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ORGANIZATIONS ADVANCING NOISE CONTROL ENGINEERING

The International Institute of Noise Control Engineering (I-INCE) is an international,
nonprofit, nongovernmental consortium of more than 40 member organizations with interests in
the control of noise and vibration that produce noise. I-INCE was chartered in Zürich in 1974 on
the basis of Swiss Civil Law. The objectives of I-INCE are to sponsor annual international
congresses on noise control engineering in the INTER-NOISE series as well as other specialized
conferences, and to promote cooperation in research on the application of engineering principles
for the control of noise and vibration. I-INCE undertakes technical initiatives and produces
reports on important issues of international concern within the I-INCE field of interest.

The Institute of Noise Control Engineering of the USA (INCE/USA) is a nonprofit,
professional-membership organization incorporated in 1971 in Washington, DC. A primary
purpose of the Institute is to promote engineering solutions to noise problems. INCE/USA is a
Member Society of the International Institute of Noise Control Engineering (I-INCE).
INCE/USA has two publications, the Noise Control Engineering Journal (NCEJ) and
NOISE/NEWS International (NNI). NCEJ contains refereed articles on all aspects of noise
control engineering. NNI contains news on noise control activities around the world, along with
general articles on noise issues and policies.

The Institute of Noise Control Engineering Foundation (INCE Foundation) is a nonprofit,
tax-exempt, publicly supported, charitable organization established in 1993 and incorporated in
New York as a Section 501(c)(3) organization. The purposes of the Foundation are to support,
promote, and advance scientific and educational activities directed toward the theory and
practice of noise control engineering and to promote and support such scientific and educational
activities through grants, funding, and financial assistance to various individuals, institutions,
and organizations.

The Noise Control Foundation (NCF) was established in 1975 to provide administrative
services to the newly-formed INCE/USA. It is a nonprofit, tax-exempt organization incorporated
in New York as a Section 501(c)(3) organization. At the end of the century when administrative
support for INCE/USA was transferred to a commercial organization, NCF was re-chartered to
be devoted to the development of national and international policies as related to the
technological aspects of noise control engineering.

The National Institute for Occupational Safety and Health (NIOSH) is the U.S. federal
agency that conducts research and makes recommendations to prevent worker injury and illness.
The Occupational Safety and Health Act of 1970 established NIOSH. NIOSH partners with the
Occupational Safety and Health Administration (OSHA). OSHA is part of the U.S. Department
of Labor, and it develops and enforces workplace safety and health regulations. NIOSH is part of
the U.S. Centers for Disease Control and Prevention, in the U.S. Department of Health and
Human Services. It has the mandate of helping to assure every man and woman in the Nation
safe and healthful working conditions and to preserve our human resources."

https://www.osha.gov/pls/oshaweb/owasrch.search_form?p_doc_type=OSHACT
http://www.cdc.gov/Other/disclaimer.html
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Preface

The report, Technology for a Quieter America, (TQA) was published by the National Academies
Press in October 2010 and was the result of a five-year study by the National Academy of
Engineering (NAE) of the environmental noise situation in the United States. The report includes
findings and recommendations for government, industry, and public actions that may mitigate or
eliminate those noise sources that pose a threat to public health and welfare.

In 2011 the Institute of Noise Control Engineering (INCE/USA), INCE Foundation, and the
Noise Control Foundation established a TQA Follow-up Program to identify specific noise topics
and to develop relevant recommendations aimed at improving the noise climate in the United
States. The TQA Follow-up Program consists of a series of events involving experts in selected
TQA topic areas to further assess specific noise issues and publish a series of recommended
remediation measures.

Two reports have been published. The first, “Noisy Motorcycles: An Environmental
Quality of Life Issue” is based on a roundtable hosted by the National Academy of Engineering
on October 24, 2012. The second, “Cost-Benefit Analysis: Noise Barriers and Quieter
Pavements” is based on a workshop hosted by the National Academy of Engineering on January
16, 2014. Both reports have been approved for publication by the Board of Directors of the
Institute of Noise Control Engineering (INCE/USA) as public information documents, and are
available on the INCE/USA web site,www.inceusa.org.

This report is based on a third workshop hosted by the National Academy of Engineering
(NAE) on February 19-20, 2014 in Washington, DC. The workshop title was "Reducing
Employee Noise Exposure in Manufacturing: Best Practices, Innovative Techniques, and the
Workplace of the Future." The workshop was sponsored by the INCE Foundation and was
organized by the TQA Follow-on committee in cooperation with the National Institute for
Occupational Safety and Health. Twenty-eight papers were presented, all addressing the subjects
in the workshop title. The "best practices" theme was addressed in two ways: reports from major
manufacturers about successful hearing conservation programs, and reports from engineers in
industry, consultants, and government workers, on what constitutes best practice for noise
reduction. Examples of successful implementations were presented. The theme of "innovative
techniques" was addressed through new methods for noise prediction in manufacturing spaces,
identification and localization of noise sources, new processes and techniques, and noise
prediction. The third theme "the manufacturing environment of the future" was addressed by a
general presentation on the future of manufacturing as being studied by a NAE committee, and
some general thoughts by representatives of the National Institute for Science and Technology,
and by the National Center for Manufacturing Sciences.

George C. Maling, Jr. W. Gregory Lotz
Co-Chair Co-Chair

http://www.inceusa.org/


x



xi

Acknowledgements

This report has been reviewed in draft form by members of the Technology for a Quieter
America (TQA) Advisory Board, all of whom are noted for their technical expertise in noise
control engineering and acoustics. Many of the members contributed to the preparation of the
TQA report published by the National Academies Press in October 2010, and now represent the
continuing dedication of Academy members to a quieter America through the TQA Follow-up
initiative, an excellent example of the National Academy of Engineering’s (NAE’s) commitment
to the social value of engineering.

The support of the National Academy of Engineering in hosting the workshop described
in the preface is very much appreciated. Thanks to Proctor Reid, director of the project office,
and staff members Jason Williams and Vivian Chin.

Thanks also to the National Institute for Occupational Safety and Health (NIOSH) for
assistance in the organization of the workshop, for assistance in identifying speakers from the
hearing conservation community, and for several workshop presentations.

This report could not have been written without the assistance of rapporteur Cori
Vanchieri. She wrote the summaries of all of the workshop presentations which were then
reviewed by the authors. She had technical assistance from the editors and produced a very
readable report.

The editors, George Maling, Eric Wood, Gregory Lotz, and William Lang put in many
hours in the preparation of this report, and are grateful to all of the authors of the papers for their
presentations at the workshop and for review of the summaries of their presentations.

The support of the INCE Foundation and the Noise Control Foundation is gratefully
acknowledged.

Finally, thanks to the NAE’s Committee on Technology for a Quieter America, chaired
by George Maling, that produced the TQA report with its numerous findings and
recommendations.



xii



xiii

Contents

Executive Summary.......................................................................................................................1

1 Introduction..............................................................................................................................3
Background
Scope
Purpose

2 Hearing Conservation Programs in Manufacturing Industries..........................................5
2.1 Introduction to the NIOSH Safe and Sound Award...................................................................5
2.2 Towards no noise-induced hearing loss; one company's journey..............................................7
2.3 Getting the noise out—a multipronged approach to managing noise exposure in

manufacturing.........................................................................................................................11
2.4 Considerations for an effective hearing conservation program...............................................17

3 Best Practices: Noise Control in Manufacturing Industries............................................. 21
3.1 The calculation of sound levels in working areas as a planning tool

for noise reduction....................................................................................................21
3.2 The physics of low noise design..............................................................................................27
3.3 Noise reduction process...........................................................................................................33
3.4 American National Standards for noise emission measurements............................................37
3.5 A brief introduction to “Buy-Quiet” programs........................................................................43

4 Engineering for Noise Control in Manufacturing...............................................................47
4.1 Progress and failures in U.S. manufacturing noise reduction..................................................47
4.2 Reducing employee exposures: A recent manufacturing plant example.................................51
4.3 A history of noise control in the textiles, tobacco, and woodworking industries....................53
4.4 Noise Reduction and productivity improvement for a paper shredding operation..................55
4.5 Evaluation of noise exposure at a metal conduit manufacturer...............................................57
4.6 Benefits of noise reduction in a manufacturing environment..................................................61

5 Innovative Techniques for Engineering Noise Control......................................................65
5.1 Advanced methods for noise source localization on machines...............................................65
5.2 Advanced computational techniques for noise reduction: modeling and simulation of

compressors and pneumatic tools...........................................................................................71
5.3 Compressors and pneumatic tools...........................................................................................79
5.4 Engineering controls for reduction of industrial noise exposures...........................................85
5.5 Examples of noise control technology available for manufacturing equipment......................91
5.6 Advanced acoustics for quiet power generator sets.................................................................95
5.7 The FRITA project: reducing noise and improving safety......................................................99
5.8 Changing reciprocating to rotary equipment at a candy plant...............................................101

6 The Manufacturing Workplace of the Future...................................................................103
6.1 The NAE Program Related to Future Manufacturing............................................................103



xiv

6.2 MEP Next Generation Strategy and the Future of Manufacturing........................................105
6.3 You Could Eat Off This Floor (But Why?): Tomorrow's Industrial Spaces.........................107
6.4 Past Experience With Placing Sales and Engineering Personnel on the Factory Floor.........109

Appendixes

A Full paper - Probst............................................................................................A-1
B Workplace Agenda...........................................................................................B-1
C Workshop Attendees........................................................................................C-1



1

Executive Summary

This report contains summaries of the papers presented at a workshop hosted by the National
Academy of Engineering in February 19-20, 2014. The title of the workshop was "Reducing
Employee Noise Exposure in Manufacturing: Best Practices, Innovative Techniques, and the
Workplace of the Future." Five major topics were addressed during the workshop:

1. Hearing Conservation Programs in Manufacturing Industries
2. Best Practices: Noise Control in Manufacturing Industries
3. Engineering for Noise Control in Manufacturing
4. Innovative Techniques for Engineering Noise Control
5. The Manufacturing Workplace of the Future

The papers in this report have, in some cases, been ordered differently than at the
Workshop. The workshop agenda has been included as Appendix B of this report. Chapter 1
presents some general information on the scope and purpose of the workshop.

In Chapter 2, the workshop co-chair, Lotz, first addressed the hearing conservation theme
by presenting information on the programs of the National Institute for Occupational Safety and
Health (NIOSH), in particular, the "Safe in Sound" award which is given to companies with
outstanding hearing conservation programs. Then Downey, Mulhausen, and Westrum described
specific programs which have been implemented in their respective companies.

Chapter 3, the title Best Practices: Noise Control in Manufacturing Industries, was
addressed by five speakers. For new facilities, a key element of planning is the computer
modeling of the workplace and the noise level of the equipment to be installed. Probst shows
how the CADNA(R) program can be used to model the workplace once the dimensions of the
space, the sound absorptive properties of the surfaces, and the noise emissions of the equipment
to be installed are known. He gives several examples of successful modeling. Because of the
importance of this topic, a long version of the work is presented as Appendix A with a shorter
version in the body of this report. The design of the equipment to go in the workplace is
obviously an important factor for equipment manufacturers to consider. Herrin then presents
information on the physics of low-noise product design. The next paper by Thompson includes
information on the planning process used by NIOSH in the procurement of equipment in the
mining industry where noise levels must be controlled. In the planning process, the user and the
purchaser must know the noise emission levels of equipment to be installed, and emission
standards facilitate the communications between buyer and seller. Murphy describes the key
American National Standards for noise emissions. Finally, Maling describes "Buy Quiet"
programs such as those developed by the National Aeronautics and Space Administration
(NASA) and others. It is well accepted that the cost of noise control is lower during the machine
design process than the cost of add-on solutions at the end of the design stage, or especially after
the equipment has been delivered and installed. So the question has been asked: "Why buy a
noise problem?"

The "best practices" theme continues in Chapter 4 with a series of papers on "Engineering
for Noise Control in Manufacturing." This has some overlap with the next chapter, Chaper 5, on
"Innovative Techniques for Engineering Noise Control" because the engineering solutions
described here may very well have been innovative at the time they were implemented. Chapter
4 contains an overview paper by Bruce on what progress has (and has not) been made in the
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reduction of noise in America's manufacturing sector, and is followed by a series of papers
devoted to specific engineering solutions for several sources. Wood discusses noise control for a
manufacturing environment containing many sources. Stewart has two papers, the first devoted
to a history of noise control in the textile, tobacco, and woodworking industries, and the second
devoted to noise control of a shredding machine. Bruek discusses noise control at a metal conduit
manufacturer, and Roberto and Tam cover several sources, including injector drills and vibratory
feeders in a manufacturing plant.

"Innovative Techniques for Engineering Noise Control" is the title of Chapter 5. Lucas
describes advanced aeroacoustic modeling techniques for the design of compressors, especially
finite element techniques where the mesh "goes with the flow." He continues with new
techniques for pneumatic tools. Anderson has long experience in the automotive industry and
describes manufacturing techniques in that industry. Barnes describes how a shift in process,
from reciprocating equipment to rotary equipment, can lower noise levels. More describes
techniques for the reduction of noise from power generator sets. Finally, Taylor describes an
innovative method for removing rivets from airplanes using an electro-discharge machining
method. The project is called FRITA (Fastener Removal Improvement Technology Adoption),
and is said to result in a safer removal process with lower noise levels. In the final paper, Barnes
describes a change from reciprocating to rotary equipment in a candy plant.

In Chapter 6, the authors give us a vision of the manufacturing workplace of the future. This
topic was added to the workshop agenda because the National Academy of Engineering (NAE)
initiated a broad study of future manufacturing and the organizing committee felt that a glimpse
of the future might give some direction to noise control engineering measures which might be
needed in the future. Whitefoot presented an overview of the NAE program, Lilley gave a view
from the National Institute for Standards and Technology (NIST), and Taylor gave her vision as
seen by the National Center for Manufacturing Sciences (NCMS). In the final paper, Barnes
describes what happens when sales and engineering personnel are on the factory floor.
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1
INTRODUCTION

Background
Chapter 4, in the Technology for a Quieter America (TQA) Report1 was devoted to control of
hazardous noise. Several subjects were covered, including criteria for hazardous noise,
broadband and impulsive noise, hearing protective devices, and techniques for controlling noise
in industrial facilities. However, few examples were given of "real world" situations. Another
article on industrial noise was prepared by Robert Bruce, a member of the TQA committee, in
parallel with the TQA report and published in The Bridge, a publication of the National
Academy of Engineering.2 The article covered several techniques for reducing noise in industry.
These included sources involving fluid flow, noise from machinery housings, machinery shields,
barriers, and enclosures.

Recommendation 4-3 in the TQA report was directed to the Occupational Safety and
Health Administration (OSHA) and its procedure for the determination of the allowable 8-hour
noise exposure in the workplace.

Recommendation 4-3: The U.S. Department of Labor should
revoke the Occupational Safety and Health Administration
(OSHA) "100-dB Directive" of 1983, which effectively raised the
action point for engineering control of noise from 90 to 100 dB by
allowing the substitution of hearing protectors for noise control up
to 100 dB and thereby devastated the market for quiet machinery
and equipment. At the same time, OSHA should reconfirm that
engineering controls should be the primary means of controlling
noise in the workplace.

At about the same time as the TQA report was published, OSHA published a proposal in
the Federal Register which in effect would confirm that engineering controls should be the
primary means of controlling noise in the workplace.3 The method was, however, quite different
from that in the recommendation above. For many years, OSHA had interpreted the word
"feasible" as having economic and cost-benefit elements when considering engineering controls
for noise. This meant that in many situations, hearing protective devices were a suitable
solution—as stated in the recommendation above. In the Federal Register proposal "feasible"
was defined as "capable of being done." American industry was not in favor of this proposal and
many comments were received, including information on the costs of noise control—which, in
many cases, were determined to be excessive. In 2012, OSHA withdrew the proposal, agreed to

1 NAE. 2010. Technology for a Quieter America. Washington, DC: The National Academies Press. Available online at:
http://www.nap.edu/catalog.php?record_id=12928

2 NAE 2007. Bruce, R.D., Engineering controls for reducing workplacee noise. Washington, DC. Available online at:
http://www.nae.edu/Publications/Bridge/NoiseEngineering/EngineeringControlsforReducingWorkplaceNoise.aspx
3 Federal Register: Interpretation of OSHA's Provisions for Feasible Administrative or Engineering Controls of Occupational
Noise, October 19, 2010. Available online at https://www.federalregister.gov/articles/2010/10/19/2010-26135/interpretation-of-
oshas-provisions-for-feasible-administrative-or-engineering-controls-of#h-8
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consult with persons from the NAE, and subsequently held an informal workshop attended by
several members of the committee which produced the TQA report.

In 2013, the TQA follow-on committee considered several workshop topics, and
concluded that a workshop on noise in manufacturing facilities would be of benefit to facility
engineers in industry, government agencies, noise control consultants, and workers in high-noise
workplaces. The committee felt that it would be best to partner with a non-regulatory agency,
and was pleased to have the National Institute for Occupational Safety and Health (NIOSH)
involved and Greg Lotz of NIOSH as co-chair. The workshop presentations are the basis for this
report.

Scope
This report on a follow-up workshop hosted by the National Academy of Engineering (NAE) to
implement the findings and recommendations of its Technology for a Quieter America (TQA)
report.1,4 The many references to occupational noise in the TQA report and the existence of both
national and international regulations point to the importance of the control of occupational noise
in America. The NAE currently has a project related to future manufacturing in the United
States.5 To be successful, future manufacturing must create value by integrating manufacturing,
design, and innovation. This effort has implications for the noise environment on future
manufacturing floors, which has further implications for the design of both manufacturing
facilities and manufacturing equipment.

Content
Approximately a third of the workshop was devoted to the availability of effective low-cost
techniques for the reduction of noise in industry, and design of low-noise machines for industrial
use. The second third was devoted to techniques for reduction of noise through changes in
industrial processes. The final third was devoted to the future manufacturing environment and its
implications for new noise goals in manufacturing facilities. Lower noise goals will lead to the
need to design low-noise machinery and equipment as well as low noise manufacturing
processes.

4 TQAPages 1, 2, 7, 8, 31, 33, 36, 37, 42, 49, 50 (Recommendation 4-3), 116, 117, 127

5
NAE 2013. Making value: Integrating manufacturing, design, and innovation to thrive in the changing global economy.

Washington, DC: The National Academies Press. Available online at http://www.nap.edu/catalog.php?record_id=13504
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2 
Hearing Conservation Programs in Manufacturing Industries 

 
2.1 Introduction to the NIOSH Safe and Sound Award 
W. Gregory Lotz, National Institute for Occupational Safety & Health 
 
The National Institute for Occupational Safety and Health (NIOSH) has been involved in 
concerns about hearing loss since the inception of the Institute in 1970 and it still plays an active 
role. The NIOSH policy document, Occupational Noise Exposure, published in 1998, maintains 
a recommendation of 85 dB(A) for an eight-hour  exposure limit with a 3 dB exchange rate.1  
 In 2014, NIOSH launched a web page for public use on controls for noise exposure. The 
Institute’s goal for the workshop is to promote awareness of successful noise control programs 
and to talk about what can be done to advance awareness and encourage more industries to take 
an interest in good business practices and good technologies that are available. NIOSH shares 
these goals with the TQA Follow-up Committee, the National Academy of Engineering, and the 
INCE Foundation. 
 Noise-induced hearing loss has been a public health problem for decades. Hearing 
conservation programs need to be improved. Innovative strategies are needed. NIOSH tries to 
reach out and share information with scientists, policymakers and to publish guidelines and best 
practices.  
 In the United States, regulation is not a strong driver for noise control. NIOSH decided to 
offer awards and incentives, to create an award program to recognize effective programs and 
innovations and to promulgate the adoption of improved practices. The result is the Safe-in-
Sound Award2, launched in 2009 in partnership with the National Hearing Conservation 
Association.3 The aim is to obtain information about real-world successful hearing loss 
prevention programs and public health practices used by industry and to disseminate those 
widely.  
 The Safe-in-Sound Award acknowledges companies that have demonstrated excellence 
in hearing loss prevention. Industries are invited to self nominate. Applications are submitted 
online and undergo a series of systematic reviews; selective site visits are conducted. 
Characteristics of the annual award winners were summarized and published in 2012 in the 
International Journal of Audiology.   
 Pratt & Whitney, winner of the first Excellence Award in 2009, had a cross-functional 
team including members from many different departments. They engaged the workforce to 
catalog all processes with A-weighted noise levels above 85 dB, then prioritized and 
implemented more than 500 successful noise reduction projects and “Buy-Quiet” initiatives. 
 The program has realized several positive outcomes. The award recipient earns important 
recognition within the company and effects are expanded in other parts of the company. They 
receive additional internal support for noise-control efforts. The award establishes credibility for 
innovative approaches and motivates the pursuit of additional program improvements. Personal 
commitments are renewed. New strategies are spreading corporate-wide and professional and 
government organizations are discussing new policies, guidelines, and/or procedures. 

                                                        
1
 http://www.cdc.gov/niosh/docs/98-126/pdfs/98-126.pdf  

2
 http://www.safeinsound.us/winners.html 

3
 http://www.hearingconservation.org/ 

http://www.cdc.gov/niosh/docs/98-126/pdfs/98-126.pdf
http://www.safeinsound.us/winners.html
http://www.hearingconservation.org/


 

6 

Winners of the Safe-in-Sound Award: 
 

Excellence Award 

2009 Pratt & Whitney – East Hartford Facility, Connecticut 

2009 Domtar Paper Company – Kingsport Mill, Tennessee 

2011 Shaw Industries Group - , Plant WM, Georgia 

2012 3M, Hutchinson Plant – Hutchinson, Minnesota 

2012 Colgate-Palmolive – Worldwide4 

2014 Northrop Grumman Electronic Systems – Linthicum, Maryland 

2014 Benjamin Kanters and Hear Tomorrow, Columbia College – Chicago, Illinois 

2015 United Technologies Corporate Award 

2015 MeadWestvaco Corporation –  Cottenton, Alabama 

Innovation Award 

2010 Etymotic Research, Inc. –  Elk Grove Village, Illinois 

2013 Johns Manville – Worldwide 

 
 Chapter 5 of OSHA Technical Manual (OTM), Section III provides technical information 
and guidance to help Compliance Safety and Health Officers (CSHOs) evaluate noise hazards in 
the workplace.  
 NIOSH would like to collect success stories and then share that information with others 
to promulgate effective noise control and show that it is feasible and good business. If worksites 
reported their results on reducing worker exposure, it would bring their noise control full-circle.  

                                                        
4
 A short description of Colgate-Palmolive’s program is available in Appendix G 

of the OSHA Technical Manual (OTM) Section III: Chapter 5:  

https://www.osha.gov/dts/osta/otm/new_noise/#appendixg 

https://www.osha.gov/dts/osta/otm/new_noise/#appendixg
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2.2 Towards no noise-induced hearing loss; one company's journey 
John Downey, Associate Manager, Global Industrial Hygiene, Colgate-Palmolive Company 

 
The Colgate-Palmolive Company received from NIOSH the 2012 Safe-in-Sound Award (See 
the noise citation at the end of this article.). John Downey reported on successful noise-
related aspects of Colgate-Palmolive Company’s Environmental and Occupational Health 
and Safety (EOHS) system.5 The company, which manufactures products for oral care, 
personal care, home care, and pet nutrition, employs 38,000 people in 35 countries. About 
22,000 of its employees are engaged in manufacturing. 
 The company publishes global EOHS standards for all employees and all factories 
(Figure 2.2-1). Hearing conservation is one of many standards. Minimum standards are 
supported with guidance documents on best practices. Training and subject-matter experts 
are available to increase staff capabilities to implement standards. Finally, compliance is 
checked during audits and sharing of best practices and success stories. 
 

