of the oval retainer.
Table 2-2: Natural frequencies found for each of the oval retainer configurations.

Mode
1
2
3
4
5
6
7
8
9
10
11
12
13
14

Natural Frequencies for Individual Resonance
Frequency
Configurations
[Hz]
#1
#2
#3
#4
6411
6418
6411
6413
6462
6492
6481
6478
12820
12820
12870
12870
12920
12900
12910
12970
12970
13210
13230
13230
13223
14200
14210
14205
14450
14530
14500
14493
15090
15090
15090
16350
16340
16340
16343
16810
16810
16810
16810
18480
18480
19810
19770
19790

Short Chisel: The frequency response of the short chisel found from the modal hammer
measurements was also analyzed and the results are shown in Table 2-3. Although some
of the resonant frequencies for the short chisel are relatively low, it can be shown that
most of the resonant frequencies are much higher than all the other components tested. It
can also be shown that the short chisel has the most consistent results between
configurations. This is likely due to the simple physical geometry of the short chisel
compared to the complicated shape of the oval retainer and center body.
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Table 2-3: Natural frequencies found from the modal hammer testing for the short chisel.

Mode
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17

Natural Frequencies for
Individual Configurations
#1
#2
#3
3284
3286
3280
3308
3309
3312
4858
4854
4902
6594
6594
6559
6619
6621
6593
8174
8167
8182
9913
9908
9839
9929
9932
9894
11470
11480
11470
13250
13220
13120
13270
13250
13180
14780
14800
14750
15230
15240
15210
16530
16530
16370
16550
16550
16530
18100
18120
19860
19870
19660

Resonance
Frequency
[Hz]
3283
3310
4871
6582
6611
8174
9887
9918
11473
13197
13233
14777
15227
16477
16543
18110
19797

It is noted that the results found from the modal hammer testing make logical
sense for the short chisel. For example, the natural frequencies for the short chisel have a
pair of mode shapes near 3300Hz. It can be shown that these two natural frequencies
correspond to the first bending mode of the chisel. However, since the chisel is not
perfectly symmetric, the bending mode in one direction has a slightly higher natural
frequency than the other. This explanation being similar to the analysis of the oval
retainer. The lack of symmetry is caused by the oval section. Because the oval section is
longer in one dimension than the other, then it is stiffer in that direction, thus making the
natural frequency slightly higher. This is the explanation for the existence of the 3308 Hz
natural frequency.
Long Chisel: The modal hammer measurements were not performed on the long chisel
and therefore analysis of the testing and comparisons between the experimental and
numerical models cannot be performed.
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FE Model: The natural frequencies found from the FE models and the natural
frequencies found from the modal hammer testing are compared in the following
paragraphs. To begin with, the natural frequencies calculated for the center body, oval
retainer, and short chisel are presented in Table 2-4. Selected mode shapes are also
presented in Table 2-5. All of the mode shapes found from the FE model are compiled
and are shown in Appendix A. Most of the mode shapes presented in Table 2-5 were
expected results after consideration of the modal hammer measurement results were
analyzed. For example, since these tools are not completely geometrically symmetrical,
bending modes can occur in two axes at very similar frequencies such is the case for the
center body, short chisel and long chisel examples shown here.
Table 2-4: Natural frequencies found from FE model.

Center
Oval
Short
body Retainer Chisel
Natural Natural Natural
frequency frequency frequency
(Hz)
(Hz)
(Hz)
960
5510
3194
961
5532
3219
3845
12918
7921
4832
13452
7934
4836
13975
10265
5945
14012
14801
10819
14341
14803
10915
14656
16014
12629
16178
16943
16691
16821
22026
17029
17602
22121
17161
18577
17166
18958
18782
19600
19182
20838
19467
21709
19468
22335
21952
22839
22212
23487
23218
23655
23223
24683
24925
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Table 2-5: Selected mode shapes calculated from FE model of center body, oval retainer, short chisel, and
long chisel.

Natural
Frequency,
Hz
4832Hz

Mode Type

4836Hz

Bending

Mode shape

Bending

13452Hz

3194Hz

Bending

3219Hz

Bending

4629Hz

Bending

4671Hz

Bending

Validation of FEM: A comparison between the resonant frequencies found from the
modal hammer tests and the natural frequencies found from the FE model were also
carried out. A table comparing these results is presented in Table 2-6. It is shown that
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the natural frequencies of the center body do not match well with the FE natural
frequencies.

The poor agreement is expected because of the different boundary

conditions imposed on the center body in the two different analyses performed, such as
the free-free boundary condition in modal hammer testing and the clamped-free boundary
condition in the FE model.

It is also noted that there are many complicated sub-

components not included in the simplified FE model. On the other hand, for the oval
retainer and short chisel, the natural frequencies found experimentally match within 3%
with the calculated natural frequencies.
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Table 2-6: Comparison of the natural frequencies found from the modal hammer tests versus the natural
frequencies found from the FEM.

Center Body
Natural Frequencies
Experimental
FEM
(Hz)
(Hz)
542
820
960
961
1084
1145
1626
1733
2046
2168
2773
3313
3586
3845
4832
4836
5945
7405
10819
10915
12629
16691
17029
17161
17166
18782
19182
19467
19468
21952
22212
23218
23223

Oval Retainer
Natural Frequencies
Experimental
FEM
(Hz)
(Hz)
5510
5532
6411
6462
12820
12918
12870
12920
12970
13230
13452
13975
14200
14012
14500
14341
14656
15090
16350
16178
16810
16821
17602
18480
18577
18958
19810
19600
20838
21709
22335
22839
23487
23655
24683
24925

Short Chisel
Natural Frequencies
Experimental
FEM
(Hz)
(Hz)
3284
3194
3308
3219
4858
6594
6619
8174
7921
7934
9913
9929
10265
11470
13250
13270
14780
14801
14803
15230
16014
16530
16550
16943
18100
19860
22026
22121

It is also shown that there are some differences between the measured and
predicted natural frequencies of the oval retainer and chisel. The minor discrepancies can
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be explained by the fact that in modal hammer testing, it is difficult to find a
measurement location or input location that can measure or excite all the modes of the
structure.

On the other hand, the most likely cause of the disagreement between

experimental and numerical models is that the material properties and dimensions of the
FE model do not accurately represent the physical model. Note that the FE models were
developed from a few measurements of the tool, i.e. no detail drawings were available for
the tool. Because the oval retainer and short chisel are relatively simple physical
components, the numerical model is more representative of the actual structure.
However, the center body is a very complicated structure, thus it is believed that the FE
model of this component was unable to predict accurately the natural frequencies of the
physical model. Therefore, it was determined that the FEM of the center body will not be
utilized in further analysis.
It is noted that the goal of this project is not to develop accurate FE models of the
tool. The main intent of the FE models is to gain some insight into the mode shapes of
the tools and to be able to guide in the identification of the mechanical noise sources.
The results found from this mechanical analysis will be used later in the Thesis to
aid in the characterization of the chipping hammer.

Specifically, the resonance

frequencies found from both the modal hammer measurements and the FE analysis will
be used in combination with the phased array measurements in section 4.3 to spatially
locate the sources of the peaks found in the sound power spectrum.
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Chapter 3

Fluid Measurements

The fluid measurements of the tool were performed to investigate the characteristics of
the exhaust air flow. The reason for performing these types of tests is because high speed
jets can cause high energy noise detonations22. The noise detonations are caused by the
physical flow of air away from the tool which can act as a monopole radiator of sound.
The flow itself mixes with the ambient stationary surrounding air creating broadband
noise20,21. To determine if these are important noise sources in pneumatic tools, hot film
anemometry was used to determine the velocity of the exhaust streams while pressure
transducers were used to measure the pressure in the upper and lower chambers. The
pressures in the upper and lower chambers were also useful to determine the operation
chronology of the tool23. The chapter will first discuss the experimental setup used to
perform the measurements followed by an analysis of the results.

3.1 Experimental Setup
The experimental setup for the hot film anemometer measurements are presented in this
section.

The measurements were gathered from two separate experiments.

