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\xfbstract '

Pfompted by the common problem of 'noise inside
motor vehicles, this study ipvestigates the depe%dencé of
the acoustic response of form-wise accurate models of
vehicle passenger compartmehts on variation of an internal
absorbent lining. While gradually increasing the extent of
area coverage of the 1lining (varying the combination of -
lely-lined panels), progressiens of damping -factor and
fréquency'>sbift have been noted. Consideration, based upon
_éev'n fundamental acoustic resonances, 1is given to both
averaged data (to observe  overall progressions of ‘the
dependent variables) and p?ogressions of individual modes
(to (discern the -'specific -influence of lining location on

"different resonances). Dissimilarity of the (two) enclosures
allows, comparison of (i) enclosu;é volume, (ii) enclosure
shape a?d (ﬁi{) wall ma£§rial as .to their 1infiuence on
resonant (acoustic) responSe; Resuits indicate that:damping
and shift are, effectively, vlineérly dependent on area
doverage, that‘avg;aging of modal data reduces ‘the effect of
extremafcadéed by 1ining® location : that dxss1patxon >o£
acoustic ehergy~ is gfea;est whe’nf 11n1ng is located in a
mode's antinodal regions, and that enclosure character1st1cs
are£ of some (ﬁhough relatively small) in%lhence'on acoustic
'}egkohse.' | {

) Mﬁltiple-soufce excitation, 'because of the inherent
/ﬁlax}b;lxty of dls&rete 1nterdependent sources, allowed very

~ 3

effect1ve generatx&n of 1nd1v1dual ¢avity resonances. Source
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PART 1 -- BACKGROUND
1. INTRODUCTION

1.1 Highway Vehicles
Noise 1n highway vehicles' has in many ways gained
acceptance as a modern "fact of life". Yet, neither vehicle-
user nor vehicle-designer .voldntarily resigns himself to
this "fact”. In keeping with the drive to "fill the earth
and subdue it", vehicle noise is perceivedras a phenomenon
that must first be understood and can then be manipulated.
Since, from a vehicle occubant's perspective, ergonomic and
safety considerations are high priorities, psycho-acoustic
confort is viewed as a secondary concern., Often, more
attention is devoted to the effect of vehicle noise on the
environment than to its effect on users. Vegicle occupants
are confronted with two prqgblems: (1) the proximity of noise
sources« and (2) reinforcement é} noise as the passenger
compartment may-act'as én acoustic resonator. The ymdjor
sources of noiee\ére:
¢ engine and'drive train -- vibration .transmﬁttea as
either air-borne or structure-borne noise;
Jfrdadv noise -- arising from:Atne dynamic contact
‘between tires and road and therefore transmitted pre-
dominantly as structural noise;

- —— ——

' The "highway vehicles" considered in this study are trucks
with a separate hox-like operator cab and automobiles.

1



through improperly-sealed doors and windon; and
e structural, resonance -- where enclosure panels,
driven by mechanical vibrations, contribute
additional components of internal noise.
Noise originating from these sources may be reinforced if
the natural acoustic resonances of the passenger compartment
are excited. The present study deals with the excitation and
control (through acoustic abscrption) of these resonances.

3

1.2 Small-Room Enclosure

-~

The passenger compartments of most highway vechicles

(in fact, of all but buses and large dglivery trucks where

’CJSM and payload bay are joined) are an example of ;hat 1s

known, 1in terms of acoustic properties, as a small-room

enclosure. Characteristics of such spaces are:
-

¢ a modal density which is low in the low frequency?
region and

® a limited reverberant field such that acoustic energy

}s dissipated quickly.
Low-frequency resonances ("boom" ﬁfequencies) often attalin
very large amplitudes and are therefore a primary source “of
irritation to. vehicle occupants. Irritation can be Soth
conscibus (the occupant perceives, for example, a highflevel

background 'noise or one or more single-frequehcy'pitches)

J

and subconscious (where an unrecognized high-intensity noise

of very low frequency may result in operator fatigue). Low
2 Loﬁ-frequency’in this study refers to frequencies less
than 300 Hz, A

£
«



modél density in this region permits a mode-by-mode approach
to studying acoustic resonance: the effect of altering one
or more variables can be 6bserved on individual resonant
modes. (For large enclosures, where low-frequency modal
density 1s high, statistical techniques afe employed which
provide data for resonances in selected frequency ranges).
The rapid dissipation of resonant acoustic energy (due to
limited size of the reverberant field) necessitates
continuous excitation in order to study the enclosure’s

acoustic propérties. .

1.3 Resonance Excitation
. - Excitation of a vehicle's acoustic resonances during
mal operation occurs in a random manner. Modes may be
excited separately or simultaneously and may be driven by
'any of wvarious sources. In addition, noﬁ%e of random
f;eduency content may'impingg on the enclosure. Iﬁ'modelling
* such "real world™ occurrences it is always desired to be
able to account for any random'excitation. Yet, it is often
;necessary (and beneficial) to impose known constréints on
the response.

The major constraint employed in the present study is
the excitation of resonances individually. A degree of
realism is retéined, however, by exciting the resonances
with white noise (random generation, with equal amplitude, .

of all\fréquencies between 20 and 20,000 Hz). The advantage

of excitation of individual modes is that greater accuracy



can be achieved in estimating the frequency, mode shape and
damping factor of eaéh resonance. (Although pure-tone and
sweep-frequency excit%tion could be employed, the end
result, identical fors all three methods, requires

considerably more experimental work if the latter are used).

1.4 Dissipation of Acoustic Energy

Origin and maintenance of cavity resonance form the
first coﬁsideration in the study of vehicle interior noise.
Of equal 1importance is the phenomenon of sound absorption.
Though some acoustic energy is naturally dissipatgd {due fz
the finite viscosity of air), to noticeably decrease overall
noilse level it 1is neceésary to increase the damping. The
traditional and simplest neans to achieve this is to install
a8 high-porosity boundary 1lining. In large vehicles, where
there 1s often an excess of space, lining thickness and/or
the proporfion of surface area covered can be increased
freely. In smaller vehicles, since space is usually limited,
the 1lining must be optimized. Lining configuratién then
reﬁaiﬁs the only variable: after chosing a maximum 'lining
thickness the 1location and extent-of-area-coverage must be
decided:fThe.effects of these two variables are to be

considered in what follows.



1.5 Previous Investigations

The 1interior acoustics of highway vehicies is known to
be a very complex problem. The irregular shape of typicalk
paiésnger compartments, the presencqméf s;ars and occupants
and the properties of a%y boundary-lining ¢omponents usually
lead tolconsiderable distortion of resonant mode shapes, Iﬁ

addition, neither the phenomenon of sound absorption nor the

interaction of a vibrating enclosure shell with the enclosed

[N

air-space are yet fully understood. The relatively limitea
number of studies (spanning three-and-one-ha}f decades)
described 1in the literature have dealt with various aspects
of interior acoustics though detailed; information on the
1ining—resonahce intgraction remains scan@y.

The earliest studies of vehicle interior acoustics are
very general in their approach (for example, Bristow, 1952).
This 15 seen especially in the use of one-third octave band-
width for analysis of the sound field: In the majority of
subseguent investigations discrete resonances are considered
éhough‘ never in' terms of the unbroken series (Jennequin,

A}
1971; Raff, 1973). Several studies, on the premise that only

the first and second 10ng§tudinal modes are of importance,

make use of two-dimensional models (length-by-height)

(Nakamura, 1961; Shuku, 1972). Occasidnally, scale models of
vehicles are used (mostly for verification of numerical

models; Petyt, 1975); note ,that. extreme scaling is not

applicable for study of low-frequency resfnances. The inter-

action of the-shell and the enalosed air volume has received

@



considerable attention (Craggs, 1971, 1973; Le Salver, 1872;
Nefske, 1985). ;Concerning experimental work, enclosure
resonances in ihese studies are excited by means of: (a)
vibration excitélion of the shell (Shuku, 1972); (b) a
vehicle driving test (recorded on mag&etic tape; Nefske,
1985); or (c) a single point-source (loudspeaker; Raff,
1973; Petyt, 1975). Regarding sound absorption, the overall
influence of porous linings has bee; considered (Raff, 1973;
West, 1966; Aspinall, 1972) as well as, to some extent, that
of 1lining configuration (Shuku, 1972). The latter
acknowledges shift of frequency though none consider in
detail the progression of damping factor (neither as é
statistical or a discrete guantity). Considerable effort has
gone into. numerical modelling (finité elements) of undamped
resonances (Shuku, 1972; Craggs, 1972; Nefske, 1978; etc.)
though simulation of damped resonances is relatively
unknown, |

Excellent references on the subject of interior
acoustics, are Gladwell (1964) (historical development) and
Howell (1980) (development and bibliography).
1.6 p#ckground Work (Local)

An overview of'the "groundwork"” carried out at the
University of Alberta and of direct relevance to the preseng
study is useful. Initiaily (summer 1982)-.a fully-rectangular

wooden enclosure was constructed to model the operator cab

’ . . \ . «
of a typical freight-transport truck (detailed description



in Section 3.1). A porous lining, the thickness of which was
subsequently 1ncreased, completely covered one wall of the
enclosure. A single source and condensor microphone, both
fixed in location, enagled excitation ‘and measurement of the
reverperant field. The multiple-resonance spectra obtained
frombisuch tests become less usef@l as &ining thickness
increases since the ‘resonant region; of xdiffereﬁi modgs
overlap. Identification of modes and accurate determi;;fiom
of modal damping factor then become difficulti

'It was therefore decided to isolate the fundamental
resonances by means of a multiple-source network. Choosing a
specific mode, sodrces would be located in its antinédal
regions and, the entire array being suéplied from a single
white-noise generator, the phase of each source would be
”(remotely) set according to the assumed mode shape.

L%xperiments repeated in the model truck-cab (variable:

lining thickness) provided much better estimates of damﬁing

Lor

Wfactor (as well as of damped modal fréduency) and a workable

method for multiple-source‘excitatioﬁ. ,

After this, multiple-source excitation was used to
‘study ‘the acoustic characteristics of in~-use highway
vehicles. The vehicles used (all North American-built) were
a 1974 subcompact sedan and two 1977 passenger vans emptied
of fheir additional bench seats. Data derived from these

vehicles were of mixed value: representative fundamental

resonances could be generated and their damping factors

" determined. However, because of stryctura}” and lining



characteristics, 1t was not 'posgible to generate the
complete spectrum of fundamental resonances in either type
of vehicle. Also, of the modes generated, some could not be

used to provide data because of poor repeatability.
o summary, "in-house” work led to partial development

~

/s of th multiple-source excitation technique as well eﬁ‘jp
referenc;\data on a model enclosure and several current
vehicles. (The single-source tests were done by S. Lorimer

and the multiple-source tests by the present author, both,

at that time, research assistants to Professor A. Craggs.)

1.7 Goals of Present Study
Recognizing some of the gaps left by previous studies,
the course charted for the present investigation can be
outlined as follows. &
Particular attention is given to the behaviour of the
seven fundamental acouseic resonances of‘,nclosures (three
axial, three tangential, and one obldgque). The primary'
objective is to determine the dependence of modal deﬁping
and resonant frequency on the following.variables: y
] lining confiquratidn '-- determine an analytical relar
tionship between resonant damping and area of lining
coverage (obtain a simifﬁz\?EIatjonship fer frequency

-

shift);
: N -
¢ enclosure shape -- observe how resonant behaviour

differs between regular fperfec;ly rectangular) and

irregularly shaped (e.g. automobiles) enclosures; and




[ 4
® enclosure wall material -- observe the different

effec;x(if any) of wusing wood or steel for the

enclosing shell.
Further, 1t 1s desired to evaluate the use of multiple-
source exciltation in an acoustic application. .

Information generated by this study can, in due course,

be used as a means to -two ends. First, regarding the
»
L 4

"acoustics” of highway vehicles, the design of new vehicles
— ‘ e o .
and the application of palliap@ﬁf treatments to existing
vehicles will be facilitated %4 their overall acoustic
behaviour 1is better wunderstood. Study of some of the
mechanisms of energgy dissipation and indentification of
practical = "limitations on enhancement of damping will

contribqf@?‘to- this understanding. Second, concerning

gL . . . .
acousti¢s as a science, information presented and discussed

3
-

in the following chapters will contribute towards . a more
-complete wunderstanding of.the resonant behaviour of small-
room enclosures (especially those of irregular geometry) as

well as of the phenomenon of sound absorption.

AN

-

-
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2. THEORY

2.1 General

In order to study analytically the'behaviour of noise
in vehicular passenger compartments, the science of
acoustics must be applied to small-room enclosures. In the
context of audible sound, an acoustic signal can he gualita-
tively described as a fluctﬁa;ion of air pressure about a

mean (atmospheric) value (see Figure 2.1).
1

Patm -

: |

S

t

Figure 2.1 Random Acoustic Signal .
. (Measured in Fixed Location).

’This diagram represents the instantéheous air pressure at a
particular location in a random noise field. If a pure - tone
impinges on the microphone, the fluctuating signal takes the
form of a sine wave; if the ambient sounds areﬁrelated (for
example, a fundamental frequency.with several harmonics),‘
‘the signal displays a pressure-time pattern which is.
) répeated (termed 'periodic').. The acoustic pressure o} a
‘signal refers to the average deviation of the preésure

fluctuation from the atmospheric mean value and is measurg?

as a root-mean-square (RMS) quantity. (By way of comparison,
\ .

