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1. Introduchion

The problem of reducing the 1nterna11y~generated noise from a turbo- o

';,ryfan engine 1S becoming 1ncrea51ngly 1mportant due to the vast deve]op-‘

- ment of the aircraft 1ndustry. One approach to the solution of ‘this

- problem is the use of a duct lining whose function is to absorb a sig-
nificant part of the engine noise as it propagates through the ducts.
: The de51rab]e mechanica] properties of Tiners are diverse and rather

stringeht. The extreme temperature and pressure env1ronment in the

. 1nter10r of a Jet engine has required exten51ve experimental and theo-”

retical research-in_order to develop appropriate Tiners. These Tiners
. are'USUaliy a combination‘of‘perforated sheets, cavities, and pieces ofi
porous materials | | - | | ‘ |

In a broad c1a551f1cation liners can be diVided into bulk-_ and
point-reacting iiners [1] ' Buik—reacting liners are liners that,permit _’ .
acoustic propagatioh in more than one direction. Such liners may con- -
sist of isotropic or anisotropic layers of porous materials. On the
other‘hand, point-reactihg_(1oca1]y-react1ng Tiners) permit propagation}
7 on]yvin the_directioh,normaiito theﬁduct Wails; They;usually consist
;'of a'perforated sheet or a 1ayer of porous material foiiowed by a honey-
comb core and backed by the 1mperv1ous waii of the duct The honQYComb
core con51sts of narrow cav1t1es d1rected perpendicular to the wall |
which act as resonators.-» ' | |

Anaiyses of the acousticai properties of’buik—reacting Tiners were
motivated mainly by the use of fiberglass blankets as 11nings in air-

conditioning ducts and as para]lel baffles in muffiers.. Scott [2]



’ahe1yzed the ‘effect of 1soffopic buik-reacting liners on the wave

' propagat1on in a two-d1mens1ona1 duct without flow; his theory was
}Ver1f1ed by several 1nvest1gators [3-7]. Kurze and Vér [8] extended
the ana]ys1s of Scott by cons1der1ng anisotrop1c bulk—react1ng liners.
\The1r resu]ts»show that, for low frequencies, the optimum attenuation
fs achieved»by‘a bulk-reacting 1iner whose reSistivity in the axial
direction increases with frequencyo ‘This result is in agreement with .

 the eXperimentaI:observations of Bokor [4,5]. Tack'and Lambert [9]

v ,formu1ated the problem of wave propagat1on in- two-dimensiona] ducts

'wh1ch carry slug flow and are 11ned with 1sotrop1c bulk-reacting 11ners.»7
Nayfeh,‘Sun and Teljon1s [10] analyzed the wave\propagat1on in two~
N dimensiona1 end circu1ar duct§ which carry sheéred'meah flow and are
~ Tined with isofrOpic bulk-reacting liners.
“Analysis ef'the effect of point-reacting liners on the wave prope-
~gation in ducts is usually carried’out eitheh by replacihg the effect |
of thevliner byha“ empihical or semi-empirical impedance [numerous
'exemp1es of this epproaCh are cited in the reyiew article 11] or by
"cqupling the wave‘propagatidn in the duct with that in the 1inef [12,13].
YUang the 1attér’appranh for the ease of nd mean f10w, Morse [12] and"
'°e{Cremer [13] analyzed the wave propagat1on 1n a two-d1mensiona] duct
_“whose imperyious wal]s are lined W1th a hamoqeneous norous material.
| | The purpose of this study is to ana1yze the wave propagation in a_ -
| two_dimEnsionai duct ﬁhat carries slug flow and whqse imperyious wai]s ‘
_are Tined with a‘point-reacting Tiner that»consists of a porous 1ayer
backed by cellular cavities. The analysis is carr1ed out by coupling

| the waves 1n the duct with those in the porous 1ayer gnd 1n the cav1t1es.



 sound.

