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1. Introduction 

The problem of reducing the internally,o;generated noise from a turbo-

fan engine is becoming increasingly important due to the vast develop-

ment of the aircraft industry. 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 desirable mechanical properties of liners are diverse and r~ther 

stringent. The extreme temperature and pressure environment in the 

interior of a jetengirie has required extensive experimental and theo-

retical research iri Order to develop appropriate liners. These liners 

are usually a combination of perf.Qrated sheets, cavities, and pieces of 

po~ous materials. 

In a broad classification, liner$ can be divided into bulk-,and 

point-reacting liners [l]. Bulk .. reacting liners are liners that permit 

acoustic propagation in more than one direction. Such liners may con-

sist of isotropic or anisotr()pic layers of porous materials. On the 

other hand, point-reacting {locally•reacting liners) permit propagation 

only in the direc~ion normal to th~ duct walls. They usually consist 

of a perforated sheet or a layer of porous 01ateria,l folle>wed by a honey-

comb core apd backed by the i111pervious wall of the duct. The honeycomb 

core consists of narrow c:avities clirected perpendict1lar to the WA11 

which act as resonators .• 

Analyses pf tile acoustical properties of bulk,.,reactirig liners were 

motivated mainly by the u5e of fiberglass f)lanket's a,s linings in a,ir"' 

C:,C)f}<;iitioning duct!) and ~S para.11e1 b~fflE!S 111 Jl11,Jffler$. $.ccrtt (iJ 

l 



analyzed the,effti!ct of isotropic bulk ... reacting liners on the wave 

propagation in a two-dimensional duct without flow; his theory was 

verified by sev~ral investigators [3 .. 7]. kur2e and Ver [BJ .extended 

the analysis of Scott by considering anisotropic bulk-reacting liners •. 

. Their results show that, for low frequencies,· the optimum attenuation 
. . 

is achieved by a bulk-reacting liner whose resistivity in the axial 

direction increases with frequency. ·This result is ln agreement with 

the experimental observations of Bokor I4,5J. Tack and Lambert [9] 

formulated the problem of wave propagation in·two-dimensiona1 ducts 

which carry slug flow and are lined with isotropic bulk-reacting liners. 

Nayfeh, Sun and Telionis [10] analyzed the wave .propagation in two ... 

dimensional a,nd circular ducts which carry sheared mea,n flow and are 

lined with isotropic bulk .. reacting 1 iners. 

Analysis of the effect of point-reacting liners on the W(lVe propa• 

gatlon in ducts is usually carried out either by replacin9 the effect 

of the liner by an ernpitical or semi-empirical impedance [numerous 

examples of this approach (lre cited in the review article 11] or by 

coupling the wave propagation in the duct with that in the liner [12,1$J •. 

Using the latter approach for the ¢;Ise of no mean flow, Morse [12] and 
. ' . ' ~ - . . . - ' ' - . 

. Creiner [13] analyzed the. wave prppagati on i rt Jt,two-dimens i oni:l 1 duct 

whose impervious walls are lined:with·a·hpm~q~~~ous n,prous m~terial. 
The purpose of this study is to analyi:e the wave propagation in a. 

two ... dimensional duct that carries sh19 flow (lnd whose imperviou.s walls 
. . 

are lined. with a point-re.acting liper that. consists of a porous lt1yer 

backed by cellylar cavit.i~s. The t1Ylalysis is carried P!.!t by cou.pling 
the wAves in the duct with thPse in the porpus hyer rAnf,i in th~ q~vities. 
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2. Problem Formulation 

. The analytical model used in this study is. il plane duct of a uni-

form cross sectfon whose width is 2d*. The two opposite walls are 

acoustically treated by a point ... reacting liner (see Figure 1 ); the 

liner consists of a layer of homogeneous, por()us material backed by a 

cellular honeycomb core. The cross ... sectional. dimensions of the honey-.-

comb cells are assumed to be small compared wtth the wavelength of the 

sound! 