The

experiments were relatively similar using the same experimental rig and some of the
same technology. This section of the report will present the experimental setups for each
of the experiments, separately.
First experimental setup: The first experimental setup can be seen in Figure 3-1 showing
the Atlas Copco TEX317 tool mounted in a vibration isolation rig. The rig was mounted
to a “floating” concrete slab which allows for the assumption that the setup is not affected
by other random vibrations from the building. The vibration isolation rig was developed
by Jorge Muract and Rahul Kadam to precisely imitate the vibration dynamics of the
human hand-arm system23. In this case, the vibration rig was used to steady the tool
during operation so that the transducers could record accurate measurements. Also used
in the experimental setup was an energy dissipater.

This part of the setup can be

identified in Figure 3-1. The energy dissipater was built using ISO 8662-2 standard and
was used to absorb the impact and maintain repeatability between tests24. Using both the
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vibration isolation rig and the energy dissipater allowed for the assumption that the
movement of the body was negligible.

Vibration
rig

Energy
dissipater
Figure 3-1: Experimental setup for first hot film anemometer measurements.

The transducers for the first experimental setup included a hot film anemometer
and one accelerometer. The hot film was used to measure the velocity of the exhaust at
multiple spatial locations.

Hot film anemometry takes advantage of heat transfer

properties of the wire used at the tip of the hot film probe. For this experiment, a
constant temperature anemometer (CTA) was used. For CTA, the wire is exposed to
flow while the flow carries away energy. Energy is then supplied to the wire to maintain
the temperature. The amount of energy required to maintain the temperature can be
measured and is related to the velocity of the flow. To maintain the temperature of the
probe and measure the energy supplied, a DANTEC type 55M01 power supply was used.
The power supply can be seen in Figure 3-2-a. The output from the power supply is not
linear and therefore calibration is required. To calibrate the hot film probe, a TSI
calibrator model 1125 was used. The calibrator can be seen in Figure 3-2-b. To calibrate
the probe, the differential pressure between the volume in the calibrator to the ambient
surroundings were measured.

Using the incompressible derivation of the Bernoulli

equation, known velocities from the calibrator were compared with the voltage output
from the power supply. A total of 45 calibration points were recorded between 0-140
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m/s.

Higher velocities were unattainable with the available TSI calibrator.

The

calibration points were interpolated using King’s law which is defined as

E 2 = A + Bu n

3-1

where u is the velocity and E is the output voltage25. The terms A and B are constants to
be determined from the measured data and the assumption n=0.45 is common for hot film
probes25. Using equation 3-1, the voltages measured during experimentation can be
extrapolated to higher velocities. However, it will be shown that the measured data was
extrapolated to beyond Mach 1.0. Considering that the probe was originally calibrated to
approximately Mach 0.3, extrapolation to such a high speed could not be accurate and
therefore, the confidence in the high speed extrapolated velocities is considered to be
low.

A)

B)

Figure 3-2: A) Power supply used to power and regulate the hot wire anemometer. B) TSI Calibrator model
1125 used to calibrate the output of the hot wire anemometer.

For the measurements performed for the first experiment, the hot film probe was
placed horizontal to the ground and perpendicular to the tool and was always parallel to
the exhaust flow. Measurement points were taken at four radial positions as well as 11 to
16 angular or tangential positions for the two different exhaust ports (upper and lower
ports). Spatial measurement location error was ±0.1mm. The velocity was also assumed
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to be symmetric across the horizontal and vertical axis of the exhaust port; consequently,
measurements were taken in the horizontal plane only and not in the vertical direction.
The velocity was also assumed to be identical for all the ports on the same level. Thus, a
single port was measured per level.
Since only one hot film anemometer was available at the time of testing, a method
of aligning the two measurements in the time domain was needed. Since the chisel is
impacted at the same point in every cycle, an accelerometer was affixed to the chisel in
the horizontal direction which shows the exact time of impact between the internal piston
and chisel. The accelerometer signal was used to align the upper and lower port velocity
time histories. The measurements yield a velocity profile in the two dimensional spatial
domain. For this experiment, measurements were made at the supply pressure of 90 psi.
Second experimental setup: The second experimental setup can be seen in Figure 3-3
showing the Atlas Copco TEX317 chipping hammer mounted in the vibration isolation
rig and the energy dissipater. The same vibration rig and energy dissipater were used in
both experimental setups.
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Figure 3-3: Experimental setup for the second set of fluid measurements.

For the second experimental setup, the instrumentation used included the same
hot film probe, two pressure transducers and one accelerometer affixed to the handle.
The main difference between the first and second experimental setup is the use of the
pressure transducers in the upper and lower chambers. The center body of the tool was
machined to allow the pressure transducers to be affixed to the tool during operation. A
diagram and picture showing the locations of the pressure transducers are shown in
Figure 3-4. The pressure transducers were used to provide accurate data consisting of the
instantaneous pressure in the respective chambers.
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Upper chamber

Pressure probes

Lower chamber

Pressure
probes

B)
A)
Figure 3-4: Placement of pressure probes for the second fluid analysis experimental setup is shown.

The hot wire was calibrated using the same process described earlier; though in
this case the hot wire was calibrated up to 170 m/s. The velocities from the calibrator
were calculated using the compressible derivation of the Bernoulli equations.

The

calibration curve for this case can be seen in Figure 3-5. For the calibration curve, the
voltage that is output from the hot wire anemometer was interpolated using King’s law as
described earlier. Extrapolation of the data can also be assumed to be relatively accurate
for reasonable velocities because of the linearity of the calibration curve in the 100 –
170m/s region.
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Figure 3-5: The calibration curve for the hot wire anemometer in the second fluid analysis experiment is
shown.

For the second experiment, the accelerometer was not adhered to the chisel, but
instead to the handle of the tool. The reason for the change in setup was caused by the
harsh measurement conditions in which sensitive transducers were required to operate.
The handle of the tool still indicates the exact time of impact while it is not exposed to
the oil and heat byproducts of the chipping hammer operation.
For the second fluid flow experiment, the exhaust jet velocity was not measured
in such detail in the spatial domain as the first fluid analysis experiment was. In this
second experiment, the exhaust velocity was measured at 3 mm from the surface of the
tool in the radial direction and at three tangential positions at the one radial position.
Thus, spatial velocity measurements exist only at three locations for each configuration.
For this experiment, measurements were made at three supplied pressures, e.g. 90, 80,
and 60 psi, respectively.
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3.2 Results
First Experiment Results: The exhaust velocities time histories for both upper and lower
ports are shown in Figure 3-6. For the time histories shown, the probe was placed 5 mm
from the surface of the tool along the center line of the exhaust port. For the three
operating cycles shown in the figure, it can be shown that the low port has lower peak
velocities. Also, the low port has clearly identifiable low speed flow between the main
exhaust bursts. These velocities are far above the 140 m/s velocity in which the hot film
probe was calibrated, i.e. 140 m/s was the highest velocity available at the time of
calibration. This is troublesome because of the potential that supersonic flow has to
create shock waves and hence significant radiated noise. However, the extrapolation to
such a high speed must be used with care since the hot film was not really calibrated to
measure such high velocities. It is suggested that future work be directed towards
studying the transonic effects of the exhaust.
Time histories

450

high port
low port

400
350

Speed of
sound 343m/s

Vel, m/s

300
250
200
150
100
50
0
1.06

1.08

1.1

1.12

1.14

1.16

time, sec

Figure 3-6: The velocities of the upper and lower exhaust ports over three operating cycles of the tool.

The velocities for each measurement point in space were averaged with respect to
time to reveal the location of the bulk of the flow and to reveal the mixing regions of the
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exhaust flow.

The mixing regions are important because it is hypothesized that

quadrupoles develop in this region which radiate broadband jet noise12,20,21,22. It is
common knowledge in the acoustics field that when high speed subsonic flow mixes with
ambient air, broadband noise is radiated to the surroundings29. The method by which the
broadband noise is created is through quadrupole radiation. A quadrupole is a collection
of four monopole sources where each adjacent monopole is 180 degrees out of phase with
respect to each other.