2, Prqblem Forhulatioh
"fhe—ana1y£ica1 mode17USed in this study-is a’piané duct‘df ahunfe.' |
 :form cross section whose width is 2d* The two oppos1te wa]ls are |
'acoust1ca]1y treated by a po1nt-react1ng 11ner (see Figure 1 )s the
111ner consists of a layer of homogeneous, pohpus mater1a1 backed,by a :,
"ce11u1ar honeycomb core. The cross- sectidhaT dimensions'of the honey;‘

comb’ ce115 are assumed to be small. compared with the wave]ength of the |

To obtain'a‘simp1e demonstration of the effects of the derived

' 1'_1iner'properties,.we'take“the mean flow within the duct to be uniform .=

(sTug fiow) - howeVer,‘the analysﬁs of the liner impedance frdm the

wave propagation within the liner is equa]]y app]1cab1e to the case ofF
a sheared mean f]ow “In add1t1on, the duct is assumed to be sem1-

" infinite, so that there is no end reflection. The problem formulation -

requires the governing equations within the duct, the porous material,

and the cellular cavities and the correspondihg boundary:conditions.

"Governing Equations in the Duct

We introduce dimensionless quantities by using the characteristic

length d*, the undisturbed speed of sound c*, and the:qensity,Pg‘

as reference values. Moreover, we assume that each flow quantity is =

“the sum of a steady»meaneflowIquantity»ahd'a*Sma]l,hunsteady acaqstic'_ R

quantity. Thus, if starred and unstarred quantities denote, respec-

tively,,dimensionalvand dimensionless quantities, we 1et
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e‘ X* = xd*, y*= yd*' s td*/c* ‘f
X u*~~c*m+u<y)sj, v+ - c*v(y)E m

p*n + p(ym, p*- p*c*ztv Ly p(y)'sj |

where M is the Mach number of the uniform mean f?ow, fy1s the gas spec1-

‘-fic heat ratio,, f'—'f ',, o L . l . -
eXp[i(kxewt)J‘ o | A{2)

w*d*/c* is the dimensionTess frequency, and k 1s the d1mens1on1ess‘ ° o

- Apropagation constant whose 1mag1nary part is the attenuat1on coeff1-v,H“ “

o ‘c1ent

o Subst1tut1ng equat1ons (1) and (2) into the Eu]er equat1ons and '
;'the'1sentropic equat1on of state,and negTect1ngengn]1near aoou§t1c

-'quantities we obta1n

<
B 1 2 S
o

Ak - w)p + ku + ;7 @ = ;
;(4). ,

G

1]
o

1(Mk--‘m)u'+ ikp =

1}
o

‘ffof(Mk e‘w)v +‘p"#
.p;g€p¢; ’.‘ ff ;i‘> 1>; ,l o (6)'

where pr1mes denote different1at1on w1th respect to y,- Then§'§15mihdtingik"

'J:%: u, v, and o) from equations (3) (6)9 we have :  '

o pv” +}’[(_Mk :_m)z szp i 0 - (7) |

i TGLQvéming Equations in_the Cavities

The governing equations for the sound propagat1on 1n the cel]ular f”:

"cav1t1es ‘can be obtained from those govern1ng the f1ow 1n the duct.o~v



":§QS1nce there 1s no mean flow w1th1n the caV1t1es, we set M=0 fn:equae‘

iu*_ tions (3) (7) In add1t1on, we assume that the acoustic d1sturbance .

L “f*Ef;1n the cav1t1es cons1sts of p1ane waves only, propagatwng norma1 to the L

| ’37f.wa11 a this assumption is a consequence of. the sma11 cross sect1ona1

5 fiifdimens1ons of the ce11u1ar cavities‘ Thus with no wave propagat1on in “vﬁ:

the x-d1rect1on, we set k=0 in equations (3) (7) The acoust1c d1s- L

B{i‘u’jturbance wvth1n the cavities is then described by

,u_g 0 ,‘ . . t;ﬂ. %h‘ jx:‘f ‘>;_{:(8)
. hbimv +;p,‘= 0 :eb‘t¥ l:vL‘A 1H;51 €::? (9) |

. Pruwlp=0 Co e (10)