Excellence Award     |Excellence Award     |

STANDARDS
• Minimum Global  

Performance 
Expectations

GUIDANCE
• Technical 

Documents
• Tools

CAPABILITY
• Training
• Subject Matter 

Expert Networks

GOVERNANCE
• KPIs
• Audits

One Consistent Global Approach
Hearing Conservation is one of many Standards

 
 
Figure 2.2-1 Overall Strategy Addressing Environmental and Occupational Health and Safety. 

 
 Colgate-Palmolive recently established a new global metric, or key performance 
indicator, for hearing conservation. The focus is the percentage of employees who would be 
over-exposed to noise during a working day without the use of hearing protectors. Colgate 
finds this metric, which focuses on measured noise levels, is a better option, offering more 

                                                        
5
 Colgate EHOS Policy Statement is available at: 

http://www.colgate.com/Colgate/US/Corp/LivingOurValues/Sustainability/RespectForOurPlanet/EOHSPoli
cy%20081307.pdf 

http://www.colgate.com/Colgate/US/Corp/LivingOurValues/Sustainability/RespectForOurPlanet/EOHSPolicy%20081307.pdf


 

8 

consistently precise numbers, than counting the number of employees who have incurred a 
noise-induced hearing loss. 
 The company has adopted the American Conference of Governmental Industrial 
Hygienists criteria for noise exposure of an 85 dB(A) threshold, a 3 dB exchange rate, and a 
82 dB(A) action level. Its overall program for controlling noise exposures includes four 
basic elements:  

 Designing quiet  
 Reducing noise at the source 
 Building capabilities 
 Operating quietly 

When purchasing new equipment for an existing factory, the company’s global new-
equipment specification standard requires purchasers to work closely with equipment 
manufacturers to achieve a target noise level not exceeding 80 dB(A) when measured in 
isolation at 1.5 meters during, for example, factory acceptance testing. If this is not possible, 
the purchase must be approved at a corporate level. As Colgate-Palmolive builds new 
factories, it works with the engineering teams that are designing the new factories to 
control noise as best as possible.  

Equipment maintenance programs at Colgate also include a focus on controlling noise. 
For example, factory compressed air systems used to move small parts are a significant 
source (about 30 percent) of noise as well as energy consumption. Noise, energy, and 
maintenance teams have developed a guidance document to optimize system operation, 
minimize leaks, and provide guidance on appropriate use. Factories are replacing old, 
noisy, energy inefficient nozzles with new commercially available nozzles that are both 
quieter and energy efficient. Steps taken to reduce this noise have also reduced energy 
consumption leading to lower operating costs.  
 To improve staff capability on noise control, Colgate arranged live webinars for 
EOHS and engineering staff around the world. Noise control success stories at one factory 
are shared with staff at other factories. Topics addressed in the webinars include the 
fundamentals of sound propagation, principles of noise control, noise control options, and 
successful applications for specific equipment. In addition to webinars, a handbook has 
been developed and distributed to engineers and health and safety staff at each Colgate-
Palmolive site. Topics covered in the noise reduction handbook include guidance on 
methods to identify noise sources, noise survey procedures, equipment specific noise 
controls, and noise reduction equipment vendors. Colgate-Palmolive is updating its 
intranet noise website and hearing conversation standards with new resources. 
 Each factory site is expected to propose annually at least two noise control projects 
for review and consideration at the corporate level. Three of the projects that were 
implemented during 2013 are described briefly below. 

 A pet nutrition factory replaced, relocated, and enclosed a noisy blower. Noise levels near 
the blower were reduced from 119 dB(A) to 97 dB(A). This is a significant reduction for 
those employees who occasionally visited the space where the blower had been located. 

 A site in Gebze, Turkey installed sound-absorbing ceiling tiles above a frequently 
occupied factory work area, reducing the noise exposure of 43 employees. 
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 Finally, in its largest plant, in Sanxiao, China, Colgate-Palmolive upgraded the safety 
guarding on an end-rounding machine with a combination of covers, seals, and insulation 
that reduced the noise level by 2 dB(A) and benefited 520 workers. 

 During 2013, more than 70 noise-reduction projects were implemented at 60 
Colgate facilities around the globe. These changes reduced noise exposure for at least 2,000 
employees. Downey expects similar numbers for 2014. As a result of these successful noise 
reduction programs, Colgate now has some manufacturing facilities in which hearing 
protection is no longer required. At its factory in Morristown, Tennessee, with more than 
200 employees, none require hearing protection. Sites in Burlington, New Jersey, and 
Swidnica, Poland, have both met criteria to come out of mandatory use of hearing 
protectors.  
 
NIOSH Citation6 

Colgate-Palmolive was recognized for interventions such as: company-wide 
adoption of the NIOSH recommended 85-dBA threshold-limit value for 8-hour 
noise exposures; application of the 3-dB exchange rate for noise exposure 
assessments; adoption of inclusive criteria in their hearing loss prevention 
program; completion of multiple noise-control studies throughout each business 
unit to identify all noise sources affecting worker exposure; development and 
implementation of many pilot-program noise control measures; documentation of 
cost and noise reduction results; dissemination of an internal Colgate-Palmolive 
handbook on noise control; development of online, on-demand webcast training in 
noise control engineering available in six languages; establishment of checklists 
for sustaining low-noise levels; and the adoption of buy-quiet and design-quiet 
policies – even to the point of assisting equipment manufacturers in developing 
quieter machinery.  

                                                        
6
 http://www.cdc.gov/niosh/updates/upd-02-23-12.html  

http://www.cdc.gov/niosh/updates/upd-02-23-12.html
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2.3 Getting the noise out—a multipronged approach to managing noise 
exposure in manufacturing  
John Mulhausen, Director of Corporate Safety and Industrial Hygiene, 3M 

 
3M is a $30-billion company with more than 87,000 employees and about 230 plants 
across the globe. These plants manufacture a wide range of 60,000 consumer and business-
to-business products. John Mulhausen described 3M’s strong corporate commitment to 
avoiding occupational safety and health risks for all employees, similar to the governance 
and support structure at Colgate-Palmolive, described in the previous paper in this chapter 
by John Downey. 

Mulhausen listed the benefits that 3M receives by reducing noise levels at its plants 
(see Figure 2.3-1). Protecting employee hearing fits within the company’s commitments to 
the environment and the community, which all, in a way, revolve around reducing waste. 
By reducing waste and increasing productivity, the company benefits and consumers see 
the firm in a positive light. For example, 3M has many pneumatic packaging operations and 
a lot of noise is generated when poorly designed air nozzles are used. Improving air nozzles 
reduces noises and also reduces the amount of compressed air, which can significantly 
reduce energy use in a factory. With these changes, 3M experiences real cost savings and 
benefits to the environment in terms of noise and greenhouse gas reductions. 

 
Figure 2.3-1 Why 3M is interested in reducing noise at its worldwide plants. 

 
 Mulhausen is a fan of NIOSH’s Hearing Loss Simulator.7 It helps employees 
understand what it means to suffer noise-induced hearing loss. With the simulator, shop 

                                                        
7
 http://www.cdc.gov/niosh/mining/works/coversheet1820.html 
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floor employees as well as corporate executives experience how hearing impairment 
affects communications with other human beings. The simulator is a motivational tool that 
demonstrates future hearing loss outcomes and can be adjusted to an individual’s 
audiogram results.  

3M uses a three-pronged global approach to managing and reducing noise 
exposures at its plants (Figure 2.3-2). The three parts are: 1) high-quality noise 
measurements, analysis, and assessments, 2) use of sustainable controls to reduce noise 
exposures, and 3) an excellent hearing conservation program that is efficient and effective 
in exposure management. 

 

 
Figure 2.3-2 A three-pronged strategy for hearing-loss prevention. 

 
The company places a strong emphasis on accurate and repeated noise exposure 

measurements and assessments that provide a good scientific basis supporting noise 
control decisions. If exposure is underestimated, employees face increased risk. If exposure 
is overestimated, the company faces unnecessary constraints for employees and 
production and unnecessary expenditures for engineering controls. Exposure assessment 
includes many noise dosimeter measurements together with a statistical analysis aimed at 
demonstrating with 90 percent confidence that employees’ noise exposures are below the 
85 dB(A) exposure limit during at least 95 percent of all worker-days.  

The company has moved away from qualitative fitting of hearing protection to 
quantitative fit testing that meets the needs of individual employees. Training is provided 
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to employees on an individual basis. Dan Westrum from the 3M Hutchinson Plant details 
this program later in this chapter. 

Engineers and environmental health and safety personnel are educated about the 
importance of effective and sustainable noise controls to manage the risk of noise-induced 
hearing loss at 3M plants. Ongoing inspections and maintenance are necessary for noise 
controls to be effective over the long haul. Plants go through annual sustainable control 
planning activities to identify the areas where opportunities exist for improvements, for 
example, where many employees are exposed or new processes are taking place. They are 
moving away from installing new noisy equipment in already noisy areas where employees 
use hearing conservation just because employees are already protected acknowledging the 
increase risks of noise-induced hearing loss. 
 3M encourages facilities to think holistically about controls, using the Swiss cheese 
model of layers of protection (Figure 2.3-3). Wearing hearing protection alone or 
controlling noise alone is not enough. The best approach is some combination of the layers 
of protection, considering how they work together, and how they can be managed together 
to be most sustainable and to work well over time. Along with individually tailored hearing 
protection, employees need behavior-based training programs or feedback programs, 
routine audits and checks of hearing protection use, peer-to-peer programs, supervisor-to-
employee programs, whatever needed. But even if hearing protection is in place, it is still 
important to be knocking down the noise levels, even if they are not reduced low enough to 
eliminate the need for a hearing conservation program. 
 

 

Figure 2.3-3 Multiple layers of protection. 
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 Everyone in the company, including the plant manager, the manufacturing director, 
and the presidents need to understand why noise-induced hearing loss is important from a 
human point of view, an economic point of view, and for the environment and the 
company’s reputation. It’s a team effort. For hearing conservation and noise control to be 
effective requires both a top-down and a bottom-up approach at the plant and corporate 
levels. Plant managers need to be able to hold their ground and say, "No, we won’t put more 
noisy equipment in this area, even if workers are already in a hearing conservation 
program." 3M has global engineering guidelines and training in noise control for corporate 
engineers and factory engineers. It also conducts annual noise control planning and 
prioritization for existing and new manufacturing and processes. Outside consultants are 
retained to assist. New projects are viewed as new opportunities to reduce noise. Figure 
2.3-4 lists the noise control training and knowledge resources made available at 3M. 
 

 

Figure 2.3-4  Noise Control Training and Knowledge Resources Available at 3M. 

  
 As a communications and incentive tool, 3M offers annual noise control awards for 
employees (best practice sharing) who submit projects that are reviewed by experts from 
across the country. The four award categories listed in Figure 2.3-5 are noise control 
innovations for: new equipment, existing equipment, inexpensive solution, and use of 3M 
products are listed in Figure 2.3-5. These recognitions drive a conversation across the 
company and have offered a successful mechanism for idea sharing.  
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Figure 2.3-5 Annual Noise Control Awards for 3M Employees. 
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2.4 Considerations for an effective hearing conservation program 
Dan Westrum, Hutchinson Plant Industrial Hygienist, 3M Company 
 

Recognized for its hearing conservation efforts, 3M’s Hutchinson Plant received the 2012 
NIOSH Safe-in-Sound Excellence in Hearing Loss Prevention Award (described in Chapter 
2.1). Dan Westrum described some highlights of the plant’s hearing conservation program. 
The plant, located in Hutchinson, Minnesota, has 1550 employees working in a 1.5 million 
sq. ft. manufacturing facility making a wide range of 3M products including pressure 
sensitive adhesive tapes, micro abrasives, coated and uncoated plastic films, and many 
products that go into other products. Approximately 600 employees at the plant are 
included in the plant hearing conservation program.  

"The hearing conservation program at 3M Hutchinson was recognized for its all-
inclusive and strongly integrated approach to worker hearing health including statistically 
driven noise exposure assessments, implementation of a Buy-Quiet program, and noise 
control for existing equipment," according to the NIOSH Safe-in-Sound Award website.8 "In 
addition, it was recognized for comprehensive implementation of hearing protection fit-
testing of all plant personnel, availability of both general and specialty hearing protection 
devices for off-the-job noise exposures (e.g. hunting and target shooting), high quality 
audiometric testing with professional supervision and evidence of strong support from 
corporate management, plant management and individual workers. This 3M program was 
tailored for individualized training and development of a culture of personal responsibility 
to maintain noise controls, identify noise hazards and properly fit and utilize hearing 
protectors throughout the facility."  

The target for 3M’s corporate Buy Quiet program for new equipment is not to 
exceed 85 dB(A) at nearby work areas. Westrum, however, aims for 75 dB(A) for new 
equipment to accommodate the cumulative noise from multiple machines. Some employees 
work extended daily shifts of 10 to 12 hours, and the goal is to improve the plant with 
lower overall noise levels. Westrum strives to help corporate management understand and 
support the hearing conservation, program, even during tight budgets. 
 3M has developed and implemented a hearing protector fit testing and validation 
program called E-A-RfitTM. The program includes audits, training and motivation for proper 
fit, and program management techniques for plant employees.9  
 During an early pilot test of 84 employees, nearly one-half were not using their foam 
ear plugs properly. After a few minutes of training or switching plugs, however, 98 percent 
of the employees were able to fit their plugs properly and achieve a Personal Attenuation 
Rating (PAR), or personal noise reduction, of 20 dB or better. Clearly, training can 
significantly improve use of hearing protectors and should reduce the number of 
employees that incur hearing loss. These results helped convince senior management and 
the plant operating committee to support the E-A-RfitTM program. 
 As a part of this program, employees are told about the nine types of ear plugs 
available at the plant, the feel and softness of the different plugs, the pressure in the ear 
canal, how to insert the plugs for a best fit, and are told to insert a pair of test plugs. The 
test plugs have a narrow tube and small microphones that measure the noise from a 

                                                        
8
 http://www.safeinsound.us/winners.html 

9
 http://www.E-A-Rfit.com  

http://www.safeinsound.us/winners.html
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speaker both inside and outside the plug simultaneously. This provides a measure of the 
PAR10 for that plug on the employee. If the measured PAR is less than 20, the employee 
reinserts the plugs to achieve a better fit or tries a different plug that better fits his or her 
ear canal. This program helps nearly all employees learn to use ear plugs properly. A few 
employees need custom-molded plugs to fit their canals. 

A key value of the E-A-RfitTM program is the one-on-one training received from 
experienced and knowledgeable instructors. New employees attend the E-A-RfitTM program 
on the first day of orientation. Employees in the hearing conservation program attend 
every year. The program is not limited to employees in the hearing conservation program, 
however; employees not in the hearing conservation also attend training once every three 
years. 3M’s goal is to provide the knowledge and skills to help all employees protect their 
hearing while at work and during off-work hours when performing noisy activities. It 
makes no sense to protect your hearing at work, and not to protect it at home. 
 The training also helps employees show their family members and friends how to 
protect their hearing. Employees are encouraged to take ear plugs home to protect their 
hearing while hunting or doing other noisy activities when away from work. 
 Westrum described the key elements to proper ear plug fit. It is important that users 
know how a good fit feels and sounds. Also important, of course, is that the worker has to 
care about and want to protect their hearing. 

Westrum mentioned that 3M has used the NIOSH hearing loss simulator described 
in the Mulhausen paper above. The employee listens to sounds from a speaker simulating  
the experience with and without hearing loss. The differences are significant and help 
people understand the importance of hearing protection. 
 As part of a SafeStart program, 3M Hutchinson has recently begun interviewing 
veteran employees with significant hearing loss to learn about the difficulties they 
encounter and why they chose not to use hearing protection. One positive outcome is 
improved hearing protection for hunters, who typically don’t want to wear hearing 
protection because they want to be able to hear the game and other natural sounds. The 
company store at the Hutchinson plant stocks and sells Combat Arms earplugs (a 3M 
product) that are said to include a proprietary technology allowing the user to hear 
ambient sounds while protecting against damaging impulse noise from firearms. 
 Westrum described the characteristics of different types of ear plugs. Polyurethane 
plugs (Neon, FX, EZ-Ins) feel softer to the touch, but exert more pressure inside canals than 
PVC plugs such as Classics. UltraFit plugs are pre-molded and resemble the shape of an 
evergreen tree. They tend to slip out after a while so they need to be reinserted a number 
of times during a shift, which may cause irritation. Plugs made of PVC do not absorb water 
while polyurethane plugs do absorb water, which can be a consideration when working in 
a hot, sweaty environment. 
 Because different people have different size and shape ear canals and different 
preferences—one size does not fit all—the Hutchinson plant makes available nine types of 
plugs for the employees to choose from. They include roll-down plugs and pre-molded 

                                                        
10 Personal Attenuation Rating (PAR) is the amount of hearing protection achieved by the ear plug as 
actually worn by the individual.  
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plugs as well as polyurethane and PVC materials and outer canal muffs for employees who 
can’t get a good fit from plugs.  
 
NOISH Citation11 
3M Hutchinson Plant in Minnesota, the largest 3M manufacturing plant in the U.S., is 
another recipient of the award. The hearing conservation program at 3M Hutchinson is 
recognized for its all-inclusive and strongly integrated approach to worker hearing health 
including statistically driven noise exposure assessments, implementation of a Buy-Quiet 
equipment program, and noise control for existing equipment. In addition, it was 
recognized for hearing protection fit-testing of all plant personnel, availability of both 
general and specialty hearing protection devices for off-the-job noise exposures (e.g. 
hunting and target shooting), high quality audiometric testing with professional 
supervision and evidence of strong support from corporate management, plant 
management and individual workers.

                                                        
11 http://www.cdc.gov/niosh/updates/upd-02-23-12.html  
 

http://www.cdc.gov/niosh/updates/upd-02-23-12.html 
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3
Best Practices: Noise Control in Manufacturing Industries

3.1 The calculation of sound levels in working areas as a planning tool for
noise reduction
Wolfgang Probst, Managing Director,DataKustik Gm bH, Germ any

Predicting noise levelsinindustrial plantsand othernoise-relevantfacilitiesisa valuable tool for
ensuring the lowestpossible noise levelswithina givenbudget.Predictionm ethodsare
com m only applied before installing new facilitiesnearresidential areas.G asturbine power
plants,wind turbines,orothernoise-relevantindustrial facilitiesnearresidential areasare
generally notplanned and installed indeveloped countriesbefore a predictioncalculationhas
shownthatm axim al acceptable sound levelswill notbe exceeded.The sam e approachis
possible inthe interiorindustrial setting.

Predicting sound levelsinanoccupational setting ism uchm ore difficultthanoutdoor
predictionsbecause of the m any reflectionsof sound inthe room and the influence of room
acoustical properties,forexam ple:

 The distance betweena work stationand the m achine isoftensm all relative tothe siz e of
the source,

 M achinesand otherequipm entare oftenvery com plexnoise sources,
 W ork stationsand radiating equipm entare,inm ostcases,inside room s,and full 3-

dim ensional calculationsof m any reflected sound contributionsm ustbe tak eninto
account.

Probstdescribed m odeling software,called C adnaR 1,thatisadapted tooccupational
noise.The figuresand resultspresented inthischapter,and ingreaterdetail inA ppendixA ,are
based onuse of the program .

Tom ak e the calculations,the characteristicsof the source and the acoustical propertiesof
the room m ustbe tak enintoaccountseparately.The noise source ischaracteriz ed by it’sA -
weighted sound powerlevel (e.g.,the ISO 3740seriesof international standards2),a sim ple
m easure of itsdirectivity,and perhapsthe em issionsound pressure level (ISO 11200seriesof
international standards3)atone orm ore work stations.N ext,the sound absorptive characteristics
of the room are m easured (ISO standard 142574).

U sing newly available software tools,experienced acoustical engineerscanquantify
im portantphenom ena suchassound screening,absorption,scattering,and transm issionthrough
light-weightstructures.N oise abatem entm easurescanbe included inthe sim ulationtoobtainthe
m osteconom ically advantageoussolutions.

There are twofundam entally differentapproachestocalculate sound propagationinside
room swithm any reflectionsinfluencing the sound pressure levelsatreceiverpositions.The first
m ethod isbased onsound rays.A ll possible ray pathsfrom source toreceiverm ustbe

1
http:/ / w w w .datakustik.com / en/ products/ cadnar

2
http:/ / w w w .iso.org/ iso/ hom e/ store/ catalogue_tc/ catalogue_detail.htm ? csnum ber=1 260

3
http:/ / w w w .iso.org/ iso/ catalogue_detail.htm ? csnum ber=35377

4
http:/ / w w w .iso.org/ iso/ catalogue_detail.htm ? csnum ber=240 1 4

http://www.datakustik.com/en/products/cadnar
http://www.iso.org/iso/home/store/catalogue_tc/catalogue_detail.htm?csnumber=1260
http://www.iso.org/iso/catalogue_detail.htm?csnumber=35377
http://www.iso.org/iso/catalogue_detail.htm?csnumber=24014
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constructed togetthe final result.If a ray betweensource and receiverisreflected n-tim es,thisis
a reflectionof nthorder.W iththe ray-based,orm irror-im age m ethod (Figure 3.1-1,sound
attenuationby screening caneasily be tak enintoaccount.

Figure 3.1-1 Sound rays constructed with the mirror image method.

The second approach,the particle m ethod,representsthe sound raysas"particles."
Thousandsorevenm illionsof statistically distributed "sound-particles"are radiated inall
directionsfrom the sound source and follow a straightpropagationline betweenthe reflectionsat
surfacesfrom the room orfrom otherobjects.

Figure 3.1-2 A sound propagation simulated with the particle method.

M odeling isthe m ostim portantstepinnoise predictionforplanned industrial plantswith
m achinery.The layoutwithall geom etrical and acoustical param etersrelevantforthe resulting
noise levelsm ustbe transferred intoa virtual m odel.

Sm all m achinesand devices(Figure 3.1-3)are sim ulated by a sim ple pointsource.Its
locationinthe room isdefined by coordinatesx,y, and z, and the noise em issionby the
standardiz ed valuesof sound powerlevel and sound pressure level.
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Figure 3.1-3 A small machine, a press, radiating sound.

Figure 3.1-4 Filling machine in a bottling plant.

A largerbottle-filling m achine,showninFigure 3.1-4isenclosed ina lightcasing for
safety reasons.Inthiscase,sound isradiated from a largersurface and producesa sound field
thatcannotbe sim ulated by a sm all pointsource.Figure 3.1-5showsthree exam plesforthe
sim ulationof largerbox-type m achines,suchasthe filling m achine.The boxcanhave any siz e
and evenbe elevated tom odel sound particlespropagating underneath.

Figure 3.1-5 Simulation of three box-type machines with different surfaces radiating sound.
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Figure 3.1-6 Large washing machine in a bottling plant.