Quadrupoles are a weaker radiator relative to dipoles and

monopoles. However, the efficiency of noise generation of quadruopoles increases much
more rapidly than with the dipole or monopole29. To determine the location of the
mixing region, the average velocity was computed at each measurement point and the
spatial distribution of average velocities for the upper port can be seen in Figure 3-7. The
spatial distribution for the lower port can be seen in Figure 3-8. An interesting artifact to
note about these plots is that the flow area does not expand greatly. This is important
when considering the potential shock wave that is caused by supersonic flow that may be
present in the exhaust. Because supersonic flow requires a converging-diverging nozzle,
the flow cross-sectional area would have to increase after the choke point to reach
supersonic speeds. Analysis of the data reveals that the flow does not expand greatly thus
implying that the flow does not likely exceed Mach 1.0. If this is correct, shock waves
may not be present.
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Figure 3-7: The time averaged velocities for the multiple spatial measurement positions shows the spatial
distribution of the average velocities for the high port.

Figure 3-8: The time averaged velocities for the multiple spatial measurement positions shows the spatial
distribution of the average velocities for the low port

Second Experiment Results: The results from the second experiment yielded the pressure
in the respective chambers and how they related to the exhausted jet velocity. The
pressure from three representative cycles can be seen in Figure 3-9. The supply pressure
for this experiment was 90 psi. It is noted that the pressure transducers were covered
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during part of the operating cycle. During this part of the cycle, the pressures that were
recorded are assumed to be inaccurate and were thus removed. The values shown in the
plot are interpolated between the two known pressures and are shown with dashed lines.
The exhaust velocities from the same three cycles can be seen in Figure 3-10. It
must also be noted that the velocities reported in this case are well above Mach 1.0. The
velocities that are shown have been extrapolated using King’s law25, which is reasonable
to an extent. However, it is believed that extrapolation into the supersonic region is not
reasonable. Therefore, the actual numeric values of the peaks in the velocity profile are
unknown. All that is known is that the values are extremely high.

Figure 3-9: The pressures in the upper and lower chambers are plotted. The dotted lines indicate the time
period where the pressure transducer was covered by the piston. The dotted lines are a linear interpolation
between the two known points.
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Figure 3-10: The velocity of the upper and lower exhaust ports.

The velocities found from the second experiment show similar results to those
found from the first experiment. The velocity from the high port is always higher than
the velocity from the low port. Upon analysis of Figure 3-9, it seems that the lower
chamber has a higher pressure which would imply that the lower port would have the
higher velocity. However, since the pressure transducers were physically covered during
part of the operating cycle, it is believed that the upper chamber actually has the higher
pressures, thus creating the higher velocities seen in the exhaust. Also, the velocities
from both high and low ports show that they are supersonic. However, the confidence in
these supersonic velocities is low. As stated in the discussion earlier, for supersonic flow
to be present, there must be a converging-diverging nozzle. Since a converging diverging
nozzle does not seem to be present, the highest velocity of the flow should be Mach 1.0.
However, it is noted that if supersonic flow is present, by definition supersonic flow must
contain shock waves to rectify the pressure difference. It is well known in the acoustics
industry that shock waves are a significant noise source and therefore could be very
significant in the source identification of pneumatic tools.
The measurements performed to analyze the fluid makeup of the chipping
hammer were presented in this chapter and the information is utilized later in the Thesis
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for the acoustic characterization of the pneumatic tool. It is known that the high speed jet
mixing can cause loud levels of broadband noise. It is noted that this chapter was not
able to definitively prove this assertion. However, experiments presented in Chapter 5
will show that the addition of mufflers will reduce low frequency exhaust pulses and the
high frequency broadband noise, thus proving that the high speed exhaust is the cause of
these noise sources.
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Chapter 4

Acoustic Characterization

This chapter will focus on the acoustic characterization of the pneumatic tool. Full
characterization involves measuring the sound power spectrum of the tool, the directivity
of the tool, and identifying individual sources of noise. This chapter will deal with each
of these tasks. The first section addresses the sound power measurements of the tool in
the unloaded configuration. The second configuration addresses the sound power of the
tool in the loaded configuration. The third section focuses on noise source identification
using microphone phased array measurements.

4.1 Sound Power Measurements of Unloaded Tool
Depending on the operator and the particular task, it is likely that the tool will be used in
an unloaded condition for some amount of time. This makes the unloaded configuration
an important test case to characterize, e.g. determine the sound power of the tool. The
sound power measurements and the resulting sound power spectrum are discussed in this
section.

4.1.1 Experimental Setup
To measure the sound power of the pneumatic tool, sound pressure levels over a spherical
surface centered at the tool were measured.

The next section will discuss the

experimental setup and measurement procedures to obtain the appropriate data to
calculate the sound power spectrum.
The experimental setup can be seen in Figure 4-1. The noise measurements were carried
out in a fully anechoic chamber with a cut-off frequency of 100 Hz. The chipping
hammer was hung from the anechoic chamber’s ceiling using a rope while a conventional
array of sixteen far-field microphones was used to determine the radiated sound power
and radiation directivity as a function of frequency. The setup used for this test consisted
of an aluminum ring with a radius of 1.08m (3.5ft) that was covered with acoustic foam
to minimize reflections. The ring was attached to two supports such that the tool was
positioned at the center of the ring. Moreover, the supports where designed such as to
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allow the ring to be rotated to any position. The microphones were evenly mounted
along half the ring from one support to the other, i.e. on a semi-circumference. The
angular spacing between the microphones was 11.25°.

By making multiple

measurements with the ring/microphones rotated to different positions, the sound field on
a spherical surface centered on the tool was obtained. The sound field on the spherical
surface is directly related to the sound power of the tool and is calculated from the
measurements made on the spherical surface. To this end, the average sound pressure
level as a function of frequency is calculated at each microphone location. The sound
intensity at each measurement location is then approximated via the plane wave equation

Il =

pl2 ( r , ω )

4-1

ρc

where ρ and c are the density and speed of sound in air. The power is then computed as

112

W = ∑ Sl I l

4-2

l =1

where Sl is the area associated to the measurement point in which the intensity passes
through. In this experiment, the noise was measured at seven angular positions of the
ring and thus a total of 7x16=112 ( l = 1,...,112 ) noise spectra were measured. Dividing
the surface of the sphere into 112 differential areas, each noise spectra was multiplied by
its corresponding area and summed to find the sound power of the tool. Once the sound
power is computed, it can be used to find the average sound pressure level at a given
distance through the equation

L p = Lw − 10 log10 ( 4π R 2 )

4-3

where Lp is the sound pressure level, Lw is the sound power level and R is the given
distance where the sound pressure level is calculated. For all the sound power spectrums
presented in this chapter, the spectral resolution is 3.125Hz.
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Exhaust
deflector
Chipping hammer
Ring with 16 microphones
Figure 4-1: The experimental setup for the unloaded sound power level measurements.

For the sound power measurements of the unloaded tool, there were multiple
configurations measured. For the first configuration, the tool was operated at 90 psi with
the short chisel and no exhaust deflector. For the second configuration, the tool was
again operated at 90 psi with the short chisel but with the exhaust deflector installed. A
comparison between the first and second configuration can yield the effect of the exhaust
deflector to the sound power spectrum. For the third configuration, the tool was operated
with a supply pressure of 90 psi with the exhaust deflector but with the long chisel as
opposed to the short chisel. A comparison between this configuration and the second
configuration can yield the effect of the chisel on the sound power spectrum. Finally, the
fourth configuration consisted of operating the tool with a supply pressure of 80 psi with
the short chisel and with the exhaust deflector. This test is used to establish the effect of
the supply pressure on the noise emission. The results section will discuss the sound
power spectrums and overall sound power levels for each of these configurations.

4.1.2 Results
The four configurations discussed for the unloaded measurements will be analyzed in this
section. The first configuration, consisting of the tool operating at 90 psi with the short
chisel and no exhaust deflector is the first configuration to be analyzed.

