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Abstract

A criticel exomination is presented of tha use
of aptimized axlally sopmented acoustic liners to
increase the attepuation of o liner. New calcula-
tions show that segmenting is most efficient at
hipgh frequencies with relatively long duct lengths
where the attenuvation fs low for both uniform and
segmentad linars, Statistical considerations indi-
cote little advantage in using optimized liners
with more than twe sepments while the bandwidth of
an optimized two-segment liner i{s shown to be neat-
ly equal to that of a uniform liner. Multjelement
liner caleulations show a large degradotion fn per-
formance due te changes in assumed input modal
structure, Finally, in order to substantiate pre-
vious and future analytical results, in-house (fi-
nite difference) and contractor (mode matching)
programs are usced to generate theoretical aktenua-
tions for a number of liner configurations for ‘
liners in o rectongular duct with ne mean £low.
Overall, the use of optimized multisestioned liners
{sometimes cnlled phased liners) falls to offer
sufficient advantage over a uniform liner to war-
rant their use cxcept in low [requency single mode
application.

Tutroduction

To eliminate the need for heavy, coxpensive,
amd othorwise undesirable splitter rings and also
to reduce the required lenpth of woll treatment
{cowl length), reeent research has been concerned
with Increosing the attenuation of wall treatment
in a fixed length oFf liner. For fixed source fre-
quency and modal content, one approach to increas-
Ing the attenuation of a given liner is to subdivide
the liner into several different segments that are
Jointly optimized to moaximize the nolse attenuation
over that of a uniform optimized linerx,

The NASA Lewis Research Center has conducted
both in-housel and centract studies?:3 concerning
the optimization of axially segmented ducts, Here-
in, o critical examination is pregeated of the uae
of optimized axially sepmented acoustic liners
(sometimes called phased liners) to increase the
attenuation of a liner. 1In performing this exami-
nation, first, in order to substantiate previous
and future analytical results, in-house (finite
difference) and contracter (mode matching) programs
are wsed to generate theoretical attenuations for a
qnumber of liner configurations in a rectangular
duct with ne mean flow. Next, new caleulations are
presented for the nolse attenvation of optimized
segmented ducts. ‘These calculations consider the
effects of sound frequency, duct length, number of
segments, uncertainty in wall impedance, ond varia-
tions in modal input of the sound, In addition,
the bandwidth of optimized scgmented liners is also
investigated. Befpore beginning the snalysis, a
brief review of the literature is now piven.

Wilkinson (ref. 4, p. 13) first attempted to
improve the attenuation of g2 uniform optimized duct

by breaking the liner into two scctions and opti-
mizing eoach section individually, His eptimization
routine pave impedonce values for the two seckions
which werc nearly identical to that of a uniform
liner (ref. &, table l); consequently, only a
G6=percent enhancement in nttenuation over the uni-
form liner was obtained, Lonsing and Zorumski,?
however, showed that o multisectioned (three soe-
tion} liner could give a 60-percent inerecase in at-
tenuation for a limer confipuration whieh was not
actunlly optimized. The details of the cheory pre-
sented in reference 5 ore presented by Zorumski In
reference 6,

Baumeisterl and Quinn7 using a finfte differ-
ence approach both showed thot optimized two and
three segment liners would greatly inecrecase the at-
tenuation over a uniform liner of the same length.
In rveferenca 6, Zorumski speeulatad that a reflec-
tion process was responsible fer the behavior of
muleisectioned ducts. In contrast to Zorumski's
hypothesis, Boumeisterl showed by detalled pressure
plots that the mechanism of added transmission loss

- for an initially plonc woave in a mulciscctioned

duct scems to be a conditioning of the sound in the
first section which makes it susceptible to absorp-
tion in the following seccktions. The first scetion
conditfons the acoustic modes such that the acous-
tic power is brought cleose vo the walls (ref. 1,
fig. 12). This modal redistribution (or modal
scattering) mechanism was loter verificd by Sawdy,
et al, (ref, 2, p., 10).

