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SUMIARY

In this report the work carvied out to investigate the noise re-
duction characteristics of general aviation type, flat, double-wall
structures, at the University of Kansas Flight Research Laboratory,
is presented. The test specimens are typical of the double-wall struc-
tures that are currently being used in general aviatien aircraft. The
object of this investigacion is to generate a data base of such panels.
A secondary objective is to develop a simple theory that will reasonably
predict the nroise reduction characteristics of such panels without ex-
cessive comouter memory and time,

The experimental study was carried out on 20-by-20-inch panels
with an exposed area of 18 by 18 inches. The taests were performed at
norral incidence and at room temperature and pressure. A frequency
range from 20 to 5C0C Hz was covered. The nolse source was a slowly
swept sine wave ganerator.

The e:xperimental results, in general, follow the expected trends.
At low frecquencies the deuble-wall structures are no better than the
single~wall structures. However, for depths normally used in the
general aviation industry, the double-wall structure becomes effective
from 3CQ Hz. At high frequencies, double-wall panels are very attrac-
tive. The graphite-epoxy skin panels have higher noise reduction at
very low frequencies (9100 Hz) than the Kevlar skin panels. But the
aluminum panels have higher noise reduction im the high-frequency
region, due to their greater mass. Use of fiberglass insulation is
not effective in the low~fiequency region, and at times it 1s even

negative. But the insulation 1s effective in the high-frequency region.
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It damps out the pznel-air-panal recsonances as well as increases
noise reduction due to wvisccus affects.

The interior trim panel used in the industry can be advantageously
used as a noise control treatment element in double~wall structures.
However, the tests iudicate that most trim -anels do not behave like
limp panels. Certain base material and treatment combinations for
the trim panels perforwm much better than others, even in spite of
thelr weight penalties; and further study may be required to determine
exactly thelr noise attenuation charzcteristi:s. In the meantime,
use of reasured single-pacel slope for the trim panels as an additional
parameter provides a reasonable approximation for theoretical predic-
tions.

Within its limitations, the tcheoretical model predicts the trans-

mission loss of these wultilayered panels rcasonably well,
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CHAPTLR 1

INTRODUCTION

This report is a centinucticn of the documentation of the rasearch
accomplished under the continuing NASA Cooperative Agreement NCCI-6.
The progress of the resszarch aeccomplished during the perioa May 1,
1987, rhrough Cctasber 31, 1982, of the curreat projeet year (May 1,
1982, through April 30, 1983) was in:luled in the previous report,
KU-FRL-417- 19 (Referenc2 1).

The present reporv covers the periocd from November 1932 through
April 1983, Aslexplalned in Reference 1, during the period June 1982
through September 1982 the progress con the experimental investigation
was delayad due to che thaft of the Apple computaer used in the data
acquisition system. An df ccmputer was bought in its place and was
interfaced with the real-time analyzer. The calibration cf the facility
with this ccoputer and devalopment of the required software took approx-
{mateliy two more months. The present dita acquisition and analysis pro-
cedures are described in Appendix A.

In the present reporting perxod the noise reduction characteristics
of double-wall panels were investigated. The double-wall panels are
made up ¢f two panels Jone representative of the skin and the other of
the triaq) scparated extrher b an airgap or by a fiberglass thermal
insulation material. In industry thixs configuration is widely used.

The skin panel normally s designed for the structural integrity of the
airplane. The interior trim panel is used for decorative purposes.

Typicallv, inexpersive, light-weight materials are ased in comrarcially



oriented, general cviizion alrplanes; but more luxurious naterials such
as carpet, leather, ~tc., are used in business and execcutive type air-
craft. In pressurized aircraft and in aircraft flying at high alti-
tudes, fiberglass insulatien 1s used to provide thermal insulation.
The cbjective of the precent investigation is to study the sound atten-
uatlion characteristics of such panels and to use them as a part of the
treztment tou reduce externzlly generated noise. In this investigation
beth aluninum and fiber-reinforced materials were used as the skin
materials. The trim panels wnvestigated are the ones uscd in the
industry. Beech Aircraft Cerporation and Cessna Aircraft Company
(Wallace Division) provided the test specimens. The panel decails and
the configurations tested are described in Chapter 2. The results of
the expevimental investipgation are presented in Chapter 3.

