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ABSTRACT

Plastic foams are used extensively for the reduction of unwanted
noise. With recent changes to the types of foam available and the
market for sound absorbers it is possible that a large increase in
demand for cellular plastic will occur. By understanding how a foam
absorbs sound, methods of increasing performance for a specific
application can be suggested.

This work investigates how changes in market forces affect the
demand for acoustic materials. As alternative materials can also
fulfil any new demand, the way in which foam manufacturers are
utilising market changes is investigated. The primary factors
influencing changes in the demand for acoustic absorbers are
technological developments, legislation and public opinion.

In recent years there has been an increase in the types of foams
available to compete for the noise control market. The newer, high
performance, foams have properties which overcome the disadvantages
that foam has relative to its competitors. Properties and
performance of high performance foams are reviewed.

A number of parameters in a foam control its sound absorbing
properties. By holding all but one of these parameters constant it
is demonstrated how changes have an effect on acoustic absorption.
With information on how individual parameters influence acoustic
absorption behaviour the possibilities of tuning a foam to a
specific application is investigated. The investigation is conducted
using models suggested by several authors. Only one model is found
to be applicable to cellular plastics and there are limitations to
its application.

Increased demand for acoustic absorbers and an understanding of how
foams absorb sound would indicate a large increase in the demand for
acoustic foam. Due to economic reasons the implementation of
technology can be too costly. Using foams in preference to other,
usually less expensive, materials requires a transference of
information to end users. There appears to be a shortage of
expertise in the foam industry to communicate this cost
justification. Potential for improvement of foam performance for
specific application is possible. Equally possible is an increase in
foam production brought about by greater demand for acoustic
absorbers. In the next few years observation of the industry will
reveal whether potential is translated into profit.
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CHAPTER 1

INTRODUCTION

When sound energy impinges on a porous material a portion of the
energy is reflected and the remainder is absorbed or transmitted.
Technical/scientific investigations of this phenomenon have been
documented as far back as Rayleigh [53]. The original porous media
investigated were fibrous in nature or made up from small particles.
With the development of plastics a new type of porous material
became available: CELLULAR POLYMERS, or as they are usually known
plastic foams. Plastics technology and hence foams has developed
steadily together with our understanding of their acoustic
behaviour. Work has been reported relating the physical and
mechanical properties of a plastic foam and its acoustic behaviour
(e.g. [23]1,1[5],[84]). Similarly there have been studies into the
commercial influences affecting the foam market [81] [37]. The
primary objective of this investigation is to bring together the
study of the technical and commercial aspects of the acoustic foam

industry.

(a) Scope of the project

The project investigates current ideas on acoustic absorption theory
and the factors within a foam that govern the absorption behaviour.
From a knowledge of these factors, methods of optimising foam
characteristics can be established so as to provide the best
absorption performance for é given sound environment. As we live in
the real, highly competitive world it is also important to know
whether changes suggested éié economically viable. Economic
viability involves a study of the manufacturing routes, the current
markets for acoustic foams and how developments (e.g. National and

EEC legislation) might affect the future situation with regard to,
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for example noise emission and harmful substances used in foam

manufacture.

(b) Reasons for undertaking the project.

Many changes have been taking place over the last few years that
have affected the demand for acoustic materials, primarily a concern
over problems associated with excess noise. These problems fall into
three categories - disturbance, annoyance and noise induced hearing
conditions, such as deafness, tinnitus etc. From a noise control
point of view the situation is divided into three sectors (i)
Industrial Noise, (ii) Environmental Noise and (iii) Noise emission
from household products. Legislation and public worry about noise
have been increasing. A major use for foam is in noise management
systems and hence an in-depth knowledge of all aspects involved with
acoustic foams will be of great importance to foam producers and

acoustic engineers.

Several adverse market forces have discouraged the use of plastic
foams. These influences require investigation. To overcome the
adverse publicity about the flammability of PUR and CFC blown foams
the plastics industry has been developing new types of foams. In
some cases the development has concerned the modification of
existing polymer matrices. Other development include new matrix
materials and new production or processing techniques. Many factors
affect the acoustic foam market, all of which have been investigated
individually. Because of the diversification of the disciplines
required there has not been an complete study of the acoustic foam
market. To fully understand the market requires investigation of
acoustics, polymer chemistry, mechanics, business environments and
many other disciplines. Although this project cannot hope to fully

cover every aspect of acoustic foams it does bring together an
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overview of most of the diverse aspects.

(c) Methodology

An initial strategy for the project was devised involving the
understanding of basic concepts. These concepts include foams (their
structure, chemistry, production) and acoustic theory related to
absorption processes. On the commercial side it was necessary to
develop an understanding of market analysis, costing concepts etc.
With these basic tools contacts with industry were made and test
samples (both standard foams and speciality foams) obtained. With
hindsight it is clear that approaching acoustic foam manufacturers
directly was not a good idea. In Chapter 2 the size, structure,
segmentation, and the highly competitive nature of the industry are
discussed. All these factors contributed in making contact
difficult. Initially samples were obtained but very little technical
or commercial information was forthcoming. The original strategy
therefore had to be modified. There is within the foam industry a
very elite group of specialists who deal in acoustics, usually only
one in each large company. It was after one of these specialists had
been identified that a direction for future work was formulated.
Most subsequent discussions with the foam industry have been through
these acoustic engineers. They were generous with both technical and
commercial information on their products and on foams in general.
Care had to be taken with some information and possible conflict of
interests when dealing withlcompetitive companies. The transfer of
information was not only one way. Most of the personnel in the foam
industry have little academic acoustic contact and the acoustic foam
engineers were extremely in£erested in discussing their work as well
as current foam prbjects being undertaken at Sheffield City
Polytechnic. The role of the acoustic engineer within the structure

of the foam industry will be discussed further in Chapter 2. Because
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most of the information about the acoustic foam industry has been
obtained through a single type of source there will be an element of
bias. This bias has been noted and taken into consideration wherever
possible.

The investigation of the two sectors of work (commercial and
techhical) has been conducted concurrently. Although in the past
they have usually been treated as separate subjects, in reality they
are highly interdependent. If an idea is technically sound but
commercialy un—economic it is not worth pursuing. Similarly if a

commercial idea is technically impossible then it cannot be pursued.

Technical work began with the development of an understanding of the
fundamental aspects of acoustic absorption. These fundamentals were
then applied to predictive models. To ascertain the usefulness of
the predictive models laboratory measurements were undertaken and
the results analysed. From the theoretical studies and measured
data, critical factors that can be used to modify a foams acoustic

absorption properties were deduced.

Commercially, after ideas on the type of information required had
been deduced a programme of how to obtain this information was
devised. The programme was deliberately designed with a large degree
of flexibility due to the initial problems found in instigating
industrial contacts. To obtain the required information a series of
interviews with several acoustic foam engineers were arranged.
Before the interview took ﬁlace research on the individual who was
to interviewed and their company had been undertaken. This helped
twofold, first in wording the questions and secondly as a check to

see if the answers were in any way biased. Visits to the company



were structured as follows: a general discussion on the company and
technical considerations, followed by a more formal interview which
was taped. The questions asked at the formal interview were devised
before the interview took place. Transcripts of some of the
interviews are referenced in Chapter 2. The interviewee has been
given a copy of the interview transcript to check for validity and
to see if any commercially restricted information that he did not
want publishing had been included. The structure of the interview
worked well. Information gained from the interviews, from reviewing
trade press and other sources have been brought together to
understand and predict the future of the acoustic foam market.
Within the assessment of the future for foams in acoustic
application a comparison is made of what the technical analysis
identifies as being necessary, with what the industry plans for the

future.



CHAPTER 2

COMMERCIAL ANALYSIS

2.1 Introduction

Polyurethane slabstock is the foam most commonly used for acoustic
absorption applications. Details of manufacture and post manufacture
technology are given in Appendix 7. To estimate the proportion of
the cellular plastic market occupied by acoustic foam is problematic
as foams suitable for acoustics application are also used for many
other purposes. When foam manufacturers sell<théi£ product they are
unsure of the end use of a material. Some of the technical serxrvice
acoustic engineers employed by two major U.K. foam manufacturers
have, from experience, estimated the proportion of their slab stock
production that is eventually used for acoustics applications. Using
information gained from these sources and information from other
persons interviewed an estimate of the total turnover of acoustic
foam in the U.K. is obtained. Future prediction of market share is
more difficult. Although there will be an increase in demand for
acoustic materials, foams are one of many materials that can fulfil
this demand. If the anticipated changes in the foam and acoustic
markets are correctly exploited, then there will be a large increase
in demand for acoustic foams. Figure 1 shows the diverse
applications for flexible foams. Acoustic applications, as well as

having its own sector, feature heavily in all the other sectors.
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The prevalence of acoustic awareness is due to a general increase in
the level of luxury goods (low noise is a luxury) now demanded by
society and an increase of regard for health. Standards of living
enjoyed by the majority of people in the U.K. and Europe have over
recent years been steadily increasing. There have been slight
regressions but ‘what was once thought of as luxury are now household
necessities. Most households have washing machines, at least one
television and at least one car. Exploitation of noise reduction as
a luxury has mainly been in the area of transportation with all
major car manufacturers, constantly through the media, informing the

public how quiet their products have become.

An office environment is another area where the luxury of noise
control is becoming expected. The dividing panels in open plan

offices incorporate a foam layer for acoustic absorption purposes.

The second area were there has been an increased awareness of noise
is that of health. Noise induced hearing loss is the commonest form
of industrial illness. Although there has been awareness of the
problem for many years it is only relatively recently that serious
positive action has been taken with the introduction of legislation
(1974 Health and Safety at Work Act) [63]. Further EEC legislation
has been implemented or is being proposed for implementation in the
near future. A large market sector included within the sectors of
Figure 1 are military applications. In addition to noise reduction
in military transportationvbeing needed for operational reasons it

is also important for stealth.

2.1.1 Structure of the Foam Industry.
The various types of foam that are used for acoustic applications

have been described in Appendix 7. To discuss the production and



marketing process of all the commercially available foams is beyond
the scope of this piece of work. For the following analysis PUR

slabstock foam will be used.

CHEMICAL SUPPLIERS

Materials Inf ormat ion

o~ 7

FOAMERS

Product Technical Services

N,

CONVERTERS

v

CUSTOMERS

Figure 2 Schematic representation of the components in the foam
industry.

The manufacturing route of polyurethane slab stock foam, from
initial chemicals to the consumer, is in three stages (a consumer in
this case is defined as a company using the foam as a method of
reducing sound within their own product e.g. a vehicle manufacture.)
(i) The raw chemical suppliers, (ii) the foamers, and (iii) the
converters. These three categories of company are often separate and
autonomous. Appendix 2 shows most of the current U.K. companies
involved with foams. Company groups such as Harrison and Jones

include foamers and converters.

A raw chemical supplier wixl manufacture and sell the base chemicals
to the foamer (details of éhemistry of polyurethane production are
given in Appendix 7.2.1). The chemical suppliers also calculate base

formulations. Chemicals supplied to the foamer have most of the



additives included. Only slight modifications to formulations are
required when a foam is produced. The modifications are intended to
overcome the influences of atmospheric conditions. J.R.Sandham {71]
discusses these variations and the models that can be used to
predict how changes in ambient conditions affect the foam
characteristics. Additionally the manufacture of polyurethane
chemicals also provide a comprehensive network of advice and
technical expertise on foam production. All the chemical suppliers
are large multi-national companies and hence have the resources and
expertise needed for product development. The help and advice given
to the foamer will always involve the increased use of the advising
companies products. Chemical suppliers will benefit greatly by a

growth in the market brought about by new technology.