The first parametric study of the effcet of
frequency on segmented liner sttenuotion was at-
tempted by Quinn (ref, 7, fig, 1). Unfortunatcly,
an error in computer programming gove larger atten-
uation at the lower frequencies that can be cx-
pact: as shown by Motsinger, ct al, (ref., 3,
fig. +5). Quinn (vef. 7, fig. 2) also indicated
thot the bondwidth of a wultiscctioned liner is
considerably greater than that of a uniform liner
for fixed impedance. Since impedance is a strong
function of frequency, the inltial work of Quirn
will be extended herein to include the effects of
sound frequency on liner impedance in a bandwidth
study. '

In reference ? and the additional papers dé-
rived from this work,®:7,10 Sawdy, et al, analyzed
and measured the propertics of optimal mwltisec-
tioned ducts using un interfaecc mode matehing
method, They show :d that a three-segment liner
can be designed to he less sensitive to modal input.
They, simulbancous’y with reference 3, presented
experimental tests 9f the optimized multiclement
eéoneept in rectanguiar ducts. In references 2
and 10, the data (v -nterline pressurc measurcments)
are shown to verify the modal conditioning mecha-
nism (ref, 10, £iz. 21); they also show that seg-
mented linings can be used to provide more attenua-
tion than optimum ciagle element configuration.

In reference I and its additional conference
papcrs,llslz Motsirzer, et al, using a mode match-
ing technique show,d in both their analytical and



experimental programa that changes In source modal
conkent affect the performance of a two-sogmoent
suppresgsor. Also, thelr error analysis showed
larg) sensitivity in predicted attenuntien to small
wall impedance variations from the optimum,

Motsinger, et al, (ref. 3, fig, 75) showed
thot the increase in attenuation of a two-clement
liner over o uniform linor occurs in g nonfined dl-
mentionless frequency range of y Lrom 1 to 5 with
a peak in attenuation near 1 = L,5, These and
other symbols are defined in the list of symbols.
Lester and Pogey showed similar vesults (rofs, 13
and 14, Eig, 9).

Kochl3 showed that the Wiener-Hopf techinique
ean alse be opplied te gegmented liners, He inves-
tigated the effect of various liner propertics such
as backing depth, resi{stance, cte, on the attenua-
tion of segmented liners; however, he did not opkl-
mize the liners for maximum performance. Unruh
has performed aptimal ecaleulations for the speclal
cast of hard-goft-hard ducts. le found a lining
length tuning effoct which allows for o more cffi-
clent lining design than can be predicted by Infin-
ite duct theery, Wyerman and Reethofl? have inves-
tigated the problem of bigher order acoustic modes
in pultisectioned du¢ts. The results of their
atudy suggest that hetter liner performance might
ba obtained by using segmented duct configurations
made up by a combination of several different liner
materials,

List of Symbols

cg specd of sound

A dB sound attenuation

F funetion

£ frequency

w* channel height

Y )

¥ length of duct

M Mach number )

m transverse mode number

p dimensionless Fourier coefficlent of pres-
sure p(x,y), p*/p,

P amplitude of pressure £luctustion or pgcgz

% dimensionless axial coordinste, x%/I%*

x* axlal cooprdinate

y dimensionless transverse coordinate, y*/H®

y¥ trangverse coordinate

& fractionnl impedance variation

L speciflc acoustic impedance

1 dimensionless frequency E£MI%/o¥, or
it/ 2 N

Napg  TH*/T#

& specific acoustie resigtance

ph -density .

X speciflc acoustic reactance

we circular frequency

Subucripén;

I intevfnco

[ sepmented (oee figs. 6, 9, and 13)
u uniform (see figs, 6, 9, and 13)
Supcrseript:

¥ dimensional quontity

Maothod of Anslysis

The calculations of the propagation of sound
in a liner will be performed herein by a numerical
finite differenco technique., Figurc 1(z) shows a
typieal finite-difference grid network used in ref-
erence 18 to study the propagation of sound in o
two-dimenslonol duet in the pbeence of £flow, As-
suming that the pressure is a simple harmonic fune-
tion of time (et} and that no sources oxist in
the medium, the linearized gas-dynamic equaticns
(ref. 19, p. 5) of continuity, mom¢ntum, and energy
reduce to the dimensionless Helnholtz equation.

2 2
5_E+§...P.+ 20} p =0 1)
6x2 532 (@ ¢

whicn governs the propogution of sound in the duct.