The computer program described in References 1 and 2 was used
to calculate thz nofse reduction characteristics of the double-wall
panel configurations. In Chapter 4 the thecsretical values calculated
using this prcgram ave compared with the experimental results obtained.

The ccnclusions and recowsendations conclude thas report.

13
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CHAPTER 2

DESCRIPTION OF TEST FACTLITY AND TEST PANELS

2.1 DESCRIPTICH OF TRE ACOUSTIC TEST FACILITY

The KU-FRL zcoustic test facility was used in this investigation.
A detailed description of this test facility and 1ts characteristics is
glven in References 3 and 4. Salient features are excerpted from these
reports and presented in Appendix A. In the same appendix the limita-
tions of the facility are also described. All the panels tested were
20 inches by 20 inches with 18-ingch -by~13-inch exposed area. The tests
were conducted under normal incidence at rocm temperature. The only
modifications to the test facility were the three adapter tubes added
to accomrodate the three panel depths tested. A diagram of the facil-
1ty with cthe adapters 1s shown in Figure 2.1, The ocutput from the test
facility is in the form of noise reduction curves plotted as a function
of frequency. The noise reduction across a structure is defined as

MR = 10 Log|p /p |? (2.1)
where NR = Noise reduction {(dB)
p_ = Measured pressure on the socurce side (Pa)

P. = Pressure on the receaver side (Pa).

2.2 DESCRIPTION OF TEE TEST PANELS

The double-wall test specimens were made of skin, airgap or fiber-

lass 1insulation, ond a trim panel. Figure 2.2 shows a typical double-

wzll configuration tasted, Three types of skin panels were used in the
investigation. The tirst type was .032" aluminum parel. This panel

3
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wa3 stiffened with o siagle extvuded "I secticn stiffener, riveted
down the center., This stiffener divided the panel into two equal-area
bays (see Figure 2,2a). Three test panels of this type were used.
These three panels vary only in the depth cf the edge members riveted
to the edge of the skin panel. This variance allows for the depths of
one, two, and three inches used in this investigation., The second type
of skin panel was made of .029" thick zraphite-epoxy. Each of the three
layers of the panel was made of a woven cloth material with the two main
directions of the fibers perpendiculzr to each other. The ply orienta-
tion for the three layers is 45°-0°-45°. Only one panel of this type
was used in the present investigation. This particular panel had two
"hat" stiffeners (see Figure 2.2¢). The mechanical properties of tnis
panel 1re given in Reference 5, The third type of skin panel used was
made of ,029" thick Keviar* wmaterial. Once agzin It had three layers
of equal thickness with ply orientation 45°~0°-45°, Two panels of this
type were used: one with one "hat" stiffener, and the other with two
"hat" stiffeners. Refer to Table 2.1 for further information. The ef-
fects of the material and stiffeners were studied using these panels.

The insulation materzal used was loose fiberglass mafterial with
density .07 1b/cubic inch. This material came enclosed in very thin
vinyl bags and thicknesses of 3, 2, and 1 inch.

The trim panels tested were the ctypical traim panels being used
or being proposed to be uscd in the general aviation aircraft. The
trim panels were constructed of lightweight base materials such as

closed-cell polyvinyl chloride f{oam, aluminum, and fiberglass. The

#Made by DuPont Corporat:ion
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Table 2.1: Skin Panels Tested at the KU-FRL
Acoustic Test Facility

Nunber of

Panel Material Depth Stiffeners Thickness Weight*

{1n) (1n) (1lo)

Group 1
353 2024-T3 Aluminum 3 1 0.032 1.53
357 2024-73 Alumznum 2 1 0.032 1.53
358 2024-T3 Aluminum 1 1 0.032 1.53
' Group 2*%

339 Kevlar 3 1 0.029 0.70
340 Kevlar 3 2 0.029 0.85
335 Graphite-Epoxy 3 2 0.029 0.90

#Skin and stiffener wexght only

*+A1]. composite panels have three layers of the same thickness.