W iththe com binationofpointsources,line sourcesand box-type structures,m achinesof
any com plexity canbe m odeled.Figure 3.1-6showsa large bottle-washing m achine ina bottling
plantand Figure 3.1-7shows,ina 3D -m odel of the washing m achine area,how particlesare
em itted from the noise-relevantpartsof the m achine.The pathsof the sound particlesem itted
from the noise-relevantm achine partsare calculated tak ing intoaccountthatthe m assive body of
the m achine isacoustically opaque.

Figure 3.1-7 Simulation shows how sound Figure 3.1-8 Distribution of calculated
particles are emitted from bottle-washing sound pressure with absorptive walls
machine. and ceilings.

The easy assem bly of suchm achinesfrom basic elem entsisanim portantproperty of
sim ulationsoftware used frequently fornoise prediction.Figure 3.1-8showsthe distributionof
calculated sound pressure levelswithwallsand ceiling com pletely absorptive,thussim ulating
free field propagation.The yellow coloratthe back ofthe m assive m achine indicateswhere noise
levelsare low due tothe screening effectofthe m assive m achine body.The m ainadvantage of
the m ethod presented isthe ability tointegrate locally effective noise reductionm easures,and to
check theireffectonreceiverlevels.Forexam ple,the sim ulationcantestthe effectof an
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optically transparentnoise barrieraround a work stationoranabsorptive baffle system above the
barriertoreduce the sound reflected by the ceiling.

The advantagesofthissoftware strategy becom e obviouswhencom plete plantsare
m odeled.The data structure ofeachm achine,once created and saved ina library,canbe treated
asone single elem ent.Thenthe library containsdescriptionsofthe noise level caused by each
m achine separately.Thisstructure facilitatesthe otherwise extrem ely tim e consum ing
developm entofnecessary noise reductionm easurestoreachthe defined targetlevels,forexam ple
85dB (A )atwork stations.

Inthe future,a m anufacturercanoffera valuable custom erservice by providing a
software m odel of itsm achine,whichcanbe plugged intoa software m odel of the room into
whichthe m achine isinstalled.Thennoise declarationisbasically included inthe m odel,and no
separate declarationisrequired.

D uring the lastdecade,m any m easurem entshave beenperform ed toobtainreliable data
tocheck the accuracy of the calculationm ethods.O ne suchsetof m easurem entswasobtained by
placing a transportable screenindifferentenvironm entsinside em pty and fitted industry halls,
and tom easure the sound levelsatdifferentdistancesbehind the screen.A dodecahedron
loudspeak erproduced well-defined sound em issionineachfrequency band atthe opposite side
of the screen.Inanothercase,sound levelsproduced by a well-defined source in122industrial
hallswere m easured atreceiverpositionsdistributed along a straightline.

Som e typical resultsshow thatactual m easurem entswere very close tocalculationsm ade
inthe sim ulation.(Figure 3.1-9).Itisobviousthatthe particle m odel applied tocalculate sound
propagationiswell suited torepresentthe differentacoustical propertiesof the room .The
particle-m ethod wasalsowell suited tocalculate sound propagationina room withvarioustypes
of equipm entinstalled.

Figure 3.1-9 Comparison of calculated and measured levels relative to Lw

with the room empty, but with a sound-absorptive ceiling.
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3.2 The physics of low noise design
David Herrin,MechanicalEngineering Departm ent, University ofKentucky

D avid H errin,a professorof m echanical engineering from the U niversity of K entuck y,proposed
using a system sapproachtodesigning low-noise equipm entand m achinery.H e reviewed the
Source-Path-R eceiverM odel firstproposed by B oltand Ingard in1957.5The m odel offersa
helpful starttoidentifying opportunitiesforcontrolling noise atthe source of the noise,
interfering withitstransm issionorenergy path,and/orchanging the characteristicsof the
receiver(Figure 3.2-1).

Figure 3.2.1. Establishing a causal chain for noise..

U sing the m odel helpswithstepone of fourorganiz ing steps:clarificationof task s,conceptual
design,detailed design,and finally,prototyping.D etailed descriptionsof m uchof thiswork can
be found inthe International O rganiz ationforStandardiz ation(ISO )technical reportsTR
11688:16and TR 11688:27and M .B ock hoff’schapterinthe “H andbook of N oise and V ibration
C ontrol8.”

A fork lift,forexam ple,hasseveral noise sources,including the internal com bustion
engine,the intak e exhaust,and the cooling fan,aswell asthe transm ission,the chainand
hydraulics(Figure 3.2-2).

5
Bolt, R.H. and K.U. Ingard. 1 957. System Considerations in Noise ControlProblem s. Page 22-1 in Handbook ofNoise Control,

FirstEdition, edited by C.M. Harris. New York: McGraw -Hill.
6

InternationalO rganization forStandardization. 1 995. Acoustics: Recom m ended Practice forthe Design ofLow -Noise
Machinery and Equipm ent-- Part1 : Planning ( ISO / TR 1 1 688-1 ) .
7

InternationalO rganization forStandardization 1 998. Acoustics: Recom m ended Practice forthe Design ofLow -Noise
Machinery and Equipm ent-- Part2: Introduction to the Physics ofLow -Noise Design ( ISO / TR 1 1 688-2) .
8

Bockhoff, M. 20 0 7. Design ofLow -Noise Machinery. Chapter66in Handbook ofNoise and Vibration Control, ed. M.J. Crocker.
W iley, Hoboken, NJ. ISBN: 978-0 -471 -39599-7. Bockhoff, M. 20 0 7
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Figure 3.2-2 Relevant noise sources in a forklift truck.

The original source-path-receiverm odel had a rathersim ple descriptionof the source,
whereasm ultiple sourcesand transm issionpathsexistwithinthe fork liftbefore being radiated
from the fork lifttothe receiver.Therefore,itisappropriate toadopta m ore com plexm odel that
involvesaninterm ediate energy conceptcalled "energy conduit."The conduitinvolves
transm issionwithinthe source to,forexam ple,variousvibrating surfaces.The firsthalf of the
m ore com plexm odel isinFigure 3.2-3A ;the second half isinFigure 3.2-3B .

Figure 3.2-3A Source energy paths.
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Figure 3.2-3B Receiver energy paths.

Inthiscase,the receiveristhe driver’sear,and itisnota sim ple m attertodevelopa
quantitative descriptionof the im portance of eachpathtothe sound pressure level atthe
operator’sear.O ne assum ptionm ade by N .Ivanov9,10isthatthe sound pressuresfrom the
differentpathsare incoherent;thatis,the tim e-averaged productof the sound pressuresfrom any
twopathsequalsz ero.Thism eansthatthe m eansquare pressuresfrom overeachpath(p1,p2,
p3… .canbe added toobtainthe total m eansquare pressure,pt

2:

pt
2=p1

2+ p2
2+ p3

2… .

Ivanov alsom ade a num berof otherassum ptionsinhisanalysis:

 Sound sourcesare incoherent,the acoustic signalsare wide band
 Sound fieldsinclosed-spacesare quasi-diffuse
 Im pedancesof enclosure surfacesare approxim ately equal
 R esonance phenom ena inclosed spacesare ignored asa rule
 Sound sourcesgenerate sound fieldswhichm ay be idealiz ed asspherical,cylindrical or

plane wave
 Sound sourcesinclosed spacesconsistof om ni-directional radiators
 Sound pressure ata specific pointisdeterm ined by the energy sum m ationprinciple
 Sound wavesneara reflecting surface are considered ata specific pointtoresultfrom

sum m ationof wavesfrom the prim ary and m irrored sources
 C losed spacesare characteriz ed by anaverage coefficientof sound absorption
 Sound powerof the source doesnotdepend onthe characteristicsof the closed space

9
CrockerM.J. and Ivanov N. ed. 1 993. Noise and Vibration Controlin Vehicles. Politekhnika, St. Petersurg.

1 0
Ivanov N. and Copley D. 20 0 7. Noise and Vibration in O ff-Road Vehicle Interiors – Prediction and Control, Chapter98,

Handbook ofNoise and Vibration Control, ed. M. J. Crocker, W iley, Hoboken, New Jersey.
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 Experim ental correctionsare introduced intosound pressure level valuesforfrequencies
lessthanthe quasi-diffuse lim it

 N earsound field iscorrected by a coefficient
 Sound field diffusivity violationisestim ated by a coefficient
 D istributionof vehicle fram e vibrationisassum ed todisregard dissipationlosses
 R atioof the m axim um tothe m inim um lineardim ensionsof acoustic spacesdoesnot

exceed 5
 A ll elem entsof noise protectionstructures(walls,openings,slots,holes,etc.)are

represented aselem entary radiators
 N oise protectionstructuresare considered toconsistof a num berof elem entary

incoherentradiators

Ivanov alsosuggested several factorsthatinfluence the sound pressure atthe receiver
produced by transm issionoverthe variouspaths.These include:

 D irectradiationfrom the source
 Source-receiverdistance
 D irectivity
 The solid angle intowhichthe sound radiates
 The effectsof the nearfield of the source
 D iffusity of the sound field

Som e general ruleshave beendeveloped11forlow-noise design(Figures3.2-4A and 3.2-
4B ),forexam ple,installing acoustic enclosures,silencers,dam ping screens,and vibration
isolation,asappropriate.

Figure 3.2-4A Design rules for sources of noise.

1 1
ISO / TR 1 1 688-2: 1 998, Introduction to the physics oflow -noise design. InternationalO rganization forStandardization ( ISO ) ,

Geneva.



31

Figure 3.2-4B Design rules for the path of the noise(from footnote 11).

A 1982book published by B rüel and K jær12containsinform ationonlow-noise design.
Twoexam plesare showninFigure 3.2-5below.

Figure 3.2-5 Two examples of low-noise design.

1 2
Brüel&Kjæ r. 1 982. Noise ControlPrinciples and Practice. Denm ark. ISBN: 978-8787355421
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** Postwork shopnote:M any otherexam plesof low-noise designhave beenpublished in
Noise/News International and latercollected intoa book lettitled N oise and V ibrationC ontrol:
Principlesand A pplications,whichwaspublished by Ingem anssonA B and isavailable from the
IN C EFoundation.
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3.3 Noise reduction process
James K. Thompson, Branch Chief, Hearing Loss Prevention, O ffice ofMine Safety and Health
Research, NationalInstitute forO ccupation Safety and Health

Jam esThom psondescribed the noise reductionprocessdeveloped by N IO SH ’sO ffice of M ine
Safety and H ealthR esearchinPittsburgh.H e alsoshared several exam plesof itsapplication.

N IO SH hasused thism odel processfor5yearswithsuccess.The processhashelped
N IO SH organiz e itsnoise-control effortsand evaluate perform ance.Ithasallowed the O ffice to
setcleargoalsforperform ance,cost,and applicability,and toobtainstak eholderbuy-in,solve
the rightproblem ,provide cleargoalsand m inim iz e trials,provide work able solutions,and focus
onlong-term durability and perform ance.

The processbeginswitha needsassessm ent,followed by developm entof the controls
and thena shorttrial todeterm ine the effectivenessof the controls.O nce effectivenessis
dem onstrated,technology transferbegins.A long-term effectivenessstudy alsotak esplace,
look ing atnoise perform ance,durability,m aintenance needs,and otherissues.

Figure 3.3-1 Flow chart of the development process

The sixstagesof the noise reductionprocessare iterative and eachsteprequiresa strong
feedback loopinvolving stak eholdergroups.The needsassessm entbeginswithsurveillance data
and inputfrom all stak eholders:users,m aintenance departm ent,equipm entm anufacturers,health
and safety departm ent,em ployee unions,and perhapsothers.The aim istodeterm ine:W hatis
the problem ?A nd how bad isit?Problem definitioniscritical and m ay require dosim eterand
tim e/m otionstudies.H oweverinputm ustgobeyond noise orexposure issuestoinclude inputon
operational issues,including m aintenance and otherconsiderations.

O nce needsare assessed,developm entof controlscanbegin.Solutionsm ay be sim ple,
suchasa selectionof the propersilencer,orcom plex,involving elaborate m easurem ents,
m odeling,and m achine m odifications.A gain,stak eholderinputisessential.H ow isthe
equipm entused?W hatdoesthe operatorlook for?There m ay be a com prom ise am ong noise
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controls,usage preferences,m aintenance issues,etc.The outcom e of thisstepisa solutionready
forshort-term effectivenessevaluation.

The short-term effectivenesstestof a solutioniscarried outinthe field atanactual
installation,and cantak e a week toseveral m onths.Som etim esthe short-term effectivenesstest
will pointoutunexpected issues.Forexam ple,a collapsible drill steel enclosure wasdesigned to
reduce the noise of a roof bolting m achine by 8dB (from 102dB to94dB ).B utwhenthe
enclosure wasputinplace,itprevented m achine operatorsfrom visually inspecting the drill steel
todeterm ine if properthrustwasbeing applied.O peratorsrefused touse the enclosure.Inthis
case,the testing led toa startover.

O nce aneffective solutionexists,technology transfer,the m ostdifficultpartof the
process,tak esplace.Itrequiresstak eholderstoownthe solution.N IO SH doesnotm anufacture
noise controls,soitwork swithpartnerstoim plem entthe actual noise control,during the
technology transferstage.The desired outcom e isa vendorcom m ercializ ing the control sothatit
canbe widely used.Technology transferwork ed effectively toreduce noise inthe C ontinuous
M ining M achine,whichisused inunderground coal m ining worldwide.Inthe U nited States,
1,100m achinesare inuse.B y replacing the conveyorchain,noise wasreduced by 3decibels,
according toshort-term effectivenessstudies.The m anufacturerredesigned the conveyorchain,
m ak ing the quieteroptionthe standard versionoffered.Today,close to40percentof the m ark et
hasthe new chainsinplace.

O nce the partsare inplace,the long-term effectivenessstudiescanbeginand N IO SH
work swithstak eholderstofacilitate widespread industry usage.L ong-term effectivenesscriteria
m ay ask :doesthe noise control continue tobe effective overtim e?D oesthe control degrade
overtim e?D oesitneed tobe replaced before scheduled m aintenance?H aving thisinform ation
and dissem inating ittopotential usersiscritical.

Toprotectthe populationof m iners,the controlsdeveloped throughN IO SH m ustbe
widely adopted and com m ercially available.N IO SH alsom onitorsthe use of controlsand
collectsinform ationonhow they perform .L essonslearned m ay provide feedback foradditional
refinem ents.L ong-term assessm entiscrucial.W e have alsoseengood controlsnolonger
work ing orbecom ing source of annoyance inthe field.The final stage inany noise control
program istobe able toassessthe im pactand thiscanonly be done inthe long term .

The noise reductionprocessallowsplannerstodefine specific m etricstoassess
perform ance.The environm entinwhichm ining m achinery operatescanbe difficulttodefine.
C hoosing the appropriate m etricsforthe situationgivesthe approachim portantflexibility.If one
m etric doesnotappeartobe achieving results,anothercanbe selected.Som e exam plesare in
Table 3.4-1.
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Table 3.3-1 Examples of choosing the appropriate metric for a situation

W iththism odel,N IO SH ’sO ffice of M ine Safety and H ealthR esearchhassuccessfully
im plem ented several noise controlsthatare now com m only used inthe m ining industry.Inpart
thisisdue toadherence tothisprocess.Thiscarefully defined noise control processcould be
adopted form any industrial situationsoutside the m ining industry.



36



37

3.4 American National Standards for noise emission measurements
William J. Murphy, Hearing Loss Prevention Team ,NationalInstitute forO ccupationalSafety and Health

W illiam M urphy isco-leaderof the H earing L ossPreventionTeam inthe N IO SH D ivisionof
A pplied R esearchand Technology inC incinnati.H e provided a two-partsum m ary onnoise
standards,13firstdiscussing A m ericanN ational StandardsInstitute (A N SI)standardsforsound
powerdeterm inationand thenhow touse sound powerstandardsforproductlabeling.

The Structure of the American National Standards Program
The A coustical Society of A m erica m anagesthe A m ericanN ational StandardsInstitute (A N SI)
standardsprogram forthe following com m ittees,S1forA coustics,S2forV ibration,S3for
B ioacousticsand S12forN oise.SusanB laeseristhe M anagerof the A SA ’sstandardsefforts,14

the D irectorforStandardsisPaul Schom er. R ichPeppinisthe chairof S1,A liH erfatisthe
chairof S2forV ibrationstandards,C hrisStruck isthe chairof S3and W illiam J.M urphy is
chairof S12forN oise. U nderthese com m ittees,the U nited Stateshasopportunitiesto
participate inthe International O rganiz ationforStandardiz ation(ISO ). The U nited Stateshas
one vote oninternational standardswhichrequiresm ore cooperationif im portantissuesare
going tobe settled. The official representativestothe ISO T echnical C om m itteesare W alter
M adigosk y forTC 108,and Paul Schom erforTC 43and TC 43Subcom m ittee SC 1.A m erican
N ational Standardsforthe determ inationof noise em issionsof equipm entare developed by S12.
D escriptionsof these standardsm ay be found onthe Internet.15M aling16haslisted the
international noise em issionstandards.

Standards for the Determination of Noise Emissions
W hendeterm ining sound power,three differentroom designsare described inthe standards:
anechoic (m eaning free from echo),hemi-anechoic,and reverberant.

A typical anechoic room isrectangularand haswedgesonthe sixinteriorwallsand a
m eshtram poline toperm itpositioning the device being tested inthe centerof the volum e of the
room .Ina hemi-anechoic room the floorisa reflective surface m eanttosim ulate whatm ight
happenduring outdoorm easurem ents,inquietwithoutany reflectionsexceptforthe ground.A
reverberant room isdesigned tobe highly reflective withnon-parallel wallsand diffusersonthe
wallstopreventthe developm entof standing wave m odesthatare characteristic of rectangular
room s.

Form easuring inthe three typesof room s,several m easurem entm ethodsexist.Perhaps
the m ostcom m onisthe pressure-over-area m ethod.Inthisconfiguration,a setof m icrophones
sam ple the sound level ata prescribed distance from the source outside of the nearfield of the
device undertest(see Figure 3.4-1).The m icrophonesare distributed overanim aginary surface
thatencom passesthe device undertest(D U T),and the pressure overa givenarea isused to
determ ine thataverage poweroutputof the D U T. The pressure overarea m ethod requiresthat

1 3
Please note thatthe opinions presented in this talk are his ow n and should notbe interpreted as any officialpolicy ofthe

Centers forDisease Controland Prevention, the NationalInstitute forO ccupationalSafety and Health orthe US Environm ental
Protection Agency. Any products m entioned in this paperare notendorsed orprom oted by NIO SH, CDC orEPA.
1 4

The nam es in this paragraph w ere currentatthe tim e the w orkshop w as held.
1 5

http:/ / acousticalsociety.org/ standards/ ansi/ s1 2
1 6

Maling, G.C. Jr., Internationalstandards forspecifying noise em issions, Sound&Vibration, 47( 1 2) , 1 3-1 6, Decem ber, 20 1 3.

http://acousticalsociety.org/standards/ansi/s12
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the noise be com ing from the source and thatthere notbe othersourceswhichare acting as
sourcesoutside the im aginary volum e.

Forinstance A N SI S12.55isused tom easure sound powerinfully anechoic spacesand
inhem i-anechoic spaces.A N SI S12.54and S12.56are used inhem i-anechoic environm ents,and
A N SI S12.51and S12.53are used todeterm ine sound powerinreverberantenvironm ents. The
differentstandardsreflectvarying degreesof precisioninvolved inconducting the
m easurem ents. The N IO SH sound powerlaboratoriesinPittsburghand C incinnaticonduct
m easurem entsatthe Engineering grade,± 2dB . Toachieve Precisiongrade,± 1dB ,requires
greatercontrol of tem perature and hum idity.

Figure 3.4-1 An IBM server surrounded by microphones
at the IBM Acoustics Laboratory, Poughkeepsie, New York.

Inthe substitution, orcomparison, method,a calibrated reference sound source istested
inthe space toestablishthe room constantand understand how the sound m ightbe absorbed by
the space.The substitutionorcom parisonm ethod canbe conducted injustaboutany space,the
m ostsatisfactory being a reverberation room.The sound absorptive characteristicsof the space
affectsthe sustained sound pressure level of the reference sound source whenitproducesa
continuousnoise inthe room .

The sound source istested inthe room withthe otherequipm entturned off.The device of
interestisturned onand the sound source isturned off.The sustained level inthe room while the
device undertest(D U T)isrunning isa functionof the sound powerof the D U T and the room
constant.B y m easuring the room constantwitha k nownsource,the sound powercanbe
determ ined.

M ore sound absorptionequatestolessbuild upof sound energy inthe space.O nce the
reference sound source hasbeenm easured,the m icrophonesare k eptinthe sam e positionand
the D U T isoperated and assessed.From the twom easurem ents,the sound powerof the D U T can
be determ ined.W hena productispurchased thathasa N oise D eclarationprovided,the validity
of thatdeclarationcanbe tested afterthe producthasbeeninstalled.
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Finally,the sound intensity method isbestsuited forin situ sound powerm easurem ent
because itcanbe perform ed inany environm ent.Itreliesuponm ak ing m easurem entsovera
m easurem entsurface enclosing the D U T witha pairof phase- and am plitude-m atched
m icrophones.The sound intensity isdeterm ined asthe productof the average pressure of the
pointbetweenthe m icrophonesand the derived particle velocity estim ated by the difference
betweenthe m icrophones.

Why Measure Sound Power?
There are several reasonsform easuring sound power.Sound powerisaninherent

property of the device undertest.The sound pressure isaffected by the room acoustics— the
absorptive effectsof the ceiling tiles,the panelsonthe wall,the num berof people inthe room ,
and the locationof the listenerrelative tothe device undertest.That’sthe difference between
sound pressure and sound power.

W ithsound power,itispossible todevelopacoustic m odelsthatcanbe used topredict
the noise levelsinvariousenvironm ents.U sing the geom etry of the room ,the sound powerof
varioussources,the absorptioncoefficientsof the surfacesinthe room ,accurate m odels17canbe
developed topredictthe distributionsof sound inthe room .

Sound pressure,onthe otherhand,doesnotperm itm odeling ina generaliz ed m anner.
Sound powerisaninherentquantity of the source,precisely the quantity thatshould be used
whenattem pting toprovide inform ative labeling fornoise em issions.

Insum m ary:
 Sound powerisaninherentproperty of the source
 Itcanbe used todevelopacoustic m odelsof noise distributionsand noise

exposures
 Sound pressure levelsdepend on:

o R oom acoustics
o R eceiverdistance from the source
o R eceiverorientationtothe source

 Sound poweristhe appropriate m etric forlabeling

How Might Noise Emission Labels Be Implemented?
M attN obile from the IB M H udsonV alley A cousticsL aboratory inPoughk eepsie,N ew

Y ork hasbeenwork ing ondeveloping labeling standardsforproducts.Ina presentationatthe
N ational Institute forO ccupational Safety and H ealthinN ovem ber2011,N obile presented som e
conceptsthatcould lead tostandardiz ed declarationsfora variety of products(Figure 3.4-2).

O nthe leftof Figure 3.4-2isthe comparative declaration label.The unitassociated with
the productnoise rating (PN R )isthe decibel,butthe unitisnotably absent.Ina way,thisisa
concessiontothe lack of the public’sunderstanding of decibelsand theirm eaning.PN R isthe
productnoise rating (itsscale rangesfrom 0to120).The R ed A rrow inthe Figure 3.4-2exam ple
identifiesthe productnoise rating,90inthiscase.The blue baronthe scale indicateshow this
productcom parestoa range of sim ilarproducts.A long the leftof the im age are iconsof
speak ersindicating soft,low-level soundsranging toloud high-level sounds.O nthe rightinthe
boxisa num erical expressionof the range of othersim ilarproducts.Inthiscase,the range is88
to109,indicating thatthisproduct,at90dB ,isnearthe bottom of the range of sim ilarproducts.