To obtain a simple demonstration of the effects of the derived 

liner properties, we take the mean flow within the duct to be uniform 

(slug flow) - .. however, the analysis of the liner impedance from the 

wave propagation within the liner is equally applicable to the cq~~ of 

a sheared mean flow. In addition, the duct is assumed to be semi .. 
infinite,· so that there is no end reflection. The proble111 formulation 

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

and the cellular cavities and the corresponding boundary conditions. 

· Governing Equations in the Ouct 

We introduce di mens ion less quantities by using the char~H;te:ri stic 

length d*, the undisturbed speed of sound c*, ~net the d¢nsity P6 
as reference values. Moreover, we assume that eaqh flow quantity ts 

the sum of a steady mean .. flow quantity and a small, unsteady acot1stic 

quantity. Thus, if starred and uns.tarred quantit1~s d~n.Ate, re.spe,<::~ 

tively, dimensional and dimensionless quantities, we let 



ly* 

d* 

l ·~~~-1------i1--~-----~------...._~----~----~----~~---~--------------;t> 

f x* 
d* 

. :~. 

.~,~~--~~----'!~• ---4l* -b . ..----._._~~~~---~~_._~_.___._~.T 

Figure .1. Duct geometry and coordinates 



·,., -

·,··-. 

. ( 

x* = xd*, y*= yd*~ t*~ td* / c* 

' ·. u* == c*:CM t u(y)£j ;. v* ;;: c*v{y)E 

• . . . . . . '.. . . . . ' '-.•.. i ': . . . .. ' 
p* = p*[l + p(y)EJ, p*::i p*c*~[y"' + p(y)E] . ' . 0 . ' ' .. ' ·, p,Q . ·, _.· '·' 

. . . . . . ; ' . . . . . . 

(lJ 

where M iS the Mach number of the uniform mean -flow, y is the .gas speci• 
.. 

11 c heat rat1<> ; . -·· 
. . ' . . ' ' ' 

. . . ~ . ' . 

· E = exp[i(kx ... wt)). '·, {2) 

' - . · _ W .;= w*El*/c* is the di111ensionless frequency~ Qflct k is the dimeosfonless 
. . . . . . . . 

: .. . 

... ·,. ·. 

':: ·. . .. ·. ;· 

·.propagation const.ant whose imaginary part is t~e at-tenuation coeffi· 
cient. 

· Su~stituting equfiticms (1) and (2) into the· ~~l~r equations a,nd · 

, . · the 1$entrop1c equatfoo of state aod neglecting notlHn•ilt acQustic · · 
,·quantities~ ti,' obtain ' ' 

(3) ' ·· 1 (Mk ... w)p + Um + -1~ i;. 0 

HMk .. wh.r + 1~.p =- Q . ._·. (4} ' 

· · i (Mk "' w)v + p,. F 0 (5} 

p ;:; p ' (6) 

wbere primes d~note differenti~tion with resp@ct to: y~:: .Then~ eH~lnating 
u ,' y •· and p from .equations l~) ~ ( 6) • we ha,ve •. . ' . '. ··.,. 

. . .• .·. •' a . [ c·' .k . )·. 2 . 2J".. ..- .. ·.... p: + . M · . .. w ··"' k · P !!:; 0.. -
. '. ·' . •. . ··-· . . 

(7) ·_.··, "• 

. ·., _., .. 

. . . The governing equathms for the' sound propag~tion in the e~llYlar 
c:av1tie$, ca.n be obtained frQm tho'e governtng ·the f1ow in the dY~th ·_ . 

. . 

••",·:. 