10



!
whereas atmospheric presure at sea level is 101.3 kPa, a
b3
sound pressure level of 10Q}dB corresponds to an acoustic

pressure of 2 Pa - reference 20 x 10°® Pa). ’

Since air 1s a highly elastic medium, having both mass
and stiffness, 1t can sustain continuous oscillations of
pressure. In free space these oscillations propagate in all
directions away from their source (progressive waves) and in
partially- or fully-enclosed spaces may form resonances
(standing waves) as acoustic energy from the source
interferes with that ‘refléc:ed by the enclosure. Standing
waves display regions of - constant (atmospheric) and
fluctuating pressure (nodes and antinodes, respectively)
which are fixed 1in location within the enclosure. 1In
ant inodal regions air pressure alternates between
compression and rarefaction at a rate ("frequency")
determined by physical parameters such as enclosure size and
density of the medium. The patterns of nodal-antinodal
regions for each standing wave are knowncas the mode shape.

Mathematical models exist which accurately describe
standing wave behaviour in perfectly-rectangular ehclosures.
Using numerical methods (finite elements) these models can
be extended to compiex—shaped enclo;ures.

Dissipation of acoustic eneigy in an enclosure <pccurs
as the result, wusually, of two mechanisms: natural and
artificial damping. . Natﬁral damping, resulting from the
finite wviscosity of air, is significant 6nly . for high

frequencies., Artificial damping is usually achieved by means



of @ porous lining 1in which acoustic energy is converted to
other formgfof energy (mainly heat). Thus, if the lining is
effective, acoustic energy is reflected at a level well
below that at which it impinges on the lining and overall
noise level 1n the enclosure will be reduced. The effect of
artificial damping 1is expresseé by means of two quantities:

1. the sound absorption coefficient which expresses the

effectiveness of the 1lining “in absorbing acoustic

energy; and

2. the damping factor to express the dissipative effect

1n terms of single resonances. .

The mathematical (and numerical) models which describe
acoustic damping are as yét incomplete. One of the purposes

of this study is to provide experimental data to be able to

further develop these models.

2.2 Freguency and Mode Shape

A single fundamental equation is used to describe the
resonant behaviour of any enclosure, though enclosure
geometry determines how the equation is applied.

The equagion describing the propagation of waves in

fluid media (Morse, page 389) is:

(o

»

Vip - (1/c?) 3'p/at* = 0 (2.1)
where: .

v is an operator indicating the spatial second

derivative .(for a one-dimensibnal‘Nﬁfoblem;. v: is

replaced by 3%/3x?);
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pfis the acoustic pressure; and
r

& is sonic speed.

(The derivation of this equation assumes isentropic
compression of an ideal gas medium.)

The solution of Eg. (2.1) for a one-dimensional
enclosure (consider, as an example, a rigid-walled tube of
length L, with® rigid termination at either end, that 1is
where x=0 and x=L) expresses depéndence on both time and
location: “

p = Alcos(w,/c)x]{exp(jw.t)} (2.2)
Here A is the maximum pressure amplitude, w 1indicates the
normal modes of the enclosure and n is an integer-valued
index corresponding to successive harmonics of the funda-
mental normal mode. The time-dependent term {exp(jwt)]} has
unit magnitude and indicates the phase of the pressure
signal at any instant of time. Since acoustic pressure
reaches its maximum value at a termination (3dp/3x~0 at x=0
and x=L), by taking the derivative of Eq.\(2.2) and solving

for the w,, the fregquncies of the normal modes of the

enclosure are given by:

w, = nwc / L _ _ s ‘(2.36)
or :‘.
f, = nc / 2L ’ (2.3b)

Extending this to three dimensions (in terms of a
perfectly rectangular enclosure of dimensiéons AxBxD), Eq.
(2.2) becomes (Morse, Eg. (32,11)):

t : _ '
p = plcos(lxx/A) cos(mry/B) cos(nzz/D)}{exp(jw mat)} (2.4)



L . e .
w¥th, as natural frequencies,
;,,-'.2

“%“fqmn = c/2 [1*/A* + m?/B* + n?/D*]'’? (2.5)

5 ,
The indices 1, m and n (associated with the A, B and D
s &

dimensions"respectivg&y) assume integer*vaiues only. Normal

modes- of an“enclosure are termed axial (one index non-zero),
) T .
tangential (two indices non-zero) .or obligue. The pressure
-4 < -

8istribution associated #®ith a particular resonance, given

° <

by Eq. (2.4), is known as the mode shape.

. . .8 L

Application = of the above model to estimate the seven
/

fundamental  resonances . of the perfectly-rettangular
enclosure used 1in this study 1is given, né with a
numerical simulation, in Appendix A1.
L. : . . s
The conditions for application of/;he above model are,
P
in sumpary: .
- ‘ ‘
® a perfectly-rectangular enclosure wit"r;’

e no damping occurrinfy. A

® rigid walls and

ff the first of these copditions is relaxed such that one or
more enciosufévdimensioné are not rectangular, Eq. (2.2) to
(2;5) are no ‘lonéér‘”éppiicable. Equation 2.1 however,
apprdpriatély modified, can still bg applied to a
. discretized model of the enclosure. -

For the discretization, the entire enclosure is
considired'ﬁb be an assembly of smaller elements ("air
volumgzi)v'each'containing a éommon'number of nodes? (pbint
éocatxons) at which acoustic pressure is est1mated Nodes of

- e e G e -

"4Not to be confused with tha nodes of reSOnant pressure
chstnbt.n:mnso
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[
"

neighboring elements which coincide are given the same
"address” in the global (assembled}) system such that the

pressure wave can be modelled as a continuous function.

Modification of Eg. (2.1) entails a discretization so

as, to accommodate the global matrix of discrete pressures.

-

Equation (2.1) then becomes (a very succinct presentation of

the theory underlying this reformulation is given in Craggs,
¢ ]

1982):

([s} - (w/c)*[P]){p} = {0} Y (2.6)

where the [S] and [P} matrices are acoustic’ kinetic and

potential energy matrices, respectively, which are derived

from geometric <considerations. {p} 1is a column vector

Id
. containing the nodal pressure distribution.ﬁ@he non-trivial

solution of Eg. (2.6) requires

o

(w/c)?Xx = [P} '[S]X (2.7)
This provides a series of eigenvalues fgém which resonant
frequencies can be determined. ’Backsubstitution of indi-
vidual eigenvalués into Eq. (2.6) provides an eigenvector
(normalized prdssure distribution) from which pressuré mode
shape can ge found. This. numerical modelling techniqgue

‘proved chcial to wunderstanding the resonant behaviour of
the irregularly-shaped enclosure used in this study} |

The numerical simulation made uﬁe of a 32-node element

(Figure - 2.2) which models air pressure as a cubic

distribution. The element is 1isoparametric such that

distortions of the pressure distribution are of ¢the same

order as geometric distortions. The'fully-éssembled model of



Figure 2.2 32-Node Acoustic Finite Element.

F(aur‘e 2.3 Grid and Node Numbering Scheme of Complex Shaped

Enclosure, ' : y



the complex-shaped enclosure consisted of 378 nodes:*
distributed over 30;§lements (see Figure 2.3). In this way
estimate$ were obtained of the lowest fifteen resonant
frequencies and their mode shapes (see Figure 2.4).

(The perfectly-rectangular enclosure (Section 3.1) was
modelled with an 8-node element as a means of model
verification. See Appendix A1.) v

The "mode labels" used in Figure 2.4n(110, 020, etc.)
originate 1n the classification of modes in perfectly-rect-
angular enclosures; recall the indices of Eg. (2.4) and
(2.5). Since these eguations are not directly applicable to
. complex-shaped enclosures, the mode-label digits no longer
represent the 1indices of the equations but provide only an
indication of the number of phase change§ (+ to -, - to +)
in each direction. ‘Where, for higher modes, distortion
becomes severe, alternate labelling schemes would have to be

devised;

2.3 Sound Absorption
Though detailed analysis of the mechanism of sound
absorption is not  presently 'necessary, some qualitatfve

observations are useful.

Sound absorption is here defined as the dissipation of

@

the acousﬂzﬂ energy present in one medium (air) in a neigh-

boring medi usually of hxgher density  (in this case a
* The enorﬁbus global mafrix this represents, 378x378
entries, required six-and-one-half hours of computing time
to solve using an Amdahl 5860 and an AP 190L array
processor.

\
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Figure 2.4 Mode Shapes of Complex Shaped Enclosure.
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o £
high~porosity lining). The amount of acoustic energy which a

lining will absorb at any freqguency. 1is given by its
absorption coefficient. The porous lining dissipates part of
theAacoustic energy impinging on it (by increasing the
viscous boundary layer enclosing the sound field) and
reflects the remainder (due to the higher effective density
of Ehe air contained in the lining pores),.

The porous lining used for this study (described in
Section 3.2) can be considered .in terms of the Rayleigh
modél (Ruttruff, page 144):

"The Rayleigh-model <consists of a great number of

similar equally spaced parallel channels which traverse

a skeleton material considered to be completely rigid.”
Since the channels of the model are very narrow T

"the profile of the air stream [within a channel] is

determined almost completely by the wviscosity of the

air and not by any inertial forces."
The effect of the lining is to 1increase tremendously the
viscous boundary layer surrounding the reverberant field. It
1s in whe boundary layer, where viscosity is high, that most
of the acoustic energy is dissipated.

The thickness of the boundary 1layer within @the pore
space is frequency-dependent. At low freq&@héigg the
velocity profile of the air-stream in a pore is parabolic
(as in the case of non-oscillating flow) and the boundary
layer is relatively thick. At high frgquencies, ‘flow is
approximately uniform across the section of the pore

(Helmholtz flow conditién) and the boundary layer 1is much

narrower. If the boundary layer is thick (implying that the
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effect of viscosity 1s greater), the impedance of the air 1in
a pore 1s high and,from the perspective of incident acoustic
energy, the effective .density of the lining 1s also high.
Effective density 1s thus also freguency-dependent. This
dependence 1s expressed by means of the following relation-
ship (Craggs, 1984): “

By = b, (1 + 0.46/TR,/uT) (2.8)
where p, is the density of the ambient air, R, the static
flow resistivity (see Section 3.2 and Appendix A2), and w
the driving frequegﬁy.

The preceding can be used to explain the behaviour of
the absorption coefficient: at low freguencies effective
density s of the lining 1is high (thick boundary layer) and
more acoustic energf is reflected, while at high frequencies

effective density 1is nearer the actual density of air and

more energy will be absorbed.

2.4 Resonant Damping

The acoustic absorption coefficient expresses guantita-
tively the acoustic energy absorbed by a medium at a given
frequency. To quantify the eﬁfect’of an absorb;nt lining on
individuai resonances, the damping f&ctor is normally used.
Damping factor ({) is the ratio of the width of . a resonant
peak (measured at 1//2'of its maxPmum amplitude) to twice
its c;ﬁter' frequency (see Figure 2.5; note that both

- amplitude and frequency scales are linear).
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Figure 2.5. Determination of damping factor.

-

(The factor 2 in the denominator arises in the derivation 6f
damping factor.)

Damping factor is used in this study as defined above.
Other investigators (e.g. Jha, 1972) make use of a Q-factor
which is related to damping factor‘as follows: Q = 1/2%.

Damping factor provides a measure of /how strongly a
resonance is single-valued 1in ‘terms of freguency. As the
damping factor of a resonance increaSes, the specifié
frequency which will be réinforced becomes increasingly
random. The effect, in terms of\? vehicle occupant, is that
the resonance takes on mofe the character of noise (random
frequency content) rather than a sinéle penetrant frequency.
In additidn, as energy is dissipated, occupants benefit from

¢

reduced reverberant amplitudes.

2.5 Forced Resonant Response
Having seen the free response of enclosurgs in Section
2.2 it 1is' necessary to discuss, briefly, the important

features of forced resonant response. This is wusually
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expressed 1in terms of a series of the normal modes. The
equation describing the response ofra room to a given volume
source distribution is (Morse, page 313):

Vip - (1/c?) 3*p/at? = -jpuQi(x,y,z) (2.9)
where p is the . density of air, and w 15 the driving
frequency of the volume source strength distribution,
Q(x,y,z). The solution of this equétion for an enclosure is
written in terms of a series of the normal modes:

p = Z:¢“(x,y,z)q _ | ' (2.10)
For a rectangular room

¢, (x,y,2) = [cos(lmx/A) cos(mmy/B) cos(nnz/D)] (2.11)
Here the single integer N 1s adapted for convenience only.
Substitution of the series (2.10) 1into the governing

equation gives (note: V is enclosure volume)

p=-I® puczl%zﬁfxiyéfgg av (2.12)
Obviously, if the source freguency w = wy one of the Tpdes,
the resonant modé, will dominate the total response.