To solve equation (1) using finlte difference
techniques, the derivatives in equation (1) are ex-
presged in terms of pressure at each grid peint,
For the boundary conditions, sn entrance pressure
profile, an exit impedance, and a speclfic acouslic
wall impedance { are raquired, The specific
ocoustic wall impedance ! 45 composed of a vesis-
tive parc, &, ond a reactive component ¥, such
that

L =6+ iX (2)

Between two liner sepgments, the grid points can
atraddle the interface, os Lln figure 1{a) or ride
on it as in figure l(b)., ‘n the latter case, fig-
ure 1(b), the impedance associated with the inter-
face grid poin% can be shown to be

by ® T (3)

—— -
t1 &2
using the procedure of reference 18, appendix D.

The collection of the various difference equa-
tions at each grid point in the duct and along the
boundary form & set of simultaneous ecquations which
are golved to determine the pressure at each grid
point, From these pressures, the acoustic particle
velocities, sound intensity, and noilse sttenuation
can be found. The complete detsils of the Eirite
difference technique can be found in reference 18,

Confipguration Caleculations

The attenuation of a few sample two-element
liner configurations are now calculated using the
finite difference techniques just described and
then compared with NASA's contracter calculations
using the mode matching techniques of refercnces
2 and 3. The calculations will be compared and
tabulated for possible use in checking the validity:



of existing and future mulbfclement analytical rou-
tines. The sample coleulstions apply to ap inl-
tlally planc wave {nput for o straight vectanpular
duet Infinite in lengih without mean Llow.

Figure & compares the gound power attenuation
for the mode matching amd findite difference calcu-
tations fer vy equal Lo 0,25 and  LF/% ot 3,75,
The tmpedaneca abawn ab the top ol figure 2 repre~
gent optimum impedoncen (associated with wmaximum
gound attenuation) for this sypunetrie confipuva-
tion, As scen in flpure 2, the local sound power
attenvabtion values are in close agreewent, Mow-
pver, both the mode matebing and findite differenve
rechuiques show a spike at the % equoals 2.4 in-
terface, ‘The apike results from the mathematieal
slogulority which exiats at the optimum, The total
attenuation for the liner is approximately 34 Ju,

The off-optimum behavior of the theories was
also oexapined by slightly changing the reactance of
Py o flgure 2 from 0,15 1 te 0,1 1. In this cage
(not shown), both theories ove in still botter
agreement with o total attenuacion of obout 21 dB,
Ao, the aplke ne Jonger oppears at the x  equals
2.4 interface for either Intevface conditlon shown
in figure 1.

Figure 3 represents another comparison between
the mode matehing ond finlce difference methods for
o four-segment duck containing three soft wall sep-
ments, In this ense, the SPL pressure levels and
phase of both techniques show good agreement,

It should be noted that the optimal liner re-
siavonce of the [ivst scction of o three-segwent
Lingr (fig. 3} 18 much lorger than thab of a two-
gegment liner (fiz. 2). Referemca 2 (p. 20) found
this to be the general vase althaugh one exception
wvas notad, As will be ghown la, v in this paper,
the resistance of the [lrst liner segment will ba
a strong function of llner length,

So [far, the ngrecment between wode matehing
and fingite differcnce theory 1s excellont whdch
leads ko u degree of confidence In the necuvncy of
the prodicted vesults, However, based on some sam-
prle problems ol vefovense 2, some dlscrepancies
still cxist between the various theorics. Table 1
again ghows good agreement botween the various pro-
grows for aff-optimum results {table T{a)); how-
aver, nenr the optimum (table T¢b)) the various
theories yield signiffcontly different results for
n = L.6, although the v = 0,25 results are in good
pgrecment as also shown in Ligure 2. Only one
propagating acoustlc mode exists in the lokrer
cnse., Becnuse the atbenuation pssocfated with the
optinum polnt Ls often very peaked, porbops tha
more preeise sunbytical mode matebing technique
may resolve the peak, In this caso the finice dLf-
ference theory ylelds conservative results., At tha
present time, however, no exact cxplanation exists
to sacount for these differences. TFurther work is
roequired.