Ply orientation is 43°-0°-45°.



foanm panels were usuclly ceated with a protective sheathing to give
the foam damage tolerance. Over the base naterial some type of deco-
rative materizl (called trum panel creatwent hereafter) such as simu-
lated leather, uphelstery fabric, carpet, etc., is usually applied.
The trim panels tested have been divided into three groups, depending
on their base material. Group 1 trim panels have a Klegecell base,
while Group 2 have a Rohacell base. The panels in thesa groups vary
in the thickness of thexzr base material and in their trim panel treat-
ment. Group 3 panels have miscellaneous base materials such as com-
pressed fiberglass, 457 open-pore aluminum, and Lexan. These panels
and their relevant characteristics are described in Table 2.2.

The skin panel and the trim panel were attached by means of the
channel section rcembers (see Figure 2.2). Th2 channel section was
riveted along the edges to the aluminum skin. In the case of composite
skin panels, they were epoxied. Two types of attachment of the trim
panel to this channel section were investigated. In the firs" case,
the trin panel was screwed to the flange by means of eight screws.
Most of the tests were carried out in this configuration. The effect
of "floating" the trim panel was investigatea by using a pressure-
sensitive, double-cided adhesive tape. The flange of the channel
section was 1" all around; hence, 1t was no% exposed to the direct

sound pressure field.

10
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Table 2.2: Trim Panels Tested at the KU-FRL
Acoustic Test Facility

Trim Panel

Panel Material and Treatment Area Densitcvy
(1b/ft-
Group 1
317 0.125" Klege-Cell type 75 with 1 layer of 0.128
type & fiberglass both sides
315 0.25" Llege-Call type 75 with 1 layer of 0.168
type A fiberglass botn sides
218 Same as (317) but with 0.020" Royalite 0.258
covering
Group 2
341 0.125" Rohacell grade 51 with 1 laver of 120 0.134
phenolxc pre-preg skin both sides
323 0.25" Rohacell grade 51 with 1 layer cf 120 0.180
phenolic pre~-preg skin both sides
347 Saze as (323) but with 2 layers of 120 0.301
phenolic pre-preg skin both sides
342 Same as (341) but with 0.020" Rovalite 0.279
covering
343 Same asg (341) but with 0.5" carpet 0.674
344 Same as (341) but with 0.25" neoprene 0.432
+ leather covering
325 Same as (323) but with 0.125" neoprene 0.428
+ wool coveraing
Group 3
312 457 open 0.025" Alumainvm with 0.353" foam 0.472
+ leather covering
314 0.090" Lexan 0.596
352 0.187" compressed fiberglasc with 0.2" carpet 0.450

11



CHATTER 3

EXPERIMEHNTAL INVESTIGATION

3.1 INTROBUCTIOH

The noilse reduction tests of rhe double-wall structures were con-
ducted at the KU~FRL acoustic test {acility. Vavious trim and skin
panel combinaticﬁs were investigated. For each sk’n and trim panel
configuration, the effect of the fiberglass insulation was also tested.
The noise reduction curve as a function of frequency was obtained by
slowly sweeping the trequency, measuring the source and the receiver
nicrophone levels, and subtracting the receiver microphone level from
the source nicrcphone level at each frequency. This was done in two
stages: first from 20 Hz to 500 Hz, and then from 500 Hz to 5000 H=.

In the first case the analysis bandwidth was 2 Hz, and in the second
case it was 10 Hz. This was done to get narrow bandwidth at low fre-
quencies as well as to cover a broader frequency range. This also per-
mitted change of gains between these two frequency ranges. All tests
were performed at normal angle of incidence and at room temperature

and pressure. There was no praessure differential between the source
and the receiver side.

Most of the tests were done at least twice to ensure repeatability.
The repeatability of the tests was generally good, the results agreeing
within 1-2 dB 1in the low-frequency region. In the high-frequency region
the least square lines agreed within 2-4 dB. The noise reduction curves
for all the tests are presented in Appendix B. Figures B.l through B.13

show the results of double-wall structures with aluminum skin and 3"
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depth. The resulis of l-ircn- and 2-inch-thick, double-wall structures
with aluminum skin are glven an Figure B.14 through 3.17 and B.18
through B.21, recnectively. The results of the double-wall structures
with composite skins {335, 339, and 340) are presentzd in Figures B.Z2
through B.34, B.35 through B.47, aund B.48 through 3.60, respectively.
The results of tests with "free-free" trim panels are given in Figures
B.61 through B.66. &As described in Chapter 2, the {ree-free edge con-
ditior for the trim panel is achieved by using a pressure-sensitive,
thick (1/8") adhesive tape. '