The response is.limited only by the damping in the '
system. Usually, for convenierice the damping is assumed go
be viscous in nature and the responsé of each mode is
likened to a @imple damped oscillgtor so that the term
(wy? ~ w?) in the denominator is replaced by the term

(w,* - w? + 2jwl), the series then becom

(2.13)

- jewc®ly y(x,y,2)Q 4V
P = Z%’ G‘)Nz - w? + 259’;“)

where § is the modal damping factor. While in deriving the
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expression viscous damping has been assumed, this number is
commonly wused as a measure of the most genera} forms of
damping, and can be found by experimental means (Section-
2.4 . '

In what follows it is desired to find the effects of
the amount of absorption material on the damping of the
individual modes. Using a finite number of sources (loud-
speakers) whose phases can be set independently, the
integral /¢, (x,y,z)Q dV appearing in the numerator for each
mode can Se aéjusted to enhance the response of one mode and
attenuate that of others. Steady-state resonant response :s

then given by N~

o o dewctlydy(x,y,2)Q dv (2.14)
Wyt T oWt v 2Jwl,

and the mean square pressure (p?) by

2)Q dv):? _ (2.15)

)
4w’SN’7

2 o plwict(fyeu(x,y
p : ((UNZ -wz)z

y

The effects of  damping are twofold (i) response
(pressure amplitude) at resonance is reduced and (ii) the
frequency at which the maximum response takes place is
reduced according to the relationship- oy = w;’(1-$’). An
additiona)] consequence, associated with the deqrease of
frequency, is an increase of resonant wavelength. This
results in shifting of node planes (where incoming and

reflected acoustic energies cancel) avay from more

reflective panels.

o



PART 11 -- INVESTIGATION

3. EQUIPMENT

. In this chapter an explanation 1is provided of the
equipment used in this study. The two passenger compartment
models are described, the acoustical properties  of the
porous lining are discussed and descriptions are included of

the eqguipment wused to excite and measure enclosure

fesonances.

3.1 Vehicle Models -

The damped-resonance data ;équired for this study were
generated in two form-wise accurate models rather than in
actual vehicle passenger compartménts. This choice, based on
the experiehce of earlier work (see Section 1.6), allowed
concentration upon such overriding variables as enclosure
shape, wall material and\lining location. Assumptions did
not have to be made about the influendes of structural
irregularities (usually for enclosure stréngth) and multi-
component .linings/ normally found in vehicle bodies.

The first enc osure,‘a rectangular. parallelepiped of
wood on which some testing haé been done previously (Section
1.6), represenfed the operator cab. of a typical freight-
transport truck (see Figure 3.1). Internal dimensions of the

- .
model were (L:H:W) 1.52 m x 1.42 m x- 1.22 m providing an
enclosure volume and total internal .surface area,

)
Iy

respectively, of 2.63m* and 11.5 myi‘ Enclosure walls,

&

\g. . 24
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1.42m : 0
\N%

[j ‘ ’///‘4
- E-Endwall

H - Horiz. wall
S - Sidewall - p-mi. port
Figure 3.1 Experimental Enclosure: Truck-Cab Model

(Perfectly Rectangular).
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double sheets of 7/16-1inch plywood (total thickness: 22 mm),
were held together at (vertical) corners by external screw-
mounted brackets, and coated with a high-gloss varnish.
Vertical walls had a continuous seam at midheight to allow
the model to be moved easily to and from the anechoic
testroom and for access during testing. Two box-like halves
were thus obtained which would be "stacked" atop the floor-
panel and covered with the roof-panel. Horizontal seams 1in
the model were left untreated, overlap of the wood panels
assuring airtightness adequate for resonance testing.

Since the truck-cab mod;l is-perfectly rectangular,
equations (2.4) and (2.5) are‘applicable to it. The 1indices
1, m and n of these eguations are thus also the digits of
the mode labels for the truck-cab model corresponding to,
respectively, the fSngth, height ané width dimensions.

The second model, chosen for its complex geometry (see
Figure 3.2), was beéween one-half and two-thirds the size of
a standard automobile enclosure. Constructed of sheet steel
(thickness: 0.9 mm), it had no braces or ridges for
reinforcement. All overlapping seams were.riveted and seéled‘
with silicon gel. The "lid", th; only removable panel,
rested on flatbar provided with rubber stripping and - could
be held in place with a series of wingnuts (not'ﬁsed).
Additionallshee; material was left at the front of the
car-model for eventual  vibration-excitation tests (the rear
can be used~‘similarly). The sheet steel used for this

enclosure has-a smooth, glossy appearance and was therefore
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#
. not painted. Total enclosed volume and internal surface area

of the model were 1.1 m> and 5.7 m?, respectively.

Note that although the ratio of shell stiffness to
acoustic stiffness of the enclosed volume is greater in
actual vehicles than in the models used (due to scaling down
and absence of any panél reinforcement} the influencg of the
(more flexible) model enclosures on acoustic resonances was

: 4
still relatively small.

. ’j. . . ;
3.2 Porous Lining o

superior sound-absorbing gualities as well as its ease of

o . e

N handling. 1ﬁﬁ>\\1in1ng, a polyurethane foam 1~~€t’r“adename:

& Polyfoam J39), is- commonly wused in furniture per%?r
. : £

)

tion/restoration. Supplied originally as sheets (dimenéiong
f.37 m ; 2.03'm x 0.05 m), a separate segment was fitted to
each enclosure wall. Lining qggmenfs could be easily removed
and installed by means of dodble—sided tape:permanently
‘fixed to about 3% of the enclosures' internal area. |
Emgﬁyical tests dohe4 on two _foém samples (each:
diaméter'=k100 mm and thickness = 50 mm) disclosed a bulk
densitj of 16 kg/m? and a porosity of (at qust) 90%.
,Impedance'éube tests of the same samples .produced the
$Q§orptiqn)_éoe§ficient trace of Figure 3.3. The. ranges of
UNDAMPEQﬁ;esonanes of both models being 'indicated, it is
noteworthyh that, despite overall good sound-absorbing

‘qualities, the absorption coefficient is still quite low in

i

a .

.The porous lining used in testing was choseh for its "

’
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the region of interest. (Note: as rule-of-thumb, the "hump~
of the absorption coefficient trace accurs at a frequency
whose *wavelength 1s approximately four times the thickness

of the lining. Thus, to have the hump centered at 200 Hz, a

lining thickness of 0.43 m would be necessary -- obviously
impractical in the context of highway vehicles. Neverthe-
less, in the fully-lined car-model resonances above 300 Hz

could not be excited with appreciable amplitude.) The
measured .absorption coefficient data were used to estimate
(see Abgégdix A2) the flow resistivity of the Polyfoam at
5500 rayls/meter.

Since each wall of an enclosure had been provided its
own. fully-covering piece of—lining, different combinations
of lined walls could be tested. The influence of two
variables could then be observed, namely:

e the ratio of lined area to total internal surface

area (expressed as a percentage); and

e the-particular location of the lining.

The various 1lining configurétions tested in the two models

are presented apnd described 1in Section 4.3, When fully
lined, the internal volume .of the truck-cab and car-models .

decreased by 20 and 26%, respectively.

3.3 Resonance Excitation .

The objective of’ the experimental work was the
. \) - .

excitation and measurement of individual cavity resonances

in the low-frequency region. Recogni the node-antinode
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character of mode shapes (recall Eg. (2.4)), the placement
of Eorrectly-phased sources 1n the antinodal regions of a
specific mode and excitation with either broadband noise or
a pure tone should excite only the chosen mode. This
technique had been  partially successful in the work
described in Section 1.6 and was therefore also applied in
the present study.

The array of sources consisteq of six, identical small-
ng loudspeakers. The driver chosen was a 4—iaéh diameter
wooter (Pnilips ADSOBO)lcapable of a rated power output of
10 Watts. The enclosure constructed for each driver had
external dimensions -of 153 x 178 x 130 mm, was of B8-mm
plywood and had all free /internal voluﬁe‘ filled -with
polyfoam (for suppression /%& box-resonances). Traces of
source response to a white-gbise input are given in Appendix
A3. Although as large as practicafly possible (internal
volume of the truck-cab and car models‘decreésed by 1 and
2%, respectively, with all sources present), single-source
excitation of resonant spectra was left unchanged 1if the
five mute sources were removed.

Since neighboring antinodal regions of any 'mode are of
opposite phase, the phase of any source must be adjustable
separately, all sources being driven with the same
electrical signal. This was achieved by using a small
distribution box in which the power, taken from a‘ single

input, is distributed through separate switches (wired to

permit reversal of polarity) to each source. Thr

I
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distribution box was outside the model, 1individual source
wires entering the model through a hole in one enclosure
wall. In some instances, a common network layout with only a
change of phase-setting could be used to excite different
resonances. {(The most freguently used network layouts with
phase-setting are shown, for both models, in Appendix A3.)

The source network was driven by broadband noise (white
noise) producing all frequencies between 20 and 20,000 Hz
with egual amplitude. After amplification (by means. of a-
locally-built 50-Watt power amplifier) the noise field
inside the enclosure had a nominal sound pressure level of
100 dB (note: although excitation signal level was maintain-
ed at 5S5vRMS throughout all tests, in the fully-lined models
nominal SPL dropped to 85 dB). Despite the high-level
broadband input, resonant amplitude' was usually such that
locating éhe microphone pickup ét a source-cone would
disclose only the specific mode ,(not an 1increase of
background level as would be intuitﬂ\ply expected).

3.4 Resonance Measurement

_The acoustic response of the enclosures was meagured
and recorded by‘means of the following equipment.

A 1-inch condensor microphone (B&K 4145) mounted on a
stand and usdally aimed at tﬁe geometric cenzer of the 'en—
closure could be moved to whereve; resonant response was
greatest.v(Note that in the truck-cab mode} most measure-

ments were taken with the microphone in the upper corner of



one Endwall. Alternate microphone locations for this model
are given in Appendix A3.) The measured signal was fed
through a spectrometer (B&K 2113) to a Fast-Fourier-
Tran§form (FFT) Analyzer (Nicolet 660A). The spectrometer
served as both a power supply to the microphone and an
amplifier of the measured signal. The FFT Analyzer
transtorms the input signal (time history of the acoustic2
pressure) into a plot of frequency versus amplitude and
displays this information on an 800-line Cg? screen. With
the aid of a built-in Expander, measurement resolution for
the truck-cab model was 0.2 Hz (0.4 Hz for the car-model) .
As the? acoustic response displays‘lconstant small-scale
variation, statistical averaging was used to collect and
assimilate resonance data during a specific period of time.
In most tests 150 readings of the response were averaged
(representing 3 and 1.5 minutes of data collectién for the
truck-cab and car-models, respectively), though if the daté
trace displayed excessive roughness on the CRT an additional
150 samples were assimilated. (Some problems of resonance
measurement that could be minimized through additional
averagﬁng are dealt with in Chapter 4.) A hard copy of each’
data trace was produced on an X-Y recorder (HP 7044A).

A sketch of all equipment used (input and measurement)
is shown in Figure 3.4. The bulk of the tests were'performed
in an anechoic chamber (internal dimensions: 2.0 x 2.3 x 3.5

m) preventing interference of any unwanted sounds.

/
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Figure 3.4 Schematic Diagram of EQuipmént Used.



4. METHOD
This chapter explains the method used to obtain the
"formal” data sought by this study. Description of the
problems encountered 1in resonance generation and how these
were dealt with provides some 1insight 1nto enclosure
acoustics and allows unhinde%ed presentation of formal data

in the next chapter.

4.1 Truck-Cab Model

This section, describing excitation of fundamental
acoustic resonances in the truck-cab moael {both unlined and
lined), outlines the basic method of obtaining acceptable
resonance data. N

As indicated earlier (Section 3.3)A/;he/£a§ic procedure
of resonance generation is wuncomplicated. Choosing a
specific resonancé (for example, the fundamental lpngi-
tudinal modeé 100) its expected mode shape would be noted --
in the case of the 100-mode, an ant{node (of opposite phase)
at either‘end of the longitudinal dimension and a node plane
in center. Three sources would be assigned to each~ antinode
(initially on the floor of the enclosure) and the polarity
of one trio of sources set opposite to that of the other.
White noise would then be supplied to thé network and the
microphone, fixed in a corner Qear the roof panel, wused to
measure the reverberant response. (The choice of microphone

location is determined by the fact that any mode displays an

antinode at a reflection-causing® boundary. Thus, in a

35
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perfectly-rectangular enclosure, any corner where three
walls meet 1s a likely locatio% for measurement of maximum
amplitude of any resonance.) The most-freguently used
network layouts (with phase-setting) for the truck-cab model
can be found in Appendix A3.

Two problems appeared requiring modification of the
basic procedure.

