JAD-R124 450 HIGH-INTENSITY SOUND IN AIR SRTURRTED FIBROUS BULK 1/3
POROUS MATERIALSCUD> TEXAS UNIY RT ARUSTIN RPPLIE
RESERRCH LABS H L KUNTZ 83 SEP 82 ARL-TR -82-54

UNCLASSIFIED NOBB814-75-C-08847 F/G 11/6 NL




| 5 Ig 2.5

o st
L]

o B

= lml 1.8

N
4]

lizs Jlis s

MICROCOPY RESOLUTION TEST CHART
NATIONAL BUREAU OF STANDARDS - 1963 - A




BTY soum N " | ]

' e OUS SULK POROUS MATERIALS
v memmrmmmm

Horbert L.Kuntz "

ADA121450

ARl S i fud -kt vk s el




UNCLASSIFIED

1 SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)
READ INSTRUCTIONS
REPORT DOCUMENTATION PAGE BEFORE COMPLETING FORM
. REPORT NUMBER 2. GOVY ACCESSION NO.J 3. RECIPIENT'S CATALOG NUMBER
D-A121 4y CR 167979

4. TITLE (end Subtitle) S. TYPE OF REPORT & PERIOD COVERED
( final report
, HIGH-INTENSITY SOUND IN AIR SATURATED, 1 Sep 78 - 31 Aug 81

FIBROUS BULK POROUS MATERIALS 6. PERFORMING ORG. REPORT NUMBER

ARL-TR-82-54
7. AUTHOR(s) 8. CONTRACT OR GRANT NUMBER(3s)
' NSG 3198
' Herbert L. Kuntz, II 7‘
= {’w/// IS -l
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT, PROJECT, TASK
Department of Mechanical Engineering and Applied AREA & WORK UNIT NUMBERS
Research Laboratories
The University of Texas at Austin
P. 0. Box 8029, Austin, TX 78712-8029
11. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
Fluid Mechanics and Acoustice Divigion 3 September 1982
NASA Lewis Research Center, 21000 Brookpark Rd. 13. NUMBER OF PAGES
Cleveland, OH 44135 228
Ta. MONITORING AGENCY NAME & ADDRESS(if different from Controlling Oflice) 1S. SECURITY CLASS. (of this report)
UNCLASSIFIED

1Sa. DECL ASSIFICATION/ DOWNGRADING
SCHEDULE

16. DISTRIBUTION STATEMENT (of this Report)

Unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered in Block 20, If different from Report)

18. SUPPLEMENTARY NOTES

AT T

19. KEY WORDS (Continue on reverse side if necessary and iden’ity by block number)
intense sound, bulk porous materials, excess attenuation, saturation,

acoustic impedance, nonlinear propagation, sound attenuation, absorption,
nonlinear acoustics, experiments, data,reflection

20. ABSTRACT (Continue on reverse aide if necesaary end identify by block number)

}An investigation of the interaction of high-intensity sound with bulk
porous materials is reported. The work is mainly experimental but some theo-
retical results are obtained. Previous studies of high-intensity sound in
porous materials have been limited to porous sheets. Most tests in the
present study were done on Kevliar®29, a fibrous plastic material, for the
porosity range between 0,985 and 0.809. The nonlinear behavior of the ma-
terials was first described by dc flow resistivity tests. Then acoustic

FORM
oD ' JAN 73 1473 eoiTion oF 1 NOV 6815 OBSOLETE UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Data Entered)




YA U L el
RS - R I i i x-w-—»‘—m,n\\.u“—-v‘-—v T

i UNCLASSIFIED
t . SECUPITY CLASSIFICATION OF THIS PAGE(When Data Entered) L

propagation and reflection were measured,  Small signal (100 dB re/20 uPa

E_ spectrum level), broadband (frequency raﬁée from 0.1 to 10 kHz) measurements

1 of phase speed and attenuation were carried out. High-intensity tests (120-

] 172 dB) were made with 1, 2, and 3 kHz tone bursts to measure harmonic

3 generation and extra attenuation of the fundamental. Small signal (100 dB),

1 standing wave tests were used to measure impedance between 0.1 and 3.5 kHz.

