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Abstract : The process of sound propagationin a
saturated porous medium with ideal gasbehavior was
studied insidethe pores under the boundary layer ap-
proximationsassumptions. Itisfound that themain three
parametersthat governsthe propagation processare:

the Darcy number, pa = K /L, shear wave number,
S=L4/pw/p and the porosity, &. The propagation pro-

cessisgoing under isentropic condition and the sound
disturbanceisunder mono-frequency and harmonic con-
ditions. Itisfound that theincreasing of porosity, €, in-
creases attenuations and decreases phase shift for the
both the forward and backward sound waves; thisis

INTRODUCTION

Theusing of porous mediaasinsul ation material
finditsplacein many engineering applications espe-
cidly inacoustical insulation configurations. Recently,
many researcheswere conducted on such materialsto
anadyzeand producemateria withimprovedinsulation
behaviors. The process of absorbing soundin porous

dueto unfavorable acoustic wave propagationinplain
medium limits. The effect of increasing Darcy number,
Da, isto increase attenuation and increase phase shift
velocities; thisisa so dueto movement of the porous
mediumto plain mediumlimit by removing solid metrix.
Itisalsofoundthat asthefluid flow velocitiesinside
solid matrix isincreased the attenuation and phase shift
of theforward acoustic sound wavesareincreased and
decreased for backward acoustic sound waves.

© Global Scientificlnc.

K eywor ds: Sound waves; Darcy law; Porous me-
dium.

mediatakes place dueto thermal |ossesand viscosity
inthe microstructure of such materias. In many of po-
rousmedia, specidly theartificia one, microstructureis
anindication to thefabric structure represented by fi-
bersshape, density,... and other properties, such ap-
plications can bedso found in coating of different ma-
terids.

Fedorov et al I performsan experimentd research
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on hypersonic boundary layer on awall covered by a
porouscoatingwith equally spaced cylindrica blind mi-
cro-holes. Fedorov and his coll eagues conclude that
30 % Of thelaminar boundary layer displacement thick-
nessof coating porous materia isagood stabilizer and
theseresultswereverified experimentaly.

Other common caseistheacoudticinsulating metd
foam which can be produced in many thicknessesand
variousacoudticinsulationlevels. Han et al @ study the
acoustic absorption behavior of open-celled duminum
foam. The research was conducted to proof that the
open-celled foamis better insul ator than the closed-
cdledfoam. Many pores zed samplesweretaken. The
absorption coefficient wastaken for compassion and
thefinal resultsmatch the expectations.

In porousmedia, the structureit self play asignifi-
cant rulein absorption process. Liuand Liu® investi-
gatethe effect of anisotropy of solid skeleton onthe
propagation characteristics of Rayleigh waves in
orthotropic fluid saturated media. Theresultsof Liu’s
investigation show the differences between wave’s
propagation in orthotropic and the isotropic porous
media

Porousmedia, specialy, flat surfacesisanimpor-
tant issuein seismology science. Infact, themost im-
portant type of wavesin such casesisthesurfacewaves.
Gubaidullin and Boldyreva® conduct aresearch onthe
propagation of acoustic waves dong thefree boundary
of asaturated porous media. Attenuation and phase
shift areresults for many cases of porous saturation
and poressizes.

Other investigations on porousflat plate porous
mediaabsorption and many materid sareused for such
cases such asusing of coconut coir fiber with porous
layer backing to control noise Zulkifli et al.™™ or the
study of interaction of acoustic waveswith porouslayer
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by Gubaidullinand et al.® and other studies.

Duwairi and Dwairi™™ study isentropic propagetion
of soundwavesin cylindrical tubefilled with aporous
media. Theresults obtained of thisresearch are com-
pared to the results obtained by Duwairi and Dwairi.
Eventhephysicd sysemsaredifferent; theresultswere
closefor somelevels.

Thisstudy attempt to model the sound wave propa:
gation in a fluid saturated porous media under the
boundary layer approximation. A Cartesian coordinate
systemisused describetheinfinite porous medium, the
propagation of sound waveistakeninthesamedirec-
tion of flow. Theeffect of flow will beunder investiga-
tion (i. e. Stationary or movable).

MATHEMATICAL FORMULATION

The physical model and the used coordinate sys-
temareillustratedin Figure 1.