First, although network phase might have been set to
excife one specific mode, other modes might also appear
during measurement. The simplest case'of this occurred when,
with the network on the enclosure floor, phase would be set
for mode 100 while both modes 100 and 110 would be measured.
Tgis was corrected by placing the sources at the midheight
of the enclosure: each t*io, then located on the horizontal .
node plane of the 110-que, radiates with 1its own phase
across the ;;tire vertical section of the enclosure. By thus
imposing the necessary signal-phase on both the upper and
lower halves of the reverberant field, excitation of the
tangential mode could be'suppressed. (It was also ?ossible
tg; locate the outer sources of each trio at the midheight
whiie plécinéﬁopposite center sources at the floor and roof,
respectivély.) Another occurrence -of this problem,'m;re
difficult to correct, was in excitation of the highér
fundamental modes. Though sources wouid be locatéd and
phased for a specific tangential (or the one oblique) mode,
lower fundamental resonances might also "appear during

measurement. If, during excitation of a tangential mode, a
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component® axial -mode appeared, it was first ensured tha:.
each antinode of the tangentiai mode contained at least one
correctly-phased source. (Some tangential modes could be
driven by placing two sources 1n each of three of the four
antinodes.) If not sufficient to eliminate the unwanted
resonance(s), the microphone would be moved from its "fixed”
location and relocated or rébriented so that the unwanted
mode(s) would either disappear from the CRT-display ér
appear at much-reduced amplitude. Microphone relocation, the
only recourse if lower fundamental modes Pppeared during
excitation of the obligque mode, was Yé@y effective in
eliminating the higher fundamental dees during excitation
of axial modés. |

A second and much more serious problem was that of a
"split peak" (see Figpre 4.1). This occurred if, while
exciting a single resonance, the measured response displayed
a two-pronged peak.. The amplitudes of the separate sz-peaks
varied from less than 10% to over 50% of overall resonant
amplitude and were ngt necessarily identical (symmetry about
a central "dip"). Initial reaction is to consider one of the
peaks as a neighboring resonance. However, differences of
mode shape and frequency of the neighboring resonance’
(excited separately) are usually enough to rule out such
possibilities. The conclusion then is that the splitgﬁng of
a peak represents two (or more) plausible frequency-values
for the particular resonance.

- e e - —— = - ——

* "Component” axial modes of, for example, the 110-mode are
modes 100 and 010.
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Severa. approaches were employed to eliminate splitting
of peaks or, failing this, to obtain meaningful data despite
the splitting. If sub-peaks differed in frequency by no more
than 2 Hz (implying a small amplitude for each Ssub-peak) ,
splitting could occasionally be eliminated by increasing the
number of averages collected. (Note that, if analyzer band-
width had been increased, splitting wBuld not have been
discernible.) If splitting persisted, alternate»positiohs or
orientations"for the microphone would be tested. These
modifications with, as a last resort, some repositioning /of
the source network, would normally eliminate the splitting.
1f, despite all attempts, the peak could not be reduced ¢ a
single frequency, either the sub-peak with the larger
amplitude or the bottom of the central "dip" (if sub-peaks

had i1dentical amplitude) was used as the resonant frequency.

If the sub—peaks\ differed by several cycles-per-second,

implying distinct separate peaks, only relocation/reorienta-
tion of microphone or source network could Be tried. In some
cases a single peak could thus be generated at the frequency
where the "dip" had been formerly. More often,' such modi-
fication>resulted in increased amplitude §f one sub-peak and
a reduction (disappearance) of the other. Typically, if the
"dip" cgpuld be replaced or a sub-peak strengthened, overall
resonant amplitude, visible on the CRT-display, would -be
increased. |

Splitting of peaks tended to occur more readily and was

much more difficult to eliminate in the unlined models {(due
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to the non-linear response resuliting from interaction of the
shell and the acoustic pressure wave; thils 1s dealt with

further 1n Section 5.3).

4.2 Car-Model

4.2.1 Unlined

Excitation of resonances in the car-model was to follow

gle same procedure as for the truck-cab model. Two
add:tional problems were 1ntroduced, however, by the
Vol T~

ir;egular shape of the enclosure. First, as Ehe length of
the car-model 1s almost twice the height dimension,
freguencies of multiples of fundamentq&\ modes are
interspersed among those of the higher fundamenféls.»Second,
since no cross section of the car-model had rectangular
shape, all mode shapes underwent distortion such that node
planes became curved. &%»

Initial attempts to identify the different fré@uenciés
met with very meager success. The enclosure was first
exc'ted with a single source to (obtain a u"complete"
resonance spectrum (see Figure 4.2). Then, using either the
single source or a specific (single mode) network iayout,
the microphone would be moved to various locations in the

enclosure to measure the pressure (amplitude) distributios®

associated with one or more’ frequencies -- a process

. referred to as "mode tracking”. Fundamental axial

frequencies were readﬁly obtained. Fundamental tangential

4
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modes could not be identified clearly due to difficulty in
locating precisely the pressure minima. Also, freguencies of
dhat were assumed to be/higher multiple resonances could not
be suppressed, with the result that specific frequencies
could not be associated with whatever nodal behaviour was
discernible.

It was during these initial experimental measurements
that the computer simulation of ihe car-model’'s resonant
behaviourrwaa performed' (as a "rFal-hérld" test of the
finite element program under development; recall Section
é.2). The results obtained from this eigensolution (see
Table 4.1) confirmed that higher multiples 4of the
fundamental modes indeed do occur batween the fundamental
resonancas. Also, curvature of the mode shapes was predicted
(recall Figure 2.4). With these estimates ‘Pf- the wvarious
mode shapes, source network layouts were revise?ﬁand testing
for the higher fundamental modes resumed. Ail freguencies
measured in the region of interest could then be identifiad

’

and their mode shapes verified.

~ Excitation of individual reSénances (most-used layouts

in~Appené?§‘k3b disclosed that the problem of splitting of
. peaks was more severe in the car-model than in the unlined

3

-truck-cab model. By repeating a resonance test with

identical source and microphone loc.cions some time.after

making an initial measurement, changes of frequency or

‘damping factor might occur, necéésitating a choice as to
¢ The authoro1s indebted to fellow graduate student Glen °
'Stevenson for this simulation. , ,
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Car-Model: Measured and Computed Frequencies.

Frequency (Hz)

Mode = 000 e e -
Label _ Measured Simulated -
100 T 154.6 ‘ 140.8
001 168.2 160.3
010 220.2 . 208.9
101 226.6 - 2143
200 251.0 243.3
011 : 281.8 267.8
501 3b118 ‘ 288.8
110 312.2 299.9
002 323.8 : 315.4
102 355.4 353.2
111 ‘ 366.6 347.0

020 ' 378.2 . 371.3
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which data be accepted as "formal". Two examples of this
selection process are cited, th; first dealing with a split
pe;; and the second with a variable peak width. The first,
1llustrated 1in F}gure 4.3, concerns the fundamental 1longi-
tudinal mode (mode 100). The peak of Figure 4.3a has a
aamping factor of 0.0192 which was deemed excessive when
compared to a regression-estimated value of 0.0136
(determined by means of a linear regression based on all
twelve car modes; see Chapter 5). The second attempt,
generated at é much later date outside the anechoic

testroom, prodhced a single-valued peak with a calculated

damping factor of €.0113. Although damping 1is below the

regression ‘'value, the second ‘attempt 1is the preferred
choice. The second, somewhat more difficult, case involves
mode 011 and 1is shown 1in Figure 4.4. Damping factors

calculated for the three traces are 0.0052, 0.010% and
0.0168, tespectively, while the estimated (linear
regression5 value is 0.0083. Due' to. the shapes of the
differen§ peaks and their measured frequencies, Figure 4.4c
'Qas chosen as "correct”. (Note that using either the second
;r th{fd values of damping factor in.the linear regression
estimate makes almost no difference in its slope and

intercept values.)

4.2.2 Lined
Besides some recurrence of unwanted resonances and the

-splitting of peaks, the major difficulty afising during

o
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testing of the lined car-model was the inability to
adequately excite some of the resonances. This became
especlally noticeable for high percentages of area coverage
where non-fundamental modes displayed such low amplitudes
that analyzer gain had to be increased by a factor of tefi to
detect any resonant behaviour.

Excitation of unwanted modes and the appearance of
split peaks were dealt with as before: relocation of sources
and microphone. This was again used, though with very
specific motivation, if resonances appeared to be undergoing
excessive damping. In some cases it was found that a most
unlikely layout-and-phasing of the network would excite a
particular resonance: the layout in Figure 4.5 was thus used
to excite modes'Olo and 002. Another approach was to bring
sources closer to one another to ensure effective inter-
action of their direct fields. Similarly, sources could be
moved closer in to the reverberant field of the enclosure.
In almost all such cases microphone position had to be
carefully chosen (usually the end-result of much trial-and-
error experimentatidn). A final method of recourse, if low*
amplituée excitation of.the mode occurred, was to increase
analyzer gain to whergw the trace filled the entire
CRT-display. Since both amplitude and frequency scales of
the display were chosen to bé linear (rather than
logarithmic), daﬁping factor could be determined by the

usual method of measurement and calcglétion.

»



Figure 4.5 Supplementary Layout of Source Network.

»
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Again, 1f for high-coverage linings traces appeared

excessively rough on the CRT-display, additional averaging

could be used to improve trace appearanc

4.3 Lining Configurations
. . 4

]
The objective 1in testing was to stu damped
resonant behaviour of the two models as a function of a
discrete series of area coverages distributed evenly betweeé
the wunlined and fully-lined states. By 1lining complete
surfaces in various combinations (rather than increasing the
areas of a fandomly distributed series of patches)
information could be obtained as to the Specific influence
of 1lining location. (Recall that modal damping factor and
the changes of resonant freguency were the gQuantities of

primary interest.)

4.3.1 Truck-cab model

The surfaces of the truck-cab model were named
Endwalls, Horizontal walls and Sidewalls, being 1located
normal te the length. (1.52 m), height (1.42 m) and width
(1.22 m), resbectively (see also Figure 3.1).

After aécertaining the resonant behaviour of the seven
fundamental modes in the unlined trhck?cab model, resonance
tests were®initially repeated with three mutually orthogonal
walls lined and all ksix) walls lined (for coverages of 50%

and 100% of internal surface area, respectively). Additional

data were then collected by covering:



e 50

*
(1) three single walls (one E (15%), one H (16%) and
one S (19%));
(11) three pairs of opposite walls (both E (30%), both

H (32%) and both S (38%));

(111) three pairs of intersecting walls (one E plus one

H (31%), one E plus one S (34%) and one H plus cone S

(38%));and

(iv) three "duct"™ 1linings (both E plus both H (62%),

both E plus both S (68%) and both H Plus both S (70%)).
An adaitional lining configuration tested could be practic-
ally realized in an actual operator cab: by lining the lower
half of both Endwalls and the upper half of one Sidewall
(effectively, the respective "doors" and "backwall" of ( the
cab) a coverage of 25% was realized.

Lining configurations used in the truck-cab model are

summarized in Table 4.2.

4.3.2 Car-model

The car-model consisted of ten surfaces labelled as
shown in Figure 3.2; note that the Sidawalls are identically
shaped. Again, the model's undamped acoustic response was
determingd, after which the model was lined completely and
retested. To obtain a relatively even distribution of area
covérages a limited number of 1lining configurations w;s
chosen (with 9 wunique panels the law 5f permutations
indicates that over 500 cdmbinations are possiblef‘ some

consideration being given to what could be practically



Tabie 4.2 Lining Configurations Tested.

Truck-Cab Car
Lining Surfaces Lined Lining Surtfaces Lined
TOD none C00 none
T15 &g Cc13 FW,SW
5 |
T16 H Cﬂ/_ W, W
T19 S - c26 W, L,Wg
|
T25 2(E/2)+(S/2) C33 FW,F1,SW,P
T30 2E C36 Sr-SL
T31 E,H c4) wF,Fw‘;wR,Rw,p,sw
T34 E,S C53 WF,L,WR,FI,SW,P
T35 " H,S Ce SR,SL,L,FI
T38 - 25s C64 all but Sg,S
T50 E,H,S c70 all but W, W
T62 2E, 2H C76 all but L,Fl
T68 2E,2S C100 all
T90 2H, 28

T100 2E,2H,2S




applied 1n an actual vehicle. The lining configurations are

listed 1n Table 4.2. The total area covered by each lihing

1s 1ndicated 1in the lining name; for example, C13 inditates

the lining covering 13% of the car-model’'s internal surface

area (the letter T corresponds to the truck-cab model). The
=

walls 1lined 1n each configuration are given by the

abbreviat\ons used in Figure 3.2.




PART 111 -- EVALUATION

3 5. DISCUSSION OF RESULTS

The present chapter deals roncretely with that for
which th:is study was undertaken -- the -"formal" ‘data
(measured data listed in Tables A4.1 to A4.6). The acoustic
guantities of ©primary 1interest are the damping factor (as
defined 1n Section 2.4) and frequency shift (the <change of
resonant freguency) as these are altered by the presence of
the lining. Resonant amplitude and mode shape, though both
altered by the 1lining, are presently of lesser 1importance
and are theretore considered only in regards to explaining

pehaviour of the primary variables.

Damping factor and freqguency shift are thus "dependent”

varlables whose progressions are (to be) related to the
"independent"™ variables of lining configuration and
enclosure shape. Since each acoustic mode of an enclosure
represents. a very specific pressure distribution, the

damping ~factor and frequency shift of each mode will be

s

oo
ST

aff;cied differently depending on 1lining location. The
overall progression of a dependent variable is obtained
when, for each lining configuration, data is averaged over
all fundamental modes. Alternatively, averages can be
derived for the different modal groups (axial, tangential
and non-gyndamental). In deriving the various averages of

the dependent variables it is assumed that, in general, the

extrema occurring in the progression of one mode are

53 »
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cancelled by those occurring on the remaining modes. Thus
scatter of (averaged) data will be lower for an overall
progression (where data for all fundamental modes have been
averaged) than for modal-group progressions.’ Some
information about the exact influence of lining location can
be determined by comparing the modal progressions within a
group. (Complete description of the influence of lining
location was not an objective of this study, though the more
obvious trends found are described.) .