The second group involved in producing slab-stock polyurethane foam
are the foamers. There are approximately 8 foamers in the U.K.,
varying from companies like Relyon with a single machine, to
companies like Hyman with 3 machines (this can vary as Hyman also
develop foam producing machines and might have machines on test). A
foamer puts the advice given by the chemical supplier into effect,
however it is the foamer that has ultimate control of foam
properties. Density and air flow resistance are the main quality
control parameters used to assess a finished blocks suitability as
an acoustic foam (the relationship between acoustic absorption and
air flow resistance is discussed in Chapter 3). Although air flow
resistance varies greatly within the finished block if it is within
set limits the foamers will consider the foam suitable for noise
control applications. An acceptance of the variability, not only
from batch to batch but within the same cross section of a foam, of
all characteristics ( e.g. cell size, cell shape, air flow

resistance, etc.) has made the foamers reluctant to fine tune their
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foam to optimum acoustic performance. It is preferred to select a
material from the variations within batches. Additional costs will
be incurred in the implementation of theoretical optimisation
procedures in their subsequent changes in manufacturing technology.
Increased demand for both quality and quantity of acoustic grade

foams may change these attitudes.

The final group of companies involved in the foam production are the
converters. Foamers produce large blocks of material that require
reduction in size, some post production processing (details of which
are given in Appendix 7.3.3) and then conversion into individual
components as specified by the customer. Some of the processing
reduce the size while others such as impregnation, densification
etc. alter the physical properties and hence the acoustic
characteristics of the material. A further post production processes
is the manufacture of composites, ie bonding layers of other
material to the foams (e.g. a thin layer of plastic might be added
for ease of cleaning). These additions affect the foams acoustic

performance.

The three company sectors, described above and as shown
schematically in Figure 2, have the following relationships. First
the raw chemical suppliers will not produce foam on any large scale;
some have small scale plant used for research (e.g. BASF U.K. has a
small research/production centre at Alfreton, called Elastogran). A
company manufacturing polyufethane will require a large customer
base as the machinery used to produce the initial chemicals (polyol
and isocyanate) requires laige scale production before it is
economic. Total world wide production of polyurethane in 1987 was
3.1 million tonnes of which 1.8 million tonnes was for foam (Wouters

[81]) for which there are only six major suppliers. The supplier of
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chemicals has a higher profitability than foam production but
requires a higher level of initial investment. As the outlets for
foam are already being adequately covered by existing foamers there
would be little financial gain for the chemical supplier to enter
the foaming market. Additionally if the chemical suppliers produced
foam they would also create a conflict of interest with the
customers they supply. Should they enter what is a highly
competitive market it would create bad will between them and the
foamers. There are few very large companies and groups involved in
general polyurethane production. Should a chemical supplier upset
one of these groups by entering the foam manufacturing sector it
could hamper the sale of non-foam polyurethane chemicals that are
also bought by the group. An example of these large groups is the
Recticel group. Recticel has a turnover of 21.5 billion Belgium
francs (approximately £ 0.34 Billion) and deals nearly exclusively
in polyurethane, both solid and cellular (details from Recticel
annual brochure ‘Recticel: Facts and Figures’ 1989). The opposite of
the segregation maintained between the chemical suppliers and
foamers is the integration between foamers and converters. A foamer
will produce large blocks of material which for many customers will
require further reduction before becoming a saleable product. When a
cutting machine has been purchased it can further be utilised for
more specialist foam conversions. Further machines for simple
converting are relatively inexpensive. It is a logical consequence
that foamers enter the converting industry.

Converters can not easily enter the foaming industry due to the
initial set up costs. Converters, such as Tmatt usually have other
interests and produce special foam products or foam components for

their own products.
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2.2 Markets For Acoustic Foams

2.2.1 Consumption Data.

The information used in this analysis comes from three main sources
(1) Kompass [43] (ii) EXTEL [30] (iii) Interviews with company
representatives (transcripts of the interviews are given in Appendix
1). The major U.K. foam manufacturers and converting companies are
listed in Appendix 2. Table 1 below summarises data on the
proportion of output used in acoustic applications for the two main
acoustic foam suppliers.Duffy (Appendix 1 details discussion with
S.Duffy) is of the opinion that these two companies have the highest
profile in acoustic foams and command about 50% of the U.K. market.
From this it is estimated that the current turnover in the U.K. for
PUR foams is about £ 2.54m. The error in these estimates can be
attributed to two main sources: (i) The data from private
communications are subjective and (ii) The final application of foam
is not known to the foam manufacturers unless‘he is also converting
a specific piece of foam.

Table 1 Estimates of turnover in acoustic foam for two major
suppliers.

Firm Turnover Proportion of Estimated
(1989) output used Acoustic
in Acoustic Turnover
Application
Pritex £5.8m [30] 30% (a) £1.74m
Ranwal £4.0m [30] 20% (b) £0.8m

(a) P.Hanscombe (1989) private communication, Appendix 1.
(b) R.Rodwell (1989) private communication, Appendix 1.

A cursory examination of the flexible foam market from the time of
time of its initial growth period, about 1953, indicates that it

should be in the mature stage of its product life cycle. This is
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Figure 3 Graph of consumption of flexible foam in the U.K.
Data from Business Monitors PQ2415 and 4832 1990.

however incorrect. The product and the markets have not remained
static. They have been driven by (a) technical developments, (b)

legislation and (c¢) consumer demand.

Over the last few years 1981-1987 the global market for flexible
foams has grown by about 20% ,Figure 3. This represents an annual
increase in consumption from 1.8x10° tonnes to 2.2x10° tonnes.
Although there have been good and bad years the trend is for an
increase in demand: Some féctors such as adverse publicity over the
flammability of foams will affect all foam production (for example
the Manchester air disasteﬁ in 1982). Other factors, such as the
increases in demand for acoustic material will affect only facets of
the overall demand. To demonstrate the large potential that can be

fulfilled by foam, a case study of the opportunity in the automotive
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industry is given in Section 2.5 below.

2.2.2 Factors Influencing Consumption.
As discussed in the introduction to this chapter above and as shown
schematically in Figure 1 there is a large variety of applications

where acoustic foams are used.

MARKET FORCES

7 ™~

DEMAND FOR PRODUCT <—— ALTERNATIVE

SN

PUBLIC DEMAND LEGISLATION

Figure 4 Market forces affecting the demand for acoustic
foams.

The key market forces effecting acoustic foams can be divided into
two areas (1) increases or decreases in demand for the product. (2)
competition from other goods capable of performing the same
function. In the case of acoustic foams the first market force
(change in demand) can again be further subdivided into two main
sectors: demand due to public desire and demand brought about by
legislation. Examples of these two market pushes are typified in
automotive industry. The interior of a car is required to be quiet
by public demand whereas the noise emitted from the car (kerb side
or drive past noise) is required to be low by regulation (29].

Details of legislation on curbside noise follows in Section 2.3.3.

2.2.3 Increase in demand due to public pressure.
The public pressure for decreased noise in not only in vehicles.
Over the last few years there has been an increase in general

awareness of noise. Examples of this can be seen in the London
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Docklands development (e.g. 25/7/88 Guardian), where the most
crucial factor in the airport design was the amount of noise emitted
from the aircraft. It is publicity from issues like the London
docklands development that make the general public more aware of
noise. Another contributing factor to people’s awareness is when ah'
employer fulfils .its legal commitment to educate in the hazards of
noise. Legislation is discussed below. However by far the largest
contributor to public awareness of noise is still the automotive
manufacturers. All major automotive manufacturers are using the low
interior noise level of their vehicles as a critical portion of
their technical sales/marketing strategy. Originally noise reduction
developments were in the larger luxury car sector. As with all
automotive developments, what was a luxury is now becoming standard
and cellular plastics play a major role in the achievement of

vehicle specification.

2.2.4 Increase in Demand Caused by Legislation.

Historically attitudes by management to noise emitted from
industrial machine have been poor, as it is an intangible problem.
Management, from its quiet offices, find it difficult to appreciate
the reasons why a quiet factory is required. There is no perceived
return on investment in noise reduction procedures. With larger,
faster, more powerful and hence noisier machines being required for
more economic production the noise problem is increasing. An
awareness of the problems caused by long term exposure to excess
noise is well established and legislation is changing with the
changes in awareness. When more stringent legislation on levels of
noise allowable in any situation is introduced there will be an
affect on the demand for noise reducing materials ie acoustic foams.
Some of the new legislation related to noise reduction is reviewed

below.
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Legislation

Current legislation on noise at work is very general and based on
the 1974 Health and Safety at Work Act. The act is designed to
reduce all types of risk at work. The Health and Safety Executive
(HSE) which enforces these regulations uses the " Code of Practice
for the Reduction of Employed Persons to Noise" [14] as its
interpretation of the noise section of the 1974 act. Since the act’s
introduction the HSE has increased its efforts to enforce the
legislation as can be seen in Figure 5. The graph shows the number
of notices issued by HSE inspectors in respect of noise. Data for
the graph were obtained from [27]. It was not until 1983 that the
first immediate prohibition notice was issued but after 1983 they
were being issued on a regular basis. From the graph a general trend
of increase in concern regarding noise levels is deduced. However
the HSE has always wanted tighter regulations and in 1981 it
submitted new draft regulations and guidance documentation ([63]

[77]. Because of the initiative for the unification of the European
market the 1981 draft documents were put aside in favour of an EEC
directive [18]. This was adopted in 1986 for implementation in 1990.
Differences between the Code of Practice currently being used by the
HSE and the EEC directive are not large, although where there are
differences the directive is tougher. When one compares the two
documents, the main difference is that the code of practice states a
level of 90 dB (A) at which something must be done. In the EEC

directive there are three action levels;
(i) <85 dB(A),

(i1) > 85 dB(A) < 90 dB(A)

(iii) >90 dB(A)
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Figure 5 Graph to show the number of notices served by the
Health and Safety Executive, related to noise.

It is the introduction of the 85 dB(A) action level that major
differences will occur. At this level over twice as many workers
will be covered by the legislation. Approximately 630,000 workers
are exposed to noise levels above 90 dB(A), whereas 1.7 million are
exposed to over 85 dB(A) (data from Health and Safety Executive
[27]). Other changes include peak action levels. The HSE still
considers the new legislation inadequate and it is due for review in
1994 when further reduction more in line with the 1981 proposed
changes will be considered. A level of 85 dB(A) was originally
proposed by the commission but lobbying by the CBI (who estimated a
cost to British industry of 500 million pounds for 85 dB(A) )
increased the level to 90 dB(A) [79]. Other noise related health
risks, not including heariﬁb loss, are still covered by the 1974 HSW

act.
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To assist in the tightening of noise control, legislation on the
noise emission from all machines used in the U.K. is being
implemented. On 15 June 1989 the European council adopted a
directive [17] which is intended to be implemented in December 1892.
The directive requires machine manufacturers to report and label all
machines capable of producing 70 dB(A) and above. Legislation on
specific types of machinery are already in operation and a resume of
some of these machines and relevant directives are given in Table 2.

Table 2 A selection of EEC regulation on noise emissions.

Directives No
Directive on the determination of noise 79/113/EEC
emission of construction plant 81/1051/EEC
equipment. 85/404/EEC
Common provision for construction plant 84/534/EEC
equipment.
Tower cranes. 84/405/EEC
amended
87/405/EEC
Compressors. 84/533/EEC
Welding Generators. 84/535/EEC
Power Generators. 84/536/EEC
Concrete breakers and picks. 84/537/EEC
Lawnmowers. 84/538/EEC
amended
88/180/EEC and
88/181/EEC
Dozers and excavators. 86/622/EEC
Agriculture or forestry tractors. 77/311/EEC
Powered industrial trucks. 86/663/EEC
Household appliances. 86/594/EEC
Machinery directive. 89/595/EEC

When legislation is introduced the demand for acoustic absorption
material will increase as noise from the current plant is reduced by

barrier and enclosure techniques. When the plant is replaced it will
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be designed with acoustics as a prominent selling feature. After
plant has been replaced the rate of increase in demand will decline
until growth is at the pre legislation rate but at a much higher

level.