- Governiug Equations‘in;the Porous Matﬁrial‘v‘

We assume the porous mater1a1 to be rig1d homogeneous, and part1-‘lvv

Vh‘tloned to. prevent ax1a1 f]ow Emp1oy1ng the above assumpt1ons and the .

| "-7d1mens1on1ess quant1t1es wh1ch were def1ned 1n equations (1) and (2),wef- :

L Lfind that the acoustic f1e1d in. the porous mater1a1 is governed by [14]a“ b

(G - 1mp )V + p ‘i. <”,a o ":’<' (]])'vu‘
- lep * vn F 0 ;} j;_uf o - ) (]2)1, L

-,P:=,Cép { "i]ﬁ o - f':‘ ) -(]3)  :

i where Q 1s the poros1ty, Pe = s/Q 1s the d1mension1ess effect1ve dens1ty,; 5&*

‘Eij s is the stnucture factor [15],_ o*d*/p*c* is the d1mension1ess f

\'res1stivjty,:and co s the d1mension1ess effect1ve speed of sound I

e



7‘{h}genera1;'ce is a_compiexenumber; it is rea1;on1y at high fnequenctes

'\(ébove 1000 Hz) and at low frequencies (below 100 Hz). Note that Pg? E

v'tffjﬂ}=énd'd. are nct'independent but are related; however, their inter-

L qunendence,iSfcomplicated'so that, in genena1,'theyfane determined

. separately [11]. Equations (11)-(13) can be combined into

R O

2 L pal e g as e R ooy
kp = w(sw + 1052)./ce o ‘ (15):3_

3 Boundary Conditions

o Stnce the problem is symmetric, it is sufftcient'to constden‘the
”upper ha1f of the duct and to use either of the fo1IOW1ng boundary

. conditions at the duct centerline: B

L :p»g Q'__ for ant1symmetr1c modes © (i6a)
L P =0 for- symmetr1c modes | Lo AT (16b)
"As a result of the ve]oC1ty van1sh1ng in the cav1ty at the 1mperv1ous |

wa]ls o - .
| v=0 at =l+b+h 7 (17)

: Although the v1scos1ty is neg]ected 1n the duct and in the cav1t1ess

it cannot be neg]ected near the boundaries where the viscous effects

are important. ‘W1th very small viscosity, the mean,boundary Tayers can

S fbe'apprbkimated by vortex sheets across which the pressure and the

'Z:banticleﬁdiSplacement are continuoué We denote by y= 1+ n,E and
'v 1n the duct from that in the porous mater1a1 and the f1ow in the porous

‘mater1a] from that in the cavities. The 11near1zed forms of the o



COntihuity of pressure and particle displacement across these yortex

sheets are: | i
prp, stys1 o)
.‘.vv+'i(w-Mk)n1=0‘ atyv-.'-']“ 09)

Vp * fun, = 0 aty=1 (20)

A A e

peve atyslih o 22)

where the quantities with subscripts ¢ and p refer,trespectivé1y, to
the cavities and porous material, and those quantities without subscript -

refer to the duct.



"7¥4gf K15b)

}‘“'?3”cond1t1on (17) are

. ,3 Eigenva1ue Equat1on and Liner Admittance

The solut1on of equat1on (7) that satisfies the boundary cond1t1on}ef.

F%i‘P a cos Ky | for symmetr1c modes *Ttiv '"he(23)5f oY

>?1‘wheneia is an arb1trary constant and

g Hence, from equat fnf(S), we see that

'v5“mWMk-m mnw d"diviﬂﬂ}fﬁh

‘The so]ut1ons of equat1ons (9) and (10) that sat1sfy the boundary

7~f;;:965= 1a s1n[w(y - 1- b - h)J | fsja;ii‘h(27)7f

"fﬂ_rvwhere a is another arb1trary constant. F1na11y, the genera1 so]ut1on E

. o of equat1ons (11) a"d (‘4) is

P

":. Vpxﬁ-avk (o - 1wpe)' s1n[K (y + ¢)J ¢ I
- where a and $ are arb1trary constants o ,
Imposing the boundary condit1ons (21) and (22) at the cav1ty-

porous mater1a1 1nterface, we obta1n

P, = COSEK (y + ¢)J 'hl | :‘_dh j.'i (28) . L

tan[K (1 b+ ¢)1 = -(wpe + 10)K tan(wh) nf(éO) "d°‘tv'

| eildThe spec1f1c acoust1c admittance of the 11ner, ; v /p at y = 1, 1s h~ hli";