Considering aporous mediaof length (L). A Car-
tesian coordinate system isused wherethe x-direction
has been taken horizontal and y-direction istaken nor-
mal to porousmedium. Consderingtheboundary layer
approximation, the equationsthat govern the process
of sound propagation in asaturated porous mediaare
the continuity and momentum equations, see, Nieldand
Begjani®. Assuming zero normal velocity and applying
continuity and momentum equations, one can obtain:
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whereu* istheaverage of areafluid velocity compo-

nent inaxid direction x*, p* and p* arethefluid den-
sity and pressurerespectively. u isthefluid absolute
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Figurel: Physical model and coordinatesystem
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viscosity, ¢ istheporosity of porousmediaand K isthe
mediapermeability. Thefluid isassumedto be perfect
gas and the porous mediaisassumed to havelow po-
rosity sothe Darcy law isadopted to describethe mo-
mentum and acoustic transfer between thefluid layers
insidethe porous matrix

Now, theflow intheporous mediumistakento be
asasuperposition of axial, steady and incompressible
flow and asmall harmonic acoustic disturbance of fre-
quency w. Thefluidisassumed to haveaconstant den-

S p and sound speed a . Under themono-frequency
condiition (e[""“; ) ) . Transforming thevariablesto dimen-

sionlessforms, fluid variablesare expanded as:

p'= i““p(n)e(rwj] @
V= a[M () +a U(n)e(mm*j] @
4 =%[po(§)+ap(n)e(mim*)] )

wherea<<landit represent alinearizationfactor and y
istheratio of specific heats. Ccombining the acoustic
variablesp, uand p with steady flow variablesp_ and
Mach number M producenone-dimensional formsof
fluid variables. Introduce {and  inthe transforming
processto dimensionlessvariables:

» y

§=ZX*: n="" 6)

whereT isthe propagation constant, inthiscase, I'is
assumed to have complex notation between the attenu-
ation and phase shift, theexpressonof I isgiven as.
r=r +ir" @)
whereI™ isacoustic wave attenuation per unit dis-
tanceand I'" isthewave phase shift at the samedis-
tance. Substituting the assumed variables from Eqgs
3,4 and 5into governing equations 1 and 2 and col -
lecting theterms of o°, o' and 2. Thetermsof o? are
canceled dueto smallness of o? and then the govern-
ing equationsbecomelinear in order of . Itisfound
that thetermsof «° in continuity equation are identi-
caly satisfied whiletheterms produced from the axial
momentum equation are:

_p 0Py By )=
y dE KaMo(n) 0 )
solveEq.8for M tohave
1 dp
M, (n)=- °
o(n) SzDaZ dg (9)

where Da= g isthe Darcy number and s= L\/E IS
n

the shear wave number. Equating termsof o will pro-
ducethefollowing linearized equations.

[epi+M, pT+ur]=0 (10)
lui—— £—;u
g p'y S’Da’ (1)

Onestepisdtill to have system of solvable equa-
tionswhichisdefining p, from the assumption of per-
fect gasand dimens onlesstransforming to state equa-
tion, avalueof p isfoundto be:
P =Py 12)
ANALYTICAL SOLUTION

TosolveEgs. 10, 11 and 12, areasonableassump-
tion of theaxia acoustic vel ocity to be constant; this
assumption resultsfrom using of Darcy law, o:
u=C_C (13)
substitute Eg.13into Eq.11 and solvefor C to have:

r
=T 1
— + JE—
e S°Da’
substitute Eqs.12 and 13 in Eqg.10 and solvefor Cto
have

(14)

eli+m, Pr

C=-_Y Y
r

now, equate both values of ‘C’ from Egs. 14 and 15

and rearrangeto have:

Fz-[(i—+ ba ) M O]F-(i—+L)si =0
g S e S’Da’

eg.16 is a second order equation in " and it can be
solved andyticaly and the propagation constant can be
foundas:

(15)

(16)



ChemXpress5(1), 2014

15

ORIGINAL ARTICLE

O | s e
g Da’s’) ° e Da’s’) ° e Da’s’ 17)

2

RESULTSAND DISCUSSION

Thepropagation equation (17) givestwo andytica
valuesfor propagation constant, I, oneisthereal part
with attenuati on of acoustic sound wavesand theimagi-
nary part with phase shift velocities of the acoustical
sound waves. This equation showsthat the propaga-
tion process depends on three main parameters; shear
wave number (S), Darcy number (Da) and porosity
(e). The Steady flow Mach number (M ) istheindica-
tion of the stationary ided fluid or movableided fluid
insidethe solid matrix, for stationary flow, Mo=0. To
emphasizetheeffectsof each parameter on attenuation
and phase shift, two parametersare held constant and
thelast parameter istake with reasonablerange. At-
tenuation isthereal conjugate of proportion constant
while phaseshiftiswritteninnon-dimensional formas
giveninEq.18

W= (18)

w
a

|1

v
whereWisthedimensiond phasevelocity and wisthe
dimensionlessform of phasevelocity.. Inacousticwave
propagationin porous media, two wavesare produced:
the forward and backward acoustical sound waves.
Eq.17 givestwo different solutions, onefor forward

Forward wave

M, =0.0
Da=1.0

2 T
’, '_ .{\

Attinuation

(a) S

wave and the other for the backward wave, unlessthe
mean Machnumber (M ) isholding zero. At thiscase,
the problem isunder stationary fluid motion and both
forward and backward arethe same.