The expected incdrease in demand for noise reduction has already
become apparent and can be seen in the increased advertisement in
the trade journals for acoustic related positions. In the foam
industry all the persons interviewed stated that from their
experience, acoustic related work was consuming more of their time

than previously.

So far only the legislation on noise levels affecting workers has
been discussed. There is also legislation regarding annoyance noise
imposed on the general public. This type of environmental noise is
covered by the 1974 “Control of Pollution Act (Sections 56-58)" and
enforced by local Environmental Health Officers. Reduction of noise
emitted from an industrial premises uses little sound absorbing
materials (typical noise sources are compressed gas outlets that
require mechanical silencers). Also there is no change in regulation
anticipated in the near future, therefore legislation on
environmental noise will have little effect on the acoustic foam
market. Information of environmental noise was obtained from an
interview with M.Bayley, Environmental Health Officer for Rotherham
district Council.

A second area where legislafion is implemented is noise emission
from vehicles. The- legislation has been slowly decreasing. A direct
comparison is difficult as ihe categories for vehicles is has not
been kept constant. (e.g. 84/372/EEC classifies vehicles according
to weight whereas newer legislation 84/424/EEC categorises in terms

of engine power). A general reduction of 5 dB in the noise levels
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permitted to be measured as a vehicle drives past a stationary
observer has been introduced over the last 15 years. The figures of
5dB is approximate, being taken from EEC documents 84/424/EEC and

84/372/EEC. Below is an example of the typical changes in the

legislation.
Legislation
84/372/EEC 84/424/EEC % reduction in
Sound Intensity
3.5-12 tons 86dB  Upto 100 hp 81 dB 66
100-200 hp 83 dB 50
> 12 tons 88dB >200 hp 84 dB 66

Although it is not required by the EEC that the new legislation be
brought in to effect until April 1991 in many European countries the
legislation is already being implemented. All of Europe will have
implemented the directive by January 1992. Other non EEC countries

have also accepted the directive as standard.

2.3 Cost analysis of foam production.

The following discussion is on factors involved in the cost
efficiency of production of PUR foam for use in acoustic
applications. When the costs have been ascertained an estimate of
return on investment will be made. The technique used will be Net
Present Value (NPV). From NPV the Internal Rate Of Return (IRR) will
then be calculated. The discounted cash flow methods were selected
in preference to other cost analysis techniques (e.g. pay back
periods) -as they represent a more realistic analysis (taking into
consideration the fact that cash in hand is worth more than promised
cash in the future). Details of NPV and IRR can be found in standard

accounting or business text books. Data on which NPV evaluation is
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to be applied have been obtained from several sources. A summary of
the sources and a justification for the data are discussed below.
PUR is the most widely used foam, hence the analysed is on this

type of foam.

Land and labour costs are regionally dependent, hence the NPV
evaluation has been conducted with cost taken from around the

Sheffield area.

Three different machines used for PUR slabstock production will be
assessed; Max foam, Vertifoam and Miniflex. These machines have been
described in Appendix 7.2.2. Miniflex is a smaller, more compact
version of Vertifoam. Details of machine production capabilities
were obtained from data sheets supplied by Viking PTI Ltd. of
Stockport, an engineering company that specialises in the
manufacture of machines used in slabstock production. Further
details of manufacturing quantities have been deduced from

production manuals distributed by Shell and Dow chemicals.

Within the umbrella of PUR there are many types of foams and
variations in selling price. The least expensive is sold by the foam
manufacturers for approximately £80.00 per cubic metre. This type of
foam is very crude with little uniformity in material
characteristics. Often this inexpensive material will be the front
of a production run before the parameters in the foam have
stabilised. With the additioh of additives, higher control testing
and post production treatments the trade selling price can rise to
£300.00 per cubic metre. all grades of material are employed for
acoustic applications, however the most commonly used has a trade

selling price of approximately £110.00 per cubic metre.
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The cost of chemicals will vary greatly with quantity. Additionally
because the chemicals are petrochemical derivatives costs will be
highly dependent on oil prices. Figures for base chemicals used in
this evaluation were originally obtained from ICI and Shell via.
telephone conversations. These were then verified by conversations

with foam manufdacturers (Pritex and Hyman).

Wage prices where obtained from Government published figures.
Building costs were estimated by the Information Service of the
Royal Institute of Chartered Surveyors, in Kingston upon Thames.
They stressed that prices are extremely volatile in today’s economic

climate.

Information on rateable value came from the Sheffield development
agency. Figures obtained are for buildings erected after 1 April
1990 when a new system of rate assessment was implemented. Older
buildings will gradually be phased into the new rate assessment
system. Assessment of rates are dependent on many factors however a
figure obtained from comparison with a recently constructed factory
is £25.00 per square metre. This is then multiplied by the uniform
business rate of 34.8 pence in the pound to give a cost of £8.70
pounds per square metre of factory space. A summary of the values
used in the NPV analysis is given in Table 3.

Output from the three machine types will vary. For analysis, two
output rates for each machine have been calculated. Results are
given in Table 4. Output rafe has a maximum upper limit, however
machines are rarely set at these rates. A rate has to decided upon
at which all the foam produbéd can be sold. If production is below
the chosen level,bstorage and other facilities are under utilised,
presenting additional costs. Should there be a possibility of

un-satisfied demand there will be a loss of possible revenue or
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Table 3 Summary of values used to calculate cost of foam
production.

Characteristics Miniflex Vertifoam Maxfoam
Max output /tonnes per 1000 4000 3000
year
No of tech workers 1 1 2
No of manual workers 2 3 4
Cost /£ 300000 430000 590000
(*)Machine Housing /£ 1900000 2300000 3000000
(*) Rates /£ 18500 24700 33400

* based on Area

opportunity cost. Because the product has a large volume an increase
in output will require subsequent large increase in storage area.
Due to the additional safety precautions required the cost of having
storage facilities available for over production becomes
uneconomical. The storage of this high volume product can make a
large increase in cost and according to Paul Hanscombe (see Appendix
1) it is not unusual for material to go from raw chemicals to
finished product (cut formed etc.) in 3 days. Calculations of space
used in the NPV analysis is slightly higher than the chosen output
as production cannot be at maximum all the time.

Table 4 Expected returns for investment in three different
foam manufacturing plants.

Performance Miniflex | Vertifoam Maxfoam
NPV (0.2) 1000 tonnes 680000 120000 -31000
IRR 1000 tonnes 25.9 20.9 12.5
IRR 3000 tonnes - 91.2 66.9
IRR 4000 tonnes - 127.7 -

Examples of the calculation of NPV set at 0.2 for each machine is

given in Appendix 5 for each machine and at a production rate of

1000 tonnes per year.
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From the discounted cash flow analysis above the following
conclusions can be drawn. For small quantity production, around 1000
tonnes, the most suitable machine would be the Miniflex. Production
quantities above 1000 tonnes would appear to be more suitable for
the vertifoam type of machine. This point was put to P.Hanscombe
(Appendix 1) who runs a Maxfoam type machine. Foam from a Vertifoam
is not as ‘tight’ as that from a Maxfoam. A much more open foam is
produced which is less suitable for acoustic use. The analysis is
sensitive to changes in material and selling cost. In the present
economic climate these are extremely variable. Demand for the

product is also extremely variable.

2.4 Alternative Materials.

'Above, a case is made for a large increase in demand for quietness
brought about both by public demand and legislation. Acoustic
absorbing materials are the primary method of reducing noise.
However there are several other types of acoustic absorber, apart
from foam, capable of satisfying this demand. Any consumer, when
purchasing a product, will evaluate alternatives, balancing good
points against bad points and arriving at a product that will
maximise their utility. There are many factors that have to be
considered. A bias that each consuﬁef.puts on each factor will vary.
Key factors are shown schematically in Figure 6. Before these
factors are discussed, a brief description of the main alternatives

to foam will be given.

There are other methods of }éducing sound energy levels apart from
using porous media e.g. product design, addition of silencers or
resonators machined into a construction panel. Further details of

these methods are given in References [5] and [75]. These types of
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Figure 6 Schematic representation of factors

consumers choice of acoustic material.
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noise reduction are used in a few specialist applications.
Originally, fibrous materials were used as porous sound absorbers,
however with advances in the plastics industry and the advent of
cellular materials the fibrous type material are being gradually
superseded. Fibre felts, mineral wools and natural materials
alternatives to foams for acoustic absorbers. Characteristics are

shown Table 5.

The information given in Table 5 is from manufacturers’ information
sheets. Information on random incident absorption was not available
for Felts. Manufacturers’ data for felts are normal incident
absorption on 10mm samples. In Chapter 3 the theoretical effects of
sample thickness on absorption are discussed. Therefore when one
compares absorption of materials, equal thickness are required.

Felts are compared with a rigid foam in part B of Table 5.

Felts are animal and manmade fibres which, when compressed or needle
punched form a fibrous mat. A similar material, falling into this
category, is animal‘fibres (horse hair etc.) bonded together with
rubber. These materials are still being used today, but to a limited
extent. Other commonly used sound absorbing materials are mineral
wools, which are thin fibres spun from molten rock or glass, a
similar process to candy floss manufacture. Naturally occurring
materials are also commonly used, for example cork. Details of the
forms and typical applicatipns are given in Table 6. Other
alternative materials will nét be discussed due to their limited
use, e.g. curtains, acoustic tiles.

The key factors affecting the decision a prospective user of sound

absorbing material would make are shown in Figure 6.
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Table 5 Random
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Table 6 Materials that compete with foam, their most popular use
and maximum continuous operating temperature.

Alternative - Competitive Materials
Materials Form Major Applications Max.
Operating
Temp /°C
Foam (PUR & Sheet, Automotive, 100
PVC) Blocks, Marine, Industrial
Mouldings,
Composites
Speciality Sheets Military, 300
Foams Aerospace
Rock Wool & Blocks High Temperature, 230
Glass Wool Blankets Building,
Rolls Under Bonnet
Felts Blankets Under Carpet 100
Automotive &
Domestic

Cost Superficially the cost of foams relative to other materials
does not make them a realistic alternative.

Table 7 Approximate cost factor of sound
absorbing materials.

Materials Cost Factor
Foam 1
Felt 2/3
Mineral Wool 1/2

When one compares materials, it is seen that felts are
approximately two thirds of.the price of foam and mineral fibres in
the region of half.the price. It is the manner in which foams are
used which makeslthém econdmic alternatives, creating cost

reductions via:
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(1) Reduced number of components

(2) More efficient usage of materials

(3) Optimum coverage of sensitive areas

(4) Reduced assembly and installation time

(5) Design flexibility

(6) Potential for.robotic assembly of finished components
(7) Lightness in Qeight

(8) Retention of performance over long periods

(9) Resistance to chemical and biological degradation

(10) An ability to tailor properties

Foams have the ability to be cut, formed, moulded, or injection
moulded into complex shapes that cannot easily be obtained from
alternative materials. Also foams can be easily bonded to other
materials, creating composites with a set of properties not
otherwise available. By correctly using the properties of foam and
foam composites, products are created that can replace several
components with one new component. Single components have a reduced
assembly cost, making foam/composites more cost effective than

traditional materials.