A typical noise reduction curve of a double-wall structure is
shown in Figure 3.1. It can pe dividad inte three parts. In the very
low frequency the noise reduction is a function of the stiffness of the
skin and the trim panel. This region can be called the stiffness-
controlled region. In the second frequency region, varying anywhere
frem 50 to 600 Hz, two resonance dips dominate the noise reduction.
The first one normally corresponds to either the skin or the trim panel
fundamental resonance frequency. Fér the panelg tested, resonance
frequencies of trim and skin panels are so cleose that it 1s not possible
to separate them. The second major resonance corresponds to the panel-
air-panel described in PReference 6. In the high frequency region (above
600 Hz) the narrow-band analysis (analysis bandwidth 10 Hz) indicates
a nmultitude ¢f resonances, resulting in dips and peaks in the noise
reduction curve. These resonances are due to the higner order skin
and trim panel nmoder, double-wail modes, and the cavity modes of L he

test facility itself. 1In order to study the trends .n this frequency

region, a least-square line approximation 1s useu. Previous studies

13
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at this facility have indicated thact the slope of the least-square
lines of simple panels corresponds %o the calculated nass law slepe
(L.e., 6 dB/octava). 1In eaneral, for the double-wall stt:cture, the
slope of the least mern-square line lies anywhere between 6 dB/octave
(predizted by mass law for single pan.ls) and 12 dB/octave (predicted

by classical transmigssion th

[¢]

cry for aouble-wall <tructures; see
Reference 6,. The effects of various parameters oun the noise reduction
vaJues will now be studied at selected frequencies. These frequencie;
cover the three frequency regions described above. In the high-
fraquency regicn only the least-square Jine will be used. The choice
of these frequeuncies is rather arbirrary and at times can be misleading
because of the wide wvariations in the characteristics of the panels
tesced. For a complete review, the original noise reduction curves in
Appendix B should be consulted.

Some of these double-wall panels tested showed very high aocise
reduction values in the high frequency region. Thls posed some prob-
lems in th2 measuremcnt of the receiver microphone sound pressure levels.
At the KCU-FRL acoustic test fieility tie panels cculd be excited ei~her
by a random noise signal or by a slowly-swept sina wave signal. Pre-
vious measurements at this facility have shown that the differences in
the noise reduction characteristics due to either tvpe of excitation
were small, when analvred through a narrcw bana analyzer. The latter
type of excitation was chosen for this series of tests to improve the
accuracy in the measurement of receiver microphone cignals. With
slowly swept sine waves it is possible to concentrate the sound energy

over a very small frequency range. This produced a source sound pres-

f
(%3



sure level of llO-liO d8 it theoe (requencies. Hence the recewiver mi-
crophone signal was correspondinily higher. Even with this type of
excitation the problem -va3 nct completely solved. The signal to (ambient)
noise ruatio was still isw in many cases. In addition, during many tests
the change in the signal streagth within a frequency sweep exceeded the
dynanic range of the instrumentation used. As described above, the
noise reduction characteristics ware investigated by dividing the.anal—
ysis in two frequency raages: a) 20-500 Hz with 2 k. bandwidth, and

b) 500-5000 Hz with 1C Hz btandwidth. The dynamic range of the spectrun
analyzer used {SD 335) was 60 ’B. Hence the naximum change in the re-
ceiver microphone level that could be xzeasured in either of the tuwc
passes was only 60 dB. 1his did not pose any problem either during

the low-frequency sweep ot with panels exhibiting lower high-frequency
ncise reduction. Howaver, this was net encugh for panels with noise
reduction higher than 80 4B in the high-frequency region. In such

cases the receiver microphone level was near maximum at 500 Hz and

was below the minimum level above 3000 Hz. Hence true signal lavel
could not be found at sowme frequencies abovs 3000 Hz. The only way

this problem could have bheen overccme was to further subdivide the
{requency range. But as menticned above, the signal levels were so -
low that further amplification did not improve the results very nuch,
due to deteriorating signal-to-noise ratio, This dynamic range limi-
tacion produced scatter in the data when the noise reduction values