L High level tests (120-165 dB) with single cycle tone bursts at 1 to 4 kHz

t; show that impedance increases with intensity. A theoretical analysis is

s presented for high-porosity, rigid-frame, isothermal materials (the isothermal

assumption is justified by a separate analysis of heat transfer effects).
One~dimensional equations of motion are derived and solved by perturbation.

The measured data is not, however, well explained by the perturbation results.

The experiments show that there is excess attenuation of the fundamental

component and in some cases a close approach to saturation. A separate

theoretical model is developed to explain the excess attenuation. This model

i yields predictions that are in good agreement with the measurements. Impe-
& dance and attenuation at high intensities are modeled by substituting the
o nonlinear flow resistivity relation into the linear impedance expressions.

The model is useful in predicting the effects of a porous material on
3 sinusoidal signals.

§

(A i sl it ol
Jen

i
-t

sl

L e
- - T

L) UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE(When Deta Entered)

P ST S PR




0Y < AMBGLEA
T TN

»

I TTETTTY

e R TR T T T R M-I G Y R ks At Sate- B e e Uy 7 At T v
e JURSN . - T M >

FOREWORD
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Materials." Dr. Kuntz was enrolled in the Department of Mechanical

Engineering and received his degree in August 1982.
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Some of the early measurements were made in the Electroacoustics Research
Laboratory, Department of Electrical Engineering. The author also carried

out experiments at National Aeronautics and Space Administration (NASA)

Lewis Research Center during the period June-July 1980.
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CHAPTER I

INTRODUCTION AND BACKGROUND

A. Introduction

The topic of high-intensity sound propagation has been mostly
limited to sound waves in fluids and solids (see Beyer [10]*). Very
little has been done in the study of high-intensity sound propagation in
bulk porous materials. Studies of intense sound interaction with per-
forated sheets, thin sheets of porous materials, and Helmholtz resona-
tors have been done (for example, see Refs. 37, 48, 55, 86).

Recently the use of porous materials in jet engine inlets has
increased. At high intensities it has been observed that the impedance
of a porous material changes with sound level, i.e., the material be-
haves nonlinearly. An understanding of sound reflection from and propa-
gation in bulk porous materials has therefore become necessary. In this
study many experiments have been performed on air saturated, fibrous, and
expanded plastic porous materials. The materials have porosities in the
range 0.809 ¢ P< 0.985, where P is the porosity (the volume of air per
total volume). The emphasis of this study is on the experimental re-
sults and explanation of these results.

In this investigation a theoretical model for intense sound

propagation in very porous, rigid, air saturated, fibrous bulk ma-

*
References are listed alphabetically by author and referred to by

number at the end of this dissertation.
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terials is developed. A separate empirical model is proposed to des-
cribe finite amplitude losses (Inexplicable losses in linear theory) in
the porous material. Modeling of the reflection of high intensity

sound waves from the surface of porous materials was also carried out.
The reflection process is very complicated; both resistive and reactive
components can depend upon the particle velocity amplitude of the in-
coming wave. Experimental data obtained from measurements on a variety
of bulk porous materials are used to test the validity and limits of the
theoretical models.

After this introductory section, some background theory is
presented in the remainder of this chapter. First, a brief discussion
of the theories on low intensity sound propagation in porous materials
is used to put the theory of Chapter II in perspective. Sec~r . a brief
summary of high-intensity sound propagation in c-dinary fluids is pre-
sented. Third, past work on the reflectic® «: anigh-inteasity sound from
surfaces and thin sheets is described.

In Chapter IT a high-inteisity sound theory is presented.

The one-dimensional mass, momentum, and internal energy equations for a
nonlinearly behaving bulk porous material are derived. The resulting
equations are solved by perturbation. A single boundary condition is
used. The input signal is assumed to be a sinusoid which is distorted
by a second harmonic component. A mathematical approximation to model
the high~intensity impedance of semi-infinite materials is also pre-
sented. An empirical model is adapted from the nonlinear acoustics of

fluids to help describe the excess attenuation and approach to
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saturation” of an intense sine wave in a porous material. The various

theoretical results from Chapter II are compared to data in Chapter IV.