Performance A sound absorbing material’s absorption capabilities are

not always the highest priority. For example if two materials are
being considered for an application and the least expensive is a
inferior sound absorber, by using more of this material, the
required absorption is obtained and costs reduced. Other performance
considerations are -how a material will perform over time in the
physical and chemical envirgﬁment in which it is required to
function. Performaﬁce of a material after exposure to excess heat or
chemicals affect the material selected for a given application.

Often a material used for acoustic applications will perform
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secondary functions which, together with durability, make mechanical
strength, tear resistance and fatigue resistance contributing

factors.

Weight is of primary importance in acoustic problems related to
transportation.'hny weight increase is directly related to increased
fuel consumption and hence running costs. In aerospace, especially,
weight is especially important, taking precedence over many other
factors. When both sound transmission and acoustic absorption are

considerations additional mass can be an advantage.

Environmental "Green" or environmental issues are becoming more

prominent daily. At the forefront are factors such as
biodegradability, recycling and the ozone layer. These issues are of
significance where foams are concerned. In common with most
plastics, polymer foams are not biodegradable. Many study groups
have been set up to examine the feasibility of recycling. A specific
example related to foams was reported in the 1987 UTEC conference
[81] where a group had been set up in the USA to consider the
problems of urethane. One major effect of the unification of the
European market in 1992 is the greater concern regarding

biodegradability that the Europeans have, compared with the U.K.

The other major eﬁvironmental issue affecting foam producers is
CFCs. CFCs are used as a blowing agent during foam production
(Appendix 7 gives -further details of foam production). Twenty
percent of the wofld’s 1988. CFC consumption was used for foams [37].
Since the Montreai protoéoiybn CFC reduction, foam manufacturers
have found alternétive methods of blowing foams [16] [83] and water
blown foams are quite common. Generally the use of CFC in flexible

foam has been phased out.
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Health A very important reason why foams are preferred over
alternative materials is a general fear of fibrous material. Many
people associate material like rock wool with asbestos. In America,
legislation has been introduced classifying Rockwool etc. as
hazardous materials. If they are used anywhere in a product, full
safety literature must be supplied. The health hazard is not great,
the main problem for suppliers being public attitudes, and few
people are willing to purchase any product with fibrous material in
it. Cellular plastics are clean, easily machined, moulded or formed,
light, and now reasonably fire resistant. Fibres can also cause

irritation and be difficult to clean.

Flammability: Polymers are all combustible to varying degrees and

can rarely tolerate temperatures above 150° C. With the large amount
of air in foam, a fire would have an oxygen supply readily
available. Similarly other base materials (animal and manmade) used
in acoustic products will also contain air, making excellent oxygen
sources for any fire. Minerals used in mineral fibre sound absorbing

blankets have excellent fire resistance.

Of all the acoustic absorbing materials, foams (particularly PU
foams) have the greatest problem with flammability. Not only do they
burn readily, but there has been a large amount of press coverage
concerning the fires where foams are held to be the cause of death.
There was a large increase in the bad press in the late 70’s early
80’s with incidents like the Manchester air disaster (1982),
Mansfield leisure centre fire in Belfast (1984) [13] and the
Woolworth department storeffire (1978) [13]. In all these fires many
people lost their‘lives. It was not just the fire that killed but
the dense choking black smoke and noxious gasses (e.g. hydrogen

cyanide) that are given off when PUR foams burn. Further details on
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all aspects of "Fire in Cellular Polymers" can be found in a book by
that name edited by J.M.Buist et al [13]. The publicity given to
foam fires has forced the foam manufacturers to modify their
products. Many manufacturers have turned this bad press around and
use the flame resistance of modified foams as a positive selling
point. References [60] and [61] are typical of the articles written
on foam flammability, in relation to new flame retardant foams.
At this stage it is important to note that the fires involved mainly
furniture (the Mansfield leisure centre fire involved foam gymnasium
mats) . The resulting publicity and development will, however, affect
all foams. Regulations on the flammability of foams at present only
relate to furniture, however there is much concern from any foam
purchaser with regard to flammability. The manufacturers interviewed
(see Appendix 1) indicated that because of the high profile of foam
flammability, a consumer of any type of foam would require that foam
be flame retardant. Legislation on the flammability of foam in
furniture was introduced in February 1988 with "Furniture and
Fittings (Fire) (Safety) Regulations 1988 (Statutory Instrument 1988
No 1324)". This legislation does not directly affect acoustic grade
materials. Indirectly, however, the legislation will affect acoustic
foams as they are usually manufactured in the same batch as
furniture foams.
To reduce a foam’s hazard in a fire situation, several techniques
are employed, the most popular of which are:

(i) addition of melamineApowder, which will, char forming a
surface non flammable barrier.

(ii) addition_bf alumina trihydrate which upon heating produces
water to extinguish the fire.
(iii) Designiné the foam so it shrinks away from any flame

source.

(iv) Using different base polymers for the foam (see Appendix 7).
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There are other methods used but at present the above are the most
popular. All the methods will affect the physical properties and

generally put additional cost onto the selling price of the foam.

Felts have similar flammability problems and are therefore usually

treated to increase their flame resistance.

2.5 Case study: The Automotive Industry
Noise control is taking a higher and higher profile in all types of
transportation. The car is an excellent example of this and clearly
demonstrates consumer ‘pull’ for lower interior noise levels, and
legislation ‘push’, to achieve lower exterior noise levels.
The Main Noise sources in a car are;

(i) Engine

(ii) Exhaust

(iii) Road Noise (tyres)

(iv) Wind Noise
Ideally, noise should be eliminated at source. This is often
attempted and an example of this is in better car aerodynamics
which reduces wind noise. All current vehicle manufacturers
are producing cars with reduced drag coefficients, reducing
petrol consumption and noise. Progress is also being made in
other areas. Despite these reductions there is still
considerable unwanted noise. Noise created within the car
falls into two categories:-

1. Air Borne
2.,Structuré,Borne

Foams can be used to reduce both these types of noise: sound
absorbing foams cén reduce interior noise and heavier
viscoelastic foams are used for noise insulation and vibration

damping.
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However foams are not as prevalent as they could be. Areas
where noise reduction materials could be or are employed are
illustrated in Figure 7 to Figure 12. In all these
applications the current use of foam is limited. To estimate
the potential market for acoustic foams in cars the major

areas used for sound controls are considered separately.

1. Floor carpet composites panels

Floor panels are

multi-functional, having

to be decorative, hard

wearing, easy to clean

©

Figure 7 Areas in a car where absorb and insulate
acoustic floor coverings are used.

as well as being able to

sound and vibrations. In

most modern cars, these
objectives are satisfied by a carpet backed by an acoustic
layer. Traditionally the acoustic layer was of felt or fibre
blanket. Foams arevreplacing these materials although some
large ﬁanufacturers still prefer the traditional materials
(e.g. Ford mainly use fibre felt as a soundvabsorber).
From an ICI News Letter [39] it can be deduced that there is
on average 3.5 m? of carpet in every car. A typical
specification for the thickness of the absorbing layer [40] is

between 3-25 mm (an average of 12mm is assumed.)

The average quantity of foam used under carpets in cars is
therefore about 0.42 m®. Adéitional septum layers of heavy
rubber or bitumen.are added for damping. These, as suggested
by Zwinselman and Bachmann [87], could be replaced by

viscoelastic or highly filled foams.
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2. Door Panels

Most door panels are

moulded plastic or

hardboard covered with a

decorative layer. There

is available space

Figure 8 Areas in a car where behind a door panel
additional sound absorbing

material could be wused, door which is rarely used for
panels.

sound absorption. With

the increased use of
electric windows door panels will no longer be required to
incorporate the window closing mechanism in the door panels.
The door panels will then be continuous, with additional room
for acoustic sound absorbers.
In company specifications door panels [40] are between 10 and
20 mm thick (assume an average of 15 mm). An estimate of the
area of each door is 0.7 m?’. If four doors are included the
total volume of sound absorbers that could be used in doors

will be 0.42 m’.

3. Headliners

Headliner materials have

undergone many changes.

The reasons for these

changes include cost,

ease of installation and

Figure 9 Areas of . a car - where acoustic properties.
additional sound absorbing

material could . Dbe ‘used, Historic developments of
headliners.

headliners can be found
in [24]. The typical

modern headliner is a self-supporting fibreglass and foam
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composite with a decorative layer. From [66], [44], the
thickness of foam in a headliner is between 10 and 20 mm
(assume an average of 15mm). An estimate of the average area
of a head liner is 1.1 m?’. Therefore 0.165 m*® of foam could be
used in the average car. This estimate is based on current
production methods; any new headliners could include a greater
use of foam as long as the criteria of cost, self-supporting
and acoustic properties were improved. Modern head liner

production incorporates rigid polyurethane foams.,

4. The engine compartment (under bonnet).

Figure 10 Areas in a car where
additional sound absorbing
material could be used, around the
engine (so called under bonnet
treatment applications).

_ Three areas will be considered: (i) the underside of the
bonnet, (ii) under the engine and (iii) the engine side
bulkhead compartment as shown in Figure 10. Control of noise
emission from the engine has become increasingly relevant with
the growing popularity of the noisier diesel engine and EEC
legislation conceining driye past noise. All three of these
areas have problehé}associaﬁed with heat, o0il and petrol.
Details of the aégﬁessive environment together with material
resistance are discussed by Rigby [66]. Therefore standard

polyurethane foam cannot be used unless it is treated or
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covered. Alternatively, other types of high performance foam
could be used. Consider first (i) bonnet attached panels.
These are becoming very popular, especially with the more
expensive vehicles. Because of the heat and solvent problem
these panels have traditionally been made from mineral fibres.
Under the bonnet,. there is often space for a thicker layers of
absorbing material, between 4 and 45 mm, [4] (average thickness
20mm) . If one estimates the area of sound absorber that can be
attached under the bonnet to be 1 m?, the volume of absorber
used under the bonnet in the average car would be about 0.02m’.
The second area, under the engine, has the additional function
of smoothing the under surface of the vehicle, reducing drag
and air noise. Low drag improves the vehicle’s economic
performance and in addition noise reduction is obtained by
limiting the source air noise. Because these panels have to be
light and easily removed for maintenance they have
traditionally been thin, approximately 5mm thick. An estimate
of the area of an “under engine panel" would be 1lm? giving a
potential volume per car of absorber equal to 0.005 md. (iii)
The compartment around the sides of the engine can be used for
sound absorption. An estimate for possible consumption of foam

in this area would be 0.002 m® per vehicle.
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5 Other Areas

In addition to the

applications already

identified other areas

could be considered,

such as those shown in

Figure 12 Other areas in a car Figure 12, the posts and
where additional sound absorbing
material could be used. contrails (ii). Extra

components which could

be made more efficient
sound absorbers are the parcel shelf (i) and behind the dash
board (iii). In a vehicle there are many possible sound
absorbing areas and leakage paths. A summed estimate for the
usage per car of absorber in all these small areas would be

about 0.04 md.

Summary:

There are many areas within a vehicle where acoustic panels
and acoustic foam treatments can be incorporated, each having
acoustic and non-acoustic performance requirements. Foams are
one of several types of materials that can be used for these

application.

Table 8 gives an estimate of the potential utilisation of
sound absorbing materials in automotive applications. This is
based on manufacturers specifications, in Western Europe, and
the number of caré'sold in 1990.

Notes: the type of polyurethane foam used for automotive
acoustic applications will vary according to where it is to

be used. Under carpet treatment is typically RIM moulded on to
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Table 8 Table of quantities of acoustic absorbing material
used in car production.