This

configuration is representative of the spectrum characteristics of the other configurations.
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The A-weighted sound power spectrum was computed and is shown in Figure 4-2. The
spectrum shows two distinct characteristics. At frequencies below 1500 Hz, the noise
spectrum is characterized by a series of tones with a fundamental frequency of 27.5 Hz.
This noise source is clearly due to the exhaust pulsation associated to the operation of the
tool. For ease of visualization, the low frequency portion of the spectrum is enlarged and
shown in Figure 4-3 where the fundamental frequency and harmonics are easily
identified. The high frequency part of the noise spectrum above 1500 Hz shows the
presence of many resonance peaks 5-10 dB above the broadband component. The peaks
are associated with the mechanical resonances of several of the tool’s components. The
frequencies of the resonant peaks have been indicated in the spectrum of Figure 4-2 with
the first peak occurring at 3469 Hz.
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Figure 4-2: Sound power spectrum of the chipping hammer in free condition working at 90psi.
The Overall Sound Power Level is 111.0-dBA
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Figure 4-3: Sound power spectrum of the chipping hammer in free condition working at 90 psi in the range
of 0-1500Hz. The Overall Sound Power Level is 107.0 dBA

Quantification of the relative contribution of the two parts of the spectrum reveals
interesting characteristics. The A-weighted overall sound power level of the tool is 111.0
dBA. The low frequency component below 1500Hz contributes 107.0 dBA while the rest
of the spectrum adds 108.8 dBA. Thus, there is nearly the same contribution to the
overall noise level between the low and high frequency components. This result implies
that simply attenuating the low frequency exhaust noise will at best result in a 3 dB
reduction in overall noise levels. Thus, a comprehensive noise solution that attenuates
the whole spectrum is needed for significant noise reduction.
Repeatability is the next concern regarding the sound power measurements. Two
narrow band sound power spectra of the chipping hammer at the operating pressure of 90
psi with the exhaust deflector and long chisel is shown in Figure 4-4. The measurements
were performed on two separate occasions approximately three months apart. Though
the spectra appear relatively consistent, the overall sound power level resulted in a
difference of approximately 3 dB, e.g. 113.0 and 109.3 dBA, respectively. Further
studies determined that the cause for the difference in the measurements was associated
to the exhaust deflector used with the tool. Under normal operating conditions, the
deflector rotates freely around the center body. In the first test, it was not prevented from
rotating (normal operating condition) while in the second test the muffler was secured to
keep it from rotating. This small variation in testing procedures caused the discrepancy
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in the results. The repeatability in the measurements was significantly improved by
removing the muffler from the tool, e.g. the repeatability is good having an error of
±1dB.
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Figure 4-4: A-weighted sound power spectrum for Atlas Copco (TEX-317) Chipping Hammer operating at
90 psi with rubber sleeve and long chisel. A comparison of two different tests is shown for repeatability.

For the measurements of the second configuration, the tool was operated at 90psi
with the short chisel and exhaust deflector.

The only difference between the first

configuration and the second configuration is the addition of the exhaust deflector.
Figure 4-5 shows the sound power level spectrum for this configuration. This plot shows
a very similar spectrum to the first configuration shown in Figure 4-2. The total sound
power level for the second configuration is 109.2 dBA that it is only slightly lower than
the 111.0 dBA of the first configuration.

The breakdown between low and high

frequency shows that in the low (0-1500Hz) and high frequency (>1500 Hz) the sound
power level are 104.1and 107.5 dBA, respectively. A comparison of the total sound
power levels between the first two configurations is compiled in Table 4-1 along with the
sound power levels of the other configurations. The levels of the other configurations
will be discussed later in the section. Comparing configurations 1 and 2 in Table 4-1, the
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table shows that there is significant reduction in the low frequency region. This reduction
implies that the addition of the exhaust deflector, to some extent, reduces the noise
caused by the exhausting jet into the ambient surrounding air.

Atlas Copco short chisel with muffler @ 90psi. Lw1tot=109.2dBA
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Figure 4-5: The sound power level of the tool operating with the short chisel and exhaust deflector.

Table 4-1: Sound power level comparison for all the chipping hammer configurations.

Configuration
#
1
2
3
4

Configuration
Supply
Chisel
Exhaust
Pressure
Type
Deflector
90psi
short
without
90psi
short
with
90psi
long
with
80psi
short
with

Sound Power Level, dBA
OVERALL
111
109.2
109.3
108.0

0-1500Hz
107
104.1
104.1
103.1

1500-25000Hz
108.8
107.5
107.7
106.3

To better show the differences between the first two configurations, Figure 4-6
shows the two spectrums plotted on the same graph. From the plot, it can be shown that
the low frequency and high frequency broadband components of the noise are affected.
The low frequency of the second configuration is somewhat lower than the first
configuration e.g. reducing the peaks by approximately 4 dBA. In the high frequencies,
the broadband component of the spectrum is reduced by as much as 2-3 dB. However,
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the peaks in the high frequency do not seem to be affected except for the resonance at
18640 Hz which is significantly reduced. From this observation it can by hypothesized
that the addition of the exhaust deflector caused the reduction in the peak at 18640 Hz.

Figure 4-6: Sound power spectra of the tool operating with and without the exhaust deflector.

The third configuration consisted of the tool operating at 90 psi supply pressure
with the exhaust deflector and the long chisel. A comparison between the spectrums of
this configuration and the second configuration is shown in Figure 4-7.

The only

difference between the second and third configuration setup is the change in chisel type.
The overall sound power level for the third configuration is presented in Table 4-1 along
with the results for configuration two. The overall sound power level was found to be
nearly the same at 109.2 and 109.3 dBA for the second and third configurations
respectively. The low frequency sound power level was found to be the same 104.1 dBA
for both configurations while the high frequency was found to be nearly the same at
107.5 and 107.7 dBA for the second and third configuration, respectively. Therefore, the
chisel has no specific contribution to the overall sound power level of the tool. However,
investigation into the narrow band power spectra of both the second and third
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configuration shows that variation of the chisel causes resonance peaks to shift in the
spectrum. For example, the long chisel produces a resonance peak at 12640 Hz and the
short chisel produces a peak at 15230 Hz. The cause of these peaks is explained by the
existence of a resonance of the short chisel at 15227 Hz found through the mechanical
analysis of the tool presented in Chapter 2. Other resonances remain unaffected by the
chisel such as the peaks at 6425 and 14220 Hz because they are resonances of other
components of the tool. Changing the chisel does not affect these peaks.
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Figure 4-7: Comparison of the power spectrums of the chipping hammer with the long and short chisel.

Since it is important to establish the effect of the supply pressure on the radiated
noise, the noise results for the tool operated at 80 psi is described and compared to the
configuration where the tool is operated at 90 psi. Figure 4-8 shows the two spectra of
the tool operating at 90 and 80 psi. This comparison yielded interesting results. The high
frequency broadband noise components were reduced by approximately 2 dB. On the
other hand, the amplitude of most the resonance peaks in the high frequency region
seems to remain unaffected or only slightly reduced, e.g. resonance peak at 14230 Hz
was reduced by 2 dB. The low frequency region of the spectra does not exhibit any
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abnormalities and is not shown here. The integrated spectra can be compared in Table
4-1. The overall sound power level was reduced by the smaller supply pressure, e.g.
overall sound power reduced from 109.2 dBA (for 90 psi) to 108.0 dBA (for 80 psi). The
sound power level in the low frequency region changes by only 1.0 dBA because of the
supply pressure and the high frequency region is slightly affected with a reduction of 1.2
dB when the supply pressure is dropped by 10 psi. It is also noted that the operating
frequency of the chipping hammer is also affected by the supply pressure. The tool
operates at 27.5 Hz (1650 RPM) for 90 psi and is reduced to approximately 25 Hz (1500
RPM) when the supply pressure is 80 psi. However, it is speculated that the reduction in
supply pressure leads to a reduction in chipping capabilities/efficiency of the tool. At this
time, a test to measure the chipping efficiency has not yet been developed. Therefore, the
small attenuation in noise by reducing the supply pressure is not a viable approach since
the recommended supply pressure is needed for the tool to operate properly22.