Results of the truck-cab and car models are discussed
1n separate sections after which a section 1s devoted to
comparison of their acoustic responses. A'summary of the
major findings and their significance 1s found 1in the

following chapter.
5.1 Truck-Cab Model

5.1.1 Damping factor

Resonant damping factor is observed to . decrease with
increase of resonant frequency in the unlined_truck—cab
model (Figure 5.1). Although scatter is largé (reflected in
a standard deviation of the data of 28% of measured range),
none of the data are ﬁgild" and the general degrease 1s

clear.

' Scatter of data is given, in diagrams, as.the variance of
the data about the regression line; to permit comparison of
scatter of damping and frequency shift data textual refer-
ences to scatter are given as a percent of measured range.
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Figure 5.1 Resonant Damping in Unlined Enclosures.
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Considering now. the various lined states, the
progression 'of damping facter averaged over all fundamental
modes 1s shown 1in Figure 5.2. The discrete values of overall

damping. factor (§;) are suitably approximated using the

" linear regression

N

¢, = 0.011 + 3.9(10° ") (5.1)

where S 1s the proportiop

‘otal internal surface area

3 ‘

. : Lo

provided. with the sound aDBorbent lining (expressed as a
§oN

~a
-~

/ .. . .
percentage). The regression provides an estimated mean

damping factor of 0.011 1in the unlined truck-cab model,

~whigh compares well with the measured (avérage) value of

0.0114. With the regression line passing through the range
of measured data for all but‘oné lining (T38), scatter of
mean data about the regression is limited to 6% of the range
of niean data. ﬁaxﬁmum damping factor tends te occur on modes

with the greatest number of nodes: for eleven of the fifteen -

lining configqurations maxim damping fagtor occurred on a

non-axial mode, six occurrégces being the obligque mode.
- - .

1f damping data are consi ig rms of the three

. modal groups, the results are as shown in Figure 5.3. Three:

~

occurrences stand out, namely: .
(i):accu:ate prediction ‘of damping\ factor in the.
inined‘ model; ,values of 0.012,- 0.610 and 0.010
predicted for the axial, tangential and oblique /
intercepfs, respective{y, display good agreement with
the corresponding ﬁeasured‘values of 0.013, 0.010 and.

0.011 (recall ‘that the obligue value represents a

g
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Figure 5.3 Modal-Group Damping: Lined Truck-Cab Model.
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single mode).

(11) the slope of a regression estimate increases as

_the number of nodal surfaces per modal group increases.

(Note that this 1s consistent with the observation that

maximum damping factor tends to occur on modes with a

greater number of nodes.) Comparing the axial and

,Fangential regression estimates, it will be seen that,

due to the higher value of intercept and lower value of

slope of the dxial regression, at a particular value of

area coverage the regression lines "cQoss over".

Solving the axial and tangential regression equations

simultaneously the coverage for which this occurs is

29% (damping factor 0.0214). Thus, since frequencies of

the tangential modes exceed axial frequencies
throughout all linings, the damping factor is observed
to increase with increasing frequency if the amount of

area-coverage exceeds 29%.

(ii1i) Data scatter is severe for the oblique mode (30%
of measured range) and comparatively small for the
axial 'and tangential data (9% and 5%, respectively, of
the range of group-gberage data). The scatter of
oblique data reflects a poorer repeatability of
accurate generation of this mode and affirms the
cancellation of local extrema which occurs in deriving
averages of data. The slightly larger scatter of axial
combéred -to'tangential data is attributed to the lower

sensitivity of the tangential modes to specific 1lining
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location. Lining location can cause an excessive value
of damping factor on either a single axial mode (as
seen for lin¥ng T68 where damping on mode 001 exceeds
damping on the remaining axial modes by almost 50%) or
on all modes such that both modal and group-average
data _ lie to one side of the regression line (as occurs
at T25 and TS0). (The significance of this latter

.

occurrence 18 dealt with in the final section of this

\
\
\

chapter.)

As a fiqal comparison of averaged damping data, note that
the taﬁé?%tial regression, given in Figure 5.3b, closely'
approximates the overall regression of damping factor as
given by Eg. (5.1). This is due to the small difference be-
tween axial and tangential regression slopes and a high
value of oblique regression slope.

If the damping factor progressions of individual
members within a modal group are compared, insight can be
gained 1into the exact influence of lining locétaon. (To
account for every location—dependent chanée of damping
factor depends on considerations broader than those given
here. The present purposes of accountlng for 11n1ng location
are (i) to discern whether extrema in group—averages are
(not) a direct consequence of lining,location' and (ii) to
coubfTBafe towards a better underefanding of the "physics"”

of the phenomenon of acoustic energy dissipation.)

~Initially, wusing the damping factor of a single mode, it

must be recognized which surfaces have been 1lined at each
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data point and how damping factor at that point compares to
damping on that mode for other lining configurations. Then,
by comparing the progressions of different modes within a
group, generalizations can be made concerning the signifi-
‘cance of lining location for that mode type. In this way 1t
was found that damping on an axial mode tends to disblay a
local minimum if the 1lining 1is 1located normal to the
stanging wave of the mode (conversely, parallel to its node
plane). Usigngigure 5.4, this trend is seen for mode 010
(vertical) at T32 (floor and ceiling lined) and mode 001
(width) at T38 (both sidewalls 1lined). In such a case
(lining normal to axial mode), two phenomena serve to keep
damping factor low: first, recalling the frequency-depen-
dence of the viscous boundary layer in the lining (Section

~

2.3);\the\_}ining 1s observed to have higher effective

4

density relatiQé—fO“thg lower—frequency‘axial modes; second,
walls parallel to the ;;ial standing wave are wunlined,
therebf sustaining high reflection of acoustic energy in the
antinodal region. Thus, a local minimum of dissipation
associated with sustained high reflection of acoustic energy
results in the reduced damping factor. If walls parallel -to
the axial mode are lined, having normal walls unlined, modal
| damping remains relatively low due to high reffgction of
energy from the normal walls.(compare damping at T30 and T38
on mode 001 in‘Figﬁre‘5.4). Note, using the same data (mode

001 at T30 and T38), the increase of damping factor

(reflectang increased dissipation of energy) resulting from
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the 1ncrease of covered area. Extending these Céi;}gefifTBhg
to the duct-like linings (T62, T68 énd T70), the-decrease of\\\
damping on mode 100 from T68 to T70 re%fits from enhanced |
reflection of energy from the (normally-located) unlined
endwalls and the lower value of damping on mode 01Q at T68
1s due tp(the uﬁlined horizontal walls of this lining. Sope
of the inconsistencies of axial damping data with the stated
trends (examples: (i) higher value of dambing on mode 100 at
T16 than at T15; (1i) higher value of damping on mode 001 at
T32 than at T30 and T38) can be explained by accounting for
the source-network layout used to excite the mode (Section
5.3). Tangential modes display local maxima of damping (see
Figure 5.5) 1i1f 1lining 1is located on walls normal to the
dimensions named in the mode label (that 1is, maxima of
damping occur for mode 011 if some ,or all of the horizontal
walls or sidewalls are lined).

Further consideration' of the 1influence of 1lining
location is given in later sectibns.

. 0

5.1.2 Frequ@ncy shift ' .

Fundamental resonances in the unlined truck-cab model
form three distinct groups: axial (120.9 Hz, 127.1 Hz and
148.5 Hz), tangential (175.1 Hz, 187.7 Hz and 193.3 Hz) and
oblique (one mode at 226.6 Hz). Aithough modél frequencies
shift by differing amounts fori the wvarious 1lining
configurations (depending pon liningliocatibn), ovgrlappiﬁg

of groups (where frequencies within one group shift into the
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frequency region o©of a neighboring group) did not occur. As

the proportion of lined aréa increased resonant frequency
displayed a progressive decrease. Freguency shift, (defined

.

as the difference of unlined and lined frequency-values of a
mode, expressed as a percentage of wunlined resonant
freqﬁi&cy) 1s therefore "negative and 1ncreases as the
proportion af lined area 1ncreases. (Note that since all
diagrams are plotted in terms of the increase of shift, a
value higher along the ordinate-axis corresponds to a lower

@

value of resonant frequency). Since increase of modal

frequency (positive shift) was occasionally encountered, the
absolute value of modal shift is used in the derivation of
gdbup-average data.

Derivation of overall-average data of frequency shift
(all fundamental modes) 1leads to the plot of Figure 5.6
(shift data in Table A4.2). It is clear that, as for damping

é

factor, shift data aré~suitably approximated by means of a
X :

linear regression. Scatter of overiii-average data about the

ange of overall-average

%

regression line is small (6% of the
data); note that six of the data lie on tpe regressign line.
ange;,of measured shift ‘jncreases wifﬁ incr asé of lined
a;éa.,‘@e values of rang; which fall below the 0% level
(reflecting positive frequency shift) occur only on axial
mode§ and are a known cons‘xenc; of -lining location
(described later). ' ’ !’

As with the overall average, modal-group §ata ate also

suitably approximated by means of linear regressions (see
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Figure 5.7). Axilal-group data (derived using absolute values
of shift) are most susceptible to the influence of lining
location and displiay a corresponding high degree of scatter
(3% of range). Note that axial data before T30- tend to lie
below the regression line while between T30 and T70 most
data lie above 1t. In the latter region the high values
occurring‘at T38, TS50, T62 and T6B are 1in each case the’
result of an excessive value of shift on one of the modes

(attributed to lining location). Scatter of data about the

tangential regression 1s much lower at 5% of range, again

.
-

reflecting the lower sensitivity of tangential modes to
lining 1§cat%on. (For the large deviations occurrinqgg% g@th
T50 and T68, shift of mode 011 ~-coincides with the linear
regression while“?563q\ of modes 110 and 101 are high.)
Scatter of obliqga'que shift daFa 1s very low (7.3% of
ranée). This 1indicates that resonant frequency 1s less
susceptible to uBaccounted-for influences (irregularities o£
exéitation and Ameasurement, panel flexibility, etc.) than
damping factor (recall scatter of obligque damping data
approached 30% of measured range). (It was found during
testing that the éenter frequency of a resonante was almost
always unmistakably clear | while effort -- sometimes
considerable -- m%ght be needed to reduce the spread of a

resonant peak; recall, for instance, the problem of a

$8%

R
&
£5

3plit peak" described earlier.) As with damping factor,

linear regressions of modal-group data display an increasing

.

sugge as the number of nodes per modal group increases.
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Max:imum shift is thus iikely fb occur on the obligue mode
and this was 1in fact observed in eleven of the fifteer
- y
configurations tested. Here again, the tangential %%gressaon
closely approximates the overall average of shift (compare

the Eguations of Figures 5.6 and —-5.7b). An interesting

occurrence on all linear regression estimates of freguency

Y

shift 1s the predict{pn of a negative intércep -- dhat ig,
averaged data appear to suggest that modal freq ncy 1in the
unlined model should exceed its actual value. It 1S
suggested that for low area &overages %%e linear regress,on
describing higher amounts of coverage is ngﬁtapmdicable . and
that the shift line in fact curves in towérd§ the ofigin of
the graph (see alscggh last section of this chqpteg).

The 1nfluence ofeLThing 10c4€ion on frequency shift is
more consistegt and therefore'more readily discerned than
its influence on damping factor. In terms of axial modef two
trends were determined. First, the positive shift already
mentioned tends to occur when lining is located normal to an
axial modé and decreases as the amount of normally®located
lining increases. As exémple of this the‘frequeﬁcy of modé
105 increased by 1.5% if one Endwall was lined (T15) and
increased by ‘only 0.8% if both Endwalls were iined (T30)..
Recalling that for liningstnormal to axial moées damping
factor is reduced,.in part, because of the higher effective

’

density - of the 1lining to the ' axial §tanding vave,

-

installation of the 1lining serVes, in effect, to decrease

the axial dimension causing the incresse of frequency (by

-

e
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4

‘ ’
linsng one Endwall, the length dinension decreases by 3%).

.<+However, as the amount of 1lining (normal ‘to the ‘mode)
‘_f)‘_,, A ~ \

it ::gincreases, the dissipative effect of the lining is
. sufficient to cause freduency again -to decrease. The above

, can oe seen using . Table A4.2. Cbserve, for example, the
;' shift of mode OO}: at 'T19 (one Sidewall lined), a positive:
shift of 0.4% weé measnred and at T38 (bothk§idewalls lined)
éhift is negative at  1.1%. (Behaviour ~ apparently
inconsistent thh the above occurs on mode 100 at T19‘\(one
.Szdewall l1ned) where shift was alsoﬁp051t2ve and for-mode

. 010 which, at T16, dlsplayed negat1ve shift (0. 5%{\ and at
IT32 large posxt1ve shift (2. 2%) ) Tﬁe second trend observedv

on. axlal modes 1s that these modes dxsplay local max1mav of

W . shift if - 11n1ng is located . oh all walls parallel'to the

standing wave of the ‘mode” (" duct llnlngs, T62 for mode 001,

K T68 for mode 010 and T7O for mode 100, the latter -two be1ng
g D i 1 : .
. ~overall magima of shlft,at-S 8% and‘7 9%, respectively). The

L dremainindﬁ modes display Shlft con51stent w1th haVlng been
N _ X : - :
‘ *,;ined " partially normal/part1a11y parallel " to their .