Component Area Thickness No Total
/m? /m 1072 Volume/m?
Floor Panels 3.5 12 1 0.042
Door Panels - 0.07 15 4 0.042
Headliners 1.0 15 1 0.0165
Bonnet 1.0 20 1 0.02
Under Engine 1 5 1 0.05
Side Engine 0.02
Others 0.04
Total Volume per Vehicle 0.23
Total Weight per Vehicle (a) 9.22 Kg
U.K. Demand (b) ' 1.84 x 10°
tonnes
Western Europe Demand (c) 1.11 x 10°
tonnes
Machine time (Western Europe) (d) 5.2x107
hours
Total No. of new machines required
(a) Average density 40 Kg/m?
(b) Based on 2 million cars per year [34]
(c) Based on 12 million cars per year [34]
(d) Based on Vertifoam Machine.

the back of carpet‘(detailsrare given in reference {52]). The
density of this fdgm is in the order of 80 Kg m™>. Other
applications such?as foams;#ged in headliners will be low
density, rigid palyurethane‘of the order of 11 Kg m™3. Although
the analysis above uses slabstock for calculation a variety of

different types of foams will be used.

40



An example of how noise control is affecting the marketing of
vehicles is the advertising campaign of Ford for their Cargo-Q
trucks. In an advertisement for the truck, noise has taken
highest priority above all other features. The initial
paragraph is related to noise and reinforcement statements are
also included in the last paragraph. Priority is given above
cost and environmental features. The aspect of noise that is
concentrated upon is drive past legislation (EEC 84/424) and
how the Ford Cargo-Q ‘easily conforms to next year’s noise
legislation (1992)’. Additional statements with less
prominence are also made regarding the interior noise. Further
information is available from Ford on the legislation and how
Cargo—Q meets the required standards in a free booklet.
Information is given in the booklet in a non-technical format
with comparisons of other noises. A table of old and new
levels of drive past noise for trucks is also included. A
paragraph on interior noise specifically mentions the use of
foam in noise reduction. ‘The Noise shields and foam are

designed to absorb noise energy not just channel it.’

This is just one example of how legislation is being used by a
vehicle manufacturers as a positive market force. The
increasing awareness will generate a requirement for increased

quantities of noise control material, foams.

2.6 Costing of a Commercial.Ventilator.
An example of a ventilator is used to demonstrate how the use
of foam as an alternative to other acoustic absorbing material

will produce a more marketable product.
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The product is a device for the introduction of fresh air into
a building while excluding noise external from that building.
By passing air through a u shaped passage lined with an
acoustic absorbing material fresh air can be introduced while
excluding noise. Details of the criteria for design of the fan
is given in Appendix 1 (an interview with Mr R.Belcher the MD
of Manrose a company proposing to manufacture this type of

ventilator).
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Figure 13 Schematic representation of a noise reduced ventilation
fan.

A major objective of this exercise is to reduce costs by using
foams. The acoustic material presently being used in this type
of ventilator is Rockwool. From the foams available Basotec
(see Appendix 7 for materigi'specifications) is suggested as
more suitable thaﬁ Rockwool. In designing a new ventilator
several other non-acoustic modifications will be made to give

the product a an extra competitive edge. Details of other
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product modifications will not be included in this discussion
as the objective is to demonstrate the advantages and cost
savings obtained from using foam. Cost savings will be brought
about by several of the foam’s characteristics: it is self
supporting, it does not require a surface cover and it permits

easier handling of the material.

Manufacture of the unit starts with a metal shell. Panels of
Rockwool are cut and then coated with black lantor material (a
protective covering) . The covering is to prevent loose fibres
from being blown into the building. Each cut slab of Rockwool
is then sprayed with an adhesive and put into the metal shell.
In the design of old unit (Figure 13) there is a central metal
sheet with Rockwool glued to both sides.

Several differences in production will be possible when using
Basotec. By careful design the cut slabs of Basotec will be
able to slot together without the use of glues. The central
metal panel will also not be required as Basotec is self
supporting. No loose fibres are free to be blown into

buildings hence the material no longer requires a covering.

Original costing obtained from Manrose included 75 individual
items. The majority of these will be constant, independent of
the type of sound absorber used and hence will be combined

under sundries.

Quotes for labourfare from Remploy. The cost of case
production was qubted from:éxmetal working shop opposite the
Manrose factory iﬁ Slough. It is expected that further
reductions in these two costs could be made after prototypes

have been constructed. Only estimates were required initially
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Table 9 Costings for ventilator with two different sound

absorbing materials.

COSTINGS (0ld)

Components Cost each Cost
/£ /£

Sundries 29.53 29.53
Rockwool (0.75 of slab) 1.57 1.18
Black Lantor (0.8 sheet) 0.19 0.15
Spray adhesive (.02 litre) 1.94 0.04
Solvent (0.02 litre) 1.83 0.04
Metal Shell 12.32 12.32
Labour 14.27 14.27
Total 57.53

COSTING (New)
Sundries 29.53 29.53
Basotec (0.6 of slab) 2.63 1.57
Metal Shell 10.22 10.22
Labour 11.14 11.14
Total 52.16

to ascertain the feasibility of the proposed changes. When
final production prototypes have been constructed and tested a
more vigorous costing exercise will be undertaken. Other ideas
such as having the front section of the case plastic moulded

will also further reduce the production cost.

Total cost saving obtainedgby the use of Basotec is £5.37. As
a minimum thirty percent mark-up is required, this implies
that the product could be sold for £6.98 less than if

manufactured with Rockwool. In the discussion with Mr Belcher
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(see Appendix 1) for his marketing strategy a minimum of a ten
pounds reduction in the selling price is required. Although
the use of a foam has not brought the selling price down to
the required level it has made the required reduction from
other modifications much less. It was estimated by R. Belcher
that the level 6f~saving brought about by additional
non-acoustic modification would be approximately equal to
those obtained from using foam instead of Rockwool. The two
types of cost savings will not only make the new marketing
strategy possible, but it will also create additional
profitability. In conclusion the product initial objectives of
this exercise have been more than fulfilled and the product
can now be made more profitable. Mr Belcher had not originally
thought of using foam and would have abandoned the
modification project had these discussions not been entered

into.
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CHAPTER 3

THEORETICAL MODELS OF ACOUSTIC ABSORPTION

3.1 Introduction.

In this chapter, some of the many models used to predict
acoustic performance from simply measured characteristics of a
material are investigated. Most of these models were not
originally concerned with foam but with fibrous porous
materials. The purpose of this investigation is to find a
realistic theoretical approximation with variables that can
easily be measured. Methods used to attain different
cHaracteristics are discussed in Appendix 7. Once an adequate
model has been identified, the effects of physical parameters
on acoustic absorption can be investigated and a method of

optimising each variable established.

The earliest model was constructed by Rayleigh [53]. By
considering a porous medium as containing parallel cylindrical
capillary pores running normal to the surface Rayleigh builds
his model. This investigation will not begin with the original
Rayleigh model but with the first model put forward by Zwikker
and Kosten [86]. These models are also based on a simple case
of idealised pores in a solid medium. The analysis is of a
modified homogeneous isotropic fluid in terms of viscous and
heat conduction processes. Models based on these ideas
introduce phenomenological frequency dependent parameters
without identifying methods%éf their calculation or
measurement. All fhe models investigated include at least one
of these parameters. However in more recent models most

variables can be either calculated or measured. It would not
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be productive to look at every model that has been developed.
Five models have been selected for detailed discussion. Others

which have made important contributions will be mentioned.

In addition to the theoretical models, empirical models are
also discussed. Delany and Bazley [23] originally suggested
this approach with specific reference to fibrous materials.
Other authors have adapted the earlier work for use with

foams.

3.2 Zwikker and Kosten model

3.2.1 Introduction : the theory is taken from Reference [86]
page 15 in which the model represents the wave impedance of an
impervious medium with internal friction. According to Zwikker
and Kosten there are three material parameters that affect the
impedance: a) the density, b) stiffness and c¢) the loss angle.
The fourth factor included in the model is thickness. Each of
these factors and its effect on the impedance will be

discussed.

3.2.2 The Model

To construct their mathematical model Zwikker and Kosten first
considered a homogeneous solid. Using Newton’s second law,
they set up the equations of motion and set up the equations
of continuity by applying the law of mass conservation. From
these calculations ‘an expression for the characteristic
impedance of the homogeneous solid is derived. By taking
internal damping into consideration, in the expression for
characteristic iméedance, the equation below for the wave
impedance of impervious media with internal friction is

obtained.
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Z=Wcothyl=pc(1+78) coth{j—m?l(l-j—g-)} (1)

where Z=specific acoustic impedance
W=material characteristic acoustic impedance of the
material
W,=characteristic acoustic impedance of free air
Y=propagation constant
0=loss tangent of the material
wW=angular velocity
p=bulk material density
=velocity of propagation
=\K./p

K,~compression modulus of the material

Z-W,|?

Z+W,

(2)

0,=1-|r|?=1-

3.2.3 Discussion

Calculation of first minimum and maximum. Equation (2) will
convert the impedance values calculated by the model and give
a value of normal incidence acoustic absorption. We consider

the two vectors as shown in the Argand diagram below.

3.2.4 Graphical representation of ¢, in the complex plane.

The locus described when the modulus of Z-W,/Z+W, (the complex
reflection coefficient r) is held constant is a circle. Hence
the value of the ﬁormal incidence absorption coefficient will
also be constantlfor all véiues of Z on the locus. The
argument of r represents tﬁe phase angle by which the incoming
and reflected pressure wave differ. Plotting the locus of

constant argument will describe circles different from the
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Figure 14 Argand diagram representing the modulus and argument
of 2.

constant absorption circles. When sets of different values
for the constant modulus and constant phase difference are
plotted we obtain a map of circles as shown in Figure 15.
Plotting curves for the measured values of the Z over theses
circles enables the normal incidence acoustic absorption and
phase angle to be read off. The diagram can also be used in

the interpretation of theoretical models.

figure 15 Chart of constant modulus and phase
difference.

3.2.5 Expected shape of impedance curves.

It can be shown that a funéiion coth (a+jb) will describe
approximately a légarithmic spiral ([86] page 8). The spiral
will have centre at unity and gradient b/a. By inspection it

can be seen that equation (2) will therefore approximate a
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logarithmic spiral with centre (pc,dp/2) and gradient &/2.
Using this information it is possible to predict how changes
in the loss tangent, length, density, and stiffness will
affect the complex impedance and hence the acoustic

absorption.

From the plots of constant acoustic absorption coefficient
(Figure 15) it can be seen that the approximate minimum
modulus of the quotient Z-W,/2+W, (hence maximum absorption)
vectors will occur on an impedance spiral when Z crosses the
real axis. By putting the imaginary part of Equation (1) equal
to zero we find that maximum absorption is when:

-%sinh{621}=sin{2ﬁl} (3)

Because the left hand side of the above expression is periodic
between zero and one, several solutions are expected. We also
note that at low frequencies the right hand side is very small
and can be approximated to zero. Hence the first solution to

Equation (1) can be approximated by:

ZSin{zil} ©l (4)

=0 =22 —=7
(o4

Once the position of the first maximum is found experimentally
the above relationship with details in equation (1) can be

used to calculate K., the dynamic stiffness of the material.

3.2.6 Changes in parameters.

Note: In the foliowing graﬁhé length (1) is in metres, density
p is in kg m3 andldynamic stiffness K, is in N m™2,

To assist in the explanation of this relationship, several

graphs are presented. The impedance curves have been
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constructed from Equation (1), by varying the frequency
between 100 and 2000 Hertz, while holding other parameters
constant. Further curves were then drawn by altering other
parameters and then re-drawing the curve. Three sets of curves
are plotted for small changes in one parameter. A final set of
graphs is then created to show how these changes affect the

normal incidence acoustic absorption coefficient.
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Figure 16 Graph of impedance predicted from the Z2Zwikker and
Kosten model, 1=0.01 m, 6=0.3, p=50 Kg m>, Kr=1E5 N m?.