. ',· 
.:, ·-.' ... 
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Since there is no mean flow within the cavities, we set M = o in equa-
. tiOns {3),;..(z) •. · In addition,· we assume that the acoustic disturbance 
in the c~vitiesconsists of plane waves only, propagating normal to the 
Wall ..... thfa.assUlllptionls aconsequence of :the small cross .. sectional 

dime.nsiorts of tre ce1 lula~ cavities. Thus with no wave propagation in 
. . .. . 

thex,.directio11,we set k = o in equations (3) .. (7). The acoustic dis• 
turbat1c$ w.ithfn the cavities is then ·described. by 

u = 0 

.. iwv + p" = 0 

and 

Governing Eguations in:the Porous Material 

(8) 

{9) 

{lO) 

We assume 'the porous material to be rigid, homogeneous, and parti., 
. . . . ,·, " 

tiOne~ to prevent a,><'ial flow. Employing the above assumptions and the 

dimensionless quantiti~s.which were defined in equations (l) and (2),we 

_Jin.d that the acoustic fie·ld in the porous· material is··goviarn(!d by [14] _ · 

.. iwS"lp + v,A = 0 

. (11) 

(12) 

(13) 

where.nis the porosity, Pe= s/n is the dimensionless effective density, 
s is the structure factor [15], a = cr*d*/p;c* is the dimensionless 
resistivity, and ce is the dimensionless effective speed of sound. ln 



. . 

general, c:e is a complex nu111ber; it is real only at high frequencies 

(above lOOClHz) and at low frequencies (below 100 Hz}. Note that Pe' 

n, and a are not independent but are related; however, their inter· 

dependence ls compllcated so that, in general,· they are determined 

. separatel.Y (llJ. Equations (11 )-(13) can be combined into· 

(14} 

where · 
K~ = w(sw + icrf2)/c~ (15) 

~Punda.ry .•Conditions 

Since the problem i.s symmetric, it is sufficient to consider the 

upper half of the duct and to use either of the following boundar.y 

conditions at the duct centerline: 

· p r:: O for antisymmetric modes· 

p" = O for symmetric inodes 
. . 

(l6a) 

(l6b) 

As a res.ult of the velocity vanishing in the cavity at the impervious 

walls 
v = 0 at .Y = 1 + b + h (17) 

Although the viscosity is neglected in the duct and in the cavities, 

it cannot be neglected near the boundaries Where the Viscous effects 

are important. With very small viscosity, the mean boundary layers can 

be a.pproximated by vortex sheets across which the pressure and the 

particle displacement are continuous. We denote< by y ~ 1 + 11 1E and 

y ::: l + b + 11 2 E the positions··of thfr·vortex sheets· that sep~r.(lte the flow 

in the duct from that in the porous material and the flow in the porous 

material fY.om that in the cavities. The linearjzed fonns of the. 
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tontinuity of pressure and particle displacement across these -vortex 

sheets are 

p = p p at y = 1 

v + i(w - Mk}n = 0 
1 

Pp ::: Pc at y = 1 

VP - VC at y = 1 

(18) 

at y ~ l ( 19) 

(20) 

+ b (21) 

+ b (22) 

where the quantities with subscripts c and p refer,,respectively, to 

the cavities and porous materia·l, and those quantities without subscript 

refer to the duct. 



3. · Eigenval~e; Equation and_ Liner Admittance 

Th(:, solution of equation {7) that satisfies the··bound:a_ry condition 

(l~blis 
p = a_1 cos v:.y for symflletri c modes. (23)· .. 

. (24) 

Hence, from equation 15), we see that . 

v == - ia1K(Mk ·,. w)"' 1 stn i<:y , (25) 

The soli.Itions of equations (9) and {10) that satisfy the boundary · 

· ¢ondition (17) are 

' 
vc = ia2 sfn[w{y .... 1 ... b ,.. h)J 

. (26) 

(27) 

where a is another arbitrary constant. Finally, the general solution 
2• 

of equations (ll) and (14} is 

. pp =· a3 cos[KP (y + q,)] 

vp• -= a3 KP(o .. iwpet 1 sin[~p{Y + q,Jj 

where a and q, are ar'bttrary constants. 
. 3 . . 