were h.ogher than 30 dB. Even though this appears to be a serious limi-
tation, it is not so. This phenomencn aisc cccurs in aircraft interier

noise measurements. ‘% sIov nigh transmission i0Ss values of the fuse-

16
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lage sidewall, the arbient noise level inside the airciraft may be
higher than the level zransmitted from the sidewall. Under these con-
ditions 1t may not be worthwhile to have higher noise reduction for

the fuselage sidewall. Also mo:ze importantly, the noise level inside
the aircraft is normally dominated by the low frequency roice. Hence,
the overall level i.side the axrcraft is determined by the low-~frequency
noise level. The cortriburion of the sound prescsure level at these
frequencies to the overall noise level will be negligiblc. In practice,
1f the sound pressure level at any frequency range is below 20 dB of

the highest band level, then it may safely be neglected without affect-~
ing the overall sound pressure level. Hence a dynanic range of 60 dB

is more than adequate to predict the interior levels accurately. ilence
no further attempt was made to 1ncrease the dynamic range of the instru-
wentation used in the test facilicy.

3.2 EFFECT OF SKIN PANEL

The effect of skin panels was investigated using four different
skin panels. They were the following:

a. .032" aluminum panel with one "T" stiffener (panel 353)

b. .029" thick, 3-ply (45°-0°-45") graphite~epoxy laminate with
two hat stiffeners (panel 335)

e. .029" tnick, 3-ply (45°-0°-45°) Kevlar panel with one hat
stiffener (panel 339)

d. .029" thick, 3-ply (45°-0°-45°) Kevlar panel with two hat

stiffeners (panel 340).

17




The parameters investigated with these panels are the effects
of the panel material and stiffeuners. The noise reduction values of
these four panels are compared under similar configurations in Figures
3.2 through 3.9. These figures show tne noise reduction valuas at four
selected frequencies: two in the low-frequency region (40 and 100 Hz)
and two in the high-frequency region (1000 and 3000 Hz). The noise
reduction values at 200 and 500 Hz are not plotted, as they fall in
the resonance frequeuncy region. Because the pancls are so different ir
th:ir characteristics, the X-axes in these {igures are panel numbers
and do not represent any continuously varying parameters. Hence these
figures are essentially bar charts with values at four frequencies.

The influence of the skin panels is plotted for irim panels 312, 314,
315, 318, 425, 342, 344, and 352. For each trim panel two figures
are given: one with the fiberglass insulation between the skin and
the trim panel, and the other without (1.e., airgap). In all cases
the depth of the double wall was m;tntalnéd at three inches.

The effect of the skin panel material can be studied by comparing
the noise reduction values of panel; 335 (graphite-epoxy), 340 (Kevlar),
and 353 (aluminum). There 1s a slight diiference in their thickness:
both Kevlar and graphite-epoxy panals are .029" thick, and the aluminum
panel is .032" thick. The mass and the stiffness are the najor vari-
ables. The weights of these individual panels are .92 1b (graphite-
epoxy panel 3350), .85 1lu (Kevlar panel 340), and 1.35 1b (aluminum
parel 353). Kevlar panel 339, which has one stilfener, weighs .7 1b.
At low frequencies the noise reduction of double-wall panels is a

function of the stiffness of the skin and the traim panel. In these

18
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figures, the trim banel has bee$~ke“t the same for each plot. Hence
the noise reduction at 40 Hz in each plot is a function only of the
stiffness of the skin panel being studicd. However, the stiffness

of the skin panel is a functicn not only of the material properties
but also of the number and the type of the stiffeners usad. The
alumrnum and the compesite panels had diffevent types of stiffeners.

In the case of aluminum 1t wvas an extrudea "T" section. For composite
panels it was a hat section. This precludes any conclusions about the
relative stiffness effects of the varicus skin materizls. In general,
for the skin panels tested, the graphite-epoxy skin panel and the alu=-
minum skin panel have the same noise reduction at 40 Hz, while the
Kevlar skin panel has up to 7 dB less noise reduction. This is con-
sistent with the single panel tests reported in Reference 5. The noise
reduction values at 100 Hz vary very widely because they are very close
to either the skin cr the trim panel fundamental resonance frequency.

t frequencies of 1000 Hz and 3000 Hz the ncise reduction is
mainly a function of the surface density of the double-wall panel. All
other parameters being constant, it is a function of the skin panel
surface density. Since the surface dansities of the graphite-epcxy panel
(panel 335) and the Kevlar panel (panal 340) are nearly equal, they
have nearly tie same noise reduction. The aluminum skin panel (panel
353) is conslaerably heavier and hence has higher noise reduction.