Length changes will only have an effect on the coth term in
Equation (1) since 1 is not a part of the expression for
either the gradient or the centre of the spiral and we
conclude that the shape will remain constant for changes in 1.
However the length of the spiral will change and the
frequencies where .the spiral intersects with the real axis
will decrease with increased lengfh. Consequently when length
changes are translated into changes in the absorption/
frequency relatiohship we see a stretching of the curve.
Maxima and minima will have the same amplitude for all lengths

but an increase in length will increase the frequencies at
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which maxima and minima occur. The increases in spiral length
are shown graphically in Figure 16, Figure 17 and Figure 18

and how they then translate into absorption is shown in

Figure 19.
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Figure 17 Graph of impedance predicted by the Zwikker and Kosten
model, 1=0.03 m, 0=0.3, p=50 Kg m™3, Kr=1E5 N m™2.
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Figure 18 Graph of impedance predicted using the 2Zwikker and
Kosten model, 1=0.05 m, 8=0.3, p=50 Kg m>, Kr=1E5 N m™.
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Figure 19 Graph of absorption against frequency using the Zwikker
?nd Kosten model, length varying, Kr=1E5 N m?, 6=0.3, p=50 Kg m~
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Figure 20 Graph of impedance predicted using the Zwikker and
Kosten model, 1=0.03 m, Kr=1E5 N m?, 6=0.3, p=30 Kg m™.
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Figure 21 Graph of impedan"c"‘e predicted using the 2Zwikker and
Kosten model, 1=0.03 m, Kr=1E5 N m?, 3=0.3, p=50 Kg m>.
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Figure 22 Graph of impedance predicted by the Zwikker and Kosten
model, 1=0.03 m, 6=0.3, Kr=1E5 N m?, p=70 Kg m™.
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Figure 23 Graph of absorption against frequency using the Zwikker
and Kosten model,. density varying Kr=1E5 N m?, $=0.3,1=0.03 m.
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Changes in density affect the factor ¢ in Equation (1) and,
since c=\K,/p an increase in density brings about a decrease in
c. Inside the coth term, ¢ will have no effect on the gradient
but as with length there is an increase in spiral length. The
pc term at the beginning of Equation (1) will increase as
density increases, enlarging the spiral and shifting its
centre further in the positive x direction. This shift in
centre will increase the modulus of Z at its intersects the
real axis hence a decrease in the amplitude of the first
maximum. The effect on the absorption due to the increased
spiral length will be an elongation of the
frequency/absorption curve. A size increase and centre shift
will affect the magnitude of the turning points within the
frequency absorption relationship. Changes in the impedance
curves can be seen in Figure 20, Figure 21 and Figure 22. BHow
these changes translate into normal incidence absorption can

be seen in Figure 23.
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Figure 24 Graph of impedance predicted using the Zwikker and
Kosten model, 1=0.03 m, 8=0.3, p=50 Kg m>, Kr=1E5 N m?.
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Figure 25 Graph of impedaﬁc"e predicted using the Zwikker and
Kosten model, 1=0.03 m, 06=0.3, p=50 Kg m3, Kr=1.5E5 N m™2.
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Figure 26 Graph of impedance predicted using the Zwikker and
Kosten model, 1=0.03 m, 8=0.3 p=30 Kg m>, Kr=2E5 N m2.
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Figure 27 Graph of absorptioh against frequency varying stiffness
using Zwikker and Kosten model, 6=0.3, 1=0.03 m, p=30 Kg m™>.

Changes in K, will have a similar effect on the size and
position of the spiral to that produced by changes in density.
Within the coth term, however, the effects will be opposite,
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ie an increase in stiffness will decrease the value of c.
Hence increases in the value of K, will decrease the length of
the spiral. This can be seen in Figure 24, Figure 25 and
Figure 26. As stiffness increases the spiral gets shorter in
length but the overall magnitude will increase and the centre
moves to in the bositive X and y directions. The graphical
representation of how these changes affect absorption are

shown in Figure 27.
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Figure 28 Graph of impedance predicted using the 2wikker and
Kosten model, 1=0.03 m, p=30 Kg m>, Kr=1E5 N m?, 6=0.1.
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Figure 29 Graph of impedance predicted by the Zwikker and Kosten
model 1=0.03 m, p=30 Kg m3, Kr=1E5 N m?, §=0.2.
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Figure 30 Graph of impedanée predicted by the Zwikker and Kosten
model, 1=0.03 m, p=30 Kg m>, Kr=1lE5 N m?, 6=0.3.
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Figure 31 Graph of absorption against frequency varying & using
Zwikker and Kosten model 1=0.03 m, p=30 Kg m>, Kr=1E5 N m?.

The final parameter in this model is loss tangent (8). The
effect of increase in loss tangent will be bring the impedance
spiral centre closer to the real axis. Changes in the position
of the centre will be minimal compared to those brought by a
increase in gradient. As the loss tangent increases so will
the gradient of the spiral, thereby reducing the size of the
spiral. Changes in the impedance spiral due to changes in loss
tangent can be seen in Figure 28, Figure 29 and Figure 30. How
these changes translate into normal incident acoustic

absorption can be seen in Figure 31.

The majority of theoretical work on this topic is based on two
longitudinal wave types fo@hd in acoustic absorbing materials,
air borne and matrix borne: Initial work was carried out by

Zwikker and Kosten and was later developed by Beranek.
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3.3 Beranek Model

3.3.1 Introduction: The theory is taken from reference [5],
pages 257-279, and from an older paper by Beranek [6]. A model
is suggested for a homogeneous porous material. Several
factors are used within the model: flow resistance, density,
porosity, a structural factor and length. All these factors
will be discussed, and their effects on the normal acoustic
absorption analysed. Due to the complexity of the model the
implications of change in the parameters will not be as well-
defined as with the Zwikker and Kosten model considered

previously.

3.3.2 The Model

By considering a material to be made from many idealised
elemental cells Beranek formulated an equation for air flow
through the material. Each cell includes a section of solid
material the remaining volume is occupied by air and
continuity equations are obtained under steady state
conditions. It is assumed by Beranek that the air behaves
isothermally. The forces acting on the solid and gaseous
section are applied with the continuity equations to form a
mathematical model for the prediction of normal incident

acoustic impedance.
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For rigid tiles

. ,p.,le R’
b=jw 7 1pokm

For flexible blankets K>20Q

. <R,>
b=\] %\J p>-I
(1-Y)

1- 5

R,{ po 2 ] (5)

[1+ policd) ﬁ“ R ]

where

<R>=

P 0i[1+p, (k-1) /p,J

M

Rlz kpok + lk
[pmw (14 po(p -1) l [1+ po(p -1) ] |
<py>=p K| = , 2

+ Rlz k 2
[Pmm(1+-—_——_—p° (p 1) ]]

Where R;=air flow resistance per unit thickness.

-

=bulk density of material
P.=air density

Y=volume porosity

K=volume coefficient of elasticity of air
Q=volume coefficieﬂf.of elasticity of material
k=structural factor:

c=speed of sound in. air

Z,=Characteristic acoustic impedance of material
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3.3.3 The Parameters; before the model as a whole is discussed
difficulties associated with the parameters will be
identified. Most of the terms are relatively simple to measure
and are described in chapter 4. However two parameters that
are difficult to calculate or measure are the structural

factor and the effective porosity.

Porosity, defined as the ratio of voids to the total volume of
a material, is calculated from the formula given below:

Y= 1-Mass of sample/(volume of sample x density of matrix)
The density of the porous material is calculated in the usual
way. Matrix density is difficult to ascertain as it includes

any closed cells and is not purely the density of the matrix

polymer.

Structural factor. The original ideas of a structural factor
were put forward by Zwikker and Kosten [86] pages 20-24. It is
a number, usually between three and seven but always greater
than one, that represents the effect that cellular structure
has on the acoustic flow in a material. It is suggested
(Beranek [6]) that for a material with few closed cells there
is a relationship between porosity and the structurai factor

as shown in the graph below.
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Figure 32 Relationship between porosity
and structural factor as suggested by
Beranek.

Flow Resistance. This is normally a simple value to calculate
but care must be taken in differentiating between measured
flow resistance R and specific flow resistance R,. Flow
resistance is measured for a sample and by relating the
measured R to the sample size a flow resistance per unit
length, or specific flow resistance, can then be calculated.

K the volume coefficient of elasticity of air. For frequencies
below 100 Hz where isothermal conditions prevail K is equal to
1x10° N m2. Above 1000 Hz, it is mainly adiabatic conditions
that prevail and K takes the value of pc?. Between 100 and 1000
Hz there will be a mixture of conditions and hence the value

of K will vary between 1 and 1.4 x10° N m™2.

As a simplification Beranek assumes that the bulk modulus of
the matrix, Q, is much smaller than the bulk modulus of air K,

and sets a limit K>200.

3.3.4 Discussion.
The model has been criticised by several authors; Mc Grath
[54], Rosin [70], and Zarek [84]. Two major criticisms arise,

first that it is over complicated in parts and approximations
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are used which are not stated in the paper. The second
criticism is that the model ignores the interaction of the
solid matrix with the fluid in the material. This would be the
case when the matrix is solid and the porosity high. Beranek’s
model is reported to be suitable mainly for predicting the

acoustic behaviour of rigid fibrous materials.

Rosin [70] uses a similar approach to Beranek [6] but corrects
his shortcomings. These modifications are further added to by
Bolton [10] who combines Rosin’s basic theory with the complex
density and elasticity of air and frequency dependent
relationships for these two factors suggested by Attenbrough
[4].

Parameter Variations

Table 10 Table of parameters used in demonstrating how
changes in parameters effect absorption predicted using the
Beranek model.

Parameter Standard Minimum Maximum
Value

Length /m 0.02 0.01 0.06
Air Flow 100000 50000 300000
Resistance
/rayls m™

Density /kg m™ 30 20 40
Structural 5 4 9

factor

Porosity 0.9 0.84 0.94
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A set of values typical of acoustic grade polyurethane foams
has been selected. To investigate how changes in these
parameters affect the normal incidence acoustic absorption
calculated using the Beranek model, each parameter will be

varied individually and the results displayed graphically.
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Figure 33 Graph of absorption, predicted using Beranek model,
against frequency, at 6 different porosity.

Changes in porosity shift the absorption curve to a higher
frequency. The changes are minimal.

A smoothing of the absorption curve accompanies increased
structural factor. The increased absorption at higher
frequencies has been at the cost of an overall reduction in

the amplitude of the maxima.
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Figure 34 Graph of absorption, predicted using the Beranek model,
against frequency, at 6 different structural factors.
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Figure 35 Graph of absorptian, predicted using Beranek model,
against frequency at 6 different levels of air flow resistance.
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Figure 36 Graph of absorption, predicted using Beranek model,
against frequency, at 6 levels of density.

When the specific air flow resistance is increased the first
maximum will increase, peak and then reduce. Again, as with
the structural factor, a smoothing of the curve is observed.
An increase in the amplitude of the first minimum with
increased specific air flow resistance. There is also an
increase in the gradient of the curve as it approaches the
first minimum, hence increasing absorption at lower

frequencies.

Increased density increases the gradient of rise to the first
maximum increasing absorption at lower frequencies.

This is accompanied by a smoothing of the remaining curve,
increasing minima-and decreasing maxima.

The usual effect,éf‘length.is observed, that of increased
gradient to the first maxiﬁﬁm however a decrease in the
magnitude of the first maximum is only partially observed. At
a thickness of 35mm the first maximum starts to increase. The

first minimum also starts to increase and then decreases with
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Figure 37 Graph of absorption, predicted using Beranek’s model,
against frequency, at 6 different lengths.

increased length.
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3.4 Craggs’ Model.