Imposing the boundary conditions (21) and (22) at the cavity-

porous material interface, we obtain. 

(28) . 

(29) 

. . . . . . . ~t 

tan[v:.p(l + b + q,)] == .. (wpe + iq)KP tan(wh) (30) 

The specific acoustic admittance of the liner; B == vp/Pp at y == l, is 

obt9ined from equations (28) and {29) as 

f3 =.r<:p(cr - iwpe)""l. tan [Kp(l .+ cp}] ·. 

or, using equation (30) to eliminate the constant q,, 

. 9 



K.C2 J-.1 
B = .. r[tan wh + ·. Qui tali Kpb]. ·[·1 ... . ... boo e tan wh tan Kpb 

. · K C2 . P e 
(31) 

To apply this 1 Hier admittance to the slug flow in the duct, the . 

boundary conditions (18) .. (20) at the duct-porous material interface 

are imposed to obtain 
·.. . . ...1 

K tan K = • i(Mk • w) 2 w B (32) 

for the symmetric modes. The analysis of the antisymmetric modes yields 

K cot K ~ i(Mk ... w) 2 w·1e (33) 

Equations (32) a.rld (33), together with (24), are the characteristic 

equations for the eiQenvalue k of symmetric and antisymmetric modes 

propagating in a plane duct that carries a slug flow .• 
Equations (31) and (15) give the specific admittance of the liner 

as a function of the sound frequency w, the cavity depth h, and pro-

perties of the porous material", n, ce' b, s, and er. However, the 

specific ad~ittance of the liner act~al1y depends on only three dimen• 

sionless groups of the porous ... material properties: 

and 

R = crb 

w = c2/nb 
l -e 

In terms of th~se properties, equation {31) can be written as 

13 =. (r<:pb cot r<:pb) + (w/wJl cot wh 

R(l ... iw/w0 ) + (Kpb cot Kpb}i cot wh 
where 

{34a} 

(34b) 

(34c) . 

{35a) 

{35b) 
<J. . 
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ln l)revious studies of wave propagation iri ducts lined with a 

porous facing sheet that isbacked by cellular cavities, the specific 

admittark;e of the liner has been modelled by. the semJ;;.emptrical formula 

R(l - iw/w0 ) +· i cot wh 
(36) 

This formula assumes that the impedances of the faCi.ng sheet and of the 

··cavities are additive, that the resistance of the facing she.et, R, is 
' ' 

a constant, and that the reactance of. the facing sheet is a 1 inear func.;;. 

tioh .of the frequency w. This approximate formula can be obtained from 

the general formulas (35) as a restrictive special case. ·In the limit 

b + 0, with R, w0 .and w fixed, equations (35) reduce to equation (36). 
Hence, equation(36), which is widely used in the literature, can be 

interpreted as an approximation for thin porous fiicing sheets. Note,. 

however, that keeping w0 and R fixed while letting b + O implies that 
'-1 ., . . '. ,. ' •' -1 ' ' . ' •' .· ' . ' . ' . ' . ' 

(J = O(b ) and s/r>. = O{b ), which are unrealistic. Moreover, for small 

but finite values of b, neglecting the term w/w 1 == wr2b/c~ ·is valid 

only for small.values of w, and the resulting formula (36) can be expec-

ted to be inaccurate at moderate and large values of w. The numerical 
. - . . 

results of the next section include comparisons of the attenuation rates 

that are obtai.ned from the two formulas. 



.. 
4. Numerical Results. 

the solution to equations (32), (33} and (24) has been obtained by 
using a Newtonian iteration scheme to find the eigenvalue K cotresponding 

. ' . . 

to a vatiety of liner properties. The modes are identified at low fre-

quencies and thereafter the eigenvalue of a given mode is required to 
vary continuously with the frequency. 'fhe numerical results are of 
three types: (1) the results for no ·backing cavity are used to verify 

the analysis by colTlpatisoi'l with previOusly published results for locally-
teacting porous liners [8]; (2) the effects .of the depth of the cavity 

. ' ' . . ' . . 

backing arid the thickness of the porous material are demonstrated fot 

constant material properti:'es; (3) the attenuation.tates predicted from 

the approximate fotmula (36) are compared with those predicted from the · 

general formula (35a) in order to determine the importance of the de;. 
·. . ' . 

tailed modelling of the wave propagation in the porous material. 