For double-wall panels with an airgap, the increase in noise reduction
values closely match theoretically predicted 3-4 dB at 1000 Hz. At 3000
Hz two phenomena occur. First, the first harmonic of the double-wall

resonance falls in this frequeacy region. The dips in the noise re-
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duction introduced by this resonance are strong enough to mask zhe
increased noise reducticn due to higher surface demsity of the aluminum
skin panel. Second, this is the frequency region with very high noise
reduction. Hence, as explained in Section 3.1, the variations in the
noise reduction values ave not truly rcflected in the results, due to
dynamic range limatations. Hence the affect of the increased mass

of the aluminum skin panel is éot seen 1n the experimental results.
This 1s especially true with fiberglass insulation. Panels with insu-
lation show very high noise reduction (>80 dB) above 3000 Hz.

The effect of the stiffener can be studied by comparing the results
of the Kevlar panel with one stiffener (panel 339) and with two stif-
feners (panel 340). In this case other parameters of the double-wall
panels are the same. At very low frequency of 40 Hz, the effect of
the stiffener is to increase the noise reduction by the increase in
the stiffness of the skin panel. This trend 1s confirmed in all but
three cases tested (cee Figures 3.2 through 3.9). The exception oc-
curred in two cases with 2argap. These exceptions are considered to
be due to experimental scatter. The 1ucrease in noise reduction at
40 Hz due to increased stiffress 1s less than 3 dB. Once again at 100
Hz, near the fundamental resonance frequency of the skin/trim panel,
there is a wide fluctuation in the test results. The results show a
very small increase in noise reduction at 1000 and 3000 Hz due to the
two stiffeners. However, this increase 1s so small that 1t is within

the scatter of the experimental results.
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3.3 EFFECT OF PANEL DEPTH

In general aviation aircrait the space available for the instal-
lation of double-wall type structures for interior noise control is
very limited, due to alrcady small interior dimensions. A quick sur-
vey among the manufacturers indicated that 2-3" is about the maximun
depth that can be allowed. Hence the effect of the double-wzll depth
was Investigated for only three cases: 1 inch, 2 inches, and 3 inches.
For this investigation, aluminum skin panel and four trim panels were
used. The trim panels tested wer2 cne from each group of the base
materials described in Chapter 2. These panels were 312, 318, 325,
and 352. The tests were performed both with and without the fiberglass
insulation 1n the space between skin and trim panels. The results
frem the tests have been cross plotted in Figures 3.10 tbrough 3.13
for the cases investigated. For each test condition six frequencies
are shown.

At 40 Hz, which is below the fundamental resonance frequency of
the skin or trim panels, the experimental results snhow a very small
decrease with increcase in panel depth. The decrease was less than
3 dB in all cases. This trend was not predicted by the simple theory
described in Chapter 4. It -.s believed to be due to tne trim panel
attachment procedure used 11 the investigation. The trim panel was
attached to the edge channel members by neans of screws. The depth
of these channel sections determines the panel thickness (see Figure
2.2). It is possible that with higher panel depth, the stiffness of

this member decreazses, decreasing the double~wall panel staffness.
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This decrease in stuiffuszs nay causz the reduction experienced
in the test results. Tnis effect 45 present even with the insulation.
An opposite phenomenoa occcurs at 1C0 Hz. This Ffrequency 1is on the
other side of the fundamental rescnance frequency f{or most of the
panele, and hence a slight increase 1s expected wath incraase in
panel depth. The increasa was 3~5 dB. The cecrease in stiffness
as described above can cause such a trend.