17 See the paperby W . Probstelsew here in this report.
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Figure 3.4-2 N oise em issionlabels.

O nthe rightof Figure 3.4-2isaninformative declaration label,whichgivesthe
num erical perform ance of the productaccording toa specific international standard (ISO 9296).
The num bersonthe lefthalf are sound powerinbels18(1bel =10decibels)forthe productwhen
itisoperating and whenitisidling.The num bersonthe righthalf are the sound pressure level
whenthe productisoperating and whenitisidling. Forassessing the risk of noise-induced
hearing loss,anindustrial hygienistwill need tok now the level atthe earwhere a work erm ight
be positioned.A dditional inform ationcould be included withthe inform ative declaration.That
is,the sound powerspectrum could be included insecondary inform ation.The spectrum is
critical todeterm ining risk s.Sound withcontentinthe 2000to6000H z range canpresentan
increased risk com pared tothatatlowerfrequencies.

L abeling canhelpconsum ersm ak e purchasing decisions.Figure 3.4-3showssound
powerlevelsfora com m onhousehold appliance,a dishwasher,plotted againstthe
m anufacturer’ssuggested retail price.Itdem onstratesthatquietcanbe a m ark eting tool tosell
products.If you wanta dishwasherthatis40dB (A ),you will pay upwardsof $1,600.L ouder
m achineswill costless.C onsum erscanunderstand a noise rating.They canunderstand that
quieterequipm entwill notim pairtheirability tointeractwithothersortohave a conversation.

18 The unitbel has been introduced internationally as the unitofsound pow erlevelto distinguish itfrom sound pressure level
forw hich the unitis the decibel. The belhas notbeen w idely accepted, especially in the USA, and the decibel( w ith A-frequency
w eighting) is com m only used as the unitofboth sound pow erleveland sound pressure level. Thus, the quantity being specified
( sound pressure orsound pow er) m ustbe indicated in the text.
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Figure 3.4-3 As sound power goes down, price goes up.

M urphy ended witha call toaction.The public doesn’tneed a lotof educationto
interpretthe num bersonthe labelsdiscussed inthispaper.The labeling justneedstobe putin
place.Inthe U nited States,table sawsdon’tnecessarily com e withnoise ratings,butthey could.

If we are going toreduce noise inthe m anufacturing environm ent,com paniesneed tobe
aware thatthe productnoise rating isa m ethod throughwhichnoise em issionsof com petitive
productscanbe com pared.A m anufacturercanpublishnoise em issiondeclarations.W ithnoise
em issiondata m easured according tonational orinternational standards,consum erscanverify
thatequipm entisoperating withinitsdeclared boundaries.Standardsforthe determ inationof
sound powerare available.W hatisneeded isa widely accepted m ethod forlabeling the noise
em issionsof products.
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3.5 A brief introduction to “Buy-Quiet” programs
George C. Maling, Jr., Managing Director Emeritus, Institute of Noise Control Engineering of the
USA (INCE-USA)

“B uy-Q uiet”program soffera system atic m ethod forthe purchase of low-noise m achines.A
m anufacturerm ak esa declarationof the noise em issionsof a m achine and the operating
conditionsassociated withthe declaration.A purchaserincludesa requirem entonthe noise
em issionsof the m achine,and there canbe negotiationsbetweenthe twoparties,whichideally
lead tothe purchaserobtaining a m achine withthe lowestnoise em issionsconsidering the state
of noise control technology.

In1998,N IO SH recom m ended thatcom paniesadoptB uy-Q uietpoliciesfornew
equipm entacquisitions19,20,21,22H aag23describesa four-partprocessthatm anagem entcan
im plem enttohave aneffective buy-quietpolicy.The processincludesselecting productsor
operationstobe targeted fornoise reductionthroughnew purchases,setting criteria fornew
equipm entnoise levels,requesting noise level specificationsfrom m anufacturers,and including
these noise level data inbid evaluations.Inputfrom work ersshould be incorporated intothe
buying process.

In2011,N IO SH held a B uy-Q uietwork shoptodeterm ine feasibility and functionality of
B uy-Q uietprogram sand toexplore proactive stepstoensure successful im plem entation.The
aim wastostim ulate the wideradoptionof currentand future engineering noise controlson
m achinery and equipm entand tom otivate the developm entand im plem entationof B uy-Q uiet
program sforthe constructionand m anufacturing industries.

B ethC ooperatN A SA hasbeenthe leaderof a N A SA program 24toim plem enta B uy-
Q uietprogram atall N A SA facilities.

A ninternational work shoponB uy-Q uietwasheld inParis,France onJuly 5-6,2011.
W illiam W .L ang and JeanTourretpresented a lead papertitled “Q uieting the world by fostering
a “B uy-Q uiet”attitude am ong productpurchasers.”The paperand the abstractsfrom the
work shophave beenpublished inNoise/News International25

There are otherdriversof B uy-Q uietprogram s.26,27B uy-Q uietprogram sofferseveral
advantages28:

1 9
Criteria fora recom m ended standard. O ccupationalnoise exposure. Revised criteria 1 998. Public Health Service, Centers for

Disease Controland Prevention, NationalInstitute forO ccupationalSafety and Health, Cincinnati, O hio. 1 998. DHHS ( NIO SH)
Publication No. 98-1 26.
20

RoysterJD, RoysterLH [1 990 ] . Hearing conservation program s: practicalguidelines forsuccess. Chelsea, MI: Lew is Publishers,
pp. 73-75.
21

Brogan PA, Anderson RR [1 994] . Industrialnoise controlprocess. Paperpresented atthe AnnualMeeting ofthe National
Hearing Conservation Association, Atlanta, GA, February 1 7-1 9.
22

Preventing occupationalhearing loss— a practicalguide. Cincinnati, O H: U.S. Departm entofHealth and Hum an Services,
Public Health Service, Centers forDisease Controland Prevention, NationalInstitute forO ccupationalSafety and Health, 1 996
DHHS ( NIO SH) Publication No. 96-1 1 0 .
23

Haag W .M. Jr. [1 988b] . Purchasing pow er. Appl Ind Hyg 3( 9) :F22-F23.
24

Cooper, B.A, Developm entand im plem entation ofpolicy-com pliantsite-specific buy-quietprogram s atNASA. Paperin0 9-0 50 ,
Proc. INTER-NO ISE 20 0 9.
25

http:/ / w w w .noisenew sinternational.net/ archives/ nni_1 93.pdf
26

Bruce, R.D., Bom m er, A.S., Lefkow itz, K.A., and Levesque, B.R., A new approach to noise controlin the w orkplace. Paperin0 9-
0 1 1 , Proc. INTER-NO ISE 20 0 9.
25

Nelson, D.A., A buy-quietprogram incorporating career-cycle costs. Paperin0 9_1 54, Proc. INTER-NO ISE 20 0 9. 20 0 9.
28

Technology fora Q uieterAm erica. NationalAcadem ies Press. W ashington, D.C. 20 1 0 .

http://www.noisenewsinternational.net/archives/nni_193.pdf
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 Inareaswithhaz ardousnoise levels,the noise haz ard canbe reduced,saving the costsof
a hearing conservationprogram .

 Speechcom m unicationinlow-noise work placesism uchbetterthaninhigh-noise
work places.Inaddition,because nohearing protectionisnecessary,desired soundssuch
asannouncem entsvia public addresssystem sare notattenuated.

 L ow-noise work placesprom ote safety (e.g.alarm sare clearly audible).
 L ow-noise work placesm ak e iteasierforwork erstoconcentrate and reduce fatigue.
 L ow-noise work placesare m ore productive and m ore com fortable.

B ethC ooperatN A SA ’sL ewisR esearchC enterinC leveland,O hio,haspublished on
B uy Q uiet29and hasdeveloped a B uy-Q uietR oadm apand a tem plate fora noise em ission
specification.30,31

The proceduresforputting inplace a B uy Q uietprogram include:

 A ccesstoa database onm achinery noise levels.Som e are listed inthe N A SA R oadm ap.
 B uyerand sellerneed tohave k nowledge of noise em ission.O ften,a prim erisneeded to

bring buyerand selleruptospeed onnoise issues.
 A greem entona m etric,going withsound powerlevel orsound pressure level,and

selectionof a noise em issionstandard.
 A greem entonspecifications.
 A greem entonoperating conditions.
 W hose noise isit?Som etim esthe userisresponsible.
 Em issionvs.im m ission.
 V erification,whichcanbe difficulttoim plem ent.

The N ational Institute of Standardsand Technology (N IST)adm inistersthe N ational
V oluntary L aboratory A ccreditationProgram (N V L A P),whichisa program thattesting
laboratoriescanuse toensure thatthe laboratory ism ak ing noise em issionm easurem ents
according toa specific national orinternational standard.

V erificationisoftendifficult,inpartbecause of reverberationand otherm achinesonthe
factory floor.B om m erand B ruce32have outlined som e of the difficultieswithverification.

Productnoise labeling isa partof B uy-Q uietprogram because the label carriesthe noise
em issionspecification.The label could be a physical label ora statem entinthe product
specificationorotherdocum ent.Itisbesttodistinguishbetweenconsum erproductsand
industrial products.The form ershould use a physical label because there isusually very little
interactionbetweenthe buyerand the seller.Forindustrial products,negotiationsare often
possible sonoise em issioninform ationcanappearinotherform s.Througha technical

29
Cooper, B.A, Developm entand im plem entation ofpolicy-com pliantsite-specific buy-quietprogram s atNASA. Paperin0 9-0 50 ,

Proc. INTER-NO ISE 20 0 9. 20 0 9.
30

http:/ / buyquietroadm ap.com /
31

http:/ / w w w .researchgate.net/ publication/ 4697322_A_Buy_Q uiet_Program _for_NASA_Lew is_Research_Center_Specifying_L
ow _Equipm ent_Noise_Em ission_Levels
32

Bom m er, A.S. and Bruce, R.D. Making shop noise tests underdifficultcircum stances. PaperIN0 9_771 , Proc. INTER-NO ISE 0 9.
20 0 9.

http://buyquietroadmap.com/
http://www.researchgate.net/publication/4697322_A_Buy_Quiet_Program_for_NASA_Lewis_Research_Center_Specifying_Low_Equipment_Noise_Emission_Levels
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com m ittee,IN C E/U SA isnow studying the labeling issue withM attN obile leading the effort.
H isproposal isdiscussed inthisreport— inthe above paperby W .J.M urphy.

There ism ore work tobe done toencourage B uy-Q uietprogram s.International IN C Ehas
a technical study group(TSG -10)tom ak e B uy-Q uietprogram sk nowntopurchasersof
equipm enttowhichwork ersare exposed and toprofessional buyers;a draftdocum entis
currently being reviewed.
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4
Engineering for Noise Control in Manufacturing

4.1 Progress and failures in U.S. manufacturing noise reduction
Robert D. Bruce, Principal, CSTI Acoustics

Bob Bruce described noise-control efforts within manufacturing, noting that the
manufacturing industry has put less effort into noise control than other industries, such
as aircraft and mining. A list of typical noise-producing machines used in
manufacturing is in Table 4.1-1. “In 1948, after Slawinski,1 a drop forge worker,
developed hearing loss, filed suit against his employer in New York State, and won an
award despite the fact that he had not lost any work time or pay.”Additional suits
followed in New York and Wisconsin.

Table 4.1-1. Noise-producing machines common in manufacturing.

One successful example of improvements in production in a beverage can
manufacturing plant was documented by Michael Bobeczko at Sukut Construction.2

To make the cans, a roll of metal travels through a machine called a body maker that
progressively punches the metal until it’s the right size for a can, then drops onto a
conveyer. The A-weighted sound level ranged between 102-110 dB without controls.
Through many clever design changes, they managed to reduce the A-weighted sound
level by between 22-33 dB (all at 1 meter). The changes also improved production by
200 to 400 percent. See the table (4-5) on the following page which was extracted
from the Technology for a Quieter America Report.

1 Slawinski v J.H. Williams & Co., 298 N.Y. 546 81 N.E.2d 93 (1948)
2 Technology for a Quieter America, 2010. Pg. 39.
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The noise from punch presses depends on several things: the clearance around
the punch, the thickness of the metal being punched, the shape of the punch, whether
it’s flat or at an angle, and the speed of the punch. Koss, in 1981, managed to reduce
punch press noise by several means, for example, by adjusting the angle of the shear,
(see Table 4.1-2).

Table 4.1-2. Punch press controls that reduce noise

However, punch presses are still noisy for several reasons: The noise-generating
mechanism is variable and is controlled by the user’s dies and production materials;
materials are not standardized; any data from punch press manufacturers might not be
relevant if the same material and dies are not used in the factory. Why hasn’t
manufacturing become quiet? Because OSHA regulations are immission regulations
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on environmental noise in factories and not emission regulations on a specific piece of
equipment.

The process industry is a different story. Valves are ubiquitous in process
facilities, and they come with specifications that list sound levels. Sound level data are
routinely available from manufacturers of motors, compressors, gears, coolers, etc.
Valves are quieter today because in the 1960s the Navy had a valve problem. The
steam admission valves on their submarines were very noisy and could be detected by
enemy submarines, and they interfered with the ship’s sonar. Dick Self and a
colleague left NASA and designed the drag valve, opened their own business,
Controlled Components, Inc., and went to Navy Labs, which provided testing
capabilities. Additional incentives for producing quiet valves included OSHA
requiements and community ordinances. Today, all three major valve companies sell
quiet valves and routinely report the data to their customers.

All of the gas that heats homes travels through a series of compressor stations across the
country to where it is used. Compressor stations can have major issues with environmental noise
since the Federal Energy Regulatory Commission (FERC) limits their day-night average sound
level limit of 55 dB(A) at the nearest inhabited residence. Dresser-Rand manufactures a 60 PSI
single-speed compressor that would be ideal for compressor stations except it is very noisy, e.g.
110 dB(A) at 1 meter. As a result, the compressor station market would not buy them. An
engineer at Dresser-Rand developed the Duct Resonator Array (DRA) which can be fitted at the
exhaust nozzle of the compressor or in a pipe spool and provides 17 dB of noise reduction. It
can work for broad band multiple tones as well, but provides less attenuation, typically 8 to 10
dB. These compressors and DRAs are now being sold routinely to the U.S. compressor station
market and to international oil and gas firms.

Pneumatic tools, including air impact wrenches, air ratchets, jackhammers,
pneumatic drills, and pneumatic nail guns, have standards controlled by trade
associations (the Compressed Air and Gas Institute (CAGI) in the U.S. and
PNEUROP, the European association of manufacturers of compressors, vacuum
pumps, pneumatic tools and allied equipment) and the International Organization for
Standardization (ISO). Early on, during noise testing, tools ran free with no impact;
they did not have a load (work piece) associated with the tool. Now they are tested
while operating on an isolated block.

In summary, other industries, including aircraft, power industry, process
industry, mining, and electronics, have done a better job of adopting noise controls
than manufacturing.

Steps that could help manufacturers reduce noise in their facilities include:

 Government sponsored programs to develop specific noise control methods.
 Better data about equipment noise from OEMs.

Economic incentives and better communications might turn the situation around.
Bruce suggested convincing the manufacturing industry that:

 "Buying quiet" is the right thing to do.
 Quieter machines produce quieter environments, which will enhance production.
 Quieter machines can be just as powerful as noisy ones.
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Also, convince the OEMs that:

 Manufacturing quiet machines is the right thing to do.
 Quiet machines will sell (it’s good business).
 Quiet machines can be associated with phrases that imply a special quality that is

desirable.

Finally, noise-control proponents should communicate

 The danger of hearing loss clearly and consistently.
 That sound levels at the ear with values greater than 75 dB could cause hearing

loss.
 That if sound levels in industry were no greater than 85 dB, then everyone could

be protected with earplugs.
 The appeal of “quiet."
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4.2 Reducing employee exposures: A recent manufacturing plant example
Eric W. Wood, Director Emeritus, Noise Control Division, Acentech Incorporated.

Eric W. Wood, an acoustical consultant at Acentech, described a successful recent program to
reduce employee noise exposures at a mid-size U.S. manufacturing facility. The goal of the noise
abatement program, which is ongoing, is to define and install reasonable and effective noise
controls that are acceptable to management, engineering, production, maintenance, and workers.

The target of the noise abatement program is to reduce noise levels to 80 dB(A) or less in
frequently occupied areas.

Consulting steps provided by Acentech included:

 Meeting with plant managers, including engineering, operations, and safety
 Documenting current concerns and goals
 Measuring and defining plant areas and jobs with excessive noise
 Identifying principal noise sources and characteristics
 Preparing noise control plan of action
 Helping to implement selected noise abatements
 Determining if and where adjustments are needed
 Documenting results

For a noise abatement program to be successful, several additional recommendations ,
beyond the obvious need for excellent noise control engineering, are critical:

 Senior management must support the noise control program in keeping with their
responsibility to provide a safe and healthful workplace

 Experienced plant and safety engineers should maintain ongoing ownership of the
program

 Fully engage those responsible for production and maintenance
 Draw upon experienced noise control engineers for assistance

Wood addressed a range of noise sources at the plant and methods for reducing noise levels
throughout large areas of the plant. For example, audible paging and alarm systems frequently
produce loud noises throughout large areas of the plant. Acentech recommended installing a
local-area network, providing vibrating alarm receivers for employees required to perform quick-
response line repairs, providing cell-phone like receivers for employees being paged, and
reserving the audible paging for emergency announcements.

Compressed air is used in many of the lines at this manufacturing plant to move, clean,
and/or cool parts being made. To reduce noise from compressed-air vents, commercially
available mufflers were installed on solenoids and low-noise jets are installed at many vents. In
addition, compressed-air pressure and volume could be reduced at some locations to reduce both
noise and operating costs.

Wood described the importance of understanding the frequency spectrum of individual
noise sources when designing effective noise abatement methods. As an example, he described
vibratory parts feeder bowls at the plant with noise-control enclosures that were lined with a thin
sound absorptive material. However, the noise from the bowls peaked in the 125 Hz octave
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frequency band. To address noise at this frequency, the thickness of the interior sound absorbing
should be increased to about 2 inches with an industrial-grade sound absorptive material
providing greater low-frequency sound absorption.

One relatively small area of this manufacturing plant included air-handling ducts that
radiated noise down to locations where employees are stationed full-time to remove completed
parts from an assembly line. To reduce this noise, the ducts were lagged with sound absorbing
insulation and aluminum sheeting.

To reduce the reverberant build-up of noise from the many items of plant equipment,
sound absorbing panels were installed along the walls in selected plant areas.

Many of the operating lines included wire-mesh safety guards with hinges and line
operating interconnects. These wire-mesh guards allowed workers to use long slender rods to
move jammed parts off the line without opening the guards that would for safety reasons shut
down the line. Acentech made two recommendations to reduce noise on these lines: install
hinged transparent shields along the sides of the wire-mesh safety guards to reduce noise
radiation. Install solid-metal covers with a lower layer of well-protected sound absorbing
material above the lines to further reduce noise escaping from specific noisy lines.

This manufacturing plant included many roof/ceiling mounted propeller ventilation fans
that contributed to the noise level throughout many areas of the plant. Installing commercially
available tubular mufflers between the fans and lower workspaces could reduce noise from these
fans.

Wood reported that the noise reduction program in selected noisy areas of the plant is
ongoing as time and budgets permit. The plant owner, is pleased with the program and has
reported that noise reductions of 2 dB(A) to 11 dB(A) have been achieved to date.
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4.3 A history of noise control in the textiles, tobacco, and woodworking
industries
Noral D. Stewart, President and Principal Consultant, Stewart Acoustical Consultants

Noral Stewart described the history of North Carolina’s main industries, textiles,
tobacco, and woodworking, and how noise control became important in the 1970s. He
described the 1970s as “the Decade of Noise Control”driven by new OSHA
regulations. The acoustics program at North Carolina State University (NC State)
which had been started by NASA, shifted emphasis to workplace noise. Noise control
efforts in woodworking started in 1970 and continued to 1978. Stewart became
involved in a metal working program during his master’s research in 1973 and that
program continued to the late 1970s. Stewart shifted to a new textiles program in
1974, which continued until 1984. The tobacco industry had noise-control activities
as well, with university assistance. In 1981, the NOISE-CON Conference was held,
and John Johnson, then president of INCE-USA, stated that this program was the
leader in the country on manufacturing noise control.3

C.D. (Dan) Mote, now president of the National Academy of Engineering,
studied and designed noise reduction for saws at the University of California,
Berkeley, and University of Maryland in the 1960s through the 1980s. Others
followed, including Frank Hart and John Stewart at NC State, developing a helical
planer, which has since moved into consumer markets, and optimizing design of
carbide tip saw blades to reduce noise. John Stewart at NC State did a major
demonstration of a noise control program in a large furniture factory, documenting the
controls and their costs and published his work in various INCE proceedings.4 Quieter
planers and saws are in wide use in lumber mills, although much of the furniture
industry has moved overseas.

The textile and textile machinery industries are essentially the oldest in the
United States. These were not high-precision machines. Adjustments were made with
a hammer. In a weave or spinning room, the noise level was typically at 95 dB(A) to
110 dB(A).

North Carolina’s Textile Industry Program, sponsored by NIOSH in the 1970s,
was started by NC State’s Ron Bailey, Frank Hart, and Paul Emerson. Tom Hodgson
joined later. The program worked on a wide variety of problems. The group held
regular meetings with industry to share results. Major textile companies— Burlington,
Hanes, Fieldcrest Cannon— and machinery companies— Whitin, Platt, and Saco
Lowell— were heavily involved. Some large textile companies established their own
strong programs. Burlington Industries had five or six people working full-time on
noise control. The emphasis was on reducing noise of existing old machines, with an
emphasis on spinning yarn and weaving cloth, which is where most employees were
exposed to noise. Some projects focused on other areas, such as roving, twistng, and
winding. Much of this work was published in INCE/USA proceedings.5,6,7,8,9,10,11

3
Personal communication.

4
The past ten years of noise control in the woodworking industry, Stewart, J.S., Inter-Noise 82, San Francisco CA, pp 245-248(4)

5
An investigation of noise radiated by an eccentrically rotating bobbin, Evans, J.D.; Emerson, P.D.; Ronald, Bailey J.,

NoiseCon73, Washington DC, pp. 423-427(5)



54

For ring spinning, the machinery was in large rooms of perhaps 100 machines of
300 spindles each. The NC State researchers identified the noise source and developed
retro-fit controls, finding certain spindles were quieter than others. They showed that
room levels of 90 dB(A) could be achieved for spindle speeds up to 13,000 rpm, a 10-
dB reduction in noise. A major source of noise was the loose spindles, which had to
be kept loose for manual replacement. Today, that process is automated, so spindles
are tighter and quieter.

Some work on modern looms was successful but the fly-shuttle loom which was
widely used proved more challenging. Early work, as reported by Cudworth,12

indicated that adjustments and resilient parts could reduce noise, but controls proved
impractical. After many efforts, Hodgson concluded that progress was impossible.
Fortunately, today’s weaving machines are significantly quieter.