The model taken from [19] is based on the Rayleigh model. By
using equations from Zwikker and Kosten [86] and Kuttruff
[45], Craggs builds up his equations for the sound absorption

of rigid porous materials as described below:

2
z,-fe 2y
(6)
1/2
= O g R
A c,Q (Ks Jpow)

Where Z,=specific acoustic impedance
c,=speed of propagation of sound
p.=static value of gas density
Q=porosity
R=specific air flow resistance
M=angular velocity
K,=structural factor
=propagation constant
Equation (2) is used to convert the specific acoustic
impedance, length and propagation constant into normal

incident acoustic absorption.

3.4.1 Discussion of parameters.
Air Flow Resistivity. The measurement technique is discussed

in Section 4.3 below.

Porosity. Standard measurement, details have already been

discussed in relétion to thg Beranek model (Section 3.3).

Structural Factor. Originally discussed by Zwikker and Kosten

[86], and Craggs reports that it is greater than one and
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usually between three-and seven.

Material density and sample length are straightforward

measurements.

The density and‘speed of sound in air are known constants.

The reproduction of this model from the original paper [19] is
difficult due to the large number of typographic errors.
Although there are errors in the equation given in the paper
careful reconstruction of the calculation show the above
equations to be correct.

Table 11 Parameters used in the discussion of a model
proposed by Craggs.

Parameter Standard Minimum Maximum
Value
Length /m 0.02 0.01 0.035
Air Flow Resistance 100000 5000 300000
/rayls m
Structural factor 5 4 9
Porosity 0.9 0.84 0.94

A set of four factors typical of those measured in
polyurethane foams have been selected. Holding three of these
factors constant and varying one a set of four graphs have

been derived.

Increasing the st#uctural factor shifts the absorption cuxve
to higher frequehcies, ie-ﬁpere is an increase in the
frequency of the‘first and‘second maxima and also the first
minima. An increase in the magnitude of the first minimum will

smooth the curve. This, together with an increase in the

72



second maximum, make increasing structural factor a method of
improving higher frequency absorption at the cost of the lower

frequencies.
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Figure 38 Graph of absorption, predicted using Craggs model,
against frequency, at 6 different structural factors.
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Figure 39 Graph of absorption, predicted using Craggs’ model,
against 6 different lengths.
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Changes to the length of material will shift the position and
amplitude of the peaks of the absorption curve. At increased
thickness lower frequencies with larger wave lengths will be

absorbed. This absorption will be at reduced amplitude.
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Figure 40 Graph of absorption, predicted using Craggs model,
against frequency at 6 different porosity.

Porosity increases have minimal effect on the absorption curve
for the chosen parameters. With a different set of base
parameters the modifications caused by changes in porosity

will have greater effect on the absorption curve.

Increases in the air flow resistance in a foam have little
effect on the position of turning points in the absorption
curve in relation to frequency. It does alter their amplitude,
as can be seen in Figure 41. The first maximum increases while
the fist minimum.increaseszépd then decreases. When the air
flow resistance is increaséd beyond the range shown in

Figure 41 the fist maximum will decrease. These changes are

accompanied by an narrowing of the peaks.
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Figure 41 Graph of absorption, predicted using Craggs’ model,
against frequency at 6 different 1levels of air flow
resistance.

3.5 Zarek’s Model

King {41] considered the microstructure of a foam in terms of
a lumped element model; this model was therefore unlike others
discussed in this work. King’s original ideas are the starting
point for Zarek’s analysis. She based her work on the material
being formed from many lump masses with visco-elastic
connections. These form a cubic lattice. By calculating the
mechanics of one element, then reducing the element and adding
other elements, finite difference approximations describing
the equations of motion are obtained. The cubic lattice of
mass elements with arbitrary shape will form an array of
parallel pores or ducts that have a regularly varying cross
section. As with.previouslﬁork zarek identifies the two
longitudinal wavé types. o

From her work, Zarek formed several equations for the
impedance of various combinations of films, foams and air

gaps. The equation below is for the normal incidence acoustic
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impedance of a porous foam with a solid back.

1
Z. = -k? 2B -k3 )
© (pe) a1 ( 2Bk~ 2)) Jor tan(kll)

( ZB—kz \J -k") joh tan(kzl)]

(7)

@(%)@[ (1-h) -J( )]m*

k%-2 (A+B) k?+(4AB-C?) =0

d=sample thickness (1)

h=Volume Porosity

g=Pore area per unit area
c,=Speed of sound in fluid (Ve/p)
cs=Speed of sound in frame (\&/¢)
R=Density ratio of fluid to frame
W=Viscodynamic parameter

D=Ratio of fluid to air density
w=angular velocity

€=Young’s modulus of frame (complex)
e=Young’s modulus of fluid

p= density
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3.5.1 Discussion of Parameters in Model
The volume porosity, h, is the difference between the volume
of a chamber with and without a material of known volume (ie
the volume of the solid matrix v). It follows that:

h=1-v/ (material volume)
By combining the -above formula with a measured value of foam
density (30 kg m™ for Zarek) a figure for matrix density can
be calculated. From Woods [83] the density of solid
polyurethane is approximately 1220 kg m™3. It would be expected
that values of frame density in Zarek’s paper would agree with
the polymer density given in Woods or would be below this
value. Calculation using data from Zarek’s paper reveal that
the frame density is well above that of solid polyurethane.
With a density of 30 kg m™® the maximum porosity will be

approximately 0.97

For an isotropic material g the pore area per unit area of
material is given by:

g= 1-(1-h)?7

The speed of sound in the fluid is ¢, (the fluid is usually
air). Zarek assumes isothermal fluctuations only and uses a
value of c,= 290 m s™!; however this will only be the case at

low frequencies or with very small structural factors.

The speed of sound in the frame ¢, could be calculated by
measuring the modulus and density of the frame (from [84] page
233, Cg=(e/¢)1”,~é=Young’s‘%bdulus, ¢=foam density). There is
ambiguity in that\¢vis labelled on page 234 as the frame
density; Zarek, however, uses the value of the foam density in

the calculation of the density ratio R.
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The viscodynamic parameter, W, ié highly dependent on the cell
size. Zarek assumes that because of the high porosity the
matrix will have only a small perturbation effect on overall
fluid flow and hence the fluid flow can be approximated to
flow around an array of small spheres. This approach has been
used by other aﬁthors and the results are well known to a
reasonable accuracy. Approximations of this type would not be
appropriate for lower porosity or with smaller cells. The
deduction of this parameter involves several approximations
and assumptions. Because it cannot be measured there would be

difficulty in using it in a predictive model.

The ratio, D, of impedance of fhe fluid in the pores to the

impedance of air is in most cases unity.

As with Craggs’ model, a set of values was to be used to
evaluate how changes in parameters affect the normal incidence
acoustic absorption coefficient (one parameter from a set
being changed while the remainder are held constant). This
process is repeated until all parameters have been changed.
Graphical results of these changes are plotted here and
discussed. For consistency, values chosen for the evaluation
should be as those used in evaluation of other models.
Unfortunately the parameters in Zarek’s model are dissimilar
to those in others models though they are related.

R (the density ratio) will vary with density of the frame
material as will ¢, the speed of sound in the frame, c, will

also be affected by the modiillus of the frame material.
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Table 12 Comparison of values suggested by Zarek and
observed values.

Parameter Standard Zarek Values
Values
Density /kg m™ 30 30
Air Density /kg m™ 1.2 1.2
Speed of Sound (c,) 340 290
Porosity (h) 0.975 0.994-0.996
Length /m - 0.05 0.05
Storage Modulus /N m™ 1.5e5 30-3000
Viscodynamic Parameter 50000 99§0—50000

3.5.2 Discussion of Model Performance.

Two sets of input characteristics have been put into the Zarek
model. The first set of characteristics are typical of values

given in Zarek’s paper [85]. A second set represents measured

characteristics. Both the sets are tabulated above Table 12).

There are differences values used by Zarek’s and standard

values.

The data sets are used to calculate specific acoustic
impedance %, from equation (7). Subsequently the value of 2. is
used to calculate normal incident acoustic absorption.
Impedance and absorption values calculated from this model
were too small to be realistic (of the order 107*°). No obvious
errors can be deduced from;either references [85] or [84].
With such poor results further evaluation of this model will

be inappropriate.

A brief investigation of the characteristic acoustic impedance
Z, (the equation on page 220 of reference [85]) has been made.

This equation produces results in approximate agreement with
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the graphs produced later in the paper. Possible reasons for
the unrealistic output from this model are: rounding errors,

computational errors or programming error.

Rounding errors would occur because of the large differentials
in the input parameters. If rounding errors were the problem,
they should also affect the calculation of 2,, a similar

calculation.

Computational errors have been checked. There is agreement
between Zarek’s paper [85], her Phd thesis [84] and the
calculations of Z,. Many of the components in the in the
calculation of Z. are also used in calculation of Z, which it

is assumed is correct.

A similar argument can be used for the programming as used in
the initial computations. As many similar components are used
for calculations of Z. and Z, it is unlikely that errors would
occur in the common parameters. All the subroutines used (for
complex arithmetic etc.) have been used extensively in other

programs. The calculations have been rechecked many times and

no mistakes are apparent. -

All possible. errors have been investigated. It is suggested

that future work could include a reassessment of this model.
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3.6 Bolton - Lauriks Model.

The model developed by Bolton [10] brings together the
concepts of several workers. The basis is the work of Zwikker
and Kosten [86] with developments by Rosin [70] and additions
of factors introduced by Attenbrough [4]. Lauriks et al [49]

discuss the Bolton model in their paper.

In the reproduction of this model it is necessary to use
information from both Lauriks et al [49] and Bolton [10].
However the models have fundamental differences which lead to
difficulties in interpretation. For example in the equation
for the complex density of air, Bolton uses j and Lauriks et
al -j as the complex argument for the second term. In practice
this has no effect on predicted behaviour. There are more

significant inconsistencies.

The Bessel functions in the equation for the complex density
and elasticity are given as J,/J; in Lauriks (equations 20 and
21 page 148), J,/J, in Bolton (equation 6.14 page, and 173

equation, 6.26 page 185).

In the calculation of the parameter B (Lauriks et al, paper
equation 23b (page 148), Bolton equation 6.31 page 187) the
two authors have different expressions. The final term in the
Lauriks equation (23b) is divided by the sample porosity h,
whereas Bolton eqﬁation (6.31) is not divided by the porosity

(note: p,=p,h in Bolton).

Bolton has the square of the propagation constant in the

expression for a,,, page 188. In Lauriks et al the term is not
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squared. Also in this expression the translation between using

-j or j is not consistent.

In the calculation of the propagation constants (Lauriks et al
equation 22, page 148, Bolton equation 6.33 page 188) Bolton
has an A squared term and Lauriks et al have none. The
equation for calculating the acoustic impedance (Lauriks et
al, equation 25, page 148, Bolton equation 6.48, page 197)
Lauriks et al have a -j included in the tanh argument, Bolton

has none.

A further complication with Lauriks is the confusion between
the complex modulus of air and that of the solid material in
the foam. To conform with the notation given at the top of
page 148, equation 21 should read E= whereas it reads E,=. To
make the Lauriks equations consistent with the Bolton
equations it is necessary put the value of E, in table 1 equal
to E, and let the equation 21 stand as stated.