We have Just disedssed in rolation to Efgure 2
how a single 0,05 {mpedance perturbation can sig-
nificontly chonge the attenuation ot the optimum,
From o proctleal paint of view, it may boe neeossary
to design o mulelelement Liner bosed on impedance
velues slightly perturbed from the optimum fmped-
agee.  This covld eliminate the problem just de-
seietbed, The clfect of uneertalnty in liver imped-

ance will be discupsed fn more detadl loter In this
feport,

Plone Wove Parametric Studics

Thin section will be concerned with detegmin~
tng how the optlwum abtenvation and jwpedance are
roloted to gound frequency, duct lenghhs, and number
of llner segwents, TFiest, the Llper in pubdivided
futo savoral different but Eixed leppth liner poge
menks, HNext, to obtaln higher attenuations thon
ave possible with a vniform liner, the ilner seg-
ments ave optimlzed Jointly to maximize the noise
attenuation, In the optimization progess, the
stovting polnt was the optimized unlform iwpedance,
the first Liner scgment then was optimized while
bolding the remaining sepments at the uniform valuc.
Next, holding the first sogment ot its new value,
the ftevation process was contlnued on the remonin-
ing segments, The process wns repented Lor she
whole liner until the change in duct atteripilon
wos leas thon 5 poveent, This optimum dows pot
necesgarvlly represent the true optinum, sinca Jhe
optimum is sensitive to the assumed storting im-
pedonce,

In oll the examples co follow, the input pros-
sure source will be o plone wave and as in refer~
ence 18, the exit impodance of the duet will be os-
sumed to be p¥ek.

Effect of Frequoncy %

Flgure 4 shows the opbimum attenuaclon ns a
function of 1y foy o two-seguent liner which hos
a geomettle confipuration identieal te that con-
sidered by Motsinger (rvef, 3, £ig. 75) except in
this casce the Mach number i zerve Instead ol the
0.3 volue of raferenea 3, 'Lhe wesults here are
similar to those reported by Motainger, et al,3
Using these limited oxawples, one is lead to con-
clude that sepmented treatment is wmest effective
ot low v valwes. NHowever, exactly tho uppnaitu
is the cose, as will now be dlacussed,

Effoctlve Frequeney, faer

Baumelater {rel. 20, p, 22) tronsformed the
wave equatlon Loto a form which did not.explicitly
depend on frequeney. From consideration of the
systenm paramcters, he suggested correlating the
duct attenuntion as a [unction of an effective fro-
quency

agg = TP/L¥ *)

As shown in figure 5, the opbtimum attennation [or
various froquencled and duck 1enth can be corre-
lated in torms of Vabp®

In Eigure 6, the vntio of optimum attenuntion
duct & dB, to an optiwized uniform duet A dp,
is plotted ogain s a function of vy, For vari-
the attcnuutinn in~

ous W« As seon in figure G,
ereases with wy with the pcuk occurring with
WW¥{LF  about L, Tt should be neted, however,

that for the high values of v where the greatest
benefit of segmented traatment over uniform linevs
occurs, both liave quite low attenustions, 28 scen
in Eiguave 3.



Figures 7 ond B show the optimum fmpedance for
1= 1. As in reforence 2, the optimum specifie
aeountic reslstance 8 was constralned to be at
least 0.04, For large values of I%/il%, as shown
in figureo 7 and 8, the resistonce and reactonee of
the two scgments approach the uniform value.

Three Sepment Lineys

The attenuation of a liner con be enhanced by
further subdivisiona. As scen in Elgure 9, in-~
ereasing the number of optimized asegments from two
to three yields an 80 percent increase in aktenua»
tion of the threec-segment liner over the two-
gepment liner, The reslstance and reactance asso-
clated with the three-segment liner L5 shown in
Eigures 10 ond 11. As geen in figure 10, as with
the two-segment liners, the Inltlal resistance is
low for small valuos of L¥/UW% ond increoses fov
inercasing L¥/H*, From practicnl consideratlons,
however, a throe-segment liner may not give sig-
niflcantly more attennation than o two-segment
liner, as will be sliown next.

Uncertainty Considerations

The actual Impedance of a liner will daviate
from the optimum value becouse of fabrication tol-
¢rances as well as [rom the uncertainty Iin the im-
pedanee corrclations., To estimaete the uncertalnty
in the attenuation of a liner, the A& dB ip as-
sumed to be a function of the impedance values.
That ia

AdB = P8y, Xa 05y Xgs + - 4y B Xg) (5D
Since the optimum representa a discontinuity in at-
tepuation, the standard fornula for calculating the
uncertainty of o function of gaveral variables
(ref, 21, p. 22) cannot be used.

To give o meagure of the effect of uncertalnty
in attenuation due to liner impedance varlations,
it was assumed that all the impedance values
changed a given asmount simultaneously. This gives
a “maximum possible! attenuation loss for the ns-
sumed variacion in impedance.