"-respective standing anes. As example mode 001 dlspﬂays a
large sh1ft 17 ﬁ%) for T62 (Sldewalls"unlxned) ~and 'lesser'

3 7 ' ™Y
shifts of 3 6% and ‘5. 5%, respect1vely, for T68 and T70

i_(Horlzoptal walls un11ned Endwalls un11ned respect1vely)
»The 1ncrease of sh1ft ﬁrom TBS to T70 is s1mply a reflectaon .

' of increaked area coVerage. Concernzng the tangent1a1 modes,

.
~

Mmax;ﬂbum shxft occurs for two of the modes (101 and 011) whenﬁ'v

e “the. 11n1ng 15 ductixke and parallel to the— 1ntersect10n of

\ . . Lo
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the node planes (T68 for mode 101 and T70 for mode 011).

5.2 Car Model R

p As indicated 1in the previous section, damp{pg factor

h and frequency shift in the truckecab model are'suitably

described by means of linéar regressions. This was seen to

. hold true for the car-model also. Discussion of the

. influence of 1lining location, begun with study of the
t:Lck—cab model. results, 1is extended by considering the
car-model's ‘damping and‘sﬁift data. |

Resonance testing of the car-model also included

measurement of *five non-fundamental resonances as t%fse were

interspersed among . the higher fundamental resonances.

Treated as a séparate modal group, non-fundamental data are
NOT* included in the derivation of overall ‘averages of
damping factor and frequency shift (though, for cbmparison,

modal-group data are de;ived).

5.2.1 pamping factor -

Damp1ng ‘factor in the unllned car—model d;splays a very .

pronounced decrease with 1ncrea51ng ‘frequency (see E1gure
5.1). The-~11near-regresglon-descrlbing this trend is based

: ..,/«'

of tange) is largely the result of the wxld" datum at 282
£

Hz (thzs p01nt was chosen as. the "best" of . three posslble“

2

v ‘a " ',.A
° N . .- . .
VR oo | . E - N
. I’ . . . » . . " . ) LI ., \ N
L . . L ol - . Y

@

v,
s that ‘nine of" g%e‘tar médel s, twelve resonant‘

‘ oq‘alr'tvelvé“fésbnaﬁtwmodes The high value of scatter (22%

" gglueso'urecall Seisgii’* 2. 2) szual 1nspectaon of Figure



72

damping data lie within 0.001 (vertically) of the regression
line. This 1s équivalent to 8% of measured range and affirms
the high degree of linearity of the data. (The 28%-of-range
scatter of truck-cab data is also visually discernible.)

. The variation of damping factor (averaged over all
fundamental modes) with area lined is shown in Figure 5.8.
While range measured at each data point  tends to increase
with area lined, averaged data display low scatter (6% of
range) and are more regularly distributed about the
regression line than was observed for the truck-cab model.
Thué, the linear %pproxiﬁaxion.is'seén to be- good. Maximum
damping factor occurred for eleven of thirteen linings on'a
fundamental mode; six qf~ these were on féngential modes
(also true for Ehezmahljned car-model) and fiye on axial

»

modes. . o

Linear regressions of modal-group damping data are

Yo &

'shown in Figure 5.9. Comparin€>ithe axial, “tangential and
non“fundamental averages it is again seen that regressiop
slope ihc;eéses with the number of nodes per modal group.

- The- lower value of* oblique regressipn slope'(gompared to

tangeﬁtiél'slope)‘is'asé}ibed to the two low values of

obligue damping - for linings'C53 and C100. (Recall firstly
that tpe obllque regress1on is based on a sinéle_mode making
'ulérge scatter more - iikely; Furthet, the datum at C100

-”refledts the high degree of measurehéﬂt uncertainty inherent

- to h1ghet modes when area c%xerage becomes large ) Regres-
. *

3 sxon~ intercepts are seen to.decrease w15{ 1ncreas1ng modal .

= @
- v - T

o

™A
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complexity which i1s consistent with the behaviour observed
in Figure 5?:. Scatter of modal-group hdata about their
respective linear regressions is approximately double that
of the overall regreséion (averaging 12.5% for.the four
smodal groups and 6% for the overall régression). For botﬁ
the axial and Atangential regressions, if a aata;poingQQS
(vertically) remote from the regression line (linings-‘CBB,
C41, (€47, C53 and C64 for the axial regression ;nd C33, C47
and C70 for the tangentiai fegression), the tendéncy found.
is that damping on one mode is excessive while that on thé
remaining modes 1is very near that predicted ° by the
regression line. QFor linings C47, C53 and C64 only mode 100
dispiays an excessive value of damping factor.) This
reaffirms that the axial regression is more sensitive to the
influence of ‘lining location than the :tangential regression.
Note tﬁét for the laﬁter, the ;déta ‘pther than those

.considered remote, are extremely well-behaved. . The

tangential and _axial ?&gfe;sions display a

A

"cfossdver"-
(Seyond yﬁich damping factor increases with 'fr;quency) at
42% (og area lined.~ (Since this is high:due3to theﬂfﬁfgo«{
values of axial damping on s{ﬁgle moaes at Eée midrange of :
coverages, the "true". wvalue of ‘crossover will occur for a
QOyerage*of apprdximately one-thi;d of;total surfaceé ~area.)
The slqée of the tangential regreésion'pé‘thé"car-model is

one-fifth greater than that of its overall damétn;
regression i(éécall ;thét for the truck-cab model the
ﬁﬁ?genfial‘and,OVeral @@mbiné'rgqgesgiong 'wéte ef§e¢fi§ery 

; . T

s " . ]

[ . : T . . s «° ’ .
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identical). This is due primarily to the larger d?ffereﬁce
of axial and tangential regression slopes in the car-model.
As regards the influence of 1lining 1location on the
car-model's 'resonances, inspection of Figures 5.10 and 5.11
reyeals'éhe following:
(i) damping ‘on axial .modes tends to be high (above an
individual mode's mean progression) if lining is
located near the mode's regions of maximum-.pressure
amplitude. For mode 100 (10ngitndinal) this is seen . in

lining the front and rear "windows" (W and WR) and the

"firewall™; for mode 001 (width) lqcal maxima. of

damping factor occur if the lower boundary is lined -

(firewall, floor, slantwall and panel); for mode 010

v . 5 .
vertical) 1local maxima of damping are seen where the
, ) R :

~floor and lid form part of the lining Qbsér?e that’ by

locating 11n1ng near the reg1ons of maX1mum amp11tude,

14

the panels which intersect at the antznode no- longer

radiaté the acoustic energy t2s effect1vely as when

4

fundamentgl mode at the 1ntersect1on ‘of the front

wxndow and f1rewa11 as well as at the bo;tom of * the

. rear -wall, and, for the fransvense (widrh) mede at the

interseerions-wo£~"£ieor~»and sidewalls. Figure 5.10°

" further. show§ the consxstently low damp1ng factor of

b l

mode 010 (pressure antlanes at the 1ntersectlons ;of

front, w1n35w and 1id and of floor and slantwall) This~

.

unlined Pressure antxnodes occur for the longitudinaIL

'is attributed to bhe short vert1ca1 d1mens;on resultxng L
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in low mass-high stiffness acoustic proéerties. The
‘large scatter in -the data of mode 100 is mainfy the
result of spiitting of pea(s: for all of 1linings C4a,
C47, C53 and Ce4 modé 10d could not bevgeneratéd as a
distinct-freguency resonant péak. (For higher coverage
linings well-formed resonances were again obtained.
Response -amplitude, which had remained high for . the
aforementioned. linings, decreased to approximately one-
third for the remaining linings.) '
(11) Damping on tangential modes also attains local-*
maxima if lining is located on panels adjacent to the
modal antinodes. As exémpie of Ehjs, observe the value
of démping factor on modeA611 for lining C47 where, by
placitig the lining on (among others) one sidewall and
the flogq, the linfng‘is directly.adjacent to three of
the mode Q??nént}nodes ifunning lengthwise aitthe top
" and bottom of both sidewalls; Anote that pre58ure
ampl&fudé is always greatest fo; the lower antxnodesr
Similar behavxour is seen on mode 110 for 11n1ngs C2e6,
gﬁ7 and C61 (the latter belng an example of low dtmpxng'
factor if antinodes .are unlxned) and for mode 101 .at
'11n1ng ~c41 " The log scatter of tangential- group data

2

(Flgure 5.9b) is a reflection of the con31btent distri-

o
butlon of modal damping data about ‘the regression

estimate plotted in Figure 5.11. - L,

“

4
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5.2.2 Frequency shift
Modal frequency shift in the lined car-model, while
again negative and increasing with lined area, displayé some

trends not observed in. the truck-cab model.‘ﬁirst, whereas
[N I

in the truck-cab model some positive shift was encountered,

none occurred in the car-model tests. Second, since @odal
. p I
groups in the car-model overlapped, changes of modal

<

¥

seQuehce (cgmpared. to the wunlined case) océurred as the
members of the more-complex groups again' digplayed greater
wamOunts of -shift (see also Table A4.5). Finally,l the
increase of.rgsonan; wavelength, implicit in the decreasé of
resonant freguency, was’g{veh somé special attention,

As seen 1n Figd}es 5.12 and 5.13 freqguency shift in the
car-model shows. behaviour very similar to. that in the
tguck-cab‘model. Frequency shift data 'avgrgged_ over all
fundamental modes (Figure 5.12) dispiéy good linearity.. The
lérgé;'deviatio;);f points C33, t64 and 670 from the ovérail
regressionA can be explainedfin terms of divergent pofnts at
these linings in the modal;group plots of Figure 5.13 (for

A

example, at C33 the tangentiél (averaged) datum is 18w.due

to low values of shift on both modes 011 and 110). The axial"

and tangfﬂfial;datifdisplay lowwsca§tér'about the regression

>

estimates (11% and 8% of measured range, respectively) and

tangential _;egression'slope exceeds axial slope by approxi-

mately qng-sitth, Oblique data contain an obviousl} wild

point at C64 (NOTQ§5ed in .obtaining the regression line).

Scatter of data is large aﬁoht the oblique régression, while

T
piy
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that‘ipout the non-fundamental regxession is limited by the
ve“!?ng process. Changes of modal sequence are reflected
in that regression slope of the taﬁgehtial group exceeds
that of the axial group: for 1linings C64 to C100, the
Eesonant frequency of~mode 101 was less than that ef mode
010 (in the wunlined model the reverse “is true). Sih *s
reversals of sequence did not occur between different . o
- ) members within a modal.gfshp. In comparxng the regressxon S

.

-estimates of Figures 5.12 and 5.13, it i%s observed that a
. . Pl .

negative intercept 1is predicted for the axial regression
e )
alone (note, _ however, that no positive shift "actually

L R g

occurred). Maximum frequency’ shift occurred in the fully-

- lined model on ten of the twelve modes 'céﬁsidered (both

V-

modes 010 and 011 reached thelr overall maxima with lining
c70). |

The influence of specific L&ning location onhear-model
resonances 1s summirlied as follows. As'ei;h ehe etruck—cab
'model,_ fundamental ax1a1 modes dxsplay larger amounte of
shift when 11ned parallgl to the ‘direction of -;he ‘Standinq
wave (for 'exanple, l1nfnq €13 and €61 f&r mode 100) and
lesser. shify when linibg ig'»no ' o the -standxng wave
(example:fjiininés C33, C53 and C64 for mode 010). (The only
non- fundamental axial moc}e thch confor'conmstently thh
this fundamental-axial 'sh1ft pattern is mode 002). Of the
fundamental . tangential modes, two (moaes 011. and ’115)'
display large.\%?ift if the sidewalls are lined. The local

minimum shift of mode 110 for 11npng C64 (sidqﬁ"hla alane
) £ N e _ 8

..A_m P - VRS P St S R 6-,14 -—-tAL A,...L’"
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UNlined) suggests (an unexpected) dependence of radiation/
-~ . s

-

reflection of the antinodal signal upon the sidewalls for

this mode. Shift of mode 101 displays a local maximum fob\i%

lining C41 (where the front and rear of the model have been
lined) and appears.insensitive to lining of the sidewalls
(this .1atter occurrence being unexpected). Of the two hon-
fuhdamental tangential modes, only mode 205 vdemonstrates
some consistency of freguency shift with the trend cited.for
the truck-cab model: local maxima of shift if . lining is
located parallel to the intersectign of the node planes (a
'focal maximum shift was observed for mode 201 for liniﬁg
c4]). ) |
The change of resonant frequency .resulting from the
#iininéy of. "the enclosures also’i;blies a change of resonant
wavelength (recall that the prodﬁct of freque;cy and wave-
length is a constant, namely, sonic speed). Thus as
frequencyldecreases resonant Qavelength must increase. The
result of this can be observed in the relocatioﬁ‘qf nodal
uplanes, an example of which is given for the vertical ‘axial
mode in Table 5.1. (Note that the designations "Front" and
"Rear" in Tablé 5.1 refer to the regions beneath the Front-
/‘window‘and Rear-window, respectively; the ‘letter W indicate;
a meésuremént taken at the midwidth of the car-hodel.) ?rom

the data in;the table, it is 'clear that the node plane tends

to shift towards the lined surface. Note that at a highly

reflective boundary the phase shift between reflected and.

incident components -f ‘the pressure wave is fixed

¥
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Table 5.1 Relocation of Nodal Surface (Mpde 610).