The tobacco industry started small, choosing a simple fix that was not expensive
in order to convince management of feasibility. They began with a filter-making
machine and managed to reduce noise by 9 dB for less than 1 percent of the machine’s
cost. Results were published in Noise Control Engineering Journal and management
was convinced of its utility.

The two largest companies, Reynolds and Philip Morris, took the lead, aiming
for improved productivity and noise reduction simultaneously. They concentrated on
machine design improvements and room improvements, adding absorption into the
ceiling, for example. They were doing their own machine research and development.
Before a machine was put into production, they were making more than 100
productivity improvements and noise reduction changes to a new machine. So they
went to the manufacturers and told them to make the necessary changes before
sending the machines to North Carolina, “If you don’t do it, we’re going to start
building our own machines.”That got attention.

Today, these industries are no longer dominant in North Carolina. Fewer people
are working in manufacturing overall. The remaining textile and tobacco operations,
however, are much more productive and quieter. And a bit of a turnaround has begun.
Companies from China and India are building textile plants in North and South
Carolina. And smaller, boutique furniture-making shops are in business.

Some lessons learned: efforts to quiet older technology often have little lasting
effect. Stewart encourages industry to look to the future and don’t spend efforts
retrofitting an old machine if it will be replaced in four or five years. For lasting
impact, work with manufacturers to develop a quieter new machine at the point of
production.

6
Noise associated with rings on textile ring spinning frames, Stewart, Noral, D. and Bailey, J. Ronald, NoiseCon81, Raleigh NC,

pp. 183-186(4)
7

Transient noise source identification in a fly-shuttle loom, Caliskan, M.; Cooke, J.A.; Bailey, J.R. , NoiseCon81, Raleigh NC, pp.
31-36(6)
8

Fly-shuttle loom picking mechanism vibration studies using finite element analysis, Caliskan, M.; Bailey, J.R.; Hodgson, T.H.,
NoiseCon81, Raleigh NC, pp. 187-190(4)
9

Finite element analysis applied to open-end spinning noise, Cooke, J.A.; Bailey, J.R., NoiseCon81, Raleigh NC, pp. 195-198(4)
10

Noise investigation of the picking mechanism in an air-jet loom, Fogleman, E.W.; Hodgson, T.H., NoiseCon81, Raleigh NC, pp.
191-194(4)
11

Noise investigation of a yarn twister-winder, Handschy, M.S.; Hodgson, T.H., NoiseCon81, Raleigh NC, pp. 199-202(4)
12

Cutting out noise from the whole cloth: Noise control in the textile industry, Noise Control Engineering Journal, 1, 24-31,
1973
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4.4 Noise Reduction and productivity improvement for a paper shredding
operation
Noral D. Stewart, President and Principal Consultant, Stewart Acoustical Consultants

Noral Stewart offered a case study of a project that enabled noise reduction along with improved
productivity. This work occurred at a company that used paper disintegrators to convert
postcard-size pieces of paper into confetti. The problems involved noise exposure as well as
inefficiencies. The noise sources were the paper disintegrators as well as the associated vacuum
cleaners that helped pull the confetti out of the machine. The company had purchased an
enclosure for one of the machines, but because the machines were clogging, the enclosure was
not in use. Employees had to constantly take apart the machine to clean out the clogs, which
slowed their processes. Workers were receiving overtime pay to keep up with demands.

The chopper used in the paper shredder is similar to choppers used in many kinds of
industrial situations. With two adjacent machines, operators stood at the shredder and fed the
paper from a table into the hopper at the top, where noise reverberated. The attached vacuum
cleaners were also very close to the employees’ears (Figure 4.4-1).

Figure 4.4-1. Set up of two paper disintegrator stations.

During the evaluation, workers were exposed to noise levels in about the mid-90s. The
project had several goals: 1) reduce the time weighted average exposure of workers to 88 dB or
less, 2) increase productivity of the machine, 3) minimize impact on the nearby loading dock,
and 4) minimize non-recoverable costs. The company was willing to buy a piece of equipment if
they could sell it later they chose to discontinue operations.

Stewart and colleagues aimed to eliminate the clogs, reinstall the enclosure and increase
productivity. Because the vacuums were a major noise source, they looked at ways to reduce or
eliminate them. And they looked for a way to move the operators away from the noisy machine,
reduce the machine’s noise, or both.

They took several steps to meet the goals:
 Damped machine surfaces to reduce source noise by approximately 5 dB
 Replaced vacuums with small cyclones that were quieter and had fewer clogs
 Installed conveyors to carry the paper into the disintegrators, further reducing clogs and

allowing workers to stand away from the noise source
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 Installed enclosures and floor isolation systems on both disintegrators.

With the new set up, Figure 4.4-2, the noise was reduced more than expected, down to about 84
to 86 dB. Productivity improved and overtime was eliminated.

Figure 4.4-2. Solution enabled operators to stand further from noisy disintegrator.
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4.5 Evaluation of noise exposure at a metal conduit manufacturer
Scott E. Brueck, Senior Industrial Hygienist, National Institute for Occupational Safety and Health

Scott Brueck described a program of the National Institute for Occupational Safety and Health
(NIOSH) called the Health Hazard Evaluation (HHE) program and provided an example of an
evaluation at a metal conduit manufacturer that focused on employee noise exposures.

NIOSH and the Occupational Safety and Health Administration (OSHA) were created as
part of the Occupational and Health Act of 1970. OSHA, part of the Department of Labor, is
responsible for issuing and enforcing workplace safety and health regulations. NIOSH, at the
Department of Health and Human Services, does research, surveillance, education, and worksite
evaluations.

The purpose of the HHE program, which also was mandated as part of the OSHA Act of
1970, is to evaluate possible health hazards at a workplace and make recommendations to
eliminate hazards and prevent work-related illness when health hazards are found. NIOSH does
not issue citations or perform enforcement actions. HHE’s are performed by request only.
Requests for a HHE can be submitted to NIOSH by employees, employee representatives,
employers, or another government agency. There is no cost to the requestors and the findings and
recommendations of the HHE are submitted to the requestors13 in a report that is also publically
available on the NIOSH HHE program website.

Brueck described an employee-requested noise-related HHE at a 400,000 square foot
plant with 168 production employees manufacturing galvanized steel conduit with diameters
ranging from 0.2 to 4.0 inches. Evaluators identified four principal sources of noise (illustrated in
Figure 4.5-1):

 metal conduit rolling or dropping on to other conduit
 metal conduit striking metal parts of production equipment
 operation of production equipment
 a steam cannon used to clear fluid from inside conduit

During HHEs, NIOSH investigators often observe poor maintenance of equipment, which
leads to rattling, squeaking, and leaking of compressed air. These are all examples of workplace
noises that can be easily reduced or eliminated with proper equipment maintenance.

At this manufacturer, brief peak noise levels ranging from 100 to 135 dB were measured
in production areas. NIOSH measured representative full-shift time weighted average (TWA)
noise exposures for many production workers. The TWA results ranged from 86 to 103 dB(A)
when measured with a dosimeter set to the NIOSH recommended 3-dB exchange rate. With the
5-dB exchange rate used by OSHA, the results ranged from 72 to 95 dB(A). Brueck pointed out
that Type 2 dosimeters could under report TWA noise exposures from high-level impulsive
noises such as experienced in some production areas at this conduit plant. Mr. Brueck noted that
some employees had hearing threshold shifts. He recommended that the company review and
track workers’hearing loss at all audiometric test frequencies and use both NIOSH and OSHA
criteria to identify hearing threshold shifts.

13
Company names are no longer included on HHE , but at the time this report was completed the HHE program

still included the company name on the report.
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Figure 4.5-1. Principal Sources of Noise at the Conduit Manufacturing Plant.

Brueck complimented the management at this manufacturing company for requiring all
production workers to wear hearing protectors and for making several types available. However,
NIOSH investigators observed that some emplyees did not properly insert foam ear plugs. He
noted that hearing protectors alone did not provide enough protection for employees working
near the steam cannon due to high impulse noise and TWA noise exposures greater than 100
dB(A). Hearing protector fit-testing and training can help companies effectively provide
employees with guidance on achieving proper fit of hearing protectors.

The HHE report for this conduit manufacturing plant included recommendations directed
at both installation of specific engineering noise controls and also administrative controls. The
engineering control recommendations included:

 Reduce distance that conduit rolls or drops before striking other conduit
 Decrease speed at which conduit rolls before striking other conduit
 Replace metal pickups on conveyor chains with nylon pickups
 Increase thickness of metal stop plates to increase damping
 Construct partial enclosure or barrier at steam cannon

The administrative control recommendations included:

 Require employees working near the steam cannon to wear ear plugs and muffs
 Advise contractors on hearing protection requirements
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 Retrain employees on how to properly insert foam hearing protectors
 Give supervisors responsibility and accountability for ensuring proper use of hearing

protection
 Review and track hearing loss at all audiometric test frequencies and use both NIOSH

and OSHA criteria to identify hearing threshold shifts

After submitting the HHE report, NIOSH sometimes requests the opportunity for a
follow-back site visit to learn what information in the report was useful and which
recommendations have been implemented. At a follow-back visit to this conduit manufacturing
plant two years after the HHE report was completed, NIOSH investigators found that the
company had built an operator enclosure near the steam cannon, a second operator enclosure was
in the planning stage, and nylon stop plates had been installed to reduce the noise of metal-to-
metal contacts.

A copy of the HHE report for this conduit manufacturing plant is available.14

14
Rodriguez M, West, CA, Brueck SE. Evaluation of Worker Exposures to Noise, Metalworking Fluids, Welding Fumes, and Acids

During Metal Conduit Manufacturing. Health Hazard Evaluation Report. HETA 2006-0332-3058. April 2008.
http://www.cdc.gov/niosh/hhe/reports/pdfs/2006-0332-3058.pdf

http://www.cdc.gov/niosh/hhe/reports/pdfs/2006-0332-3058.pdf
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4.6 Benefits of noise reduction in a manufacturing environment
Michael Roberto, Environmental Safety and health Supervisor, General Dynamics-OTS

Michael Roberto, an experienced environmental health and safety professional, described the
successful noise-reduction efforts at General Dynamics’Ordinance and Tactical Systems plant in
South Central Pennsylvania. The plant is a metal parts manufacturing operation that has been
serving commercial and military markets for 50 years.

The plant’s noise abatement treatments have improved the working environment and
productivity, reduced operating costs, and improved product quality. The plant consists of
300,000 square feet of buildings located near a residential area. Pipe joints and swivel joints are
produced for the natural gas and oil drilling industries. Metal parts are forged, machined, welded,
painted, and coated for defense industry customers.

Manufacturing and inspection processes at the plant include:

Tool & Machine Shop
Developmental & Low Rate Production
Gage Manufacture & Calibration
Hydraulic & Mechanical Forging
Continuous Heat Treatment
Phosphatizing and Painting
2 & 4 Axis CNC Machining and Milling

Rubber & Plastics Molding
Hard Coating, Zinc Plating, Anodizing
Product Assembly
Ejector Deep-Hole Drilling
Mechanical and Non-Destructive Testing
Welding
Abrasive finishing

The company’s president consistently expresses a commitment to safety as a high priority
at the plant. For noise, the company aims to protect its employees15 as well as the surrounding
residential community. Noise reduction is important because it protects employees and can
improve the bottom line by reducing energy consumption at the plant. Management has learned
that less noise on the factory floor also leads to improved product quality.

The plant embraced hearing conservation via personal protective equipment during the
early 1990s and matured into noise reduction through engineering controls. It has recognized the
benefits of investing in equipment that produces less noise. Several examples follow:

Old roof fans were replaced with new high-efficiency fans, which lowered the noise
below the fans and also reduced energy usage. Noise from a vibratory bowl feeder was loud for
workers who were operating a machine 10 feet away. Enclosing the bowl feeder (Figure 4.6-1)
reduced the noise by 30 dB, from 116 dB(A) to 86 dB(A), and enabled the machine operators to
hear if their machine was functioning properly. Efficiency and product quality have improved.

15
See Meinke D.K. and Morata T.C., Awarding and promoting excellence in hearing loss prevention. Int J Audiol.

2012 Feb. Suppl 1:S63-70. PMID: 22264064
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Figure 4.6-1. Enclosure for a Vibratory Bowl Feeder.

The company purchased a new injector drill (Figure 4.6-2) with a sound enclosure for a
deep drilling operation. The enclosure has reduced the noise by 15 dB, from 110 dB(A) to 95
dB(A). Employees working in the area still must wear hearing protection, but the noise reduction
is significant.

Figure4.6-2. Enclosure for an injector drill.

New high-pressure coolant pumps have been installed at various metal cutting operations.
These new pumps produce more pressure and more volume directly at the cutting tools. This has
reduced chip buildup at the tools, lengthened tool life, and reduced the high-pitched squeal from
110 dB(A) to 87 dB(A). This represents another significant noise reduction together with
improved manufacturing operations.



63

Through focused efforts at “lean”projects, the company was able to reduce the number
of machines required to produce certain products. The result is greater efficiency and less noise.

This manufacturing plant, like many others, used a lot of compressed air produced by old
and inefficient compressors located in a separate compressor room where the noise levels
exceeded 100 dB(A). Several steps are under way to reduce the use of compressed air to lower
compressor-operating costs and reduce noise levels. Old inefficient compressors are being retired
and replaced with modern efficient quieter compressors. During regularly scheduled air-leak
surveys, the maintenance group is replacing traditional hose clamps with a new crimping device
that improves the quality of the connection and is decreasing the number of air leaks. Also, old
nozzles used to clear shavings are being replaced with the commercially available efficient
nozzles that get the job done with less air flow and less noise. These steps have reduced plant
operating costs and reduced employee noise exposures.

The workforce at this plant is comprised of dedicated hard-working people, the large
majority of whom have 35 or more years of experience. As one measure of the success of
engineering noise controls at this plant, there has been only one OSHA recordable hearing loss
case from 2005 to 2013, a significant improvement over prior years.

Following Roberto’s presentation, there were questions and discussions about non-
occupational noise exposures some employees receive during recreational activities, such as
hunting or farming. A recommendation provided was that hearing conservation managers should
a) allow employees to bring hearing protectors home and b) strongly encourage employees to
follow good hearing conservation behaviors both at work and outside the workplace.
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5

Innovative Techniques for Engineering Noise Control

5.1 Advanced methods for noise source localization on machines
Earl G. Williams, Senior Scientist, Acoustics Division, Naval Research Laboratory, Washington DC

Earl Williams has been with the Naval Research Laboratory for 32 years carrying out innovative
basic research in acoustics. In this presentation, Williams explores advanced techniques for
visualizing sound fields and for obtaining quantitative information on the properties of those
fields. This contribution outlines advanced techniques for the measurement, evaluation, and
understanding of noise sources, and how these techniques can be used both to quiet noise sources
and reduce the noise exposure of employees in manufacturing environments.

Over the last 30 or so years, there have been major improvements in microphone arrays.
The use of microphone arrays makes it possible to do more and develop better information about
sources of sound. It is not only the array, but the electronics and software that come packaged
with the array that bring these devices to the forefront of source identification techniques.

One company, GFaI in Germany, uses a beamforming technique in an "acoustic array
camera." Other companies active in this field include LMS, Norsonic, and Brüel and Kjær. A
few commercially available microphone arrays are shown in Figure 5.1-1.

Figure 5.1-1.. Various commercially available microphone arrays.
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Beamforming is not a new technology, but, coupled with electronics and software, it can
create 2-D images of where sound is coming from for a particular source. Basically, a qualitative
image is created. The term qualitative is used because the image does not represent a physical
quantity such as sound pressure level, sound power level or spatial intensity. One example is the
imaging of a shredder in a room1 using a 120-microphone array and beamforming methods. The
microphone array and the image are shown in Figure 5.1-2. Note the faint reflections from the
ceiling.

Figure 5.1-2. Soundscape from a paper shredder.

Another application involves a visualization of the sound field radiated from a wind
turbine. Figure 5.1-3 illustrates that much of the noise in this example comes from tip vortices at
the ends of the turbine blades.

Noise source localization can also be accomplished using spherical microphone arrays
that reconstruct and identify a spatial distribution of incident plane waves. The theory behind this
technique uses spherical harmonics, a powerful mathematical construction used extensively in
physics and engineering. Just as a time function can be expressed as a Fourier series in the
frequency domain, a sound pressure distribution on the surface of a sphere can be expressed in
terms of a series of spherical harmonics. The next step is to extract from the spherical harmonics
a series of plane waves coming toward the spherical microphone array from all directions whose
amplitudes and phases just match the sound pressure distribution on the sphere. As before, this
technique provides information on the plane waves, and thus can be used for source localization.
The angular resolution of the array is very important. An array of 400 microphones has an
angular resolution of about 20 degrees. The array can be thought of as sort of a zoom telescope;
the more microphones, the more you can zoom in on specific sources. The resolution of an array
in terms of the number of microphones used is shown in Figure 5.1-4.

1
From GFaI literature.
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Figure 5.1-3. Imaging of the sound field from a wind turbine.

Imagine these techniques used in a manufacturing environment, say at a workstation,
where sounds come from different directions. This technique allows the room, the ceiling, the
floor, and the walls to be scanned to determine the locations of sound sources.

Figure 5.1-4. Spatial resolution of a microphone array.

Another set of methods capable of providing quantitative information on the properties of a
sound field is known as inverse methods, which are based on the physics of sound propagation,
in particular near-field acoustical holography (NAH). Here, an array of microphones is placed in
the near-field of a sound source. The image seen by the array can be propagated back to the
source using software to determine the hot spots of the source that contribute to the radiation.
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NAH has been available for many years. For example, the Naval Research Laboratory has a
1980s patent on the basic technique.

Think of a noise source placed in an anechoic, or echo-free, room and radiating sound in
all directions toward the anechoic surfaces of the room. The sound field near the source (the
near-field) is much more complex spatially than the far-field, which consists mainly of simpler
spatial patterns. In the near field, the sound pressure can be measured using an array of
microphones and mathematics can be used to propagate the pressure field back to the surface of
the source, essentially traveling backwards in time. That is why it is called an inverse method.
Using this method, the sound pressure and sound intensity (power per unit area) at the surface of
the source can be determined, yielding a significant aid to source identification. One important
result from using NAH is that quantitative information can be obtained about the sound field.
Sound pressure, particle velocity, and sound intensity can all be calculated as well as the total
power radiated to the far-field.

An example of near field holography comes from research done by the author at the
Pennsylvania State University. The sound source was a shaker-driven simple plate with a rib. See
Figure 5.1-5.

Figure 5.1-5. Flow of sound intensity above a shaker-driven plate derived from NAH. The sound
sources (the rib and the shaker) can be identified by the intensity vectors.

One interesting result of propagating the field back to the source (lowest row of vectors
in the figure) is that the sound radiation from the rib is uncovered. The rib source is not evident,
however, on the top row at 0.4 wavelengths from the plate surface. Years later when working at
NRL, it became clear to the author that when ribs are placed on the hull of a submarine, the
radiation of sound from the hull is enhanced. Of course, submarines need ribs so they don’t
collapse. But there is a fundamental message in this experiment: given a surface with a very
complicated vibration pattern, constraining the motion by some sort of a rib can cause a
substantial increase in the sound radiated from the surface.

Although not shown in the above image, at points on the plate away from the shaker and
rib, intensity vectors go both into and out of the plate creating what is called an acoustic short
circuit. This always occurs when the structural wavelengths are smaller than the acoustic
wavelength of the radiated or scattered field. This variation in intensity has been a problem for
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engineers who use intensity probes to scan vibrating surfaces to determine the source of radiation
because nearby vectors that go both in and out of the plate tend to cancel each other. This makes
it difficult to identify sources. One example would be the side of a sheet-metal enclosure where
the vibration patterns are complex and most of the sound radiation comes from near the
(constrained) edges of the enclosure.

Another application of NAH was developed at the Naval Research Laboratory. In this
case, a shaker attached to a sidewall inside a cabinet was used as a sound source, and a scanning
microphone was used to determine the induced sound field over a two-dimensional surface,
called a planar hologram. Figure 5.1-6 shows the reconstructed bipolar vibration patterns at three
frequencies of the back of the enclosure. At the bottom of the figure, the total far-field sound
power determined from NAH as a function of frequency is shown. Three peak frequencies in the
sound power spectrum are indicated by arrows that correspond to the vibration patterns shown.

Figure 5.1-6. An inverse method (NAH) yields surface velocity on the back side of the cabinet.

In summary, advanced technologies of measurement include various microphone array
configurations from line to spherical arrays. Beyond measurement, there are technologies for
evaluation and understanding. These include:

• Beamforming - Source localization via color 2D maps, higher frequency,
wavelength resolution, acoustic power not provided,

• Wave Expansion - Physics based 2D maps, surface reflectivities, and
• Inverse Methods - NAH based 3D maps of pressure, velocity, intensity vector,

sound power ranking of machine sources; low frequency, high resolution.
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These technologies can be useful in the localization, identification, and reduction of noise from
equipment made for use in manufacturing environments.
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5.2 Advanced computational techniques for noise reduction: modeling and
simulation of compressors and pneumatic tools
Michael Lucas, Principal Engineer, Ingersoll Rand, Davidson, North Carolina

Michael Lucas has been working for Ingersoll-Rand for more than 15 years. His primary
responsibility is the evaluation and control of noise generated by compressors and pneumatic
tools. Prior to joining Ingersoll-Rand, Mr. Lucas worked at Wyle Laboratories Acoustic
Research Division for 13 years.

Introduction
Many advanced engineering teams leverage the cost benefits of modeling and simulation to
decrease the time it takes to develop a new product and to improve product reliability and
performance. A typical new product development project can cost upwards of 10 million dollars
or more. There are tremendous cost benefits to use modeling and simulation and, for this reason,
most major corporations now rely on computer modeling and simulation when designing a new
product.

The primary source of noise generation in air compressors and pneumatic tools is the
pressure pulsations that are generated from the high speed of gas flows within the flow paths of
turbomachinery components. Interactions of the flow with rotating mechanical components
frequently produce large pressure pulsations that become the major source of noise (greater than
10 psi peak-to-peak). The most cost effective approach to reducing the noise generation is
treating the noise at the fluid pressures dynamic source. To overcome these problems in the
design process, noise control engineers simulate the flows to gain an understanding on the noise
creating mechanism and study how these interactions can be modified to reduce the pressure
pulsations.

Computational Fluid Dynamics (CFD) provides the means for understanding these
unsteady flows. However, the modeling of these flow regimes is complicated by the rotation of
moving parts. To overcome these problems, a concept called “moving mesh” is applied that
describes the time dependent flow domains. The flow domain by definition is the space occupied
by the fluid at a given instance. In turbomachinery applications the flow domain is time
dependent on the rotational speed of the parts.

Besides using CFD for noise prediction, one of the many benefits to using CFD is to
identify improvements in power and efficiency. Compressed air systems alone account for 10%
of all the electricity use and roughly16% of all motor system energy use for U.S. manufacturing
industries. More than 70% of all manufacturing facilities in the United States have some form of
compressed air system. Compressed air systems are used throughout the manufacturing
operations including material handling, pneumatic tools, pumping systems, and instrument air for
process controls.