In Chapter III the devices and methods used in the experi-
ments are described. The devices are used to determine the porosity,
material structure, flow resistivity, acoustic impedance, and acoustic
propagation parameters (attenuation and phase speed). Data are pre-
sented in Chapter IV,

In Chapter IV the experimentally determined data are compared
to the theoretical results derived in Chapter II. The results of the
porosity and dc flow resistivity measurements are presented and then
used in the theory to predict the acoustical properties of the various
materials. In the linear region the propagation parameter test results
agreed with theoretical predictions in some cases and disagreed in other
cases, The perturbation theory was found to be a poor predictor of the
data at high intensities, porosities, and nonlinearities. As the
porosity was reduced the agreement between measurements and predictions
was better at higher intensities. The excess attenuation model predicts
the excess attenuation of the fundamental over a large range of sound
intensities, material nonlinearities, and porosities. Results of small-

signal impedance measurements on finite and effectively semi-infinite

Saturation occurs when the finite amplitude losses become so large that,
no matter how much energy enters a porous material, only a specific
amount of acoustic energy (saturation level) will arrive at some loca-
tion within the material. The saturation level depends upon the dis-

tance the wave travels, nonlinearity, and small-signal attenuation (81].
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materials are presented and, in most cases, agree with theoretical pre-
dictions. Results of high-intensity impedance measurements for effec-
tively semi-infinite materials are presented and compared to the
mathematical approximation presented in Chapter II. The advantages

and problems of each model are discussed.

In Chapter V the investigation of acoustic waves in porous
materials is summarized, conclusions are discussed, and proposals for
future work are presented. The appendices include a theoretical analy-
sis of heat transfer in “ibrous porous materials, assembly drawings of

some of the devices discussed in Chapter III, and computer programs.
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B. Linear Theory
A review of the various theories of low-intensity propagation

in and impedance of porous materials is presented in this section.
The following discussion is intended to help orient the reader with
respect to the vast literature on porous materials and the present
study. The intent is not to cover all the literature but to give a
general view. High intensity effects are postponed to Section C of
this chapter. The linear theories are arranged in four categories based
on the model used. After discussion, each theory is related to the pres-
ent analysis. The four categories are the scattering model, the capil-
lary tube-fiber motion models, the rigid frame model, and the lumped
element model.

1. Scattering Model

Sound wave scattering from the fibers of the porous material is

an approach that has been employed with varying success. The approach
has the advantage that no empirical constants have to be determined
from measured data. One minor drawback is that the theory is developed
only for very porous fibrous materials.

In 1910 Sewell [72] applied this method to fibrous materials
containing a viscous gas. At that time there were no experimental re-
sults for comparisons. In 1970 Kozhin [42—44] reworked Sewell's theory,
but made no comparison with available experiments. These theories yield
predicted attenuations that greatly exceed the attenuations measured in

this study.

R A Mk 8 e e B e ke him } m e tea® e xR Bem MR A b a ..o md a




—

hadl dah o

MR /At onere

ST L. T s e e T R Bl Jaand N E T -

In 1970 Attenborough and Walker [3] published a scattering
theory for fibrous materials. They show accurate prediction of the ab-
sorption coefficient at frequencies above 500 Hz, accurate prediction of
the phase speed, and predicted attenuation exceeding measured attenua-
tion at all frequencies. The predicted acoustic impedance is high. The
theory includes both rigid and flexible porous materials. A more de-
tailed discussion is given in Ref. 77,

In 1976 Mechel [53,54] derived a long and complicated scat-
tering theory in which he includes the scattering of viscosity, thermal,
and density waves. He concluded that the theory was not as good a pre-
dictor as some of the empirically related theories, such as Delany and
Bazley's [25] analysis of Zwikker and Kosten's model [88] (discussed
later in this section).

Scattering theory cannot be used to predict all the acoustical
properties of a fibrous porous material, but in many cases the theory is
adequate. In the present study, which is of high-intensity sound, this
theory is not applicable because of the assumption that particle dis-
placement is small in the porous material. It would be very difficult
to generalize scattering theory to make it apply to high-intensity waves.