85

Vertical distance from

plane of floor

(cm)
Location Lining’' 556 ______ E;; _____
Front Rt 20 s o
| " T 41
Lf. 3} 50
Midlength Rt . 36 .
f " T 45
Lf. - a8
Rear Rt . 02 e
SR
Lf. 46 75
Frea. e 221.6  213.8
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(approximately 90°) while aé @ porous 1lining phase shift
changes depending on lining impedance. Thus the node plane

myst shift away from the reflective boundary.

5.3 Co&parison of Models —

In Table 5.2 a summary fs given of the avcoustic
response ({n terms of damping facgér and frequency shift) of
the two models tested. Comparison can thus be madé‘ of the
influence on .acoustic response of (i) enclosure .volume, (ii)-
enclosure shape and (iii) sheil material.

The regressions of damping . factor versus ‘rgsénént.
frqguency in the unlined models are very Qimilar. Since the
redressions predict app?ox}matelx the same zero-freguency
damping factor of 6.021 (for this ‘reasgn taken to be a
cﬁaracteristic of the medium, air), the difference'of slope
is significant and not a chancg occuéreﬁce (the latter being
conceivable due to fhe larger scatter of truck-cab model
data). The more fapid decreaée %(, démping factor in the
truck—cab m%agl is a result of itg larger volume: as the
reverberant field is’ larger, the effect of natural
absorption of acoustic energy provided by the enclosing
material is redﬁced. ﬁbwér scatter ‘of the car-model data
(which includes the five non-fundamental modes) results from
its more uniform sound field (due to irreqular shape) and
the greaéé?b uniformity and depsity of its steel shell: the

higher pofosity of wood and more ‘uneven layer of varnish

~(hand-painted) in the truck¥ab model contribute to more
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random behaviour and therefore greater scatter of its
’
D . . . X
unlined'‘damping data, Finally, since the frequency ranges of .

the models overlap (see Figure 5.1), the difference of
damping factor caused by the wuse of different enclosing

materials, though measurable, is not great.

g J S

Turning to the variations of damping factbr ’;nd
frequency shift witb'are? coverage, the two 4modgi§ again
diéplay, very similar behaviour with, in all but one‘(qual“
group) variation, -regression slope of the . car'model
exceeding that of the ‘truck-cab model._  Note that,,  1in
general, overall averages display lesser scatter of .éata
than the component modal-gro&; averageé.

In comparing the linear regressions of overall démping
factor, the higher intqrcept of the éér—model is unexpected
since damping factof is known to decrease with frequency and
the range of car-model resonances lies above that of thg

truck-cab model (recall Figure 5.1). The high value of,

overall intercept is a direct reflection of the (extremely)

. high axial ihtercept'which,'in turn, resulted from the high

damping factor on individual axial modes in the range C33 to

C64 (recall Figure 5.10). If the identified high values of

axial damping -factor are momentarily disregardgd and a
regrE;;(gn,:estimate assumed between the mean measured
intercept (0.b1zf—and‘the’derived linear ;égreséibn value of
the fuliy-lined case (note that reméining axiai data are

then also more suitably approximated) intercept/slope values
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of 0.012 and 4l8(10") would be obtained fér the AXIAL
reg}ess;bn. (Note that this coﬁierms well with the value of
0.014 predicted at 150 Hz\'by the damping-f;equency
regression of‘the unlined model.)! The overall regression of

P

damping factor would then have intErceptjgiope values of

—

0.009 and 6.1(10°*). Thus, an overall .regression in which
only the "well—behaved" axial damping Qata are used,
providés an intercept (as estimate Jf mean d;mping factor in
the unlined model) which is more consist with both Figuré
5.% and thg remaining- modal-group” damping intercépts of

Table 5.2 as well as a regression slope nearer that of the

tangential and oblique regressions. Cdmparing, then, the

damping factor regressions of the two models in tiémg of the
various ggoup*averages, regression sloper is seen, i all
cases, to be- greater for the car-model. This 1s the result
of the car- model S reverberant f1eld beifig both smaller (due

I+
to model d1ﬁen51ons) and\ more uniform (due to irregular

'shape) than that of the& perfectly-rectangular truck-cab
1

model. (Irregular enclQsure shape causes more random

‘reflection and thereby greater dissipation of. reverberant

acoustic .energy.) The greater scatter of axial and
. . 'S fe) :
tangential data about their respective 1linear regréssions

for the car-model 1is a reflection of the greater suscept—

‘ 1b111ty of these modes to the~ "peak-splitting”™ phenomenon

which . was encountered consistently throughout the car-model
tests. (Vibrations of the highly flexible steel panels were

visually 'indiscernible but clearly perceived by;placing the
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7
hand on various panels; recall that excitation of fhe rever-
. - 3 .

berant field occurred at nom\:jlly 100 dB. Pane%' vibrqfion

amplitude, - though less than™ & millimeter, cduses slight

~

va;iations of inte:nél dimension and, along with the eldstic -
response of the panels, may be éuffiéient to cause the
multiple frequency values of specific resonances referred to
‘as peak sblitting.b Nonéonstancy of  axial dimeﬁsions may
inherehtly also contfipute to this.)
Conéerning frequency shift, the main difference between
the overall averages of the two models' is. the negative
intercept (positive shift) of the truck-cab model (note that
all modal-group regressibns of .truck-cab model frequency
shift also display a negative intercept). As posit;ve shift
was not encountered in the car-model tests, irregular model
shape appears to ensur; that tPe dissipative egfec; of the
lining overrideé aﬂy tendency of the' pre;sure ~wave to’
/’ undergo enhan;eé"reflection ffom the-lining. Note that farA
all but the oblique regression, regression slope in. the
'par-model exgeeds_that‘of truck-cab model which affirms the
higher, - more 'effect{ve dissipation of acoustic energy
occurring 4in ‘the car-model. * (The low scatter of oblique
. shift data in the tfuck-cab model (in itself remarkable as-
scatter of the non-avéraged.obliqﬁe d;fa,is usually high)
‘]affirms the validity of its . regression slope.) The lower °
scatfé&ggof tangential shift data than ‘that of axial shift
data seen in both models (and observed? also‘ in t?rms of
 dampiﬁg factor in  both @qﬁels) feagfirhs the lower

i
. -
C At /
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susceptibility of the tangential modes to the influence of
lining location.

The final _paragraph of this section is a'dualitatiVe

comparison of the dissipation of acoustic energy in the two

models. 1In the car-model it was found that dissipation of

acoustic .energy was greatest if lining was provided on the
‘

- walls projecting outward from a given mode's pressure

“antinodes. . Note that if unlined, these panels reflect
essentially sall incident energy back to the reverberant

‘and using

. field. Turning now to the truck-cab model
excitation of its fundamental lonéitudiﬁal mode as example,
the sources, though discrete, can be conceived of as line
sources parallel fo and midway between the two horizontal

walls and located in front of the two endwalls (see Figure

. A3.3). For lining configurations where the endwalls are left

_unlined (serving as a hiéhly reflective baffle) the two
horizontal walls serve as a more effective continuation of
theiBéffle thaﬁ the sidewa}ls as the former a}e parallel to
théh line-sdurce; Thus if the horizgntal walls-oily are
lined,\dampiqg’factor is'high while if .the sidéwalls only
are iiPeé the enhanced radiation provided by the inined
horizortal walls serves to keep damping of mode 100
relativeiy low. This explains the observed high dampiné of
mode 100 ath15 and low damping at T19; -note that if the
line sources were rotated b;F90° (that is, parallel to and

midway between the sidewalls) it 'is expected that démping of

mode 100 will be low for T15 and higher for T19. Two

\
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conclusions apparent from the above are (i)that dissipation
of acous;ic energy 1in the antinodal regions is the most eff-
fective means of reducing reSonaﬁt noise levels and (ii)that
in considering the extrema of axial damping factor,‘rlayout
of the source network relative to lining location must also
be taken into account. Additional evidence of the former is
that damping of the truck-cab model's tangential\médes was
- highest if lining was located azong the modal pressure anti-
nodes. Regarding the second conclusion, observe on Figure
5.10 that for each of the extreme values of damping on mode
100 the 1lining was located on Lhe most reflective panels,
relative to this mode, while the "line-sources" were, in
each case, adjacent to these panels along the front-floor

»

and rear-panel of the model (see Figure A3.4).

5.4 A'Proposition

Recall from Sections 5.1°and 5.2 that all progressions
of damping factor and frequency shift for both the
perfectly-rectangular and complex-shaped enclosures are
suitaPly described by means of linear regressions. Neverthe-
less, distribution of data points  about the  various
regression lines provides sufficient evidence to propose the
following:

Though nominally linear increases, ;he‘true variations’

of damping factor and frequency shift with increase of

area coverage appear to be sinusoidal., Amplitude of. the

sinusoidal variation decreases as the number of nodes

per modal group increases while its period decreases as
enclosure shape becomes more complex.

i
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Evidence of this trend can be found for both models in—"

most plots of averaged data. For the car-model this is best

seen 1n Figure 5.13a where frequency shift (averaged) s
plofted for the "axial modes. Using Table 2a4.5, it is
épparent tha; the.low values of axial shift at C36 and C64
r;;él due to a local: minimum occurring on a éingle group-
member (mode 001 in both cases) and if revised average data
are derived excluding the low values (resulting in shifts of
3;9% and 7.5%, respectively) these values are both closer to
the regsession 1line and more consistent with the propoéed
vafiation. Similar treatment of the high valués of axial
shift (occurring at C13, C61 and C70) results in revised
data (1.6%, 6.0% and 7.8%, respectively) which also ,are
closer to the regression 1line\ and consisteng"with the
sinusoidal variation. The revised déta and the associated

L

sinusoidal variation are ., shown in Figure 5.14. By thus

recognizing where extrema occur .on individual modes, data qf”

\
most group-averages (including non-fundamental and ovepdll

averages) of damping factor and frequency shift will be/ seen
to conform with the proposed " Qgriatiogf_(The\ginusojdal
variation is not Q}rectly abplicable—{io car-model oblique
data due to- excessivg scatter;) 'COnsidering now the
truck-cab modgi, data of Figurg 5.2 (overall damping),
Figure 5.3a Aand 5.3b (axial and tangenéial damping factor)
and Figure,S.?a'(axial frequency<shift) display the sinu-

soidal behaviour about their regression lines. Note that all

averaged data of damping factof‘ (overall, - 'axia; and

—

3

——
1
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tangential) display crossings of their regression lines at

approximately T32 and T6B8. Frequency shift data of the

‘truck-cab model display crossings of the regression in the

same locations though phaée of the frequency shift data ;s
oppositeb that of damping data (where the damping va%iation
is ‘convex upwards, the wvariation of frequency shift ‘is
concave). Since the axial shift variation is ¢oncave to
approximately T30, it is likely that prior to TI15 concavity
of the true vgriation is maintained such that the true
intercept of the curve is in fact zero (not negative as
suggested by the linear regression). In comparing the two
models in terms of the respective variations of axial shift
(Figure 5.7a and Figure 5.14) it is apparent that while the
truck-cab model displays at least ‘two crossings. of the
linear regression the car-model data display at least four.
Hence-the suggested decrease of’period' as fnclosure shape

becomes more complex. Finally, recaliing froh Table 5.2 that

" scatter of ax1al (group) data in all cases exceqds that of

.

tangential data, 1} appears that amplxtudg of thé“&iﬂhSOldal

—varfngan\gecreaseﬂ as the number of nodes per modal group

increases. (Decreased ampli *ae is thgg,,1n effect, a direct

consequence of the reduced sensifi%&;y of the more complex

modes to the influences of lining location.)

Eventual use of numerical modelling to. simulate the

.-

v R .
- progressidns of damping factor and quguency shift should

allow the proposed variation to be,>;ffirmed or refuted.