The correct formulation for the calculating the values of a,,
on page 188 from Bolton has to be obtained from the original

work of Rosin [70].
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3.6.1 The Equation.

by (1-h)blltanh l_(ﬁ)[_l_ (1 h)b]tanh g
) (Yz)[ EP A ann (1) { 2| & -5 2 eanh (v, D) @

Jjez a,-a,
where 1= the sample thickness

The propagation constants, Y,,, are calculated from:

1/2
-2 A
2\ 4

0?0, . ws!/, @0, .aws
-7 -7 (12)
E, ~ hE, hE, ° hE

Bl ©%Ps || @p, _5 ?p, | @s’ -5 @?p, |l 0s’ (13)
El hEz ‘El h'EZ 'bEZ El

1/2
(11)

A=

2 2
e (14)
by p=hay g+ (1-h) (15)

s’ the coupling factor is calculated by:;

s'=jwp, (p'-1) (16)

p/:E(_p.z_GJ , p2=pah , p29=hp;

the dynamic stiffness (E,) and dynamic modulus p. of air are

given by the following equations;

_ E,

.EZ_
1+ 1/2 )’ FTc{Nllz )' V/_']

where;

J, is a Bessel function of order x.
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l=sample thickness

m=an§ular velocity

g=structural factor

h=sample porosity

p.=density of air

p,=the bulk density of the frame
E,=E,(1+3jn), Eg=dynamic bulk modulus, N= loss tangent of the
foam

E,=p,c’ c= the speed of sound in air
N,,=Prandtl number (0.713 for air at 20°C)
Y=the ratio of specific heats (1.4 for air)

o=the flow resistance through the foam

Equations of continuity and motion are developed in a similar
way to those of Zwikker and Kosten [86] and Beranek [6]. Two
waves are identified, one in the matrix and the other in the
fluid. It is in the solution of the equations and the
interpretation of the results in terms of phenomenological
behaviour that Rosin greatly differs from the earlier authors.
Bolton adds to Rosins work expressions for the frequency
dependent complex'propertiééxof air, the density and bulk
modulus. Justificétion for Bolton adding these terms is that
Rosin’s is original expression for complex density is only

accurate at low frequencies. No explicit account is taken of
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inertial or dissipative reaction related to the frequency
dependence of the oscillating flow in the pores. An expression
for E,, the complex bulk modulus, takes into consideration the
changes to the modulus of air; low frequency isothermal and

high frequency adiabatic.

3.6.3 Variables in the Model.

An exact value of the structural factor cannot be measured
directly. Lauriks et al [49] has used heuristic methods to
determine its value. Attenbrough [4] identifies it as the
square of the tortuosity and, although this gives an
indication of a value of structural factor, no specific method

of determination it has been identified.

The complex value of frame stiffness at acoustic frequencies
cannot be measured directly. Data presented in Appendix 6
below gives values of the complex stiffness of the foam at low
frequencies (about 100 Hz). At higher frequencies, fluid flow

processes will influence the measured value.

3.6.4 Influence of changes in the model parameters on the
normal incident acoustic absorption.

As discussed in reference [69] it is incorrect to directly
compare the efficiency of a sound absorber without knowledge
of the type of sound that is to be absorbed. For example
consider two materials the first with an absorption peak at
2000 Hz and the sééond a smaller peak at 1000 Hz. If frequency
of the sound to bé~absorbeaﬁis predominantly at 1000 Hz the
second material will be more appropriate. For a different
sound source at predominantly 2000 Hz the first material would

function better. Therefore discussion of changes in material
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parameters will be with reference to the shape of the curves
and not improved efficiency. By understanding how parameters
affect absorption it is possible to tune a material for a

specific sound absorption application.

In the experimental part of this project a large number of
polyurethane and other types of foam has been characterised.
From the data obtained it was possible to establish a
ftypical’ range of property values for acoustic foams. These
are used to investigate the predictions of the models.

Table 13 Property values used to investigate the model
proposed by Bolton.

Parameters Standard Minimum Maximum
Values
Density /kg m™ 30 15 40
Air Density /kg m™ | 1.2 - -
Speed of Sound /m s~ 340 - -
Porosity 0.975 0.84 0.94
Structural Factor 5 3 8
Length /m 0.02 0.01 0.035
Air Flow Resistance 100000 10000 210000
/Rayls m™
Storage Modulus /N m™ 150000 50000 550000
Loss Tangent 0.2 0.1 0.6

Effects of changing the density can be seen in Figure 42.
There is a general upward shift of the frequency at which the
first absorption ﬁeak occurs with increasing density in this
case the absorptibn peak haﬁ,a maximum value between 25 and 30
kg m3. These peaks.narrow és density increases. Changes can be
explained in terms of increased mass (hence inertia) in the

material frame of the porous material.
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Figure 42 Effect of changes in density on the Bolton model.

Porosity. Changes in this factor, as can be seen in Figure 43,
are predicted to alter the shape of the normal incident
acoustic absorption curve only slightly. An increase in the
peak absorption is apparent with an increase in porosity.
Although with the chosen parameters changes in porosity there
is little effect on the curve with a different set of
parameters changes caused by varying porosity would be more

noticeable.

A general smoothing out of the absorption curve can be seen
with decreasing structural factor in Figure 44. It follows
that when it is increased the overall absorption will
increase. This can be seen as the dips in the absorption curve

N

are filled.
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Figure 43 Effect of changes in porosity on the Bolton model.
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Figure 44 Effects that changes in structural factor will have
on the predicted. normal incident absorption using the Bolton
model. A ”

B

As with other models and as seen in the experimental data
increases in length will decrease the frequency at which the

first maximum occurs. With this increased absorption at lower
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frequencies comes a decrease in amplitude of the first
maximum. These changes can be seen in Figure 45. It is
therefore incorrect to assume that by increasing the thickness
of an absorber its efficiency can be increased. Thickness is
however a simple method of manufacturing a material to absorb
noise in a specific narrow frequency band width (eg in the

case of printers for computers).

LENGTH=0.035

ABSORPT ION

LENGTH=0. 01

0.0
100.0 1000.0 410000.0

FREQUENCY /Hz

Figure 45 Effects of changes in length on predicted
absorption using the Bolton model.

For a material to absorb sound energy it must first enter the
material, hence a material with low resistance to air flow is
required. When the material»has entered the material high
resistance is required to absorb the sound energy. These two
requirements are a contradiction and hence a compromise is
required. Figure 46‘shows hég changes in air flow resistance
will first increaéé the peaks to a maximum with increase in R,

then reduce as further air flow resistance is applied.
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Figure 46 Effects on absorption predicted using the Bolton
models when air flow resistance is varied.
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Figure 47 Effect of chan@ing storage modulus on the normal
incident absorption predic¢ted using the Bolton model.
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As the storage modulus is increased the frequency of the first
peak decreases and broadens its width. The increase is slight
using the selected parameters. Changes are shown in Figure 47
below:

A general shift of the normal incidence acoustic absorption
curve is observed with an increase in loss tangent. The shift
is towards the higher frequencies and is accompanied by a
reduction in the magnitude of the first maximum as shown in

Figure 48 below.

1.0

TANGENT=0.5

ABSORPT ION

0.0
100.0 1000.0 10000.0

FREQUENCY /Hz

Figure 48 Effects of changes in loss tangent on the normal
incident absorption predicted by the Bolton model.

The application of this model to porous elastic materials
tested by making a detailea~comparison between the predicted
and measured acoustic behaviour of a range of flexible foams.
The results of thiéAstudy a@e presented in Chapter 5 below.
Parameters in the‘ﬁbdel for‘ﬁhich no specific values are
available are adjusted until a ’‘best fit’ is obtained. A range

of air flow resistance values were achieved by subjecting a
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closed cell foam to different degrees of crushing which

produced different levels of reticulation.

3.7 Lambert Model

3.7.1 Introduction

This is one of the most recent works on modelling the acoustic
behaviour of cellular plastics. The original work by Lambert
[47] has been subsequently developed further [54],[46]. The
model was derived from a synthesis of two earlier models;
Zwikker and Kosten [85] and Biot [8] a new model is derived.
The basis of the model is a structure of prolate spheroids
interconnected in a regular lattice structure as suggested by
Zwikker and Kosten. Biot’s theory of frequency dependant flow
resistance and mass structural factor are then included. The
inclusion of Biot’s concepts requires the knowledge of size
cell filaments (cell struts), the number of cells per unit

length and the cell size.
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3.7.2 Theory
From the decoupled mode theory of Zwikker and Kosten [86] he
showed that;

PoCo Q 2;
Iy =_"l(1-i-1_)3
P CP Q.P

where Z =intrinsic acoustic impedance
I''= propagation constant
® = angular frequency of excitation
c,= apparent speed of sound in the fluid of the pores
= (kp,) ™
O,= dimensionless frequency parameter
= mpp/ 2
ko=ks/K,P.Y
p,=apparent density of fluid in the pores
=p.ks/Q
K,=inverse bulk modulus of the fluid in the pores
Q=volume porosity
P,=static pressure in the fluid
Y=ratio of the specific heats
k,=dynamic structural factor of Zwikker& Kosten [86]

®=dynamic flow resistance per unit of volume

Lambert [46] investigates the influence of c,, Q, and k, on the
acoustic behaviour of open Eéll foams. Using Biot’s classical
treatment of elastic wave propagation in a fluid saturated
granular material, together with refinements introduced by

Sides et al [], expressions for the dynamic structural factor
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(k;) and dynamic flow resistance per unit volume (®) are

derived,

k =1+( 1 ) Fi (K)
8 po

= ——ﬂ—- =
¢ ( Qz BO)F‘ (K) =, F ()

To account for deviation from Poiseuille flow a complex
function F(x) ( F (x)+iF,(x) ) is used. This function is
dependent on frequency and pore geometry through the parameter
K where x=a,(®/v)* ). x is referred to as the acoustical
Reynold’s number. Static flow resistance ®, (=n/B,), is a
function of the D’'Arcy coefficient of permeability of the
porous frame (B,), bulk viscosity of the fluid in the pores
(N=p,v) and volume porosity (RQ).

The mean pore size parameter, a,, is a frequency scaling factor
used in expressions for the propagation constant and the
acoustic impedance, and introduces the relationship between
frequency and cell geometry. It has been shown by Sides []

that static flow resistance is related to a, by;

Hence a prediction of a, can be made from a measure of static
flow resistance per unit volume and volume porosity
Alternatively, Lambert suggésts an expression for a, based on

the topology of a'prolate sbheroidal open cell foam.
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where the eccentricity e of the filament is e,
e=[1-(d/D)?]*, where d is the minor axis and D the major axis
and N is the aveiage number of filaments per cell. The

apparent speed of sound in the pores, c,, is accounted for by

pr
deriving a relationship between ¢, and the inverse bulk modulus

K, using the equation;

@ .
Tyq
_1 5]
=
@ .
of I,y

where @; is the thermal relaxation frequency for fluids in the
pores and is sometimes called the reciprocal time constant and

0;=8%,;/p,cpa’a’.

Lambert shows primarily from consideration of Biot’s [] work,
that these acoustic parameters are influenced by physical
properties of the solid and gaseous phases and the cellular

structure of the foam.

3.7.3 Discussion

An assumption that originatés from Biot and is carried through
in Lambert’s work:is that the cellular structure is uniform
and that the bulk material{i§ homogeneous and isotropic.
Lambert further éséumes thét the foam is made from prolate
spheroids interconnected in a lattice structure. Clearly this

is not the case with real foams as illustrated in
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photomicrographs given in the following chapters,

figures 51-54.

3.8 Empirical Models

Delany and Bazley [23] investigated samples of fibrous
materials. Measurements of air flow resistance and specific
acoustic impedance were made. Repeating the acoustic
measurements with the use of different backing materials or
with thicker samples enabled the propagation constant and

characteristic impedance to be deduced.

To establish the empirical relationships, the real and
imaginary parts of the propagation constant and normal
incident acoustic impedan<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>