2, Capillary Tube~Fiber Motion Models

Two types of models are discussed in this section. They are,
in most cases, intertwined with each other to such a degree that they
cannot be separated. Most of these models include material motion in

the acoustical analysis. The major difference between the models is
the manner in which the viscous and thermal properties of the material

are determined. In one case, the capillary tube model, the viscous and

T




LAnAns 4 TTYTYYYYY
. .‘ T .

~—y—

TTY VY vy

thermal properties are defined by calculating the acoustical effects of
a large number of adjacent capillary tubes. In the other case, the flow
resistance model, the dc flow resistance of the material is used to de-
termine the viscous properties. 1In both cases, one or more empirical
factors must be included to match the theory to data. The following
review is presented as historically as possible.

The first attempt at theoretical analysis of the acoustical
properties of bulk porous materials was done by Rayleigh in 1883 [66].
He expanded his work in the second volume of his book [67]. Rayleigh
assumed that the porous material could be modeled as an array of packed
capillary tubes with the sound traveling axially along the tubes.

Porous material structures are actually much different from a simple
model of packed capillary tubes. He based his work on Kirchhoff's [41]
theory of viscosity and heat conduction effects on sound waves traveling
in circular tubes made of perfectly rigid and heat conducting walls.
Many others [6,8,11,25,73,74,88] have used Rayleigh's approach as a
basis for analysis and have used complicated schemes to predict experi-
mental data. Some of these theories are discussed here.

Adaptation of Rayleigh's theory (see, for example, Zwikker and
Kosten [88], Beranek [6,8], and Bies [11]) requires that an empirical
parameter called the structure factor be determined. The definition of
the structure factor depends on the author., The most common definition
of the structure factor is that it is a correction for the tortuosity
the sound wave encounters as it travels in the material [6,8,11,88].
Another definition of the structure factor is that it is a correction

for the effective acoustic air density caused by motion of the frame
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[11,88]. Although the theories discussed in this section can be tied,
in special cases, to the theory used in the present study, the structure
factor is not used here.

Zwikker and Kosten [88] have presented the most comprehensive
study of the acoustics of porous materials. They used Rayleigh's basic
theory [67] as a starting place and introduced the structure factor
and frame motion. In turn, their theory has become the starting point
for the rest of the theories discussed in this sub-section.

Beranek [8] started with the equations that Zwikker and Kosten
[88] derived in their analysis. Except for the structure factor,
Beranek's analysis reduces to the rigid material model described in the
next sub-section. Beranek measured the propagation parameters and im-
pedance and, through his analysis, presented results illustrating the
volume coefficient of elasticity of air in the porous material (heat
transfer effects) and the effects of having the sample vibrate in its
holder. A theoretical analysis of heat transfer effects is discussed
in Appendix A of this study. Beranek's measured data show a much smaller
transition region between the two heat transfer states than was deter-
mined here or by others [11,34,88]. In determining the sample vibra-
tioné in its holder, Beranek addressed a problem important to avoid in
the experiments. If the sample holder holds the sample too tightly, or
too loosely, the sample will tend to resonate at low frequencies and
cause the experimental results to be erroneous relative to results de-
termin;d from properly held materials. The resonance problem was con-
sidered in the present study and the experimental results indicate that

the problem was avoided. Beranek also discussed coupling of acoustic

8
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and solid waves, but concluded that, at higher frequencies, the ma-

terial becomes decoupled from the acoustic waves.

Delany and Bazley [25] carried out an extensive empirical study

of the acoustical properties of fibrous porous materials. They norma-
lized their data to the dimensional parameter f/c,* where f is the
frequency in Hertz and o is the flow resistivity in MKS Rayls/meter.

The empirical relations they determined are useful over the specified
range of 0.01<f/0<1.0. The relations are used to calculate the attenua-
tion, phase speed, and impedance. Although not directly applicable to
the present study, the equations are useful in checking measurements
made at low intensities.