Atlas Copco with muffler and short chisel. Lw90psi=109.2dBA Lw80psi=108.0dBA
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Figure 4-8: Comparison of the Atlas Copco chipping hammer operated with the short chisel at 90 and 80
psi.
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The far-field measurements were also used to find the directivity of the chipping
hammer. Inspection of the directivity results revealed to be basically uniform for the
total sound pressure level. Since the user is so close to the chipping hammer and because
the chipping hammer’s normal operating conditions involve close proximity to reflective
surfaces, it was determined that the directivity of the chipping hammer is not an
important metric worthy of evaluating. Therefore, the directivity plots are not included
or analyzed here.

4.2 Sound Power Measurements of Loaded tool
Since the tool will be operated in a loaded condition, it is important to gain some insight
into the radiated noise under this condition. However, it must be noted that the loaded
configuration is significantly more difficult to define and setup since it depends on the
operator and how it uses the tool, the type of task performed, and so forth. This section
will discuss the measurements performed to determine the sound power of the chipping
hammer in the loaded configuration.

4.2.1 Experimental Setup
A picture of the experimental setup is shown in Figure 4-9. The experimental setup for
this measurement consisted of eight microphones placed on the circumference of an eight
foot diameter circle that encompassed the tool which was operating in the center. The
microphones signals were recorded using a Sony PC208a DAT recorder at a sampling
frequency of 12000 Hz. The area in which the measurements were performed was in a
field near the Virginia Tech campus. The field was reasonably far from any nearly
buildings which allowed for a non-reflective assumption. For the tool to be loaded, an
impact surface was prepared. For these experiments, the impact surface was a three foot
square block of concrete which was approximately two inches thick. This concrete block
was assumed to be representative of a typical impact surface found in the construction
industry. After every loaded test, the broken concrete block was removed from the
testing area and a new concrete block was replaced in the original location. For the
unloaded test, the tool was merely held a few inches from the surface so that all
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reflections from the concrete block or the grass remained constant between
configurations.

Microphones

Concrete Block
Balance

Figure 4-9: Experimental setup for loaded tests is shown. Subject is applying 100N force through the
chipping hammer into the 3’x3’ concrete block. The radiated acoustics is measured by 8 surrounding
microphones.

Both loaded and unloaded testes were performed for direct comparison. For the
unloaded case, the tool was held by a human operator two inches from the surface of the
concrete block. For the loaded case, the chipping hammer was forced into the concrete
block with 100N of average force. The applied force was measured with a scale under
the operator’s feet. The operator would weigh himself before contact with the surface
and then weigh himself during the measurement. The measurements were taken and the
results are discussed below.

4.2.2 Results
The results of the loaded and unloaded sound levels are presented in this section. The
time signals from eight microphones were recorded and a sample of one of the
microphone signals is shown in Figure 4-10. In the microphone signals, there are two
clear sections that correspond to the level of impact. These two sections represent the
initial stage where the chisel makes contact with the surface and the second stage where
the block has begun to break apart or disintegrate. The two sections are highlighted and
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are labeled in the figure as “impact” and “disintegrate”. The best estimate of the sound
created from the chipping hammer in its loaded condition is the initial “impact” region
highlighted in Figure 4-10.

impact
disintegrate

Figure 4-10: Time history of one field microphone for a loaded case.

The average sound pressure level for the loaded case in the “impact” region and
the sound pressure level for the unloaded case have been calculated and the comparison
plot shown in Figure 4-11. The overall sound pressure level of the loaded case is 12 dBA
higher than the unloaded case. It was determined that most of the noise in the loaded
condition, when the tool first impacts and breaks the concrete block, was most likely
produced by the concrete block. This result implies that the operator noise exposure will
be highly dependent on the actual surface intended to be broken, thus making acoustic
characterization very difficult to quantify reliably. It also suggests that noise control of
the tool might not be that beneficial. However, it must be noted that the goal of this thesis
is to characterize the noise of the tool and, to this end, the characterization of the tool in
its unloaded configuration will continue to be the main focus of this thesis.
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Figure 4-11: Average sound pressure level for the unloaded and loaded (initial impact region) cases.

4.3 Noise Source Acoustic Mapping
As part of the acoustic characterization, microphone phased array measurements were
performed to identify the noise sources. It should be noted that the measurements for
source mapping presented in this section were performed by two other engineers assigned
to the project, Jorge Muract and Rahul Kadam. This work was presented in a paper
authored by Mr. Muract and Mr. Kadam and was published at the NOISCON conference
in 200530. A microphone phased array is a microphone array used with special post
processing techniques to create beam-forming maps. The beam-forming map is the
source strength distribution on a given plane27.

The beam-forming post processing

technique takes advantage of the finite wave speed of air and the assumption that all
noise sources act as monopole sources with spherical radiation26. To create a beamforming map, the distance from a point on the beam-forming map’s plane to a
microphone is computed and the time delay for a wave to travel that distance is applied to
that microphone signal. This is done for each microphone in the array and the resulting
signals are all averaged into one signal. The resulting microphone signal is then used to

54

calculate the levels at that point in space. The process is repeated for each point in the
plane of the beam-forming map producing the source strength distribution18.
Because of the discrete nature of the microphone phased array, a measure of the
limitations of the array must be considered. The method by which the limitations are
measured is called a Point Spread Functions (PSF). A PSF is the beam-forming map that
would be created if the microphone array was given a point monopole source radiating at
a particular frequency at a single point in space. Two point spread functions created for
the array used in these measurements can be seen in Figure 4-12A and B. The PSF
shows a maximum lobe (main-lobe) which indicates the position of the main noise
source. The size of the main lobe is called the “spot size” and is usually taken to be the 3
dB down area from the maximum SPL on the map. The size of the main lobe for lower
frequencies is larger and the size of the lobe for higher frequencies is smaller. This can
be seen when comparing the two plots shown in Figure 4-12. For example, the lobe size
for the 2048 Hz PSF is about 12 inches while the spot size of the 5160 Hz PSF is
approximately 3 inches. Beam-forming maps also contain side lobes. Side lobes are not
real sources but appear as such and do not actually exist. The lobes are present because
of an aliasing effect caused by the discrete nature of the array. The sources indicated by
side lobes are considered noise. Therefore, a signal to noise ratio is defined as the
difference between the maximum of the main lobe to the highest side lobe. The levels
within the signal to noise ratio is considered to be accurate measurements of the sources.
For the measurements performed for this project, a signal to noise ratio of 10 dB was
determined. Therefore all beam-forming plots are shown with levels only ranging from 0
to -10 dB. It should also be noted that 0 dB has been normalized to the maximum point
in the plot; e.g. 0 dB at 4000 Hz is not necessarily the same level as 0 dB at 15000Hz.
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2048 Hz

A)

5160 Hz

B)

Figure 4-12: Point Spread Functions for the microphone phased array showing the limitations of the array.
A) Shows the spot size to be approximately 12 inches in diameter with the level of the side lobes 15 dB
down. B) Shows a 2-3 inch spot size with the levels of the side lobes 10 dB down.

The rest of this section will discuss the experimental setup, measurements
performed, and results directly relating to the beam-forming maps. The chapter will
conclude by using the beam-forming maps to identify noise sources of the chipping
hammer.

4.3.1 Experimental Setup
A microphone phased array was used to identify the individual noise sources in the
spatial domain. Figure 4-13 shows the experimental setup for this test. It consisted of
mounting the microphone phased array inside the anechoic chamber at a distance of 3.3m
(10.8 ft) from the tool. The phased array panel had 63 microphones and a diameter of
1.524 m (5 ft). These microphones were model WM-61A Panasonic omni-directional
back electret condenser microphone cartridges, with a sensitivity of -35±4 dB (0
dB=1V/Pa, 1 kHz). These microphones were mounted on nylon adapters which were
then installed in the microphone array panel. The microphones were arranged in a 6-arm
spiral equal-aperture-area pattern that provided acceptable resolution, i.e. spot size, at the
lowest frequency of interest and good side lobe control at the highest frequency of
interest. The phased array was designed to make noise measurements of a NACA 0012
airfoil for a range of frequencies between 500-2000 Hz17. The tool was measured in one
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configuration which was defined as the tool being operated at 90 psi supply pressure, no
exhaust deflector, and the long chisel.