·case of no backing cavity 

. In the absence of a backing cavity, the specific admittance pre-

dicted by equation (35a) becomes 

It should be noted that the approx1mate formula, equation (36), is 

applicable neither to this case nor to the case of half-wave-1 ength 
resonanc.e .of the cavities, wh+ 'IT, since it pr~dicts a rigid wall in 
both instances. 

. . 

Kurze and Ver [8) have examined both point- and bulk-reacting.porous 

12. 
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·.: .·.' 
:: ~ ' 

With a t·hid< liner _di- Fiberglas Supe~fi~e ~too for the ease of no mean 
. . _ .. ·. _:.:· 

_· rilaterta1S ,-1al1<l h~w~ cal ca lated th~ attenuations produced in a plan~ duet' -
_, ::·.· - ' . . . ._ . ··. . . 

·.·. ~~~;9;:~~~:::~;t: ~t:n~::l:;~~::: ~~:.!~· .~:1;;:·· ...•. 
-· ad~i~:tant:e. Fi:~~te l gives the atte.nuatiori rate, of the lowes_t symrn~tric -

-- -< · ' -11JO~hf t6·r ~a me<l.n ffow and, in additi~n, for cases df upstrearit and- down~ 
--•- s·tt-eanf pra~gat~on. ·-.Thi!• ~o-111ean~fi'c>w results ·~gr~e-qu~ntitativelY with•-

K~tz~· a.nd_ •vir' s• results for a point-reacting 1 in.er up to w = -7; above 
- . . ' . . 

- . -- 61_ = 7, the second modQ {rlot shown) becomes the leas·t attenuated, and 

· the data for the sec::ond mode agree with tne re.sul ts of Kur:ze and V'r ~ . . . ·- - '· 

1hu.-s, equation~ (35) reduce to the torrectform in the limit as h + o . 
...... 

. Figure 2 also shows that the attetluatior1 rate depends qut~e strongly _.·-

-- · -- · ~n _the mean· flow. ----The p·eak attenuatio~ frequencies shift to lower 

.-_ <- -vafoes for upst~eam ptopag.ation and to hig•her :values for downst.ream 
. . . . : . . . . . . . . 

----__ ·propagation-. ·in additicm. upstream propagat.ton increases the atten..: 
··.-,' ., 

.... · . 
' ·; ~· 

- uation rate in the firstpeak,- but decrea.ses it -in the second pea~{dow~-
-- stream propagation has· an .opposite effect.. f'igure. -~ shows similar re ... 

·- sults for the lowest anti .. symmetric mode.. Again, the results are very 
'1 . . ' - .. 

· - sensi-tive to changes it1 the mean-flow Mach number .. --· . . . . . . . . . . . . ' . . ' . . . . 

,.- ... -. The.band•Widthor the first peak in the attenuation can be varied· -. 

-- by. changing the ·now resistivity, ··as shown by Figure _4 in which the -
. ·. . ,, " . ·•.. ' . . . 

resistivity has been i~creased to a = 10 .. the cor:ivective effects of the - -.-

msan J.tow ""-:- a shift +n the tunirig frequency and. a d_ecrease in attenua- ·_- -- _, 

-- tion'-With increasing Mach number --- are clearl,YshQW:n• These:effects -
. . . . . . . . . '· . ' ·' . . . 