Bies [11] reviewed some of the above theories. He also dis-
cussed measurement of flow resistance and porosity. Bies gave an ap-
proximate relation for the structure factor. The discussion was not
limited to fibrous materials. He presented data on cloths, fibrous
materials, and fiberboard materials.

Most of the above theories account for fiber motion (other
than sample resonance). Lambert's [49] analysis of Zwikker and Kosten's
theory [88] indicates that above 130 Hz the air and frame of Kevlar(® 29
aramid (du Pont de Nemours Company) are "decoupled".+ Because f > 100 Hz

in the present study, we are not concerned with frame motion. Support

*

All the svmbols are listed together at the beginning of this disserta-
tion.
+Kevlar®29 is a plastic fibrous material that is used extensively in the

present study.




for Lambert's conclusion is given in Chapter IV. Lambert also deter-
mined that the decoupling frequency for Scottfoam (Scott Paper Company)
was at 85 Kz. Scottfoam is a fully reticulated,* expanded polyurethane
foam and is similar to the Scottfelt (Scott Paper Company) used in the
present study. Although Lambert used the material density G 600 kg/m3
when, in actuality, the density of Scottfoam is p_=1153+32 kg/m3 [89],
the error leads to an error of only 4 Hz in the decoupling frequency.
We conclude from Lambert's analysis that the rigid frame model is appro-
priate for use in this study.

3. Rigid Frame Model

In this section the low-intensity theory that is used as a

basis and reference for the analysis in Chapter II is presented. This

theory is based on the assumptions that (1) the dc flow resistivity can
be used directly in the momentum equation and (2) the material structure
is rigid. The first to use these assumptions were Kuhl and Meyer [45].
By using the flow resistivity o, their paper (1932) represents a simpli-
fication of Rayleigh's more complicated treatment. Other authors [23,
30,32,33,68] have used or rediscovered Kuhl and Meyer's approach as a
starting place and expanded on it.

Kiihl and Meyer used equations equivalent to the linearized

continuity equation

8p +_9__J_x.= 0 N (I-l)

*
In the process of making a foamed plastic, thin plastic membrances form
between the air cells of the foamed plastic. 1In a fully reticulated

foam the membranes have all been removed.

10
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the linearized momentum equation

p_u
—°—P-’£+px+%’=0 , (1-2)

and the equation of state P=czp to solve for the impedance, attenuation,
and phase speed, where u is the acoustic particle velocity in the x di-
rection, p is the acoustic pressure, 8p is the acoustic density, G is
the ambient density, c¢ is the sound speed, P is the porosity, x is the
distance, t is the time, and the comma denotes differentiation of the
dependent variables with respect to x or t (the independent variables).
In their theoretical analysis Kihl and Meyer assumed the compressibility
of air in a porous material to be variable. They assumed the adia-
batic sound speed c°=/;§;753, where Y=CP/CV is the ratio of specific
heats. They reasoned that the compressibility, and thus the density, of
the air could be determined by experiment. In thelr calculations they
used the standard compressibility of air poci. In Appendix A we assume
a constant density Poe We show that, because of heat transfer effects,
the speed of sound is a function of both porosity and frequency. Be-
cause the relation derived in Appendix A is frequency dependent, we use
the isothermal sound speed bo= /537323

The above equations may also be combined to obtain a wave

equation [23]

utt Gut
u -——_—— 2= = . (1-3)
s XX 2 2

b p

o o0
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The use of P as a divisor of u depends upon whether the reference u is
in the material or in the open air (no material). Here, as P decreases
the particle velocity in the material increases. The importance of
using u/P as the effective particle velocity is discussed in Chapter II.
Note that although Eq. I-3 seems to be independent of P, the flow re-
sistivity o is actually a function of P.