The interaction of the aerodynamic field and the acoustic field largely depends on the
acoustic feedback mechanism. External flows are typically parabolic in nature; the action of the
fluid dynamic flow is independent of the acoustic field. For example, a propeller fan flow has
little interaction with the far-field acoustic field created by the air motion. An internal flow is
elliptical in nature; the interaction of the acoustic field with the fluid dynamic flow is
intertwined. For example, an organ pipe resonator maintains a single frequency of the organ
pipe resonator despite the amount of air that is blown through the orifice.
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The selection of the CFD solver for internal flows in turbomachinery requires high order
accuracy to predict both the fluid dynamic and acoustic pressure fields. The problem lies in the
orders of magnitude between the aero-dynamic and acoustic pressure fields. A fluid dynamic
pressure field typically has unsteady pressures greater than 105 Pa while an acoustic pressure
field can have pressure fields of several Pascal’s or less.

Moving Mesh
Moving geometries require a mesh generation for each time step. In turbomachinery
applications, a time step is described as a degree or fraction of a degree in rotation. Each
rotational mesh must be created from the same mesh topography for each time step so that the
CFD solver can resolve the individual motion of the elements. The CFD solver then solves for
the flow between the elements as each mesh is read into the solver.

When working with these types of problems it is critical that the time steps and the mesh
movement are sufficiently small to avoid the introduction of numerical errors. Whenever there
are tight clearances between the parts, the level of difficulty of solving these problems is
compounded because the mesh elements are highly compact within a very small region of the
flow domain. One problem that is particularly difficult to solve is the flow inside a screw
compressor. Besides the tight clearances between the interlocking rotors, the counter rotating
helix shape of the male and female rotors can easily cause the mesh elements to fold onto
themselves. A folded mesh is a term used to describe a negative volume of a mesh element. A
single folded mesh contained within millions of mesh elements will cause the CFD solver to fail.

Described below are the differences of structure meshes and overset meshes with
application to turbomachinery. Figure 5.2.1 shows an overset mesh for a propeller fan. This as
an overset mesh because the flow domain is composed of many individual meshes that lie on top
of each other. In this figure is shown the surface meshes that outline the shape of the propeller.
Not shown in this figure is the volume mesh that expands outwardly into the flow domain. It is
the superposition of all volume meshs that is used by the CFD solver to model the flow domain.

Figure 5.2-1. Overset surface mesh for a propeller blade.

The example described below is for a roots blower. The product shown in Figure 5.2-2 is a
low pressure blower that has an operating range between 0 and 1 bar gage pressure. The inlet
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flow at 1 bar is approximately 1100 icfm,2 and the required power to drive the compression cycle
is 90 hp. Contained within the rotor housing are two identical rotors. Figure 5.2-3 shows a top
level assembly drawing. The CFD model used in this analysis contains only the air passages
formed between the rotors and the housing. Not included in the model are the bearing assemblies
and rotor seals. Only the housing and the rotors are used in the CFD modeling.

Figure 5.2-4 presents an example of the blower mesh at one time step. The analysis used
a structured quad mesh that has approximately 5 million elements. In this example the rotor turns
within the housing and for each time step there is a new rotor mesh. Each rotor mesh has the
same number of identical elements and connectivity, only the mesh position is allowed to change
between time steps. A close-up view is shown in Figure 5.2-4b where the clearance between the
rotors is approximately 50 microns (0.05 mm). Packed between these two sets of rotors are
approximately 15 rows of mesh elements that are spaced approximately 3 microns apart.

Figure 5.2-5a illustrates an overset mesh for the same geometry. There are approximately
40 individual meshes that make-up this entire model. The element count is approximately 80
million elements and between the two sets of rotors the element spacing is nearly 0.5 microns.
Figure 5.2-5b shows an example of how these meshes overlay with one another. The beauty of
the overset techniques is the fidelity of the meshes that can be achieved within the closest of
spaces. The overset mesh technique does include the boundary layer while the system of meshes
shown in Figure 5.2-4 does not include a boundary layer.

Modeling the clearances is critical in turbomachinery CFD calculations. The areas of
greatest interest are the gaps between the rotors, and the gaps between the rotor tips and the
housing. Most of the important flow action occurs between these gaps, and capturing these
effects is very important for accurate flow predictions. It is not uncommon to have supersonic
flows between the clearance gaps. The pressure gradients that come with these flows often are
the most important factor when calculating the machines efficiencies.

The accuracy of these predictions is shown in Figures 5.2-6 and 5.2-7. In the figures the
blue line represents the predictions made using a system of individual meshes. The red line
presents the results for the overset mesh. Overall the predictions are very good considering the
complexity of the problem. None of the predictions shown in Figures 5.2-6 and 5.2-7 can be
made with analytical models. The time variations, the leakages, and the viscous losses cannot be
easily modeled using closed form solutions. The only tool available for these types of predictions
is CFD. Finally, it can be asked which technique is preferred? A system of meshes or an overset
mesh. The answer depends on the complexity of the geometry and the information that is needed
after the calculations are completed. The overset mesh tends to have a greater accuracy but the
labor involved in creating an overset meshes is far greater than the level of effort required to
construct a system of meshes.

In summary, CFD provides a time dependent picture of the flow inside turbomachinery.
The improvements made in CFD will continue to increase as the cost of making these
calculations decreases, the speed of computers increase, and the solver accuracies improve. We
have reached a technological turning point – the steep competition between companies to
develop quieter and more efficient compressors make CFD predictions increasingly more
important each time a new product development effort is launched. When applied for noise
prediction, CFD is providing a major tool in designing quieter products for the future.

2 Inlet cubic feet per minute
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(a) (b)
Figure 5.2-2. Roots Blower and Rotor.
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Figure 5.2-3. Engineering Drawing of Blower.

(a) (b)

Figure 5.2-4. System of moving meshes.
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(a) (b)

Figure 5.2-5. Overset meshes.

Figure 5.2- 6. Roots Blow er at 0 b ar.
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Figure 5.2-7. Roots blower at 1 bar.
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5.3 Compressors and pneumatic tools
Michael Lucas, Principal Engineer Ingersoll Rand, Davidson, North Carolina

Introduction
New product development teams follow a design process known as "design intent." The
engineering process is used to define the form, fit, and function of the new product. Design intent
begins with a new product development agreement drawn between the marketing and
engineering departments. A new product development agreement contains the product’s
performance specifications. Key areas of focus in most new product development agreements are
the product manufacturing cost, the reliability, power, efficiency, and noise. This paper describes
the role of a noise control engineer in a development team. The two topics discussed are (1) the
most common noise control techniques used in the compressor industry and (2) how compressors
and pneumatic tools are tested for noise.

Noise Control Techniques
Acoustical Enclosures Many compressors are sold with an acoustical enclosure. The enclosure’s
primary purpose is to reduce the compressor noise to an acceptable level. Compressor enclosure
designs vary between manufacturers. One feature that is common to all are the openings in the
enclosure to provide for cooling air to remove the heat of compression and also provide cooling
air to the drive system and the compressor. Most compressor enclosures have two openings for
cooling air to enter and exit the enclosure (see Figure 5.3-1a). Located inside the package
enclosure is either a lined duct or parallel baffle silencer.

One variation of an acoustical enclosure design used at Ingersoll-Rand is a two
compartment system where the air for the cooling system is contained in a separate compartment
from the compressor (see Figure 5.3-1b). The air enters the enclosure from the left. Afterwards
the air follows two paths: one path is through the air coolers and the other path is directed
through the compressor compartment. The two compartment design isolates the air-end noise
from the cooling noise. The result is an overall lower package noise. (patent number US
6447264 B1)

(a) (b)

Figure 5.3-1. Low Noise Acoustical Enclosure designs.

(a) traditional enclosure design and (b) two compartment enclosure design.
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Fan Noise Designing a quiet cooling system is best accomplished using fan selection
curves, similar to that shown in Figure 5.3-2. The most common problem in fan selection is
finding a fan that satisfies all of the issues surrounding the design intent. Outside factors that
enter the decision process are the pressure drop across the fan, the cost of the fan, the fan drive
speed, the size of the fan, and the application within the package. All of these factors influence
the noise control engineer’s decision process and often lead to a decision that is less than optimal
for noise.

Figure 5.3-2. Fan Selection Curves.

Mufflers Mufflers are typically found: at the inlet and outlet of package enclosure openings, at
the inlet to the compressor, and in-line with the pressurized piping system. In principle the use is
the same for all silencers but the applications vary. One example is a package enclosure silencer.
Package enclosures typically use parallel baffles, broken line of sight or a lined duct. A
compressor inlet silencer typically uses a lined duct or an inlet filter housing expansion chamber
to reduce the inlet noise. At the discharge of the compressor, absorptive or reactive silencers are
used to reduce the pressure pulsations. Again any silencer design decision is dependent on the
final design intent.

In Figure 5.3-3 is an example of three different types of silencers used to reduce
compressor discharge pressure pulsations. All three silencers perform the same function of
reducing pulsations. Ingersoll-Rand prefers to use only silencer (b). In silencer (a) the fabricated
construction is costly to make. Silencer (c) uses a sound absorptive material that can deteriorate
over time.
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(a) (b)

(c)

Figure 5.3-3. Discharge pressure pulsation dampeners (a) perforated tube, (b) reactive,

and (c) absorptive.

Testing Compressors and Pneumatic Tools
Standardized Testing The old test code used by American manufacturers for testing
stationary compressors was ANSI S5.1 1971 titled "CAGI-PNEUROP Test Code for the
Measurement of Sound From Pneumatic Equipment.3" The equivalent European Union test code
was PN8NTC2.3, titled "Measurement of Noise Emission from Compressors and Vacuum
Pumps.4"

Beginning February 2004 ISO 2151,3 replaced the previous two standards. ISO 21515 is
very similar to PN8NTC2.3 with the following two exceptions: (1) noise measurements can be
made using the hemispherical technique and (2) noise measurements must be declared as the A-
weighted sound power level and the measurement uncertainty. The process of measuring the
sound power level using pressure microphones is described in ISO 3744.6 Both the
hemispherical and the parallelepiped methods must have a sufficient number of microphones
such that the number of microphones used in a test exceeds the difference in decibels between
the highest and the lowest sound pressure levels. Most average size industrial compressors
require ten microphone positions when using the hemispherical technique and nine microphone
positions when using the parallelepiped technique.

3 CAGI-PN EUROP Tes t code for the m eas u rem ent ofs ou nd from p neu m atic eq u ip m ent, ANSI S5.1 : 1971 Compressed
Air and Gas Institute (New York, N.Y., 1969).
4 Measurement of Noise Emission from Compressors and Vacuum Pumps (Engineering method), PNEUROP
PN8NTC2.3, October 1998.
5 Acou s tics -N ois e tes t code for com p res s ors and v acu u m p u m p s — Engineering M ethod (Grade 2),ISO 2151:2004
(International Organization for Standardization, Geneva, Switzerland, 2001).
6 Acou s tics -Determ ination ofs ou nd p ow er lev els ofnois e s ou rces u s ing s ou nd p res s u re-Engineering m ethod in an
es s entially free field ov er a reflecting p lane, ISO 3744: 1994 (International Organization for Standardization, Geneva,
Switzerland, 1994).
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The declaration of the noise level as a dual-number is new to the compressor industry.
The declared value must be rounded to the nearest decibel and given as the A-weighted sound
power level. The measurement uncertainty is declared as +3 dB, unless the manufacturer can
prove that the uncertainty statistically differs from 3 dB. Methods are provided in the standard
and in the normative references for determining what is referred to in the standard as the k value.

The test code that is used for pneumatic tools is ISO 15744 titled “Hand-Held non-
electric power tools- Noise measurement code – Engineering method (grade 2).7 Both ISO 2151
and ISO 15744 share the same technique for determining sound power using pressure
microphones (see ISO 3744). Acoustic intensity is another accepted method for determining
sound power both for compressors and pneumatic tools. ISO 9614 part 18 and part 29 provide the
methodology for measuring and reporting the sound power either using the discrete point or the
scanning method.

Diagnostic Testing During the design process, engineering prototypes are built and tested for
performance and noise. Product noise testing follows the ISO standards previously discussed.
Diagnostic testing is performed only when a product noise level exceeds the marketing
specification or when there are unusual sounds detected. The three most common techniques
used at Ingersoll-Rand to identify a noise source are 1) estimating the noise level using
accelerometers, 2) measuring pressure pulsations, and 3) using a scanning microphone array to
find noise sources. The first two techniques are used both on compressors and pneumatic tools.
A scanning microphone array is only used on a compressor package.

Estimating the noise level using accelerometers is described in ISO 7849.10 The
technique is limited to structure borne noise. The power of this technique allows the noise
control engineer to measure individual surfaces of a piece of machinery and then rank the
contribution from each individual surface. Table 5.3-1 contains an example summary of a test
performed on a centrifugal compressor. Table 5.3-1a shows the individual measurements made
on all of the compressor surfaces. At the bottom of the table is the dB summation. For
comparison with the Table 5.3-1a results, Table 5.3-1b shows the results when other
measurement techniques were applied on the same compressor. The agreement between these
techniques is remarkable.

7 Hand-held non-electric power tools – Noise measurement code – Engineering method (grade 2), ISO 15744:2002
(International Organization for Standardization, Geneva, Switzerland, 1994).
8 Acoustics-Determination of sound power levels of noise sources using sound intensity – Part 1: Measurement at
discrete points, ISO 9614-1:1993 (International Organization for Standardization, Geneva, Switzerland, 1993).
9 Acou s tics -Determ ination ofs ou nd p ow er lev els ofnois e s ou rces u s ing s ou nd intens ity – Part 2:M eas u rem ent b y
s canning , ISO 9614-2:1996 (International Organization for Standardization, Geneva, Switzerland, 1996).
10 Acoustics -- Determination of airborne sound power levels emitted by machinery using vibration measurement --
Part 2: Engineering method including determination of the adequate radiation factor. ISO/TS 7849-2: 2009.
(International Organization for Standardization, Geneva, Switzerland, 2009).



83

Table 5.3-1. ISO 7849 measurements compared to testing performed using other standards.

Prod

(a)

(b)

Another technique used to identify noise sources is a scanning array of microphones as
shown in Figure 5.3-4. The array is swept along the side of a compressor. A reference
microphone and in-house capabilities are used to make holography calculations. Shown in the
figures are the pressure contours at the port passing frequency of the compressor.

Figure 5.3-3. Holographic testing.
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Figure 5.3-4. Holographic testing.

Another technique used to identify noise problems are measurements made using dynamic
pressure pulsations. For this method the transducers are placed inside the flow path at various
points of interest. Over time, an understanding has been developed of acceptable pressure
pulsations from those that are not. When a problem is identified then CFD modeling and
prediction often becomes one of the tools used to further understand the cause of the pulsations.

In closing, it is critical that a noise control engineer is involved in all aspects of a new
product design team. The noise control engineer can provide direction and understanding of how
to design a new product early in the design phase thereby avoiding the building and testing of a
product that has unacceptable noise levels. Incorporating technological advances and capabilities
has enhanced new product development efforts. In addition, this approach has provided success
in achieving the design goal of producing a reduced noise as well as a more efficient product.
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5.4 Engineering controls for reduction of industrial noise exposures
Robert R. Anderson, Principal, Anderson Consulting Associates

Robert Anderson reviewed a series of fundamental issues surrounding noise control in industry.
Table 5.4-1 suggests factors that influence noise control decisions at established heavy
manufacturers and at newer, “green technology” manufacturers (for example, solar panel
manufacturers or online retailers). The size of the company plays a role as well.
Larger, established manufacturers consider unions and costs when making noise-control
decisions. Small firms are driven mainly by costs and rarely have formal noise-control programs,
such as Buy-Quiet,11 in place. Conversely, newer green manufacturers are more likely to have
programs to address noise emissions from both existing and new equipment. For example,
retrofit noise controls are not a program emphasis at small heavy manufacturing plants but are a
program emphasis at green technology manufacturing plants.

Table 5.4-1. Drivers of noise controls.

When purchasing new equipment, manufacturers are influenced by several noise-related
factors. Examples include:

 Does not increase noise levels in the work environment
 Avoid the costs of more expensive retrofit noise controls
 Noise controls often also control hazards such as oil mist and metal working fluids
 Low-noise hand tools often offer ergonomic benefits, as well

11
http://www.cdc.gov/niosh/topics/buyquiet/

Buy Quiet Retro-fit

Large
Control Costs, Unions,
Compliance, Medical

Costs

Yes Minimal

Small
Control Costs,

Compliance
No No

Large

Workplace Conditions,

Global Uniformity
/Compliance, Medical
Costs

Yes Yes

Small
Workplace Conditions,
Compliance, Medical

Costs

Yes Yes

Green Technology

Manufacturing

Program Emphasis
Type of

Manufacturing
Size of Company Influencing Factors

Established Heavy

Manufacturing

http://www.cdc.gov/niosh/topics/buyquiet/
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 Equipment with built-in noise controls often also incorporate improved process
efficiencies and improved product quality

 Avoid potential penalties to production and maintenance
 Supplier knowledge supplements in-house noise control expertise

As manufacturers adopt new technologies, particularly in the automotive industry where
Anderson has done much of his consulting, plants are becoming more automated. When robots
handle some of the hands-on processes, workers become process monitors rather than hands-on
line operators, and are able to work further from the noise sources. Also, robots handle and move
parts with great precision, reducing part impact noises.

The introduction of new technologies is also influencing relationships between
manufacturers and their suppliers. Manufacturers form collaborative partnerships with certain
trusted suppliers to utilize their expertise in planning new design initiatives and alternative
processes. This leads to better efficiencies and lower noise.

Anderson provided examples of noise control successes within the automotive industry,
where equipment is turned over frequently.

In machining operations of large metal parts, equipment is made quieter mainly through
total enclosures, as shown in Figure 5.4-1. Total enclosures successfully address noise, oil mist,
and safety guarding. Process operating noise levels have been reduced from greater than 90
dB(A) from tooling functions and chatter to less than 80 dB(A) measured at one meter.

Giddings & Lewis Vertical Turning Center

Hüller Hille Machining CenterHaas Horizontal Machining Center

Toyoda Horizontal Machining Center

Machining Operations

• Enclosure serves
multiple functions
including guarding
and mist control.

• Sound emission
levels under load less
than 80 dBA

Figure 5.4-1. Examples of Enclosures for Machining Operations.

Large metal stamping is traditionally a noisy manufacturing operation. Industry is now
turning towards transfer presses, a single unit containing a number of presses, where noise can be
readily controlled by a total enclosure, such as shown in Figure 5.4-2. These robust enclosures
are being used in Europe and are designed to allow dies and tooling to be changed quickly, often
several times per shift.
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Stamping Operations

• Enclosure of die areas,
drive train and de-
stacking areas. Die
doors are automated to
facilitate rapid tooling
changes.

• Sound levels under full
production conditions
less than 85 dBA.

Figure 5.4-2. Metal stamping operations move to fully enclosed units.

Assembly cells commonly used in body shops and assembly weld areas have changed
from pneumatic drives to servomotor drives. This has added precision to the process by
controlling speeds, resulting in reduced weld tip impacts, extended tip life, and energy savings.
In addition, the new weld cells require less maintenance than conventional pneumatic drives.
Noise levels, which were typically in the range of 85 to 90 dB(A) are now less than 80 dB(A) in
many cases.

Within the auto industry, most pneumatic hand tools have been replaced with electric
tools in assembly plants. Also, noisy impact wrenches have been replaced with impulse tools and
stall-torque tools. This change brings with it both less noise and ergonomic benefits.

Reducing the noise associated with compressed air is receiving attention in most
industries. Old nozzles are being replaced with new low-noise nozzles and companies are
implementing programs for controlling air leaks and air exhausts. This is achieving both less
noise and lower plant operating costs. Examples of commercially available controls for
compressed air noise are shown in Figure 5.4-3.

While improvements are being implemented throughout the auto industry, certain noise
sources remain. The most severe are due to compliance requirements from crash testing
standards and quality standards of spot welds. Pneumatic chipping hammers used to destroy car
body welds during the testing process produce noise levels in excess of 110 dB(A). Metal
stamping operations continue to pose significant challenges for the noise control engineer.

The tooling component is a principal source of noise during metal stamping operations.
Techniques have been developed to address the tooling noise but have not been consistently
carried forward as die design and building are contracted to overseas companies. Some
significant benefits can be expected when these measures and stricter die design procedures are
reincorporated into die standards. Ejection of parts and scrap is a secondary source of noise
during press operation.
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Commercial Controls for
Compressed Air Noise

Pneumatic Exhaust ControlAir Jet Control

Courtesy: Silvent

Figure 5.4-3. Commercially available controls for compressed air noise.

One obstacle to increasing the availability of low-noise equipment is the lack of
engineering noise control design experience within some supplier organizations. This has
sometimes led to the misapplication of common noise control treatments. A common example is
the use of sound-absorptive open-cell foam materials without including a proper protective outer
surface layer. Open-cell foams are easy to cut to shape and install, which makes them popular.
But unprotected, absorptive material will deteriorate rapidly in a harsh industrial environment
and will wick-up oils leading to a fire hazard.

Both manufacturers that want to purchase reduced-noise equipment and suppliers
interested in selling such equipment can find guidance in a technical report sponsored by the
Association for Manufacturing Technology, ANSI Technical Report for Machines: Sound Level
Measurement Guidelines, B11.TR5-2006. The document updates a 1970s report. It specifies
measurement procedures to determine noise emissions of equipment under as-installed full
operating conditions. The specified noise emission level is determined by the end-user. The
default value has traditionally been an ambient-corrected 80 dB(A) Leq at 1 meter, but some
companies have chosen to use 77 dB(A).

Anderson described the outcomes of Buy-Quiet programs initiated at two automotive
companies more than 30 years ago. In 1996 the companies reported that 12 percent to 18 percent
of their workforces were exposed to noise levels greater than 90 dB(A). Sixteen years later, in
2012, noise exposure had been significantly reduced to 1 percent to 5 percent of their
workforces. He offered the following conclusions about engineering controls for reduction of
industrial noise exposures:

 Commercial and process noise controls are available in most new manufacturing
equipment installations. Quieter process alternatives are also available.
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 The most cost-effective means to reduce noise exposure is through a Buy-Quiet program.
 Especially in retrofit noise reduction applications, cost is a major consideration. This may

be due to the fact that individual operating locations have to pay for the controls, while in
larger companies the cost of controls in new equipment is covered under project funds.

 The enforcement priorities of the Hearing Conservation Amendment,12 which permit the
use of hearing protection and medical surveillance as a means to compliance over
engineering controls, (given that the HCP is less expensive and equally effective) is a
reason that retrofit activity is weak.

 There is a serious lack of expertise in noise control engineering within the supplier and
end-user base.

Anderson concluded by calling for three things:

 Make the case for the added value of low-noise products.
 A Buy-Quiet program must be an element of a noise control engineering program for

compliance with 29CFR 1910.95.13

 Enhance supplier and end-user awareness and expertise through technical training in
measurement and control fundamentals.

12
Suter AH. “The hearing conservation amendment: 25 years later.” Noise Health. 2009 Jan-Mar;11(42):2-. PMID:19265247

https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9735

https://www.osha.gov/pls/oshaweb/owadisp.show_document?p_table=STANDARDS&p_id=9735


90



91

5.5 Examples of noise control technology available for manufacturing
equipment
James D. Barnes, senior engineer, Acentech Incorporated. Cambridge, Massachusetts

In the mid-1970s, within the source – path – receiver model for evaluating noise problems, the
focus was mainly on path control, adding traditional barriers, such as mufflers and enclosures.
Some effort focused on the receiver, trying to move the worker away from the area where the
noise was being produced. Controlling noise from the source end involved maintenance,
replacing machines, or retrofitting. Cost information was most easily obtained for path controls
because supplier costs were obtainable and could be applied to deciding how much a certain
noise reduction would be used within a particular industry. Predicting costs for source control, on
the other hand, was challenging because some of the approaches were proprietary. Estimating
costs for source controls was also challenging.