}‘1“'>obta1ned from equat1ons (28) and (29) as

SR or, u51n9 equatwon (30) to 91‘m1"at° the ConStant b

B = K (O' - '|wpe) tan [K (1 + ¢)J



3 vare 1mposed to obta1n

CoB=d ‘[ta»n wh + B tan K_b][v J?—— tan wh tan « b] |
T A L P L v o] v
. »: ‘p e . K S . . .
R e _ » ‘ (31)
"_ To app1y th1s 11ner adm1ttance to the s]ug f]ow in the duct, the

’v'boundary cond1t1ons (18) (20) at the duct-porous materia] 1nterface

Uk tank = - i(Mk - w)? w-iB S o ‘(32)
for the symmetr1c modes The analysis of the ant1symmetr1c modes y1e1ds:" '
, - K cot K& 1(Mk -~ w)? w- g - (33)-,
‘Equat1ons (32) and (33), together with (24), are the character1st1c
equations for the eigenva1ue k of symmetr1c and ant1symmetr1c modes

| propagat1ng 1n a p1ane duct that carr1es a s]ug f]ow

Equat1ons (3]) and (15) give the specific admittance of f the 11ner £

as a funct1on of the sound frequency w, the cavity depth h, and pro-
'pert1es of the porous mater1a1 2, Cgs b, s, and G However, the - |
tspec1f1c adm1ttance of the 11ner actua11y depends on on]y three d1men-
s1on]ess groups of the porous~mater1a1 propert1es*

R = ob | '.h'} -thf“‘;._‘ 1 (34a)

b olgtos ()
and C v. »’ ' 7 m- =_Cz/9b. ) L s '(34 ) 'f‘

In terms of these properties, equatiOn (31) can be‘wnitten-as’;

(K b cot k. b) +. (w/w ) cot wh

. R 2'(35a)
| R(1 - 1w/w ) + (K b cot « b)1 cot wh ‘
- where

."Kéh‘= [iR(1-‘1w/w Ju/w ] /2 a.' K h : | ngb)_



'"";fadm1tta*’

In prev10us stud1es of wave propagat1on in ducts 11ned w1th a

lporous faC1ng sheet that 1s backed by ce11u1ar cavities, the spec1f1c 1

vof the 11ner has been model]ed by the sem1-empir1ca1 formu]a

RO - iw/uy) + 1 cot wh |

R ;“;;wThis'fOrmu1a-assomes"that'the‘impedanCes'of.thehfactng sheet and of'the ‘

'5féaVittes3are additire, that the resistance‘ot'the‘facing sheet,~R,-is

w‘i';'a constant, and that the reactance of the fac1ng sheet is a linear func-

‘tion of the frequency R Th1s approx1mate formula can be obta1ned from
vthe genera1 formulas (35) as a restr1ct1ve spec1a1 case ~In the 11m1t
b 0 w1th R wo and w f1xed equat1ons (35) reduce to equation (36) |
’1'Hence, equat1on (36), wh1ch is widely used in the Titerature, can be “f' s
'1nterpreted as an approx1mat1on for th1n porous facwng sheets Note,

",fhowever, that keep1ng W, and R f1xed wh11e 1ett1ng b > 0 1mp11es that

O(b ) and s/Q O(b ), which are unrea11st1c Moreover, for smal1{,_7f.