-have {reen disc:ussed-p~eviousl.Y [l6-,l7J for liners d~st~ibed by_eqJa:'tion(36). 
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. . 
For such liners·, t.he tuning frequency is taken to be a function of the 

cavity depth and mean-fl()w Mach number~ However, the results of Figures 

2 and 4 illustrate that the ma.terial properties tan have considerable 
. ·, '· 

infl'uence ir the porous layer is not ··thin. 

lnfluence .. of Dner. dJltle.nsJons 

In this s.ection·.; we examine the influence of variations tn the · 

cavity depth and thickness of the porous layer for ftxed material prop• 

erttes. The material properties are taken to.be o= 10, s.= l.4, J2= 0.95 

and ce = 10/ll (a valu.e slightly less than the free"'field, isentropic 

·value}, the mean-flow Mach number is 0.36, and the liners vary from 

thin to thick (.03.to .. 50 of the duct half ".'idth). 
. . 

The influence of cavity depth on the attenuation rates of the two 

lowest symmetric and ctntisymmetric modes are shown' in Figures 5 and 6, 

respectively, for a thin porous sheet, b = .02. Although the net 
.. 

resistance of the facing sheet is small (R_ = crb = 0.2}, the attenuation 

of the first two modes can be increased to substantial values by in-. 

creasing the cavity depth and thus bringing the .liner closer to quarter 

wave-length resonance. However, except at very low frequencies, the.· 

second and third modes are more critical for these flow conditions, and 

their response to increases in the cavity depth is less favorable. 

Initially, the attenuation increases with increasing cavity, depth; 

however, at higher frequencies it reaches a maximum and then decreases. 

with further increases in cavity depth. 

The results for the zero mode that are shown as broken lines in 

Figures .5 and 6 correspond to frequencies for which there is no down-
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. · st~eam .. propagati_ng--~tilution. That ts, ,as tha.frequency increases ·the 
. . . - . . 

tf!ro mode af1pi"oaches a standing wave and then begins 'to propagate up- -· 
·-_- s-treallt. --.•. thus th·h fl19:me exhibits ·a cuto.ff phen.6menon; at higher rre- . 

tt!Jenaies ~ th& mode lfia9Jii~gJn pl"opagiiti rig downs.tr·eam again {anXexatnple 
. . . - ' 

is shown iri f'ig~re H)). 
The ove·ral1. it11{attenuation leve1s, ;for the second and third modes . . 

can be improved_ by u~ing· a porous material of greater resistivity . , This 

· _. i$ illustrated f,n.r. tb~ ,symmetric case ,by· F-igure 7, Which' qJ~es t~e _ 
. . attenuation·.a$ _a. func:Uort of resls..ti.v:U.y:. ~ It car.r ba: .. seen that the 

attenyatio·n~Q:f tbe $econd mode is less frequen.cy dependent than is that 

of the z~ro mode over the entire range of resistivity •. · The ·abrupt ... :· .. 

.. --·· 

cro.ssover of thE! two modes at w = lO and a~ llO ocours as a consequence 

of the spedf.ic ad~Jttance being close to- a value that produces a mu1 .. ·._. 

tiple tnot of equ·ati~n·'(32); the occurance of. such roots has been dis- . 
\;' : - . - . 

· tl.t:$$f!d at some length by lestor [18) and by ZorUJllsk1 and Mason (19]. 

. FiQUr&-s 8 atid 9 sh~w th'e influence of the thickness Of the porous 

.· .. · 

facing she.e'f for a case of a very shallow cavity; h = 0~01. · The specific. · · 

admittance of ths liner dapends upon the ,three material parameters R, 
• • J - • 

w0 ; 001 , and two . of. the three, R and w .. · ~ are· affected by a change in the 
. . ·.. ._, .. . . 1 ·. : • .: 

facing-sheet thickness~ b. An increase in the va.-lue of b increases the 

attenuation of the .tw.o. lowest modes. but is. somewhat less· effective than· . . . . . . . . 

, . an increase in the cavity depth:. the attenuation tends to reach a 
. ·- . . . - . 

··. ma·ximum and the·n decreases With further increases ih the value of b . 