Tat the parameter & represent the fractional

change in impedonce due to uncertainty. PFurther-
more, lek
0= fope + 6 _ Sgpt S 1
= Bope + Soptfopt Oopt 2 1 (6)
X = Xopg + 6 [Xopte] <1
= %ope + 6[%opt]  {Xgpel 21 ')

A range of volues of & from 0.05 to 0.5 will be
considered in the analysis. From the graphical
results, estimates of the sttenuation change due
to 6 can be conveniently made.

Figure 12 shows the expected decrcase in the
gound power attenuntion of a uniform liner, Simi-
lor rvesults occur for o two-segment liner for the
same geometry and frequency; however, the loss of
attenuation for 2 given 6 Ls grooter for the two-
gegment linex than thie uniform liner,

4

Figure 13 sunmarlzes the results for both the
two and three scction liners in which the rotio of
the attenuation of the multincctloned to uniform
lner Ls shown, The same percontoge Impedance
errors are included in ecach type of liner. As seen
in figure 13, 41f & 4is on the order of 0.3, which
is a practical value, then the threo-segment liner
offors little ndvantage over the two~scgment liner.
Also observe that in the vieinivy of nli*/L¥ = 0,6,
the uniform liner has greoter sound absorbing capa-
bility than the multisectioned liners.

Bandwidth

tn this section, the bandwidth of the two-
segment liner will be oypluated neay the poinc of
maximum enhanced actenuntion (yi%/L* = 1), The
values of optimum impedance for 1 = 1 can be
found in figures 7 and 8, Once the required valug
of acovstic liner impedance is spacified, the
mathematical model relating impedanee to the geo~
metric povameters can be used to calculote the
liner open area ratlo and bucking depth. The basic
equations of the Lmpedance model which are semi-
empirical were reported by Groeneweg in refer-
ence 22, and will not be repeated here,

Minner and Rice (ref. 23, p. 24) have refor-
nulated these équotions into a form which allows &
simple direct calculation for the open area ratio
and -backing depth, Onee the open area and backing
depth are known, the resigtance and reactance can
be ecaleuloted directly from the formulas in vefer-
ence 22,

Figure 14 shows the bandwidth curves for unl-
form ond two-segment liners optimized at ne=l.
The two-segment liner curve, shown in figure 14,
shows some Increased attenuation at the higher
froquencies with a very modest inereasc In band-
width,

Two additional bandwidth calculations were
performed and will now be disecussed without the
use of figures. Tor a liner optimfzed at 5 =
0.25, subdividing the liner into two sections gnVc
almost identical bandwfdth compared to the uniform
liner, For a liner optimized at 1y = 5, the uni-
form and two-sogment liner bandwidth curves are
similor in form to thosa showm in flgure 14, except
the hump to the right of the peak does not appear.

At the present time, the bandwidth character-
istics of optimized two-element liners do rot ap-
pear to show dny significant improvement _ver uni-
form liners. These examples, however, do not rap-
resent a large range of system povameters.

Sensigivity to Input Modal Struckure

In a hard wall rectangular duct, the nondimen-
sional acoustic pressure can be expressed as
(ref, 24, appendix B)

DY

1oV po 2 2 : g
p = E An cos nry ¢ Y (2n)7en" x (8) -

n=l



where the transverse mode (cos nry) wlll propegate
unattenuated Lf

n< 2T‘ (10)

The previous parametric studies were for plone
wave Input, However, abt higher fpput frequencies
yy as seen In equation (10), the input could be
other than a plane wave because the number of
propagation nodes becomes large with {ncrepsed -,
Therefore, some sample calculations were performed
to teat the affect of souree modol structure on a
uniform and two-segment planc wave optimized linex.

The modal structure investlgated considered
0ll propagating cven modes with constant smplitude
ond equal phase at 1 equals 5. The chofce of
only even modes was made for best resolution in the
finite difference analyals since only one~half of
the duet needed to be considered, This modal
structure was used as the pressure source fn both
uniform and two-segment lincrs that had been de-
signed for planc wave input.

As oeen in fipgure 15, changing Lrom a plane
wove ipput te a multimodal input Lp the uniform
single element duct shows a large {mprovement in
attaauation at low L*/HY. At high L¥/H%, che
attenuatlon Ls nearly the same as for the plane
pressure wave. Therefore, a single sogment liner
design based on a plane wave input does not cxpo~
rience any degradotion in performance over the on-
tire L%/U% ronge. The single clement optimal
liner dosign for this multimode source will, of
course, increasc the attenuation above that shown
in figure 15.