Aixjs'but f1n1te values of b neg]ect1ng the term w/w; wa/c2 'is va11d

~only for smal] values of w, and the resu1t1ng formu]a (36) can be expec-,7
ted to be 1naccurate at moderate and large values of m The numer1ca1
: resu1ts of the next sect1on 1nc1ude comparisons of the attenuat1on rates

that are obta1ned from the two formulas



4. Mumerical Results

The solution to'equatioos (32), (33)_and}(24);has been obtained by
' uﬁing5o Newtooioh»itération'scheme to'fihd the,eigepva1oé k»corresponding‘t-}
_‘to a variety of 1inertproperties. The modes are idéntifiéd at‘low fre- |
qoenéiés and thereafter the eigenvalue of a given‘mode is’required~tov
LvaryTGOntihuous1y’W1th the frequency. The humericailféSults are of
jthféé types: (1) the results for no backing caV1ty are used to verify
the ana]ys1s by compar1son with preV1ously pub11shed results for Ioca11y-
$. react1ng porous ]1ners [8], (2) the effects of the depth of the cav1ty

back1ng and the th1ckness of the porous mater1a1 are demonstrated for

= constant mater1a1 properties; (3) the attenuat1on,rates predicted from

the approximate formu1a1(36) are compared with those pfedictéd from the
general formula (35a) in order to determine the importance of the de-
tai1§d modelling of the wave pfopagation in tﬁe_porous material. =

'Case of no backiogvcavitx

~1In the absence of a back1ng cav1ty, the Spec1f1c adm1ttance pre-

';';'d1cted by equat1on (35a) becomes

g = - ' jw '
, w|<b~cot|<7)

It shou]d be noted that the approximate formula, equation (36), is
~applicable neither to this case nor fo‘the case of hg]f%wave-length‘}
résonahce,of the cavities, wh> n; since it predicts a rigid'woll in
both 1nstances | | o |

Kurze and Ver [8] have exammed both pomt- and bu'lk-r'eactmg porousv

| 12



= 5‘1mater1als ~and" have caTcuTated the attenuations produced in a plane duct |

‘with a th1ck T1ner of F1berglas Superf1ne BTOO for the case of no mean .

For fompar1sen W1th their results we take s=1. 4, o=1T. 0
g ;a0,95 c Y—VT 0, and b 1. 0 1n the express1ons for the spec1f1c |
- ﬂ;admittance.» Figure 2 g1ves the attenuat1on rate of the 10west symmetr1c ‘;ff"
: 'ﬁfV;irmode for no mean fTow and, in add1t1on, for cases of upstream and down- |
'}1?1 ;;stream propagat1on.v The no-mean-flow resuTts agree quant1tative1y W1th
Kurze,and;Vér s‘resu}ts for a po1nt-react1ng 11ner up—to w=7; above . f
e : a"= 7 the'Second mode (not“shown)ibecomes the Teast'attenuated Tand |
"the data for the second mode agree with the resu]ts of Kurze and Ver
- Thus, equat1ons (35) reduce to the correct form in the 11m1t as h > 0
_ F1gure 2 also shows that the attenuat1on rate depends qu1te strongly b;*fc
’:on the mean flow . The peak attenuat1on frequenc1es sh1ft to Tower ,~Ef =
B i;fr.vaTues for upstream propagatlon and to h1gher values for downstream o
- tfkpropagat1on In add1tion, upstream propagat1on 1ncreases the atten-
vuat1on rate 1n the first peak but decreases it in the second peak down-ni -
a a‘stream propagation has an oppos1te effect Figure 3 shows s1m11ar re—-v';”
‘“su]ts for the Towest ant1—symmetr1c mode Aga1n, the resuTts are very .
’~?sen51t1ve to changes in the mean-fTow Mach number | |
The band-width of the first peak in the attenuat1on can be var1ed
fhby chang1ng the fTow res1st1v1ty, as shown by Figure 4 in wh1ch the |
) res1st1v1ty has been 1ncreased to o - TO@ ‘The convect1ve effects of the'VTF
| mean f]ow “- a sh1ft in the tuning frequency and a decrease 1n attenua- L
T'VV Tgt1on w1th 1ncreas1ng Mach number - are clearly shown.~ These effects ‘