The effect of Porosity ¢ on the acoustical sound
wavesispresentedin Figure 2 for the stationary fluid
andin Figure3for themovablefluidinsdethe solid
matrix. Itisfound that asthe porosity ¢ isincreased the
attenuation isdecreased and phase shift velocitiesare
decreased; thisisdueto unfavorable moving of solid
matrix from theflow and moving toward plain media
limit e=1. Sotheusing of small poresof solid matrix
givesan excellent damping effect and large acoustical
sound wavesduration.

Theeffect of increasing Darcy number, Daispre-
sented in Figures 4 and 5 for both a stationary and
movablefluidingdethesolid matrix. Itisfound that as
the Darcy number Daisincreased the attenuation is
decreased and phase shift velocitiesareincreased; this
iIsagain dueto unfavorable removing of solid matrix
from theflow and thismeans smaller acoustical sound
wavesdurationinthesolid matrix.

Theeffect of increasingfluid vl ocitiesinsde solid
matrix ispresentedin Figure6, it isclear that astheMach
number M, isincreased, both the attenuation and phase
velocitiesareincreased for the forward sound waves
and both attenuation and phasevel ocitiesare decreased
for the backward sound waves; thistrend isdueto the
contribution of fluid flow intransferringforward sound
waves and damping backward acoustical sound waves.

Forward wave
1
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Figure2: Attenuation and phaseshift of stationary (M_=0) fluid in plain media (Da=1) at variousporosity (¢): (a) attenuation

(b) phaseshift
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Figure3: Forward and backwar d wavesattenuation and phaseshift at steady stateflow (M =0.1) and plain media (Da=1): (a)
backwar d waveattenuation (b) backwar d wave phase shift (c) forwar d waveattenuation (d) forwar d wave phase shift
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Figure4: Attenuation and phaseshift of stationary (M _=0) fluid por osity (¢=0.2) at variousDar cy number (Da): (a) attenuation
(b) phase shift
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Figure5: Forward and backwar d wavesattenuation and phase shift at steady stateflow (M =0.1) and por osity (e=0.3): (a)
backward waveattenuation (b) backwar d wave phase shift (c) forwar d waveattenuation (d) forwar d wave phase shift
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Figure6: Forward and backwar d wavesattenuation and phaseshift at Dar cy number (Da=0.5) and por osity (¢=0.3): (a) forward
waveattenuation (b) forwar d wave phaseshift (c) backwar d waveattenuation (d) backwar d wave phase shift
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NOMENCLATURE

> mean speed of sound of steady flow

: Darcy Number, Da=VK/L

. imaginary number

. Parmestiility

. Steady flow mach number

. Acoustic pressure

. Steady flow pressure

. Shear wave number

: time

: velocity component inx direction
. Acousticvelocity inx direction
. Axid direction

. Phaseveocity

. Dimensionlessphaseve ocity

Greek symbols

21 HE ® @347 oI D K

3

1

2)

. Perturbation parameter
. Acougticdensity

. Mean steady flow density

. Huiddengity

. Dimensionlessaxia coordinate
. Dimensionlessnormal coordinate
. Ratioof specificheats

: Harmonic disturbancefrequency
. Porosity

. Dynamicviscosity

. Propagation constant

. Attenuation

. Phaseshift velocity

CONCLUSIONS

A theoretical model for sound waves propagation
in saturated porous mediais presented, the gov-
erning equationsarewrittenin dimensionlessform
than solved using suitable mathematical methods,
thefollowing conclusion can belaid out:

Itisfound that theincreasing of porosity of solid
matrix givessmaler attenuation vauesfor both for-
ward and backward sound wavesfor acertain vaue
of Darcy number for either moving or stationary
fluid insidethe solid matrix; thisisdueto larger
damping effectsof both thefluid and solid matrix. It

3)

4)

5)

[1]

[2]

[3]
[4]

[5]

[6]

[7]
8]

isasofound that theincreasing of porosity gives
smdller phase shift and noiseduration.

Itisfound that theincreasing of the Darcy number
had decreased attenuation and increased phase shift;
thisisduetolargeporesizesor higher permabilities
of theporousmedium. Againtheincreasing of Darcy
number had increased the duration of the acousti-
ca wavespropagationintheporous matrix.
Itisfound that theincreasing of thefluid vel ocity
increased the attenuation and phase shift of thefor-
ward sound waves and decreased their valuesfor
backward sound waves; thisisdueto retardation
effectsof thefluid vel ocity insdepores.
Itisfoundthat theincreasing of shear wave number
decreased attenuation and increased phase shift;
thisisdueto smaller viscosity effectsof thefluid
filling thesolid matrix or of higher actuating frequen-
ciesof theimpinging sound waves.
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