. However, for the second and third modes, the · i ncreas.e in· the thickness 

of the porous materiaf produces a significant imprqvernent in the attenua~ 

tio.n levels and h far in~re effective than' fs. an increase in the. eov1.ty. 
. . . . - ' . . ' . 

depth. . ' 
-·- -- ';"•. . .... · ·.- ···: ;:." ... -~·~-
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Fi'nally, the infl:uence of the facing-sheet thickness is shown for 

a case of moderately deep ·c~vities, h = 0.1~ in Figur~s 10 and 11. lt 

can be se~tt t'ha'f: increases in the thiCkness .of the port>u.s materia1 

· · above a value of b = 0.16 does not produce a.ny change in the overa 11 

at:tenuatfon level; however, the attenuation bf a spacific freciuency 

can b~changed significantly 'as a result. of .a shift ·ht the peaks of 
the attenuation c·urve. Note also that thia attenuation of the second 

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

. . . 

Previous inv~stigations of wave propagation in ducts that are lined 

wi.th porous-facing'.'"sheet cavity liners ha·ve relied on the semi .. empirical 

formula given by equaticm (36) to predict the .s.pecific admittance. As· 

noted earlier, the general formulation, e~u~tiqns· (35) 9 r~duce. tolhe 

a_pproxtmate form 1n the limit as b ->- a with R, Wt anq w0 fixed .. · In this 

··section,· we wish to exami.ne the validity of tile thin-.facing ... sheet 
. . .. 

approximation for use with liners of finite dimensions~ 
. . . . 

The attenuation rates predicted with the t!5e. of the .two formulas 

are compared in Fi.gufE!s 12 ... 14 as the porous ... facing ... sheet thitkness 
. progresses from thick.to. very thin. As is to .be expected, the attenl.ta- _· 

tio•n spectrum has. a complexity that the approximate· formula c~nnot pro .. 

. duce when the .facfog sheet ··is sufficiently thick that ··an internal 

resonance occurs within the frequency range of interest!{s,e Figure 12)';·-
. . . . . 

The. liner properties for this case are h = 0.1, b = 0,l6p er= 12.5,, 

. s = L4,, ce = 10/ll and o ·,;. 0.95 which cor;espondto R =· 2, w0 ~ 8,·48. · ·· 

. and w1 ~· 5. 24 for use i n the general f onnu la • The approximate formula · 
.. ·'· .. . .. ·-:. ·~·· . .,.. ..... , __ .,. .: · .. ,: .... :, ... ·,.· 
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is used with the same values of R and wo' and corresppnds' to. tbe _cas1Lof ___ _ 

w1 + oo. : . An· effective-~.cavit.Y: dep_th~~,equal'.. to h· + ·b/2 ·is· .used in the app:.. 

roximate formula. At w = 17 .45, the approximate formula predicts a 
11 hard .. wall 11 resonance1 and the calculations'were stopped at this re-

sonance frequency. Although the general trend of the attenuation of 

_the zero mode is predicted by the approximate formula, the overall 
attenuation level is substantially .underpredicted and small peaks in 'the 
attenuation are overlooked, For the second mode, the approximate formula 

is inadequate except near the cutoff frequency, 

For thinner facing sheets, a material of greater r.~sistivity,a, is 

assumed such that. the resistance of the f(lcing sheet remctins at the valu.e 

of R = 2; other ma'terial properties are assumed to be the same as those 

. indicated previously, and the comparison between the ex~ct and approx; ... 

mate formulas is carried out as described above. Figure 13 shows the 

results for a moderat~ly thin facing sheet, b = .03 (~ 3/16 inch in a 

duct of 1 foot width).< The attenuation curves are in general agreement 

over a reasonable frequency range, b.ut:the approximate formula under-

predicts the peak attenuation rate by roughly thirty percent. At higher 

frequencies the curves diverge due to the finite thickness of the facing 

sheet and the approach of the "hard-wall" resonance predicted by the 
. . 