»have been discussed prev1ous]y [16 17] for 11ners descr1bed by equation (36)
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' For ;uch liners ‘s the'tuning'freQUency is taken to be a function of the
caVity depth and mean;fIQW‘Mach‘nuMber7 Houeverg theiresults of'Figures .
2 and 4 111ustrate that the material propert1es can have cons1derab1e

influence 1f the porous 1ayer is not th1n.,

t Influence of 11ner d1mens1ons

- In this sect1on we exam1ne the 1nf1uence of var1at1ons in the -
cav1ty depthvand~th1ckness of the porous layer for f1xed materlal prop-
~ erties. The material properties are taken toibé o= 10,'se=’1.4, Q= 0.95
ahdve = 10/11 (a va1ueeslight1y‘1ess than. the free-fié]d,iisentropic_ :
va]ue) the mean-flow Mach number is 0.36, and the Tiners vary from '
'.th1n to thick (.03 to .50 of the duct half width).

‘The influence of cavity depth on the attenuat1on rates of the two
1owest symmetric and ant1symmetr1c modes are shown in F)gures 5 and 6,
respective1y, for:a'thihvoorous sheet, b = .02. Although the net
o resiStance”of the'facing sheet is small (R =ob = 0.2), the attenuation d»
of the}first two modes can be increased to substantia1,va1ues by in-.
creasing the cavity depth and thus bringing the 1iher c105er to quarter '
- wave-length resonance. However, except at very low frequenc1es, the
‘,second and third modes are more critical for these f]ow cond1t1ons, and
: the1r response to 1ncreases in the gav1ty depth is less favorable.
vInitia11y, the attenuation increases with inoreaSing cavity depth;"
however, at higher frequenc1es it reaches a maximum and then decreases h%,=;1

‘rw1th further 1ncreases in cav1ty depth.

The results for the zero mode that are shown as broken 11nes in o

Figures 5 and 6vcorrespond to frequenc1es for which there is no down-
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p Stream-propagating soiution That is as.thedfrequency increaseS'the“
zero mode approaches a. stand1ng wave and then beg1ns ‘to propagate up-
tream  Thus this mode exh1bits a cutoff phenomenon, at higher fre-
quenc1es the mode may beg1n propagat1ng downstream aga1n (an‘example

is shown in F1gure 10)

can be 1mproved by using a porous mater1a1 of greater res1st1v1ty - This

- is 111ustrated for the.symmetric case by Figure 7, which gives the l_ofh;;ji;‘

";~rattenuat1on as a function of resistivity. It cam be seen that the

E attenuat1on<of'the second mode is less frequency dependent than is that
 of the ;erolmode over the entire range of'reSistivity; Thefabrupt
’cros$over of the two modes at w = 10}and 0:5110 occurs as a oonsequenoe_
of the specffic‘admitiance being close to a value that produoes a mul-
tiple root of—equation‘(32); the occurance ofdanh roots has been dis-:
cussed at some Tength by Testor [18] and by Zorumsk1 and Mason [19].
‘ F1gures 8 and 9 show the 1nf1uence of the thickness of the porous

' fac1ng sheet for a case of a very sha]]ow cavity, h =0.01. The spec1f1c:
admittance of the_11ner depends upon the three mater1al parameters R,
h wd,(»l, and two of'the_three, R a"dfpié are affected_by a‘change in the
facing-sheet thickness, b. An increase in the value of b increases the
attenuation of the two Towest modes‘but is somewhat 1ess effective than
an increase in the caVity depth: the attenuation tends to reach a
' makimumvand then decreases with further increases in the value of b.
_Howerer,vfor thersecond and third modes, the increase in the thickness
of therporous materialrproduces a significant improvement in the attenua-
tion leve1s and is far more effective than is an increase in the caV1ty |

depth
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'Ffﬁaily, fhe'inf1uence of the facihg-éhéét thickness is shown for
a case of moderately deep cav1t1es h = 0.1;‘in Figures 10 and 11. It
can be seen that 1ncreases in the thickness of the porous material
* above a value of b = 0.16 does not produce any change in the overall
attenuation level; however, thevattenuat1on of a specific frequency
Caﬁ'be chahged significantly és a result of a shiftsin the peaks of
the attenuation curve. Note also that the éttehuation.of the second =

~mode is increased to a value greater than that of the zero mode.