Today is a different story because of the noise control pioneers at INCE/USA, who
pushed for noise regulations in particular products. The Environmental Protection Agency (EPA)
regulated the noise emissions of portable air compressors. In response to demand from Europe
and more recently the United States, today’s portable air compressors have incorporated some
excellent noise control designs. Newer lines of portable compressors have incorporated
enclosures or whole processes located apart from the worker, so that the worker becomes more
of a monitor than an operator. Much of this technology was first developed for the military and is
now migrating to industrial and commercial marketplaces.

Some of the technologies available today for noise reduction include:
 Reduced-speed low-noise fans. The Chrysler K car, for example, added quieter radiator fans.
 Quieter high-efficiency motors. The U.S. Navy needed quieter submarines and ships, so

high-efficiency motors were developed, which reduced noise and saved money in the long
run.

 Quieter gearboxes were developed for the U.S. Navy as well, for quieter ships and
submarines. The techniques used to design and manufacture quieter gear boxes have
migrated into other industrial products.

 Direct drive replacing gearboxes and drive shafts. In some cases, gear boxes are being
replaced completely with direct drive systems, eliminating gear noise.

 Variable frequency drive (VFD) systems with well-matched motors. Rather than having the
machine operating a fan or a pump operating at its maximum speed, VFD systems can run at
reduced speed and noise which also reduces energy. In the past, motors have not been well
matched and have been substantially noisier than standard motors.

 Rotary replacing reciprocal. When work is only happening in one direction, it’s like a ship
being fully loaded with cargo, during one leg of its trip, but empty on the way back. Rotary
equipment does work during the whole cycle. Inherently, they can be higher speed with
higher throughput, less impact sounds, and less wear and tear on the equipment.

 Local area communication networks enable industry to do away with P/A systems.
 Conserve air to be quieter and cheaper.

An example from Michael Lucas of noise control technology was a waterknife (Figure
5.5-1 purchased under a “Buy-Quiet” program at NASA’s Glenn Research Center machine shop
in Cleveland. It was more than 30 dB quieter than an older waterknife in the same work area.
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The manufacturer designed it to be quiet by changing the noise source mechanism, not by
applying any after-the-fact noise control treatment or materials.

Figure 5.5-1. A w aterknife des igned to b e 30 dB(A)q u ieter than an older v ers ion.

The manufacturer of the diesel generator in the Glenn Research Center’s (GRC) Central
Air Equipment Building met the noise emissions specifications by enclosing the nominal
(“loud”) model in an on-skid enclosure shown in Figure 5.5.2 that provided the required amount
of sound attenuation. Manufacturer-supplied enclosures or other controls are specifically
designed for a particular piece of equipment. They are far superior to retrofit enclosures or other
do-it-yourself designs because they will provide the rated attenuation while also providing proper
ventilation and convenient access for maintenance.

Barnes offered his view of the future. He expects to see continued active noise control
along with an increased emphasis on robots and other extreme automation to protect the receiver.
Finally, 3-D printing, is a completely different approach to production that will reduce noise at
the source by removing the metal that needs to be cut down. Instead of cutting down or removing
material, 3-D printing builds up the product. It won’t likely displace high-volume production, but
for low-volume production it could be useful and quieter.
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Figure 5.5.2. Ex am p le ofa m anu factu rer-s u p p lied nois e controlenclos u re on a dies elgenerator.
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5.6 Advanced acoustics for quiet power generator sets
Shashikant More, Technical Specialist, Mechanical Engineer, Cummins Power Generation

Shashikant More described his opinions about the ongoing efforts at Cummins Power Generation
to develop and make available to customers reduced-noise power generation sets (Gensets) for
use at their facilities. He addressed applicable noise standards and regulations, component noise
sources for Gensets, specific noise control treatments, installation considerations, and the hemi-
anechoic chamber at the Acoustical Testing Center at Cummins.

Figure 5.6-1 illustrates the architecture of a typical Genset installed within a noise control
enclosure. It shows the necessary noise abatement treatments including cooling air inlet and
outlet mufflers, a well-sealed enclosure with interior sound absorptive lining, a high-performance
engine exhaust muffler, and vibration isolation between the Genset and the enclosure.

Figure 5.6-1. Representative sketch of a typical Genset layout.

Table 5.6-1 lists the principal Genset noise sources, the noise paths from the Genset, and
representative noise receivers. The four principal noise sources include the engine casing, the
engine exhaust, the alternator, and the radiator cooling fans. There are airborne and structure
borne noise paths, both of which must be addressed properly in the design and production of
low-noise Genset packages. Noise receivers can include nearby people, buildings, or animals.

Table 5.6-1. Typical genset noise sources, paths, and receivers

Noise Sources: Engine, Exhaust, Radiator Fan, several minor

contributors

Noise Path: Airborne or Structure-borne

Noise Receivers: Humans, Animals, Structures



96

The diagram in Figure 5.6-2 illustrates relationships between noise sources, transmission
paths, radiating surfaces, and noise treatments for a typical enclosed Genset. Vibration isolators
are shown between the engine/generator and the chassis and enclosure. For sensitive locations,
vibration isolators can also be required between the Genset and the supporting floor structure.
Sound absorptive materials (well protected) are shown within the enclosure. The engine
combustion-air inlet includes a filter and muffler. The engine exhaust includes a muffler located
inside or above the enclosure. The exhaust muffler can be selected as industrial grade, residential
grade, critical, or super critical grade depending on the application. The ventilation air inlets and
outlets include duct liners or mufflers. These mufflers are often of the parallel baffle type.
Flexible connectors are shown for hoses and cables to reduce vibration transmission to enclosure
panels. Leaks out from the enclosure compartment are well sealed or eliminated when possible.
The design of the enclosure panels includes consideration of mass, stiffness, and vibration
damping so as to increase sound transmission loss and reduce noise radiation.

Figure 5.6-2. Diagram of representative noise treatments for a typical enclosed genset.

Genset fuel types include diesel, natural gas, gasoline, and propane. Power ratings range
from standby service, prime, and continuous operation. Figure 5.6-3 shows a well-enclosed and
muffled Genset located in an industrial location.
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Figure 5.6-3. Genset with effective noise control package.

Noise levels as low as 75 dB(A) at one-meter are now available for mid-size gensets in
the 800 kW rated capacity range. They provide reduced noise levels for on-site work areas as
well as for off-site noise-sensitive neighbors.
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5.7 The FRITA14 project: reducing noise and improving safety
Rebecca R. Taylor, Senior Vice President, National Center for Manufacturing Sciences

The National Center for Manufacturing Sciences (NCMS) is a private,
not-for-profit technology development organization that brings together
manufacturers, governments, and universities to collaborate on
technology development for manufacturing. Rebecca Taylor described
how a single technology improvement project can be a model for future
solution-oriented collaborations within tomorrow’s manufacturing
environment. The project, FRITA, involved dealing with the challenging
task of removing more than 10,000 high-strength rivets during
maintenance of an advanced F-22 Raptor jet aircraft.

Aircraft fuselage panel
removal is sometimes necessary to
gain access for interior inspections and
maintenance. To remove the panels,
the aluminum or titanium rivets that
hold the panels in place must be
removed.

Rivet removal is often performed with hand-held drills, a
time-consuming process (each heavy-duty fastener can take 3 to 10
minutes to remove) that involves operator exposure to noise and
metal shavings that can become lodged in the airplane’s delicate
subsystems as well as workers’ eyes, skin, and clothes. Ergonomic
stress is also a common injury for rivet removal workers, who must
apply heavy pressure when drilling the rivets and often need to reach into awkward locations on
the plane. Also, even with well-trained workers, manual drills will sometimes slip and cause
damage to the aircraft. Damage is unavoidable and costly.

The Department of Defense requested assistance from NCMS to form a collaborative
team to solve rivet removal problems. In response, NCMS assembled a team of small tech
providers, large aircraft manufacturers, the Army, Navy, and Air Force. NCMS experience
demonstrates that successful technology improvements are often found at small and mid-size
firms. An NCMS member company, Perfect Point, was working on a new tool, a handheld
electrical discharge e-Drill, which held promise in solving the problem. The e•Drill was easy to
operate, faster than standard drills, almost error-free, automatically clears metal debris, stops
cutting at the end of the rivet, and is much quieter than conventional drills. Figure 5.7-1 shows
the impact of the improved process on rivet removal at two DOD locations and a commercial
firm.

14
Fastener Removal Improvement Technology Adoption
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Figure 5.7-1. The impact of new rivet removal process at Lockheed Palmdale and Department of
Defense.

This small company now has a new-technology proven product that it can sell to
organizations in need, which goes beyond aircraft manufacturers and users. The lesson here from
10,000 rivets is that noise control and technology benefits can be achieved through collaboration
and communicating with people in various professions. Taylor’s message about the future of
manufacturers included:

 Priorities are changing
 Safety is more important than ever
 Optimization is the watchword
 See and improve the whole system – not just the symptoms
 Virtualization will drive new thinking and new solutions

The following descriptions were obtained following the workshop. The e•Drill described
in this presentation15 represents a handheld EDM (Electro Discharge Machining) process. The
operator aligns the e•Drill to the target fastener. A spring-loaded center ground pin makes
contact with the fastener head. During cutting, the electrode advances
and the spark erodes a circular cut groove into the fastener head. De-
ionized water is applied to flush the cut zone, keeping the part cool and
removing cut debris. Once the cut is complete, the remaining metal
fillet is punched out. Information from Perfect Point about the e•Drill
is available at its website: http://www.ppedm.com/.

For workers using a conventional drill to remove rivets, noise
is radiated from the drill, the cutting tool, and vibration of nearby
fuselage panels. The e•Drill produces minimal noise during the rivet
removal process.

Provided here is a photograph, from the Point Perfect website,
of the e•Drill discussed in this report.

15 Information in this report does not imply endorsement of the e•Drill.

http://www.ppedm.com/
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5.8 Changing reciprocating to rotary equipment at a candy plant
James D. Barnes, senior engineer, Acentech Incorporated, Cambridge, Massachusetts

James Barnes described his experience reducing noise at an old-line candy plant interested in
improving its processes. The company had the benefit of some very talented engineers and
fabricators within the company, and they built their own equipment. As a result, the equipment
was a source of pride for all of the employees, but, in time, the equipment became old and had
reached the limits of productivity. In addition, worn parts required custom-made replacements.
With significant amounts of down time, it became very expensive to operate. It was also noisy.

In summary, the equipment, mainly reciprocating equipment using back-and-forth
motions for production, was worn out and ready to be replaced. The company’s leadership was
ready to make a leap in productivity.

They replaced old pick-and-place equipment with the modern equipment shown in Figure
5.8-1. They also replaced old wrapper machines with a modern rotary wrapper in which a wheel
carries the product up where it is wrapped and then dropped into a trough and put into a bagger.
This is illustrated in Figure 5.8-2.

Figure 5.8-1. Modern pick and place equipment.

Figure 5.8-2. A modern rotary wrapper machine.

They also purchased a rotary unscrambler unit that loads bottles into the machine and a
bag-filling machine that uses a rotary operation to bring loose nuts in, bag them, and move them
out. A rotary unscrambler unit is shown in Figure 5.8-3.
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Figure 5.8-3. Rotary pocket unscrambler.

The company retrofitted some of the existing equipment as well. One example is called a
scrap demolder. After the chocolate is poured into the mold, the mold is moved along a conveyor
line. At the end of the line, after the chocolate was picked out of the mold, there was leftover
chocolate around the mold. They were using a noisy vibrating mechanism to remove the excess
chocolate scraps. They retrofitted an acoustical enclosure that reduced noise while allowing easy
access for cleaning.

These changes allowed the candy company to implement several positive design changes:

 Replaced original equipment where possible with rotary equipment.
 Increased production rate significantly with less maintenance, downtime, and noise.
 Additional noise reduction achieved by installing well-designed enclosures and room

treatment.

This is one example of an industrial company which recognized the need to modernize
and replace old equipment with equipment that was of modern design, was more reliable and
productive than the old equipment, and, because of the design, made less noise. It is a good
example of a company which invested in its future.
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6

The Manufacturing Workplace of the Future

The presentations in this chapter focus on the workplace of the future and efforts to support the
U.S. workplace. Noise control is not a core topic in most articles. Opportunities may exist to
incorporate noise control efforts as part of these forward-looking programs to support
manufacturing.

6.1 The NAE Program Related to Future Manufacturing
Kate Whitefoot, Senior Program Officer for Manufacturing, Design, and Innovation, National Academy
of Engineering

The National Academy of Engineering (NAE) has a long history of working on manufacturing
issues. In the recent past, the 1980s and 1990s, the focus was U.S.-based competition against
other countries to improve productivity across manufacturing and optimize systems to reduce
cost. Today, the biggest concern is generating new demand for new products and services
coming out of U.S. manufacturing and improving job opportunities across the United States.

The NAE recently launched an initiative on manufacturing design and innovation that
looked broadly from R&D through design through the factory floor and integration of software
and services that are increasingly being combined with physical products. An expert committee
came together to frame the issues, in response to a national dialogue on how to improve the
capacity for manufacturing across the United States. The 2012 workshop report, "Making Value:
Integrating Manufacturing, Design, and Innovation to Thrive in the Changing Global Economy,"
is available at www.nap.edu/catalog/13504.

Important themes from the workshop focused on 1) the decline of manufacturing
employment, which is occuring as productivity increases. The U.S. is producing more with fewer
workers. 2) The traditional lines between manufacturing and services are becoming blurred as
manufacturers are increasingly producing services along with their physical products, generating
revenue across different manufacturing domains. 3) The nature of the work on the factory floor
and throughout the manufacturing chain has tranformed due to a combination of advancing
technologies and business processes. Advances in materials science, robotics and advanced
sensors, together with increasing speed of product development schedules and integration of
software and services all play a role. 4) Many U.S. companies would benefit from upgraded
practices. There are many opportunities to generate more innovation and boost job growth.

As a next step, the NAE in the fall of 2013 launched a study called "Making Value for
America" with three goals:

 Synthesize a set of best business practices for value creation and implications for the
United States.

 Identify educational approaches to prepare the current and future workforce.
 Provide policy and other recommendations to create an effective “ecosystem” for the

value chain.

In the factory of the future, continuing advances in technologies and computer power will
drive change on the factory floor. It will change the nature of what factory workers are doing.

www.nap.edu/catalog/13504
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Workers will need more education and new skills to work with advancing technologies. And
these new technologies and tools will be used equally around the world.
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6.2 MEP Next Generation Strategy and the Future of Manufacturing
Daniel Lilley, Regional Manager for Strategic Transition, National Institute of Standards and Technology

The Manufacturing Extension Partnership (MEP), a program of the National Institute of
Standards and Technology (NIST), is a catalyst for strengthening American manufacturing by
accelerating its ongoing transformation into a more efficient and powerful engine of innovation
that drives economic growth and job creation. MEP serves as a strategic advisor to promote
business growth and connect manufacturers to public and private resources essential for
increased competitiveness and profitability. The program is similar to the agricultural extension
model, in which experts are located within communities to offer assistance.

The MEP began in 1988. By 1996, MEP had one center in every state and Puerto Rico.
The program has about 1,200 state and private consultants, plus more than 2,100 third-party
service providers. Projects are run as partnerships through cooperative agreements that are
funded one-third from the federal government and two-thirds from state or local resources and
industry. In other words, industry pays a fee for the service. The program started because of
identified "market failures" in access to information, technical expertise, and cost management.

The face of manufacturing is changing. Business is getting smaller; it needs to get
smarter.

The Facts about Small Manufacturers:
 They represent 99 percent of all manufacturing establishments
 They employ 10.2 million people—70 percent of all manufacturing employment
 They are about 57 percent of the total value-added by all U.S. manufacturers

The Challenges for Small Manufacturers:
 Productivity among large firms continues to increase at a faster rate than for small firms
 Market failures occur in several dimensions: firm, inter-firm, consulting/services, public

failure

To support small businesses, MEP migrated from the idea of technology transfer to
working on issues that are more operational- and productivity-focused, such as plant layout, lean
manufacturing, ISO registrations,1 and quality issues. To be in business at all, a company needs
to be lean and highly productive. So today’s challenge has moved to innovation and new
products and new markets. Small manufacturers have not kept pace on productivity with large
manufacturers. They don’t have the resources to make the developments and the capital
investments or to train the workforce. They are at a disadvantage to large companies (with 500 or
more employees).

MEP’s next-generation strategy focuses on issues of supply chain, workforce,
sustainability, and continuous improvement. The aim is profitable manufacturing growth with an
emphasis on the word "profitable" because companies can grow. But it doesn't mean they're
going to have sustainability if they can't constantly reinvest in themselves and stay viable
financially.

In closing, Lilley listed his view of the future of U.S. manufacturing.

1 International Organization for Standardization; www.iso.org

www.iso.org
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 Higher productivity across all sectors
 Productivity growth higher for large versus small manufacturers
 Job growth rate driven by new products, new markets, new customers, exports, embedded

technology, and advanced features and benefits
 Gradual increase in additive manufacturing (low volume now; higher volume and greater

material content in the future)
 Innovation drive by R&D (private/public)
 Level of direct public/private investment will be challenging
 Market drivers: defense, healthcare, energy, transportation, environment
 Workforce: skills development, leadership, processes, funding
 Materials and process development/applications
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6.3 You Could Eat Off This Floor (But Why?): Tomorrow's Industrial
Spaces
Rebecca R. Taylor, Senior Vice President, National Center for Manufacturing Sciences

Rebecca Taylor offered a view of the future of manufacturing from the perspective of the
National Center for Manufacturing Sciences. The organization is a private, not-for-profit
technology development organization that brings together manufacturers, governments, and
universities to collaborate on technology development for manufacturing.

It’s hard to know what the future of manufacturing will look like. But it’s not what many
imagine it to be. In February 2013, for example, Dr. Rebecca Blank, acting Secretary of
Commerce visited the BMW plant in Spartansburg, South Carolina. Impressed by the spotless
facility, she remarked that she could eat her lunch off of the factory floor. Her hosts replied that
she could, but they wouldn’t let her, because it would dirty their floor.

The mental image of manufacturing as a dirty, tedious job done in unpleasant conditions
is hard to break and it interferes with our perception of tomorrow’s factory. But how has
manufacturing really changed? What’s different about factories and the things that are being
made? What do people understand about manufacturing today’s complicated parts like CPUs?

More importantly, what’s different in what people accept? The speed of innovation is
increasing exponentially and people adapt to new things faster than ever. Time isn’t speeding up,
we are. That relates directly to the factory of the future. As innovation speeds up, the public
perception of manufacturing will change and that may draw more educated workers out of the
traditionally appealing careers, such as medicine, into a changed manufacturing environment.

Manufacturing processes are improving, but there will always be limits. Until the
fundamental process changes, some manufacturing activities will always be loud, hot, or dirty.
Take stamping, for example. How quiet can stamping really get?

The process of stamping was probably no louder 50 or 100 years ago. But its impact has
been reduced in other ways. Workers are further from the equipment; their ears are protected by
mandated safety equipment, and so on. Perhaps the equipment is still loud, but its impact is
lessened. And past improvements give reason to believe that even more can be accomplished.

Certain manufacturing processes are always going to be noisy, unless fundamentals of
manufacturing change. And they might; it’s happened before. During the Industrial Revolution,
manufacturers were doing just fine using steam power. It didn’t need replacing, in their minds,
and nobody really saw how it might be improved on. Then Henry Ford came along and
introduced mass production, the most fundamental shift in manufacturing’s history. Most every
mainstream product in our lives—airplanes, magazines, our chair, our desk—is available because
of mass production. And mass production is an innovation that begets innovations. It is the most
disruptive, world-changing shift in human history. And mass production is loud.

Long term, the only way to make stamping quiet is to replace it with something that
achieves the same end but makes less noise. The question becomes one of impact. Will the
loudness always be front and center? Probably not, and history backs that assertion.

Maybe tomorrow’s factory will be really quiet. It won’t happen overnight. And whatever
comes next is likely to incorporate the best of mass production, just as each previous shift
incorporated the best of its predecessor. One radically different manufacturing process, additive
manufacturing, might change the noise equation completely. In additive manufacturing, layers
are added to a part under computer control (no operator needed).
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But that’s an option in the distant future. Digital manufacturing, the process of
virtualizing activities that had been physical, is likely to be the "next" thing after conventional
mass production. Still, digital manufacturing is in its embryonic stage, particularly among the
small enterprises that make up the backbone of the manufacturing economy.

The factory of the near future is likely to look similar to the factory of today. Advanced
automation will continue, offering opportunities to put humans farther and farther from the noisy
equipment.

Editor’s note: The Barnes paper below emphasizes the importance of moving people from
manufacturing areas, especially if they are highly skilled or their work is not directly related to
manufacturing.
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6.4 Past Experience With Placing Sales and Engineering Personnel on
the Factory Floor
James D. Barnes, Principal, Acentech Incorporated

James Barnes described a consulting experience with a manufacturing company that wanted to
house both executive and management, engineering and marketing on the factory floor. The case
illustrates that noise issues can arise when manufacturing and other administrative functions
share adjacent space. It provides a cautionary tale for the factory of the future.

With an eye toward the future and an increasingly competitive marketplace, the company
was trying to adopt better practices. They recognized the need for a feedback loop across the
entire organization. Rather than having management off to the side and engineering on another
side and marketing off on their own, they chose to put all in the factory itself. To encourage
teamwork, they organized their personnel along different product lines.

This ideal of enabling engineers and marketing and quality control people to offer ideas
as they spring to mind during a walk past the production line came with concerns about safety
and noise. So they measured sound levels. The company manufactured electrical components,
which usually are 5 dB to 10 dB lower than really heavy manufacturing due to differences in
processes. The sound levels were about 85 dB(A) to 90 dB(A) at the production stations and
about 80 dB(A) to 85 dB(A) at supervisor and quality control desks. Those levels are markedly
higher than the NC-40 to NC-502 goal for an HVAC system installed in an office space.

Barnes typically suggests the following maximum in-plant noise goals to address the
need for worker speech communication and concern for worker exposure to noise within plant
areas: Control room – 56 dB(A) (NC-50); Offices – 50 dB(A) (NC-43); Workshop – 66 dB(A)
(NC-60); and depending on the type of plant, 75 to 85 dB(A) in the general floor areas and up to
85 to 95 dB(A) in limited access areas.

The company realized that its engineers and sales force would not be able to get their
work done in that noisy environment. So they went back to the drawing board, asking: How can
we design a factory for the future that allows close collaboration among all the different players,
allowing them to talk and not be segregated, but still have a sound environment that is conducive
to work.

One solution to consider is prefabricated rooms on the factory floor that offer windows
and a nice environment, but also allow people to interact as well.

2 Noise Criteria Curves. See Noise and Vibration Control Engineering, 2nd Edition, 2006, John Wiley &Sons,
Hoboken, New Jersey. See page 869.
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APPENDIX A
Calculation of sound levels in working areas as a planning tool for noise
reduction
Wolfgang Probst, Managing Director, DataKustik GmbH, Germany

Foreword
The prediction of noise levels at industrial plants with machinery and other noise relevant
facilities can be a valuable tool to ensure the lowest possible noise levels achievable with
current technology and within a given budget. A prerequisite is the application of methods
detailed enough to include the most important properties and parameters of the plant and the
environment that can be adjusted to reduce the noise.