Tool

1.5m

Panel with
microphones

Figure 4-13: Setup for the Microphone Phased Array measurements.

4.3.2 Results
The microphone phased array was used to uncover the individual noise sources in
particular at the resonant peaks present at the higher frequencies in the power spectrum,
i.e. > 1500 Hz. The 63-microphone signal was recorded simultaneously and acoustic
images were generated for the complete frequency spectrum in 1/12th octave bands, i.e.
total of 79 acoustic images. In addition to the 1/12th octave band maps, the same data
was beam-formed at the peak frequencies associated to the component resonances. A
uniform scanning grid was used that completely enclosed the tool. The grid resolution
was 1.27 cm. An acoustic image created for the 8391 Hz band is shown in Figure 4-14A.

It is shown that the main noise source for this frequency is the oval retainer

interacting with the chisel. As can be seen in the plot, the main lobe is centered on the
main interaction location between these two components.

Another acoustic image

created for the 16800 Hz band is presented in Figure 4-14-B. It is shown that the main
source in this band is the oval retainer. The main lobe in this case is located directly on
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the edge of the oval retainer suggesting that the oval retainer is vibrating and radiating
sound.

A)

B)

Figure 4-14: A) Beam-forming map at 8391 Hz of the chipping hammer showing a noise source at the
interaction between the oval retainer and chisel. B) Beam-forming map at 16800 Hz of the chipping
hammer showing a noise source at the oval retainer.

The acoustic images are a powerful tool to identify individual noise sources, in
particular when used in conjunction with addition information. To this end, the acoustic
maps, finite element models, modal hammer measurements, and sound power
measurement results can be used to uncover the noise source mechanisms associated with
the component resonances. This analysis approach will now be described for a number
of noise sources.
To begin with, the peak at 6431 Hz in Figure 4-2 was selected from the sound
power spectrum. The beam-forming plot was obtained and analyzed. As can be seen in
Figure 4-15-A, the beam-forming plot shows that the likely noise source for this peak is
the center body. However, an analysis of the modal hammer measurements and FE
model show that there isn’t a natural frequency of the center body near this frequency.
However, there was a natural frequency of the oval retainer at 6462 Hz found from the
modal hammer measurements. Thus, it was determined that the oval retainer is the
source of the peak at 6431 Hz. The mode shape causing this peak was found from the FE
model and is shown in Figure 4-15-B.
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Beam-forming plot

B) Oval Retainer
FEM Mode shape at 5532 Hz
Hammer resonant frequency – 6462 Hz

C)

D) Long Chisel
FEM Mode shape at 8280 Hz
Hammer resonant frequency – unavailable

Frequency 8230 Hz
Sound Power Level 78.5dBA

Source at 8230Hz
E)Long Chisel
FEM Mode shape at 8541 Hz
Hammer resonant frequency – unavailable
Source at 8391Hz
F)

G) Long Chisel
FEM Mode shape at 12733 Hz
Hammer resonant frequency – unavailable

H)

I) Oval Retainer
FEM Mode shape at 16178 Hz
Hammer resonant frequency – 16350 Hz

Frequency 12600Hz
Sound Power Level 74dBA
Frequency 16350Hz
Sound power level 68.6dBA

Noise sources (FEM mode shapes and experimental resonant
frequencies if available)

A)
Frequency, 6431Hz
Sound Power Level 83dBA

Resonance
frequency
and level

Figure 4-15: Beam-forming maps of chipping hammer at 6500, 8230, 12600, and 16350 Hz. Figure also
shows the mode shape of the mechanical component responsible for the noise at these frequencies.
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A second peak in the sound power spectrum was chosen for analysis. The peak
chosen was at 8230 Hz. The acoustic map for this frequency is shown in Figure 4-15-C.
The plot reveals a source at the interaction location between the oval retainer and chisel.
After a review of the FE models and modal hammer measurements, it was determined
that the source of this peak in the power spectrum is the long chisel. It was found that the
long chisel had a set of natural frequencies at 8280 and 8541 Hz determined via the FE
model. These natural frequencies are referred to as a “set” because they are both the
same order bending mode of the chisel, just in a different directions. It was determined
that the peak at 8230 Hz is likely caused by the mode shape shown in Figure 4-15-D.
However, it is also noted that there is a smaller, less evident peak in the power spectrum
at 8391 Hz. The likely source for this peak is the mode shape shown in Figure 4-15-E.
The natural frequencies found from the FE model are not exactly the frequency of the
peak in the power spectrum, but the irreproducibility of the boundary conditions is
sufficient explanation for the slight frequency variation between the FE modal and the
actual natural frequency.
Another resonance selected for analysis was the 12600 Hz peak. The beamforming map at this frequency shown in Figure 4-15-F shows the main lobe along the
length of the chisel. The location of the main lobe suggests that the long chisel is the
source for this peak; therefore, the FE model and modal hammer measurements were
reviewed. It was found that the long chisel does have a resonance at 12733 Hz (FEM).
This mode shape is shown in Figure 4-15-G and is determined to be the source of the
12600 Hz peak in the power spectrum.
The peak in the power spectrum at 16350 Hz was also selected for analysis. The
beam-forming plot at this frequency is shown in Figure 4-15-H. The map shows the main
lobe to be just to the left and right of the oval retainer. After a review of the modal
hammer tests and FE model, it was determined that the oval retainer has a resonance at
16350 Hz (16178 Hz FEM). The shape of the oval retainer’s resonance is shown in
Figure 4-15-I. Therefore, the source of the 16350 Hz peak is the oval retainer vibration.
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Using the procedure described previously, each peak in the sound power spectrum
was investigated in order to reveal the noise generation mechanisms of the tool. In this
manner, the noise mechanisms causing the peaks of the sound power spectrum were
uncovered.
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Chapter 5

Preliminary Noise Control Methods

The work described in the previous chapters provided a clear description of the noise
source characteristic, levels, and source mechanisms of the tool. The long term goal is to
use this information to develop effective and practical noise control solutions. The
development of these control devices is beyond the scope of this thesis. However, a
preliminary noise control study is undertaken here for the dominant noise source. This
source is the discharge pulses from the exhaust of the tool. In this chapter, a preliminary
investigation of the noise control of this source is undertaken.

The noise control

approach to attenuate this source is discussed in section 5.1. The experiments performed
to prove the design and the results are discussed in sections 5.2 and 5.3, respectively.

5.1 Noise Control Approach for the Discharge Pulse
In this study, the approach to reduce the discharge pulse source was to apply
commercially of the shelf (COTS) industry available pneumatic silencers to the exhaust
ports of the chipping hammer. The sound power of the tool with and without the
silencers attached will be compared to analyze the effect of the silencers on the radiated
sound.

It is noted that this noise control approach is purely experimental and no

theoretical work has been done towards this possible noise control solution.
Six COTS pneumatic silencers were used for the measurements presented in this
chapter. These six silencers are shown in Figure 5-1. Most of the silencers are made of
stainless steel. However, the silencer shown in Figure 5-1-F is made of thermoplastic and
is extremely light in comparison to the other silencers. The silencers shown in Figure
5-1-C,D,E are variable flow and can control the volume flow rate through the silencer.
This feature can be useful in future research when the study of backpressure and flow rate
can be compared to sound power as well.
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(A)

(F)
(C)

(B)

(E)

(D)

Figure 5-1: The mufflers used in the preliminary noise control measurements.

5.2 Experimental Setup
This section describes the modifications to the tool and the measurement procedures and
experimental setup used for the noise control experiment. It should be noted that the
method by which the silencers were affixed to the tool was not intended to be a practical
solution. Therefore a simple aluminum encasement was designed and machined to fit
over the center body of the tool. The aluminum encasement can be seen in Figure 5-2.
The silencers would be attached to this encasement as opposed to being attached to the
body. This would also allow for the modular setup of the tool so that the silencers could
be installed and replaced with ease.