Validity of'the-thinafacingasheet approximation

Previous 1nvest1gat1ons of wave propagat1on in ducts that are Tined .
with porous—fac1ng—sheet cavity liners have relied on the sem1-emp1r1cal
formula given by equation (36) to predict the specific admittance, As
noted earlier, the general fqrmu]atibn, eguationS'(35)§-reduce'tOfthe
‘approximate formvin the}Timit as b + 0 with R;;w; and w, fixed. 1In this
‘sectioh, we wish to examine the validity of thevthinafacingesheet
approximatibn for use with liners of finite dimensions.,

The attenuationvrates predicted with the use of the two formulas

are compared in Figures']z - 14 as the pofdusafacingnsheet thicknes§

progresses from thick to very thin. As is to be expected, the attenua-

.- tion spectrum has a cﬁmp]ekity that the approximate formUIa cannot pro-

duce when the facing éheet‘is suff{ciently thick that én_interna]
resonanﬁe occurs wfthiﬁ the frequency range of'ihteréStL(Seé’Figure 12).
The Tiner propert1es for th1s case are h 0.1, b = 0 16, o= 12, 5, |

s = ] 4 Co = 10/11 and Q= 0. 95 which correspond toR = 2, w, = 8, 48, L

and Wy = 5 24 for use in the general formu]a. The approximate formula N
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s used W1th the same va]ues of R and wp  and corresponds to the case. ofmmh_

“’m; i An effective cavity. depth: equa] to o+ b/2 is.used in the app-;.i

L roximate formu]a At w = 17.45, the apprOX1mate formu1a pred1cts a ;hi

“hard wal]“ resonance, and the ca]cu]at1ons were stopped at th1s re-
sonance frequency Although the genera] trend of the attenuation of

d,the zero mode is pred1cted by the approx1mate formu]a the overa]]

attenuation Tevel 1s substantia11y underpredlcted and sma11 peaks in the ‘flfd

’ attenuat1on are overlooked For the second»mode,-the approx1mate;formu]a ;n:f
is 1nadequate except near the cutoff frequency, ' . o
For thlnner facing sheets a materia] of greater resistnﬂty° c’ is. o

assumed such that the resistance of the facing sheet remains at the vaTue'f»

~of R =2 other mater1a1 properttes are assumed to be: the same as those i};’li 3

"Tffﬁiindtcated prev1ously, and the compar1son between the exact and approx1- f“s,fo

i .:mate formulas is carr1ed out as described above. Figure ]3 shows the

' results for a moderate]y thin facing sheet, b = 03"("~ 3/16 1nch"in a

duct of 1 foot w1dth;;: The attenuation curves are in general agreement
over a reasonable frequency range, but ‘the approximate formu?a under»

~ predicts the peak attenuat1on rate by roughly thirty percent.: At h1gher Fo

frequencies the curves diverge due to the finite thickness of the facwng ffg*j~;

sheet and the approach of the "hard- wall" resonance predtcted by the' “”hn,i o

B approx1mate formula (at w = = 27. .3).

‘The results for a very thin faC1ng sheet, b = 005 are shomn'in |
- Figure 14. The agreement over the ent1re frequency range is very good, j h”
with approximate]y six percent d1fference at the peak attenuatlon of £
the fundamenta] mode; however, the thickness" of the fac1ng sheet 1s

unrealist1ca11y-sma11. In pract1ce, the porous sheet thickness and -
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Figure 13. Comparison of the attenuation spectra predicted by the
general formula (35) for the liner specific admittance to those pre-
~dicted by the semi-empirical formula (36); thin facing sheet, b = 0.03,
h = 0.1, o = 200/3, Q = 0.95, 8 = 1.4, co = 0.91, M = 0.36.
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the backing-Cavity'depth are frequently of the same‘ﬁagnitude. The
agreement. between the curves in Figures 12414 would be improved some-
what if smaller values of the porosity and larger values of thé structure
factor were used. Nevertheless, it appears that the}generaT formu]ation
of the'specifié admittance is required to accuraté]y prédict the atten-

uation spectrum for a liner of moderate thickness.