To solve Eq. I-3, one can assume that a time harmonic wave

u=e3(wt—rx)

where T=8-jo, w=2nf, and j=v-1, propagates in a porous material. The

wave encounters the attenuation

2
CI S /H (_0_) (1-4)
/Ebo\/ “Po

Qa =

and the wave number

B = —2 \/1?¢1+(a%—)2 . (1-5)
o}

VZb,

The phase speed cPH=w/B is

V2 b
c = 2
PH 5 27 i
1+ 1+(—)
we

Plots of attenuation and of phase speed versus frequency for several

(1-6)

commonly found resistivity values are shown in Figs. I-1 and I-2,

12
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respectively. Both the attenuation and phase speed can change dramati-
cally over a relatively small frequency range. These changes are im-
portant in the propagation of intense sound in porous materials. 1In
porous materials intense sounds do not behave in the same manner as in
open air, which has a low, uniformly varying attenuation (amwz) and only
minor (usually negligible) dispersion.

Kihl and Meyer showed that the specific acoustic impedance in-
ternal to an essentially semi-infinite (aL>>1, where L is the sample

length) porous material is

W= W + 30 (1-7)

where the resistive part is

W pobo / g 2
= 220 141+ -
R /2P (woo) (1-8)

and the reactive part is
p P 2
oy -2 f ) (1-9)
I /2P we

We see that Eqs. I-4 and I-5 are of equivalent forms to Eqs. I-9 and

I-8, respectively. We conclude that, for the small signal case,

measuring the impedance when al>>] is equivalent to measuring a and B.

This comparison proves to be a good check on both the theory and data.
The real and imaginary parts of the impedance are plotted

versus frequency for three flow resistivities in Fig. I-3,

15
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“ The general propagation parameter T and impedance W equations

are related to each other by [49,88]

W) = (wR+ij) coth(a + jB8)L . (I-10)

Equation I-10 is for finite length (al.< 1) materials mounted on a hard

surface. Equation I-10 is appropriate for most low-intensity impedance

D MMM ~ B

measurements and is used in the analysis presented in Chapter 1V,

When a sound wave traveling in air encounters a porous material
some of the energy of the incident wave is reflected from the material
surface and some is transmitted into the material. The impedance dif-
ference between the air o and the material W(L) causes the separation

of the incident wave into two parts. The ratio of the transmitted (ab-

':vwv‘-' PPNy
. -

sorbed) energy to the incident energy is the absorption coefficient.

- W(L)-ooco

a = 1- | (I-11)
n w(L)+OoC°

As the transmitted wave travels in the material it is attenuated (Eq. I-
4) by the action of viscous effects. In the present study the term ab-
p- sorption is used to describe a reflection/transmission process, whereas,
:i the term attenuation is used to describe the decay of a traveling sound

wave., Absorption coefficients (al>>1) are plotted versus frequency for

three flow resistivities in Fig. I-4,

In Figs. I-1 through I-4 we find that the value of the flow
resistivity affects the acoustical properties of porous materials. Thus,

the importance of determining flow resistivity cannot be overstated. The
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flow resistivity o depends on the material structure. Flow resistivity
may be determined either through acoustical testing or through dc
(steady state) flow resistance testing. Both methods are used in the
present study. At this time, there are no theoretical relations that
can be used to predict o. Several empirical relations [24,33,34,60,78]
have been formulated to predict the flow resistivity of fibrous materials.
Only two relations [33,34] will be discussed in the present study.

By using hydrodynamic analysis, Hersh and Walker [35] deter-
mined a relation between viscosity, porosity, fiber diameter d, and flow

resistivity inside a fibrous porous material with flow perpendicular to

™
ot [1+gV4(1-“p) ]
2

[ - |3/2 ’ (I-12)
48 | 7(1-p)

the fibers,

where g is an empirical constant. Equation I-12 is used in Chapter IV
to calculate the dc flow resistivity for unmeasured values of o.
Hersh and Walker determined g=0.059 for batted Kevlar 29. They com-
pared data and theory at low frequencies.

For their data-theory comparisons Hersh and Walker derived a
low frequency approximation to Eq. I-3 by ignoring the u’ term, For

tt

a sinusoidal wave they found that the attenuation a and wave number B

a=8=d/:£%1— . (1-13)
2b7p

o 0

were equal to

19
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For porosities in the range of 0.9<P<0.97, the low frequency approxi-
mation is valid for f<2 kHz. For a full frequency range prediction the
constant g must be redefined.