On the other hond, the plane wave optimized
two~segment liner experiences & large degradation
in performance at L¥/H* equals G(qW%*/L* = 0,83),
Recall from figure 6, the maximum enhancement of
the multiclement liner wos at this point. Also for
the nonplane wave the unlform liner hos higher
performance than the two-segment liner, Clearly,
nulticlement liners appear to be much more sensi-
tive to medal input. This was also shown indirect-
ly in reference 2 (p. 22, table 4} in whicli the
optimum impedance for a multielement Liner was
found to be a stronpg function of the modal content
of the source,

In addition, both the single element and the
two-segment linews were reoptimized for this new
multimodal souvee, In this case, the two-clement
liner attenuation exceeded that of the single ele-
ment liner as expected. lHowever, the ratio of at-
tenuation of the two-element to the single-element
liner at the peak attenuation was 1,73. This is a
large decrease from the 2.6 value shown in Eigure §
for the planc wave sourea.

The multimode source cliosen here has its pealk
pressure at the wnlls. The decrease in maximum
enhanced attenuation from 2.6 to 1.73 might indi-
cate that 1f the noise energy is already concen-
trated near the walls, the advantape of the opti-
mized two-element liner will not be -os great. Re-
call that the function of the first clement in the
two~segment liner was to concentrate the acoustic
energy near the woll.

In a practical liner used for falrly high
frequency, the modal input is seldom known and
changea s the source conditions change, for ex-

ample, as the epgine speed chionges. It is thus
questionable whether o multiscctioned liner which
15 very sensitlve to modal Input would provide much
advantage in o real suppressor onvironment. How-
ever, for very low frequencios and small duct di-
mensivns where a plone wave L8 the only allowsble
mode, the multisectioned liner may provide greatly
increasced attenuation,

Conclusiong

e g

Axially segmented liners are shown to theorat-
feally inercaso the attenuation over o uniform
liner of the same length for WYL wvalues vang-
ing between 0.4 to 5 for a plane wave cxcltation
with a maximum attenuation enbancement occurring
with tl*/1% abeut equal to 1. The segmenting is
most efficlent at high [requencles with relatlvely
long duct lengths. However, for the high vaolues
of 5 where the preatest benefit of segmented
treatment over unlform linervs occurs, both have
quite low attenuations. Statistical considerations
indicate little advantage Ln using optimlzed liners
with more than two segments. Bandwidth studics of
optimized two-segment liners olso show little ad-
vantoge over a uniform optimized liner, Finally,
mulcialement liners show a large degradotion in
performance due to changes in the assumed input
modal structure, Overall, the use of optimized
axtally segmented liners (sometimes called phased
liners) faile to offer suffilelient advantage over a
unlform liner te warront their use except in low
frequency single mode application,
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TABLE I, - COMPUTER PROGRAM PREDICTION RESULTS

(a) Far from optimum

Liner Frequency, Impedance, Length Attenuation, dB
gegments 1 ; ju—
Boelng GE Lewis

2 1.6 1.0 - 1.4 1 |0.526 | -15.5 |-15.3 |-16.1
1.58 - 1,34 1 |2.474
3 1.6 0.35 - 0.85 L | 0.5 9,97 | -9.8 |-10.42
0.87 - 1,77 1 | 2.0
0.35 - 0.85 L | 0.5
4 0.25 = 2,025 | -21.4 | -e=-v 20,62
0.05-0.14 |0.375
o 0.975
0.265 + 0,02 1 | 0.375
oy (b) Near optimum
N
v 2 1.6 0.048 - 1.7 L | 0.861 | -40.8 | -39.7 | -30.25
, 146 - 0.86 4 |2.159
e 3 1.6 0.917 - 0.981 1] 0,470 | -50,4 | -42.5 | -32.2
1,579 - 2.205 4| 1.95%
0.601 - 0.497 1| 0.571
4 0.25 2.025 | -34.1 | -36,56 | -34.71
0,05 - 0.15 & | 0,375

-]
© 0,975
+

0,265 + 0.02 4 | 0.375
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Figure 7. - Optimum resistance for uniform and
two-section finers (L = Lp) for 9= 1.0, M =0,
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Figure 15, - Sensitivity of optimum design to change
in input modal structureat m =5, and M =0,
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