Although 1lining 1location and source-network layout must

[ N
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necessarily remain of influence (causing local extrema on
individual modal progressions) the "eccentricities” of exci-
tation and measurement (in the form of investigator error,

unaccounted-for influences such as panel flexibility and

surface finish, etc.) will be bypassed. Thus the average
€ )

pfggressions generated will be the theoretical mean

progressions.
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6. CONCLUSION

The purpose‘ of £he present study has been to consider
dissipation of the resonant acoustic energy of small-room
enclosures as depeqdent on variation of an absorbent lining.
By varying the configuration (and thereby extent) of a
constant-thickness lining and observing the effect on
individuai resonances, as well - as groups  of modes,
progressions' of *damping factor and freguency shift were

derived. An‘arr%y of di¥screte, identical sources permitted

AN

‘excitation ,of individual fundamental modes. Problems

encountere8 in exciting resonances acceptably were overcome

A

through trial-and-error experimentation. 1In what follows,
the major findings of the analytical study are summarized

and matters warranting further investigation .are cited.

e
>

Damping factor decreases linearly with increasing

-

frequency - in both unlined. models (damping at 400 Hz is

v

"approximately one-quarter. that at 100 Hz (nominal wvalue:

-7

0.012)). Damping ‘factor deefeaSes more rapidly in the

truck-cab model. (reflected -in a f7%».highet value of
regression slope) due’ to . its smaller ratio of surface

area-tOfvolume.~Also, scatter of damping data is greater in
E ty e : Coe 3

the truck-cab model due to uneven surface finish and non-

‘uniform wallé&aterial Regre551on lines of unl1ned damping

data predlct a common zero—frequency dampfng factor (value.
0.02) for: both ‘mcBels. The trend of decreas1ng dampxng

factor ,w&th “in creas1ng frequency is reversed if the 11n1ng'

@ . '/
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1s applied to more than one-third of i@ internal surface
area. (The calculated "crossover" coverage of 42% in the
car-model is recognized to be high due to high values of

damping on a single axial mode; the figure of one-third, as

rule-of-thumb, is thus applicable to both models.)

Damping factor, as dependent on increasing afea
coverage, displays linear increase in all of the various

. /yodal averages considered. Dampi@g data'averaged over all
fundamental modes display 1low scatter (6%) about “their
" regression estimate. The overall regression line, for each
lining configuration tested, passes through the 'meagured
range of damping data (one exception being nOted); Axial-
group data are most susceptible to the influences of 1lining
location and therefore display greater scat;er of daﬁa.
Regression Slope of the tangential-group data exceeds that
of éxial data by approximately 25%. Oblique mode data,
representing only one mode, display large scatter (ﬂsx to
30% of measured range) and for pnévmodel (truckscab) a vaiue
of regressipn~ slope exceeding that of the tangenfial
regression 'by 30%. Modal-group data of the lowest five non-
fundamental modes‘(cat—ﬁodel only), where no distinction has
been made as to mode: type, display the largesthvalue of

regression slope and a moderate amount of data scatter-

. b
* (10%). Regression intercepts, as estimates of mean .unlined
damping factor, correspond well with those measured. As the

difference between tangential and axial regression slope
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A

decreases (obligue slope assumed to exceed tangential slope)
the tangential slope provides a reasonable estimate of “the

slope of the overall regression estimate of damping factor.

A 4
<

The method of data-reduetion used involves -derivation
of both overall and modai—group (axial, tgngential and non-
fundamental) average values of damping factor and frequency
sh{ft. This appfbach, by minimizing the influences of both
lining location and measurement irregularities, prdvides
very low values of data scatter of overall averages (6%).
Although progressioné of the individual modes within a group
differ only sliéhtly from one another, averaged prpgressiony
between different modal gréups differ significantly (as seen

in comparing regression slope-values in Table 5.2).

Resonant frequency is seen to decrease as the amount of
>lined -?rea increases. Expressed as a percentage of the
unlined resonant frequency, frequency shift increases
linearlx with lined area. Averagéd data of frequency shift
display trends very similar to those of damping factor:
‘reduqt{gn of scatter about a regression line as thé number
of modal data per averaged datum increases and increase of ,
‘ regreséion slope as modal complexity increases. For both
models, regression $lope of the overall average of shift . is
closely approximated by the tangential regression slope (the

latter exceed1ng the former by 7% for both models) Group-

average regression estimates (including overall) of
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frequency shift in éhe truck-cab model predict negative
intercepts (positivé sh{ft). Positive shift (increase of
resonant frequencf) was encountered on only the axial modes
of the truck-cab model. (Although the car-model axial
regression also displays a negafive intercept, no increase
of frequency was obse.ved.) Axial modes are, also in terms
of frequency shift, the mode type most susceptible to lining
location. Oblique shift data of the truck-cab model display
low scatter (7%) énd a regression-estimated slope which

exceeds that of the car-model by 13%.

As "to the influence of lining location, it 1is ap-
parent that maximum dissipation of acoustic energy (as
seen ‘' 1in local maxima of damping factor and frequency shift)
ig realized by placing lining on panels adjacent to modal
pr antinodes. Such placement of the lining dissipates
energy in the régions where energy dens}ty 1s higgest; the
energy content of the reverberant field is reduced and the
résonant amplitude (alt. overali noise 1level) decreases.
Axiéi' modes in the pérfectly-rgctangular enclosure dis-

- : i

play maxima of dampihé and - shift when lined parallel to

the modal standing wave and in the irregularly-shaped

_ énélpsure'whenxlined along the mode's antinodal regions.

Tangential modes tend to display maxima of damping and shift
if the enclosure, regardless of shape, is lined as a duct
parallel to the intersection of the modal node planes.

(Axial modes in a perfectly-rectangular enclosure tend to
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undergo positive shift when 1lined normal .to the aodal
2 standing wave.)
The ;;;:%t of influencs of lining location can be
aggravated (ar inhibited) ’depending on the layout of the
source network. Although source location must sometimes be
compromised to achie;e acceptable excitation of a resonant
‘mode, careful study of data generated will discloée local
extrema of the dépendent quantities. The method of multiple-
source excitatioq{provides great fle*ibility iﬁ ‘generating
acceptable data .and 1s thus a most effective means of
1solating resonanceg.

. .
Enclosure characteristics (volume, shape and wall
mate?ial) can also be identified as to their influence on
resonant acoustic ré;ponse. The larger enclosure volume of
the truck-cab model results in a more rapid decréase of

damping factor (with resonant frequency) in the unlined

‘g model. Also, regression slope of all but obquue frequency

’mh\éhjft (Table 5.2) being- greater for the car-model, is in
pé}t attributed to its smaller reverberant volume (as
enclosure vglume decreases the ratio of surface area-to-

_volume increases and reverberant acoussic ‘energy 1is more
readily aissipatea). An additional cause of greater slope of
car-model regressions is the model's irregular Shape:

reflection of acoustic energy 1is° more diffuse in the

car-model, making its reverberant field more uniform and the

o

2
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ndissipation of acoustfcally—transmitted enerqgy more
: : .

efficient. Differences of enclosure wall material and

surface finish lead to the reduced scatter of data about the
regression of damping factor versus freguency in the unlined

car-model. The high flexibility oﬁ the cavémodel enclosure

- Y

\ 4., R ,
is liké\ly to have been a major contributor to the
\\‘ N
consistency of "peak-splitting” encobntered in this model.

Although considerable information has been generated
about damped resonant response in small-room "enclosures,
several matters warrant further investigation. First (and
most basic) concerns measurement repeatibility. Comparing,
for the truck-cab model's oblique mode, the 'excessive
scatter of damping>data_(30% of range) to the low value of
shift scatter (7%), more insight 1is necessary as to the
factors whicﬁ determine damping factor as well as the extent
of their influence. (Note that greater scatter of damping
data was also oﬁserved for all caf-model modai”groups; Table
5.2). Second, ;in attempting to account more rigorously for
extrema of modal damping and shift, consideration must be
given to, among others: ' !

. e microphone location -- whether resonant damping is
diffeient when measured near or/awaY~from the lining;

0‘§ane1 flexibility -- the relative influence of walls
with and without séams on modes (standing waves) of
diffqring orientation; and

e the relative positioning of the source network and
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the lining.
Finally, in addition to the numerical modelling to affirm or
re{ute the posited sinusocidal vériation, testing of a
difterent thickness of 1lining could be undertaken. The
influence of lining thickness on amplitude and period could

then be determined.

In conclusion, it 1is evident that ;he'information
;generated by this study 1is directly :applicable to the
problem of acoustic resonance in vehicle passenger compart-
ments. Having recognized that placemenp of the lining in the
antinodal regions of the resonant modes leads to maximum
dissipation of acoustic energy (thereby preventing its
reflection/radiation [3bout the enclosure), designs of new
: L :

vehicles can allow a?ﬂ?uate space in appropriate locations

o ;
for absorbent mat®fial. Similarly, in existing vehicles with

noise problems, lining can be more strategically located.

i
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APPENDIX A1 -- ESTIMATION OF CAVITY RESONANCES OF

!

TRUCK-CAB MODEL

Using the above 8-node element, the program of the
following pages chain-assembles 60 such elements to form a
globa¥\~n@trix of! the entire model. Nodal coordinates are
read in fo% only one elgment (line 109, data 1lines 154 to
161) since all elements are identical for the perfectly-
rectangular enclosure. The node numbers of each element are
read in (line 110, data lines 162 to 175) after which the
element [S) and [P] matrices (recall Eq. 2.6) are generated
(line 123) and assembled (lines 124 and 125) to form the
global matrices. Subroutine NROOT then provides the

eigensolution of resonant frequencies (and mode shapes).

/ 2
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The following table compares the modal measured

~.frequencies to those estimated (a) with the numerical

simulation and (b) with the rectangular-enclosure formula
(Egq. 2.5).
Mode Measured (Hz) Simulated "Exact”

100 120.9 114.3 113.4

010 127 .1 123.98 121.4

001 148.5 146.9 141.9

110 175.1 168.6 166. 1

101 187.7 186.1 181.6

omn 193.3 192.2 186.8

111 226.6 223.6 218.5
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APPENDIX A2 -- ESTIMATION OF FLOW RESISTIVITY OF POROUS
MATERIALS
The flow resistivity of a sample acoustic absorbent
lining 1s estimated by comparing analytically-simulated
curves of acoustic absorption coefficient to the measured
trace obtained with the aid of a standard impedance tube.
The program uses the isothermal speed of sound (290 m/sec)
and assumes a density of air of 1.21 kg/m’. Sample thickness
1s read in as data and a value of resistivity assumed. The
absorption coefficient trace is then calculated for stepwise
increase of frequency and compared by overlaying on the
measured trace (see Figure A2.1). |
‘Specific acoustic impedance (Z,) of the lining is first
determined {lines 50 and 51; derivation of the real (Z,) and
imaginary (Z,) parts of this quantity makes use of the
theory ofv Delany ‘and Bazley (1970)). The impedance of the
lining relative to the diffuse sound field is  next
determined‘ (real and imaginary components, respectively, in
lines 60 and.61) using (Zwiiier (1949), Eq. 1.05):

- Zo coth yl- | ' (A2.1)
(the real and imaginaf§ components of coth Yyl are
approximated (Zwikker (1949), Eg. 1.15) by means oftgi‘and
‘P2, respectively). Estimaiidn of the complex components b}
the propagation cégffiéiént‘1 (G1 and G2)valso employs the
theory of Delany-Bazley. Finally, absorption coefficient‘ is

determined (line 62; reference: Kbttruff (1973), Eq. 11.8).
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APPENDIX A3 -- BROADBAND RESPONSES AND MOST-USED LAYOUTS
OF EQUIPMENT

Presented first 1s a trace of typical'reséonse of the
individual sources to broadband,néise in the range 0-20,000
Hz (Fiqure A3.1). Thereafter féllqws the responses of all
s1x sources in the range of 0-1,000 Hz (Figure A3.2); note
the similarity ogrresponse of the different sources. All
such response traces were generated with each source
one-half meter from the floor of the (otherwise empty)
anechoic chamberf’with the microbhone aimed directly at the
source-cone at 1 meter distance and the source being excited
by a 3-volt (RMS) signal; .

In the remaining pages of this Appendix are found the
source-network layouts which ailowed acceptable excitation
of each resonance for most 1lining configurations. Layouts
are given for both models. As indicated, some layouts can be
used to excite several modes by simply changing network
phase.

Also given forlboth models are the most frequently used
| microphone locaéions. For- the truck-cab model most readings
vere made 4with the micropﬁone in* its "fixed" 1location
though, 1if response in tﬁis corner was poor, the microphone
was usually moved to the named location. In- the car-model,
vhere no."fixed" location common to ‘measurement of all modes

was used, the listed location was the most likely region to

suitably measure the resonance.
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g MICROPHONE (RE-)LOCATION
TRUCK¥CAB MODEL (ALTERNATIVE LOCATION TO "FIXED")
MODE 100 -- Midpoint of endwall 4
070 -- At midlength of the floor, usually
along a sidewall
001 -- At midheight of sidﬁyall
110 -- Midpoint of seam endwall-floor
) 101 -- Midheight of seam endwall-sidewall
011 -~ Midpoint of seam floor-sidewall
17% -- To any other corner of same endwall
CAR~MODEL
g Microphone location identified with a 3-letter symbol, ,
T plained below. -
& ODE 100 RpL MODE 200 RpW MODE 002 FfL
o 001 LhL 011 L1L 102 RpW
: 010 LfL N 201 RpL 11*% R1L
P 101 RhL 110 RIW 020 FhL
u‘Syﬁbol explanation:
. First position 'XSecond posV{ion Third positioh
r (length) (height) . (width)
S - S
F -~ front ‘f -~ floor - L -- left _
, . L -- midlength p -- panel W -~ midwidth.
V.. "R -- rear h -- midheight R -- right
. 1 -- 1id ' '

.
I
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