B)
A)
Figure 5-2: The aluminum encasement used to enclose the center body of the tool for the muffler
experiments. A) Shows the two halves of the encasement. B) Shows the profile of the tool.
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The design of the encasement involved a tubular setup cut lengthwise down the
middle. On each side of the encasement a ¼” NPT pipe thread hole was tapped. The
silencers were attached to these holes. The two halves were brought together around the
center of the tool creating a region of space between the encasement and center body that
the exhaust must pass through to reach the ambient surroundings. This region is referred
to as the buffer volume. This buffer volume encompassed both the upper and lower ports.
The buffer volume can be seen in Figure 5-2-B. Rubber gaskets were used to create a
seal between the encasement and the tool and another rubber gasket was used to create a
seal between the two halves of the encasement. It was found that in operation, some
experiments caused enough backpressure in the buffer volume to create leaks in the seals
between the encasement and the tool.

The amount of leakage was unable to be

determined and future work should focus on determining the amount of backpressure that
was present which caused such a leak.
The experimental setup for the sound power measurements of the tool for the
pneumatic silencers experiments is the same setup used for the unloaded sound power
measurements presented in section 4.1.1. The same microphone array was used and the
tool was hung from the ceiling in the anechoic chamber in the same manner as before.
From previous tests, it was determined that the directivity of the tool was essentially
equal in all directions thus only three angular measurements were made on one half
sphere around the tool. The mirror of the measurements was duplicated on the other half
of the sphere and the sound power spectrum was then calculated using the same method
described in section 4.1.1.
The exhaust area of the tool at any given time (six ports open) is 1.6965 (10−4 ) m 2
and the exhaust area of the encasement is 1.9 (10−4 ) m 2 at all times. Therefore, the flow
area expands through the buffer volume and through the encasement exhaust holes. If the
assumption of incompressible flow is valid, then by conservation of mass the velocity of
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the flow out of the encasement will be lower. This is the intended result. Decreasing the
exhaust speed can have tremendous impact on the sound produced. However, from the
fluid measurements of the tool, it is known that the exhaust speeds are approximately
Mach 1.0 and thusly the flow should be compressible. If this is the case, then the exhaust
has the capability of taking advantage of the buffer volume between the encasement and
the tool22. The exhaust would have the opportunity to expand in the buffer volume and
exhaust to atmosphere over a longer period of time through a larger area. It is hoped that
this process should reduce the velocity exiting the encasement.
It should be noted that if the flow is compressible and the buffer chamber is
utilized as an expansion chamber as described in the previous paragraph, then there will
be a certain amount of backpressure exposed to the exhaust ports of the tool. Since the
tool is intended to operate between a 90 psi supply pressure and atmospheric pressure,
lowering the supply pressure to 80 psi while in the same atmospheric environment could
mimic the same results as if the atmospheric pressure was raised (as is the case for
backpressure). It was seen in section 4.1.2 that when the supply pressure is lowered to
80 psi, the operating frequency of the tool is decreased from 27.5 Hz to 25 Hz.
Therefore, a decrease in operating frequency can indicate a decrease in operating
efficiency. The operating frequencies were calculated by finding the frequency of the
fifth harmonic in the power spectrum and then dividing the value by five. The frequency
resolution of these experiments was 1 Hz therefore the error in the operating frequency
estimation is ±0.1 Hz. An analysis of the operating frequencies is presented in the results
section.
Many test configurations were measured and they are described in Table 5-1. The
configurations which were tested include the blank tool, the tool with the encasement
only and also the tool equipped with a number of different silencers. In addition, the
configurations described above were tested at different supply pressures. Using the
sound power measurements performed, certain parametric comparisons can be made. For
example, the effect of the encapsulating structure can be determined, and then the effect
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of the different mufflers can be compared.

Also, the effect that the mufflers and

backpressure has on the operating efficiency of the tool is addressed.

Table 5-1: The definition of the cases and sub-cases for the preliminary noise control measurements.

Supply
Case
Press,
# Encasement Muffler psi Chisel
1a
Without
n/a
90
short
1b
Without
n/a
80
short
1c
Without
n/a
60
short
1d
Without
n/a
90
long
2a
With
n/a
90
short
2b
With
n/a
80
short
2e
With
n/a
90
long
3a
With
a
90
short
3b
With
A
80
short
3e
With
A
90
long
3f
With
A
60
short
4a
With
B
90
short
4b
With
B
80
short
5a
With
C
90
short
5b
With
C
80
short
6a
With
D
90
short
6b
With
D
80
short
7a
With
E
90
short
7b
With
E
80
short
8a
With
F
90
short
8b
With
F
80
short

5.3 Results
This section discusses the results of the preliminary noise control measurements. The
comparison between the baseline blank tool and the normalized baseline is shown in
Figure 5-3. The sound power levels for the relevant frequency bands are also compared
in Table 5-2. From the plots, it is shown that the addition of the encapsulating structure
reduces the low frequency discharge pulses by 5 to 15 dB for each harmonic. This
reduction in sound power is attributed to the buffer volume that was added to the
structure. The high frequency broadband levels are also slightly affected by the addition
of the encasement. The noise reduction is mostly in the broadband levels. Reduction in
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high frequency broadband levels can be attributed to lower exhaust speeds13,22. The
larger exit area and the buffer volume are the likely cause of the lower speeds. However,
measurements were not performed to confirm the lower velocities and future work should
be directed towards determining this exit velocity.

Figure 5-3: Sound power spectrum comparison between the blank tool and the tool with encasement.

Table 5-2: Sound power level comparison between the blank tool and the tool with encasement for the
noise control measurements.

Configuration
Blank Tool
Encasement Only

0-25kHz
(dBA)
112.2
108.5

0-1500Hz
(dBA)
107.6
98.9

1500-25kHz
(dBA)
110.3
108.0

A comparison between the different mufflers used on the tool is discussed here.
A plot comparing the two of the six mufflers and the blank tool with the encasement can
be seen in Figure 5-4. The sound power levels for each of the six muffler configurations
are shown in Table 5-3. It is shown that the addition of the muffler reduces the total
sound power (0-25 kHz). Also, the addition of the muffler greatly reduces the sound
power in the low frequency region by 6-10 dB. Again, this is explained by the addition
of the buffer region included between the encasement and the tool, but also because the
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exhaust profile is smoothed even more by the addition of the muffler.

The high

frequency region is not greatly affected by the addition of the mufflers. From the graph
in Figure 5-4 it is seen that the high frequency broadband is reduced, but since this is not
a major source of the noise, the effect is not really seen in the total sound power.
Therefore, it can be stated that the mufflers only affect the exhaust noise of the tool and
not the high frequency mechanical resonances. Also, from the table comparing the sound
power levels, it is apparent that one muffler causes more reduction than any of the others.
Muffler “C” causes the greatest reduction. The reason for the superb performance from
this particular muffler is explained by the reduction of flow and additional backpressure
caused by the muffler. This muffler in Figure 5-1-C is shown in its nearly closed
position. This allows for the smallest amount of flow through the muffler, thus creating
the largest amount of backpressure as well. The backpressure issue is addressed next.

C

Figure 5-4: The sound power spectrum of two selected mufflers and the tool with encasement.
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Table 5-3: Sound power level comparison between the six mufflers and the tool with encasement
configuration.