approximate formula (at w = 27.3). 
The results for a very thin facing sheet, b = .005, are shown in 

Figure 14. The agreement ov.er the entire frequency range is very go.o~, 

with approximately six percent difference at the peak attenuation of 

the fundamental mode; however, the thickness of the facing sheet is 

unrealistically small. In practice, the porous-sheet thickness and 
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the backing-cavity depth are frequently of the same magnitude. ·rhe 

agreement. between the curves in Figures 12.-14 would be improved some-

what if smaller values of the porosity and larger values of the structure 

factor were used. Nevertheless, it appears that the general formulation 

of the specific admittance is required to accurately predict the atten-

uation spectrum for a liner of moderate thickness. 
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5. Summary 

fhe acoustic characteristics of a point-reacting duct liner that 

consists of a porous facing sheet backed by cellular cavities have been 

derived by examining the wave propagation within the liner, and the 

effect of the .liner on sound propagation in a duct has been calculated 

for the case of a plane duct that carries a uniform mean flow. 

For the case of no mean flow and no bac.ki ng cavity, the derived 

expression for the liner specific admittance leads to attenuation rates 

that agree quantitatively with those of Kur:ze and Ver. These results 

for no backing cavity have been extended to cases of both upstream and 

downstream propagation in a uniform mean flow. The attenuation rates 

that are produced by the layer of porous material are shown to be very 

sensitive to the mean-flow Mach number. 

The influence of the cavity depth and the thickness of the facing 

sheet on the attenuation rates of downstream•propagating modes have 

been examined for constant porous-material properties. For the cases 

considered, the attenuation of the two lowest modes can be raised to 

large levels by a proper choi>ce.of the-cavity depth:but the: response of 
the higher modes is less favorable. For shallow caviti.es, an increase 

in the thickness of the facing sheet is less effective in. raising the 

attenuation of the lower modes than is an increase in the cavity depth; 

however, for the higher modes, the porous-sheet thickness may be more 

effective than the cavity depth. For moderate cavity depth~, the over-

all attenuation level changes with increases in the facing,.;s.heet thick• 

ness up to a value somewhat larger than the cav.ity depth. Further 
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increases in the thickness of the porous material do not change the 

overal 1 -attenuation.level. but -do resu1 t in a_ shift· Hr the: peaks of the 

attenuation curve. 

The derived expression for the liner specific admittance has been 

shown to reduce, in the limit as the facing-sheet thickness vanishes, 
. . 

to a semi-empirical formula that has seen widespread use in the litera-

ture. Numerical comparisons of the attenuation rates predicted by the 

two formulas for cases of finite facing-sheet thickness indicate that 

the approximate formula is inadequate in many cases of practic;al interest, 

spectfically ·when the facing-sheet and cavity dimensions are of the 

same order. 
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ABSTRACT 

The acoustic ch~racteristics of a pofnt ... reacting duct liner that consists 

of a porous faci.t'lg sheet backed by cellular cavities are derived by exa .. 

mining the w~Ve propagation within the liner. The relation between the 

derived expression for the liner acoustic admittance and a semi-empirical 

fonnuJa that is widely used. in the li~erature is discussed. The influence 

of the liner on acoustic propagation in a duct ~s examined for the case 

of a plane duct that carries a uniform mean flow. · Numerical results for 

the attenuatior:r rates vs. frequency are presented. · These results. are of 

three types: {1~ comparisons with previously published results for no 

backing cavity and no mean flow are made, and these results a.re extended 

. to include the effects of the mean flow; (2) results of parametric varia• 

tions of the liner dimensions are presented to assess the\ relative in-

f1uence of the facing-sheet thickness and the cavity depth; (3) results 

from the derived expression for liner specific admittance and from the 

semi-empirical formula are compared in order to determine the significance 

of the wave propagation within the porous material and to determine the· 

·range of validity of the semi-empirical formula.·· 
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