When industrial noise threatens close-by residential areas, noise prediction methods
are commonly employed. In developed countries, gas turbine power plants, wind turbines or
other noise relevant industrial facilities within critical distance to dwelling zones are
generally not planned and installed before a prediction calculation has shown that maximal
acceptable sound levels will not be exceeded. If this is not the case, additional measures can
be taken into account and the process may be repeated.

Predicting occupational noise, or noise levels at workstations, is, by far, more difficult
than predicting noise levels in residential areas outside for several reasons:

 the distance between the workstation and the machine is small relative to the
extension of the source

 machines and other equipment are often very complex noise sources
 work stations and radiating equipment are, in most cases, inside rooms, and full 3D-

calculations of many reflected sound contributions must be taken into account.

Nevertheless an effective software strategy adapted to the problems of occupational noise is
now available and is presented in this appendix. The figures and the results obtained are
based on the software program CadnaR [1].

The General Strategy to Include the Noise Aspect in Planning Activities

Planning of manufacturing facilities with respect to noise can only be effective if the different
contributions to the noise level at a workstation are treated separately.

The Sources
The output of sound energy of noise sources, such as machines or other equipment, is
sufficiently described by one number – the sound power level LWA (see the ISO 3740 – series
[2]).

This quantity is a property of the source and independent from the environment in
which the source is located. The sound power level describes the sound radiated in all
directions.

If a workstation, or an operator position, is connected with a machine, the emission
sound pressure level LpA (see the ISO 11200 – series [3]) gives additional helpful information
to characterize the source. The emission sound pressure is the sound level the machine would
produce in a free field, if operated with free space and no other noise sources around it.

It is obvious that the underlying operating conditions must be defined and
documented.
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These two quantities, LWA and LpA, both A-weighted levels with the unit dB(A),
should be included for each machine and device for which noise emission is relevant. The
values should be included in specifications and noise declarations (see the ISO 4871 [4]) by
the suppliers, and finally in purchase contracts. In cases of assumed violation of given
guarantees, the verification can be performed with measurements according to the above-
mentioned standards.

The list with these two quantities (LWA and LpA) serves as an input list for the
computerized simulation of the plant to calculate the noise levels at the work places with the
complete plant in operation.

The Room
The acoustical specifications for the room also must be defined. The room’s acoustical
specifications are independent of the noise emission of the plant and only define the
acoustical properties of the room. Suitable specifications are the level decrease per doubling
of distance DL2 and level excess DLf (defined in ISO 14257 [5]).

The prediction methods described in this appendix allow the user to check in advance
that the target values for DL2 and DLf will not be exceeded with the given room geometry, or
if sound absorptive ceilings or other installations are necessary to meet the specification.

The supposed sound absorption coefficients of the absorbing surfaces applied as input
parameters in the simulation calculation must be included as guaranteed values in the contract
of purchase of the products.

In cases of assumed violation of given guarantees, verification can be performed by
measuring the spatial sound decay curve according to ISO 14257. If the predicted values of
DL2 and DLf are exceeded, an area of 10 m2 of the installed absorptive surfaces can be
removed and placed in a reverberation chamber to determine the absorption coefficient
according to ISO 354 [6].

Prediction of Noise Levels at Workstations
If the plant is in typical operation, the quantities mentioned above, which quantify the sound
emission of machinery and other technical devices as well as the sound absorptive properties
of the room surfaces, are the input parameters for a simulation to calculate the sound pressure
levels at work places. Using new and now-available software tools, important phenomena
such as sound screening, absorption, scattering and transmission through light-weight
structures can be quantified. Noise abatement measures can thus be included to obtain the
economically most advantageous solution with all the noise specifications met. This process
must be performed by acoustically experienced engineers who understand the software
application and product solutions.

The Software Strategy to Predict Noise Levels

There are two fundamentally different approaches to calculate sound propagation inside
rooms with many reflections influencing the sound pressure levels at receiver positions. The
first method is based on sound rays – all the possible ray paths from source to receiver must
be constructed to get the final result. If a ray between source and receiver is reflected n-times,
this is a reflection of nth order.
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Figure A-1. Sound rays constructed with the ray-based method.

The upper left image in Figure A-1 shows direct ray and 6 rays of 1st order, the upper
right image shows all rays of 1st and 2nd order. The lower image shows all reflected rays up to
the 5th order. The advantage of the ray-based method is that sound attenuation by screening can
easily be taken into account.

This exponential increase in calculations necessary with higher reflection orders—and
the more reverberant a room, the more reflection orders have to be taken into account—is by
far less dramatic with the particle method shown in Figure A-2.

Figure A-2. Sound propagation simulated with the particle method.

Thousands or even millions of statistically distributed “sound particles” are radiated
in all directions from the sound source and follow a straight propagation line between the
reflections at surfaces from the room or from other objects.

The most important step in the process of noise prediction for planned industrial
plants with machinery is the modeling. The layout with all geometrical and acoustical
parameters relevant for the resulting noise levels must be transferred into a virtual model.

Small machines and devices such as the press shown in Figures A-3a and A-3b are
simulated by a simple point source and the location in the room is defined by the coordinates
x, y and z, and the noise emission by the standardized values LWA and LpA mentioned above.

The filling machine shown in Figure A-4 is enclosed in a light casing for security
reasons. Sound is radiated from a larger surface and produces a sound field that cannot be
simulated by a small point source.
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Figure A-4. Filling machine in a bottling plant.

Figure A-5 shows three examples for the simulation of larger box-type machines. The
box can have any size and even be elevated to consider sound particles propagating
underneath.

Figure A-5. Simulation of three box-type machines with different surfaces radiating sound.

With the combination of point sources, line sources and such box-type structures,
machines of any complexity can be modeled. Figure A-6a shows a large bottle-washing
machine in a bottling plant and Figure A-6b the corresponding 3D-model.

Figure A-3a. Press radiating sound.

FigureA-3b. Simulation by a
simple point source with
information about directivity. This
is a simple definition of directivity.
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The easy assembly of such machines from basic elements is an important property of
simulation software used frequently for noise prediction. The emission values LWA and LpA

are applied as information for the sound emission, and the emission of all the partial sources
must be adapted automatically to these input data.

The paths of the sound particles emitted from the noise-relevant machine parts as
shown in Figure 7 are calculated taking into account that the massive body of the machine is
acoustically opaque.

Figure A-7. Sound particles are emitted from the noise relevant parts of this machine.

The distribution of sound pressure levels in a room are calculated by counting the
number of particles that cross a little control volume around the receiver. Figure A-8 shows
the room segmented into such box-type control volumes or “voxels.”

Figure A-8. Subdivision of the room into “voxels” to count the crossing particles.

Figure A-9a shows the machine located in the middle of a room; Figure A-9b shows
the distribution of calculated sound pressure levels with walls and ceiling completely
absorptive, thus simulating free field propagation. The yellow color at the back side of the

Figure A-6a. Large washing machine in a
Bottling plant.

Figure A-6b. Computer model of
the washing machine.
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massive machine indicates the low noise levels due to the screening effect of the massive
machine body. In Figure A-9c, walls and ceiling are assumed to be reflective and calculations
up to high reflection orders have been performed. The level distribution is smoother by far,
which is caused by including the sound from the additional sound-immission from high order
reflections inside this room.

The main advantage of the method presented is the possibility to integrate locally
effective noise reduction measures, and to check their effect on receiver levels.

Figure A-9a. Machine inside room.

Figure A-9b. Level distribution with sound absorptive walls and ceiling.



A-7

Figure A-9c. Level distribution with reflecting walls and ceiling.

As an example, Figures A-10a and A-10b show the protection of a workstation by an
optically transparent screen serving as a noise barrier to lower the sound exposure at this
position. It is even possible to integrate an absorptive baffle system above the barrier to reduce
the sound reflected by the ceiling. Figure A-11 shows the penetration of sound particles
through such an open structure with baffles.

Figure A-10a. Transparent screen between workplace and machine.

Figure A-10b. Sound particles reflected by the screen.

The calculation of the level at the work place results in 84 dB(A) for a free field
(Figure 9b), 89 dB(A) in the room (Figure 9c), 87 dB(A) with protecting screen (Figures A-
10a and b) and 85 dB(A) with a sound-absorptive ceiling (Figure A-11).
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Figure A-11. Absorbing baffle structure above the machine (each baffle is modeled as a separate
sound-absorptive object)

The advantages of this software strategy become obvious if complete plants are
modeled, as shown in Figure A-12. The data structure of each machine, once created and
saved in a library, can be treated as one single element, integrated in the plant layout,
transformed, duplicated or otherwise modified and adapted to the emission values LWA and LpA

declared by the manufacturer or otherwise determined. This “Object Tree” is a data
organization in which all the elements a machine consists of are saved in one folder with the
machines name and, after calculation, the level caused by each machine separately. The total
level is also listed for each workstation. This structure facilitates the otherwise extremely time
consuming development of necessary noise reduction measures to reach the defined target
values, for example 85 dB(A) at workstations. Figures A-13, A-14 and A-15 show the plant in
3D-representation without treatment, with an absorptive plane ceiling, and with a baffle
construction.

Figure A-12. An object tree of a full room.
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Figure A-13. 3-D model of the complete plant with no treatment of room surfaces.

Figure A-14. 3-D model of the bottling plant with absorbing suspended ceiling.

Figure A-15. 3-D modeling of the bottling plant with baffle system.
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Future Prospects
These few examples from the bottling industry demonstrate the principles of computer
modeling of a work place. The creation of virtual models of production plants and other
facilities with workstations where noise exposure may be an issue will become a more and
more increasingly important part of the planning process. The plant shown in Figures A-13
through A-15 is a simplified 3D-presentation of a CAD drawing. The machines, conveyors,
pipes, and other technical facilities are broken down and simplified to contain only those
elements that are relevant for sound emission and propagation. Such a model is an excellent
basis for all discussions of the pros and cons of alternative strategies to reach low noise
exposures, and makes it possible to minimize the expenses necessary to reach defined not-to-
be-exceeded target noise levels.

It is, of course, helpful if machinery suppliers provide a file with an acoustical 3D model of
the machine in the configuration as it is offered. This would reduce the work to negotiate over
noise issues because the data file contains required information. It is, in a certain sense,
customer-oriented support and replaces any declaration and other formal procedures.

This software-based technique is not only a future-oriented approach to create work
places with the probability of hearing damage reduced, but also allows other aspects of sound
impact to be controlled. An example is the planning of large open plan offices, where the
layout is to be optimized to reduce the disturbance by other people speaking or where good
speech intelligibility between the members of a working group is to be ensured.

An example of an acoustical 3D-model of an office is shown in Figure A-16. The
model is simplified with respect to architectural aspects, but contains all information on the
acoustical properties of furniture, suspended ceiling, and other fittings.

Figure A-16. Acoustically oriented 3D-model of an extended office area.

The partial screens subdividing the area into different sub-areas should be arranged in
a way that members of each working group can easily communicate but will not be disturbed
by speech from other groups.

This can be achieved by approximate determination of the STI (Speech Transmission
Index) or other room acoustical parameters and identification of the area in the work place
where a person speaking is well understood. This is the area inside the “distraction distance.”
A zone outside of this area may be called the “privacy distance” where there is a high
probability that understanding speech is not possible.
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These methods are to be improved step by step and incorporated into the planning of
office working areas.

Annex - Validation of the Calculation Method
Many measurements have been performed in the last decades to obtain reliable data that may
be used to check the accuracy of calculation methods.

One such set of measurements was obtained by placing a transportable screen in
different environments inside empty and fitted industry halls, and to measure the sound levels
at different distances behind the screen. A dodecahedron loudspeaker produced well-defined
sound emission in each frequency band at the opposite side of the screen. Figure A-18 shows
such an experimental setup in a retention basin with many sound scattering columns, which
influenced the sound propagation.

Figure A-18. Measuring the screening effect with a transportable screen in a retention basin.

FigureA-17. DistractiondistanceanddistancearoundaworkplacebasedonthecalculatedSTI.
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In another case, levels in 122 industrial halls produced by a well-defined source at
receiver positions distributed along a straight line were measured.

Figure A-19 shows the measuring setup where the octave band spectra measured
along a straight line with the dodecahedron radiating with a well-known octave band sound
power level. The reverberation time was also measured. The data set in Table A-1 contains
the geometric information on the room and measuring positions, the sound power level of the
source, and the absorption coefficients of walls, ceiling and floor—applying a classification
scheme developed in advance. The data set also contains the measured reverberation times
and octave band spectra at the receiver positions and, last but not least, an estimate of the
density of scattering objects.

A model was created from each of these data sets—in an automated process—as it is
shown in Figure A-20.

Figure A-19. Measuring setup with a dodecahedron loudspeaker in a bottling plant.
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Table A-1. A sample set of data obtained for each of 122 halls.

The arrangement of scattering objects was determined from the scattering density
mentioned above presuming a size of the objects typical for machinery. The octave band
levels were calculated at each receiver position and subtracted from the measured levels
taken from the data set.

Typical results for one industrial hall are shown in Figures A-21, A-22 and A-23. The
measured and calculated levels are shown as a function of the distance from the source.

Figure A-21 is based on the room complete empty and not fitted, Figure A-22 with an
absorbing ceiling installed but otherwise empty, and Figure A-23 the same hall with a sound-
absorptive ceiling and with the plant and machinery installed. It is obvious that the particle
model applied to calculate sound propagation is well suited to illustrate the different
acoustical properties of the room.
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Finally, a statistical evaluation of level differences for all distances is shown in Figure
A-24. This final result shows excellent agreement of calculated and measured levels – the
mean value (red) is nearly zero and 50 percent of all differences are smaller than ± 1 dB.
Therefore the particle-method applied is well suited to calculate sound propagation in a
closed room with various types of equipment installed.

Figure A-20. The model created automatically from the data shown in Figure 19.

Figure A-21. Comparison of calculated and measured levels with the room empty.
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Figure A-22. Comparison of calculated and measured levels with the room empty but with a
sound-absorptive ceiling.

Figure A-23. Comparison of calculated and measured levels with a sound absorptive ceiling and with
machinery installed.

Figure A-24. Statistics of level differences calculated – measured (Red = mean, blue = 50%, green =
80%).



A-16

References
1. CadnaR – Prediction of Noise Levels inside Rooms
http://www.datakustik.com/en/products/cadnar/
2. ISO 3744: Acoustics – Determination of sound power levels and sound energy levels of
noise sources using sound pressure – Engineering methods for an essentially free field over a
reflecting plane.
www.iso.org/iso/iso_catalogue/catalogue_tc/catalogue_detail.htm?csnumber=52055
3. ISO 11204: Acoustics – Noise emitted by machinery and equipment – Measurement of
emission sound pressure levels at a work station and other specified positions applying
accurate environmental corrections. www.iso.org/iso/catalogue_detail.htm?csnumber=54906
4. ISO 4871: Acoustics – Declaration and verification of noise emission values of machinery
and equipment. www.iso.org/iso/catalogue_detail.htm?csnumber=10855
5. ISO 14257: Acoustics – Measurement and parametric description of spatial sound
distribution curves in workrooms for evaluation of their acoustical performance.
www.iso.org/obp/ui/#iso:std:iso:14257:ed-1:v1:e
6. ISO 354: Acoustics – Measurement of sound absorption in a reverberation room.
www.iso.org/iso/catalogue_detail.htm?csnumber=34545

http://www.datakustik.com/en/products/cadnar/


B-1

APPENDIX B

Final Program

Reducing Employee Noise Exposure in Manufacturing—Best
Practices, Innovative Techniques, and the Workplace of the Future

A Follow-up Workshop to the NAE Technology for a Quieter America Report (2010)

Organized by the U.S. National Institute for Occupational Safety and Health, the TQA
Follow-up team, and the INCE Foundation

Hosted by the National Academy of Engineering

February 19-20, 2014

The National Academies Keck Center, Room 101
500 5th Street, NW

Washington, DC 20001

Wednesday, February 19

8.30 Welcoming Remarks
Proctor Reid
Director, Program Office
National Academy of Engineering

Introduction of Attendees

Opening Remarks
W. Gregory Lotz and George C. Maling, Jr.
Workshop Co-Chairs

Session 1. Noise Control Programs in Manufacturing Industries

8.50 Introduction to the NIOSH Safe in Sound Award
W. Gregory Lotz
Division Director
National Institute for Occupational Safety and Health

9.00 Towards No Noise-Induced Hearing Loss: One Company’s Journey
John Downey
Colgate-Palmolive
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9.30 Getting the Noise Out - A Multipronged Approach to Managing Noise
Exposures in Manufacturing
John Mulhausen
Director, Corporate Safety and Industrial Hygiene
3M Company

10.00 ---------------- BREAK

10.15 Benefits of Noise Reduction in a Manufacturing Environment
Mike Roberto and Tu Dam
Environmental Health and Safety Supervisor and Human Resources Manager
General Dynamics - OTS
Red Lion Operations

10.45 Reducing Employee Noise Exposures: A Recent Manufacturing Plant
Example
Eric W. Wood
Director Emeritus, Noise Control Division
Acentech Incorporated

11.15 Noise Reduction Process
James K. Thompson
Chief, Hearing Loss Prevention Branch
National Institute for Occupational Safety and Health

11.45 A History of Noise Control in the Textiles, Tobacco, and Woodworking
Industries
Noral D. Stewart
Stewart Acoustical Consultants

12.15 --------------- LUNCH

Session 2. Engineering for Noise Control in Manufacturing

1.15 The Calculation of Sound Levels in Working Areas as a Planning Tool for
Noise Reduction
Wolfgang Probst
Head ofResearch and Development Managing Director
DataKustik GmbH

1.45 Progress and Failures in US Manufacturing Noise Reduction
Robert Bruce
Principal
CSTI Acoustics
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2.15 Engineering Controls for Reduction of Industrial Noise Exposures
Robert R. Anderson
Anderson Consulting Associates

2.45 Considerations for an Effective Hearing Conservation Program.
Dan Westrum
Industrial Hygienist
3M Stationary Products Division

3.15 Evaluation of Noise Exposure at a Metal Conduit Manufacturer
Scott Brueck
Industrial Hygienist
Health Effects and Technical Assistance Branch
National Institute for Occupational Safety and Health

3.45 ----------------- BREAK

4.00 Examples of Noise Control Technology Available for Manufacturing
Equipment
James D. Barnes
Principal
Acentech Incorporated

4.15 Compressors and Pneumatic Tools
Michael Lucas
Principal Engineer
Ingersoll Rand Industrial Technologies

4.45 Advanced Acoustics for Quiet Power Generator Sets
Shashikant More
Technical Specialist, Mechanical Engineering
Cummins, Inc.

5.15 Discussion

5.30 Close

Thursday, February 20

Session 3. The Manufacturing Environment of the Future

8.30 The NAE Program Related to Future Manufacturing
Kate Whitefoot
Senior program officer for manufacturing, design, and
innovation National Academy ofEngineering
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8.45 NIST MEP Next Generation Strategy and the Future of US Manufacturing
Daniel Lilley
Regional Manager for Strategic Transition
NIST/MEP

9.00 You Could Eat Off this Floor (but...why?): Tomorrow's Industrial Spaces
Rebecca R. Taylor
Senior Vice President
National Center for Manufacturing Sciences

9.30 Past Experience with Placing Sales and Engineering Personnel on the Factory
Floor
James D. Barnes
Principal
Acentech Incorporated

9.45 ----------------- BREAK

10.00 A Brief Introduction to Buy Quiet Programs
George C. Maling, Jr.
Member, NAE
Workshop Co-Chair

10.30 American National Standards for Noise Emission Measurements
William J. Murphy
Leader, Hearing Loss Prevention Team
Chair, ANSI/ASA S12 Subcommittee on Noise
National Institute for Occupational Safety and Health

11.00 Discussion

12.00 --------------- LUNCH

Session 4. Noise Reduction by Programs and Process Change

1.00 The FRITA Project: Reducing Noise and Improving Safety
Rebecca R. Taylor
Senior Vice President
National Center for Manufacturing Sciences

1.20 Change from Reciprocating Equipment to Rotating Equipment in Candy
Manufacture: Lower Noise and Other
Benefits James D. Barnes
Principal
Acentech Incorporated
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1.40 Noise Reduction and Productivity Improvement for a Paper Shredding
Operation (short case history)
Noral D. Stewart
Stewart Acoustical Consultants

2.00 ----------------- BREAK

Session 5. Advanced Techniques for Noise Reduction

2.15 Aeroacoustic Modeling and Simulation of Compressors and Pneumatic Tools
Michael Lucas
Principal Engineer
Ingersoll Rand Industrial Technologies

2.45 Advanced methods for noise source localization on machines
Earl G. Williams
Senior Scientist for Structural Acoustics & Sound Field Reconstruction and
Associate Editor, Journal of the Acoustical Society ofAmerica
Naval Research Laboratory

3.15 The Physics of Low Noise Design
David Herrin
University of Kentucky

3.45 Discussion

5.30 Close



C-1

A P P END IX C

W orkshop A ttend anc e L ist
Final

Anderson, Robert R.
Anderson Consulting
Associates
Lansing, MI

Barnes, James D.
Principal
Acentech Incorporated
Cambridge, MA

Bruce, Robert
Principal
CSTI Acoustics
Houston, TX

Brueck, Scott
Industrial Hygienist
DSHEFS
NIOSH
Cincinnati, OH

Dam, Tu
Human Resources Mgr.
General Dynamics - OTS
Red Lion Operations
West Lion, PA

Downey, John
Associate Manager,

Global Industrial Hygiene
Colgate-Palmolive
Piscataway, NJ

Feith, Kenneth E.
U.S. EPA (retired)
N. Potomac, MD

Herrin, David
Department of Mechanical

Engineering
University of Kentucky
Lexington, KY

Lang, William
Noise Control Foundation
Poughkeepsie, NY

Lilley, Daniel
Regional Manager for

Strategic Transition
NIST/MEP
Gaithersburg, MD

Lotz, Gregory
Workshop Co-chair
Division Director
DART
NIOSH
Cincinnati, OH

Lucas, Michael
Principal Engineer
Air Solutions
Ingersoll Rand Industrial

Technologies
Davidson, NC

Maling, Jr., George C.
Workshop Co-Chair
Member, NAE
Harpswell, ME

More, Shashikant
Technical Spec.
Mechanical Eng.
Cummins, Inc.
Findley, MN

Mulhausen, John
Director, Corporate Safety

and Industrial Hygiene
3M Company
St. Paul, MN

Murphy, William J.
Hearing Loss Prevention
Team Leader
DART
NIOSH
Cincinnati, OH

Probst, Wolfgang
Head of Research and
Development
Managing Director
DataKustik GmbH
Greifenberg, Germany

Reid, Proctor
Director, Program Office
National Academy of
Engineering

Roberto, Mike
Environ. Health & Safety
Super.
General Dynamics - OTS
Red Lion Operations
West Lion, PA

Stewart, Noral D.
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This report, Reducing Employee Noise Exposure in Manufacturing, describes hearing 

conservation programs in manufacturing industries, best practices for noise control in 

manufacturing industries, engineering for noise control in manufacturing, innovative 

techniques for engineering noise control, and the manufacturing workplace of the future. 