Hersh and Walker [33] showed that o is related to d, u, and P
by

o= hP) (1-14)
d

where h(P) is a structurally dependent function of P. For their specific

case the relationship is given by Eq. I-12. In dimensionless quantities

Eq. I-14 is

o, = L 5 h(P) = h(P)/Re . (1-15)
powd

where Re is an acoustic Reynolds number [5,33]. The value of the acous-
tic Reynolds number is important in our analysis. When Re>>1 the acous-
tic boundary layer is small relative to the fiber size, viscous effects
are unimportant, and Eq. I-12 is not valid. When Re<<] the boundary
layer is large, viscous effects are important, and Eq. I-12 is valid.
For the materials and frequency range used in the present study,
10—3£Re523. Most of the experiments were done such that Re<l.

Flow resistance data for many different porous materials have
been presented in several studies. Nichols [60] dealt solely with the
linear flow resistance of fibrous porous materials. He also determined
an empirical relation for fibrous materials. Brown and Bolt [19] pre-
sented data on both linearly and nonlinearly behaving materials and were
the first to plot flow resistance data versus particle velocity on a log-

log plot. Plotting the data in this manner illustrates the relative
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nonlinearity of the dc flow resistivity (see Chapter IV). Bies and

Hansen [12] present linear flow resistance data for many porous materials.

Only viscous effects are considered in the above theory. The
frequency dependent effects of heat transfer on the compressibility of
the gas in the porous material are ignored. Heat transfer effects

cause the compressibility of the air to be neither adiabatic nor iso-
thermal and, for comparison with data and for simplicity in the calcula-
tions, the limiting values of the adiabatic and isothermal sound speeds
are each used in the low-intensity sound calculations. In the high-
intensity sound calculations, because of increased heat conduction, only
the isothermal sound speed is used. The theory that has been summarized
up to this point will be used as a basis for comparison between the first
order theory developed in Chapter II and the small signal experiment re-
sults presented in Chapter IV.

In 1980 Hersh and Walker [33] extended their 1979 theory [34]
to include heat transfer effects. They used results of experiments on
dc flow through fiber bundles to determine relations to fit equations
for heat transfer and viscosity effects. They obtained a one-dimensional
wave equation that combines both heat transfer and viscosity effects.
There are three empirical constants to fit to the data; one constant
deals with heat transfer and two constants deal with viscosity. The
values of the viscosity constants depend on whether the sound travels
perpendicularly or axially with respect to the fiber orientation. The

wave equation is

21
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where K is a heat transfer parameter and Oy is a viscous drag parameter;
both parameters are functions of the porosity, fiber size, and their
respective fitted constants. The viscous drag parameter presented by

Hersh and Walker [34] is

_ 4 -P
OH = - ——————dz [Vn Dn + Vp Dp], (1_17)
where
D, = 16/TF [1 + 14.7501 -m%, (1-18a)
D, * 3.04(1-P) 041301+ 2701-P)°] (1-18b)

where Un and Vp are the empirical constants and the subscripts denote
flow parallel (p) to the fibers and flow normal (n) to the fibers. Hersh
and Walker fit Eq. I-18a to dc flow resistance data taken on many dif-

{ ferent materials by Davies [24]. Davies found very little scatter of

é: measured data from his own theoretical predictions. Hersh and Walker

f fit Eq. I-18b to dc flow resistance data taken on a variety of compact

“ bundles of parallel fibers by Sullivan [78]. Sullivan also found little
deviation of measured data from his own theoretical predictions. Even
though Davies and Sullivan found little scattering in their data, the

} data fitting constants Vn and Vp in Eq. I-17 should be determined for

each material to be used. It appears that, since there are two constants,
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the equation may be used for a material made of randomly oriented fibers

[34]. As shown by Hersh and Walker and in Chapter IV, the definition of

oy can be used to define the flow resistivity without including heat

transfer effects.

The heat transfer parameter presented by Hersh and Walker is

21.6vu(1 - Py 2[1+3.94(1-P)3]

K = 5
Prd PTn

R (1-19)

where Pr=uCp/K is the Prandtl number, « is the thermal conductivity of
the medium, and Tn is an empirical constant. The basis for this
e