Configuration
Tool with Encasement
Muffler A
Muffler B
Muffler C
Muffler D
Muffler E
Muffler F

0-25kHz
(dBA)
108.5
107.7
107.5
103.9
106.5
107.1
108.0

0-1500Hz
(dBA)
98.9
92.6
92.8
88.8
90.2
91.5
93.8

1500-25kHz
(dBA)
108.0
107.6
107.4
103.8
106.4
107.0
107.8

The results found from the muffler comparison suggest that a backpressure has
been introduced to the system, which can cause a reduction in operating efficiency.
Although a test for operating efficiency has not yet been developed, the operating
frequency of the tool is a good indicator of how much backpressure is present. A plot
showing the operating frequencies versus total sound power for the different
configurations is shown in Figure 5-5. Generally, as sound power decreases, operating
frequency decreases as well. Nevertheless, the operating frequency reduction is not
considered to be significant in these cases because of such a small decrease in frequency:
e.g. 2% drop in frequency. Thus, it can be said that the operating efficiency of the tool is
not likely to be affected by the backpressure caused by the addition of the mufflers. On
the other hand, this efficiency analysis is not thorough and sufficient to claim that there is
no effect on operating efficiency, but this analysis suggests that the efficiency is not
affected.
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112

Total Sound Power, dBA

111
110

80psi

109

blank tool
Blank
Tool
Covered - No Muffler
Covered - Muffler A
Covered - Muffler B
Covered - Muffler C
Covered - Muffler D
Covered - Muffler E
Covered - Muffler F

90psi

108
107

60psi

106
105
104
103
102
22

23

24
25
26
Operating Frequency Hz

27

28

Figure 5-5: The operating efficiency curve defined by the operating frequency of the tool and the supply
pressure.
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Chapter 6

Conclusions and Future Work

A methodology for characterizing pneumatic percussion tools was presented in this
thesis. The methodology that was proposed began with performing a mechanical analysis
of the pneumatic tool.

The mechanical analysis included dynamically modeling a

chipping hammer through the use of modal hammer testing and FE modeling of
individual tool components with the goal of identifying resonant frequencies and mode
shapes which have the capability of radiating noise. The next stage of the methodology
was to perform fluid measurements of the tool. This task included measuring the velocity
of the exhaust ports as well as measuring the pressure in the upper and lower chambers of
the tool with the goal being to determine the source of low frequency pulsations likely
caused by the bursts of exhaust air into the surroundings.

The next step of the

methodology was to perform acoustic measurements of the tool. This stage included
performing sound power measurements of the unloaded and loaded tool determining
what specific frequencies and ranges of frequencies are significant to the overall sound
power of the tool. The acoustic measurements also included using microphone phased
array technology to create beam-forming maps of the tool. The beam-forming maps were
essential to determining the noise sources. The final phase of the methodology was to
use the beam-forming maps in conjunction with the other measurements to determine the
specific noise sources of the tool. Each of these steps of the methodology was carried out
on a representative pneumatic tool (Atlas Copco TEX 317 chipping hammer) and all the
acoustic sources were identified.
This thesis also presented one option for a preliminary noise control method. The
noise control method was to equip a pneumatic tool with a commercial off the shelf
pneumatic silencer. The experiment was performed and found that the low frequency
sound power was reduced by 6-10 dB and the high frequency broadband was also
reduced by approximately 2-3 dB. The high frequency peaks were not affected by the
addition of the silencers.
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6.1 Conclusions
A methodology for determining the acoustic noise sources of pneumatic tools has been
proposed and developed. The proposed methodology has been verified by applying it to
a representative pneumatic tool. The noise sources of the pneumatic tool were found to
include the exhaust discharge pulses, jet mixing noise, and mechanical resonances. The
exhaust discharge pulses were found to be the cause of the low frequency noise. The
mechanical resonances were found to be the cause of the peaks in the high frequency
region. The jet mixing noise was found to be the cause of the high frequency broadband
noise.

6.2 Future Work
Future work for this project should involve an extensive investigation into noise control
solutions. Equipping the pneumatic tool with silencers is one promising option. Another
suggested solution is to determine a method for eliminating the high frequency
mechanical resonances. The elimination of the peaks will greatly reduce the contribution
of the high frequency noise to the overall sound power.
Other future work should include determining a method for measuring the
operating efficiency of a pneumatic tool. It is the goal of this project to reduce the
radiated sound while maintaining the efficiency of the tool, therefore an accurate measure
of efficiency is needed to perform a cost/benefit analysis. Related future work should
include quantifying and measuring the backpressure that is created when pneumatic
silencers are applied to the tool. The elimination of leaks between the encasement and
tool should also be addressed if the sound power measurements of the silencer
configurations are to be performed again.
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Appendix A. FEM Mode Shapes and Natural Frequencies

This appendix contains the mode shapes calculated from the Finite Element model
discussed in section 2.2.1. The tables presented in this appendix contain the natural
frequency, the mode type (where appropriate), and the mode shape. Table A- 1 shows
the mode shapes of the center body. Table A- 2 shows the mode shapes of the oval
retainer. Table A- 3 shows the mode shapes of the short chisel. Table A- 4 shows the
mode shapes of the long chisel.
Table A- 1: Mode shapes of the center body calculated from the Finite Element model.

Natural
Mode type
Frequency
960Hz
Bending

961Hz

Bending

3845Hz

Torsion

4832Hz

Bending

4836Hz

Bending

5945Hz

Axial

Mode Shape
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Table A-1: Mode shapes of the center body calculated from the Finite Element model (Cont’d).

10819Hz

Bending

10915Hz

Bending

12629Hz

Torsion

16691Hz

Bending

17029Hz

Bending

17161Hz

Shell

17166Hz

Shell

18782Hz

Shell

19182Hz

Torsion
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Table A-1: Mode shapes of the center body calculated from the Finite Element model (Cont’d).

19467Hz

Shell

19468Hz

Shell

21952Hz

Bending

22212Hz

Bending

23218Hz

Shell

23223Hz

Shell
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Table A- 2: Mode shapes of the Oval Retainer calculated from the Finite Element model.

Natural
Frequency
5510Hz

Mode Shape

Natural
Frequency
5532Hz

12918Hz

13452Hz

13975Hz

14012Hz

14341Hz

14656Hz

16178Hz

16821Hz

17602Hz

18577Hz

Mode Shape
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Table A-2: Mode shapes of the Oval Retainer calculated from the Finite Element model (Cont’d).

18958Hz

19600Hz

20838Hz

21709Hz

22335Hz

22839Hz

23487Hz

23655Hz

24683Hz

24925Hz
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Table A- 3: Mode shapes of the short chisel calculated from the Finite Element model.

Natural
frequency
3194Hz

Mode

Mode shape

Bending

3219Hz

Bending

7921Hz

Bending

7934Hz

Bending

10265Hz

Torsion

14801Hz

Bending

14803Hz

Bending

16014 Hz

Axial

16943 Hz

Torsion

22026 Hz

Bending

22121 Hz

Bending
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Table A- 4: Mode shapes of the long chisel calculated from the Finite Element model.

Natural
Frequency
1930Hz

Mode type Mode shapes
Bending

1934Hz

Bending

4629Hz

Bending

4671Hz

Bending

7947Hz

Torsion

8280Hz

Bending

8541Hz

Bending

12234Hz

Axial

12733Hz

Bending

13427Hz

Bending
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Table A-4: Mode shapes of the long chisel calculated from the Finite Element model (Cont’d).

14236Hz

Torsion

17115Hz

Bending

18670Hz

Bending

19430Hz

Torsion

21906Hz

Bending

22991Hz

Axial

24129Hz

Bending

24952Hz

Torsion
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Appendix B. Phased Array Data

This section presents the beam-forming plots at the specific frequencies in the power
spectrum found in section 4.1.2.
Table B- 1: Beam-forming plots for all the peak frequencies found in the sound power spectrum.

Frequency
3488 Hz

Beam-forming plot

Frequency
4500 Hz

4578 Hz

6425 Hz

6500 Hz

8230 Hz

Beam-forming plot
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Table B-1: Beam-forming plots for all the peak frequencies found in the sound power spectrum (Cont’d).

8391 Hz

12640 Hz

13230 Hz

14220 Hz

14540 Hz

15080 Hz

15230 Hz

16350 Hz
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Table B-1: Beam-forming plots for all the peak frequencies found in the sound power spectrum (Cont’d).

16800 Hz

17400 Hz

18700 Hz

20220 Hz

21510 Hz

21700 Hz

22500 Hz

23000 Hz

85

Table B-1: Beam-forming plots for all the peak frequencies found in the sound power spectrum (Cont’d).

23550 Hz

24100 Hz
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