5. 'Summary

 The acouétic‘charaéteristics‘6f'a,pdint-reacting.duct Tiner that;f:

cansisfs of é porous‘facing sheet backed by ce]iu]ar'caVities have}beeh
déijéd by exémining the wave propagation Within the liner, and the
‘effécf of the Tiner on sound propagation in a»duét has been caltulated‘
for the case of a plane duct that carries a uniform mean fFlow.

| For the case of no mean flow and nb backing cavity, the derived
expression for the Tliner specific admittance 1e§ds}to attenuation rates
that agree quantitatfve1y'with those of Kurze and Vér. These results
for no backihg cavity'have been extended to cases of both upstream and
downstream propagation in a uniform mean flow. The attenuatioh rates
that are produced by the Tayer of porous material are shown to be véry
sen51t1ve to the mean—f]ow Mach number. )

The influence of the cav1ty depth and the th1ckness of the facing
sheet on the attenuation rates of_downstream-propagat1ng modes have
been examined for constant pordus-materiaT-propertieé For the CaSes
>cons1dered the attenuat1on of the two lTowest modes can be raised to
large levels. by a proper: cho1ce of the cavity depth butthe’ response of“
‘the higher modes is Tess favorqb]e, For shallow cavities, an increase
invthe thickness of thé facing sheet is less effective in raising the
attenuation of the lower modes than is an increase in the cavity depth;
howéver;’for the higher modes, the horous-sheet ihickhess may be more
effective than the cavity depth. For moderate cavity depths, the over-
'a11 attenuation level changés with increases invthe faciﬁé#sheét thicka‘

ness up to a value somewhat larger than the cavity depth. Further

.32



increases in the thickness ofethe'porous material do not change the
" overa11 attenuat1on 1eve1 but do resuTt ina sh1ft in the: peaks of the
| attenuation curve. |

, The der1ved expre551on for the 11ner spec1f1c admittance has been -
vshown to reduce, in the limit as ‘the facing -sheet th1ckness vanishes,
to a sem1"emp1r1cal“formu1a that has seen w1despread use in the 11tera?>'
ture. Numer1ca1 compar1sons of the attenuation rates pred1cted by the

" two formu1as for cases of finite fac1ng-sheet th1ckness 1nd1cate that ‘

ﬂv'the approx1mate formula is 1nadequate 1n many cases of pract1ca1 1nterest,vji‘v

'spec1f1ca11y when the facmng sheet and cav1ty d1mensions are of the |

N same order
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ABSTRACT

':‘.The acoust1c character1st1cs of a po1nt-react1ng duct 11ner that cons1sts d
of a po?ous fac1ng sheet backed by ce11u1ar cav1t1es are derived by exa-'
'.';mining-the~wave propagat1on»w1th1n the 11ner- The re]at1on between the
"~der1ved express1on for the 11ner acoustic adm1ttance and a sem1-emp1rica1 -
| formula that is W1de1y used 1n ‘the 11terature is d1scussed The inf]uence}f
"»1of the 11ner on acoust1c propagat1on in a duct 1s exam1ned for the case
‘of a plane duct that carr1es a uniforn mean f10w Numer1cal results for

»,»the attenuat1on rates VS, frequency are presented These resu1ts are of .

B three types (1) compar1sons with prev1ously pub11shed results for no

backing Cavity and no mean flow are made, and these resu1ts are extended‘ |
T to 1nc1ude the effects of the mean- flow, (2) results of parametr1c varia- -
tions of the 11ner d1mens1ons are presented to assess the relative in-

f1uence of the fac1ng—sheet th1ckness and the cav1ty depth (3) resu]ts
~from the der1ved express1on for 11ner specific admittance and_from the
'semi-émpirital fdrmu1a’ére compared in ordeh to determine the signiticancee
of the wave propagat1on within the porous material and to determ1ne the

._'range of validity of the sem1-emp1r1ca1 formula.
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