The noise reduction values at 300 and 500 Hz arc also platted
in Figures 3.10 thrcugh 3.13. This frequency region is the most
important region for the interior noise control of the genecual aviation
aircraft. The noise reduction values at 3C0 Hz show 4n increase,
with the increase in panel depth. The shape of the curves, however,
ig differer: for different trim panels., This 1s because the experi-~
mental double-wall resonance frequency occurs ic this rzgicen. The
noise reduction values depend very much on the value of the double-
wall resonance frequency. The simple theory used in the thenretical
analysis cverpredicts the double-wall rescnance frequency (see Chapter
4). Hence comparisons of the trend of the noise reduction values at
300 Hz could not ke made. The trend of the frequency values themselves
is the same--cnly shifted by 75-100 Hz depending on the panel configu-
ration. Similavly, acz 5C0 ¥z the variations in nuis‘ reduction could
not be explained in terms of the simple theory Ixcept for traim panel
312 with airgap, the experimental results show eitler a steady increase
or a slight peaking at 2" depth. The double-wall panel with trim panel
312 has a definite dip at 500 Hz at 2" panel depth. It s believed that

the porous aluminum base material may contribute to this phencmenon.

23



st - -y ——

R )

P

i

[T

- s

At 1000 Hz, for 2ll casas tacted

r

he noise reduction shows a
steady increase with inevease in panel depth. As the panel depth is
increased, the first harmonic of th2 double-wall resonance frequency
decreases, On aither side of this frequency, thc slepe of the noise
reduction curve will be high. At 1000 Hz we arz 1n this region for
all three depths testad. This slope is higher {f the resonance fre-~
quency is closer to LCQO Hz. Becauss of this the uoise reduction of
the 3" depth »anel is higher than tnat ¢f the 2" panel. The increase
is smaller for the airgap (0 dB max.) than fzr the insulation (11 dB
max.). Some c¢f the increase ia noise reduction of the panels with
insulation 3 due te the viscous shear In the insclarnzon. This shear
loss man’fests itself as tho real part of the conpiux propzagaticn
constant (see Peference 6). The effect of the harmonic of the double-
Wall resonarce frequency 1s more apparent at 3000 Hz with airgap. The
resonance 1n this case is so strong that it lowers the overall noise
reduction of the double-wall pansls with 2" depth at this frequency.
Hence the cross plot of noise reduction vs thickness shows a dip at
two inches at this frequeacy. These results are consistent with the
theoretical rredictions and also with the results of the dual pane
window tests (Reference 7) carried cut at this test facility. The
addition of the insulation damps out this dip. In addition, viscous
shear losses in rhe insulaticn increase tna noise reductidn beyond

80 dB for three (panels 312, 318, and 325) cut of the four trim panéls
tested. As described in Section 3.1, any increase in the noise reduc-
tion over this value does not get truly reflected in the test results.

In the case of traim panal 352, which has a lower uoise reduction at

9
(Yo



l-inch parnel depth k 70 dB), the ~ffect of increase in depth is ware

prominent.

3.4 EFFECT OF FIBERGLASS INSULATION

Even though all double-wall tests have beaen done with and without
arrgape, aluminum skin panel and four trim panels (312, 318, 325, and
352) were cresen for comparative study. The cross plots at 40, 100,
1000. and 3000 Hz are given in Figures 3.14 th-ough 3.17. The Y axis
of these figures 1s the change in noise reduction duc to the fiberglass
insulation of density .17 1lb/cubic £t. Thesa values were obtained by
gsubtracting the noise reduction values of the panels vith insulation,
from those without the insulation (shown In Figures 3.10 through 3.13).
At 40 and 100 Hz the effect of the fiberglass is negligible. Tn fact,
in some cases it is even regative. At high frequencies the fiberglass
hes two effects, as descraibed in the previous section. First. it elim-
inates the dip in the noise reduction curve observed due to the harmonics
of the double-wall resonance frequencies. Secondly, the sound level is
also attenuated by the viscous shear losses when it travels through the
porous media (Reference 6). At aiy given frequency the attenuation due
to this effect 1is linearly proportional to the thickness of the insula-
tion. The experxmental results tend to confirm this trend in those cases,
where the noise reduction mecsurements are not affected by the limitation
of the dynamic range of the instruments. At 3000 Hz the increase due
tc the insulatinn varies from 3 dB (for trim panel 312) to 11 dB (for

crim panel 352) for 2 inch variation in the panel depth.

30



oo~ d

CHANCE IN HR ~ DB

Figure 3.14:

n‘.l. ’e v 1 ¥
Vol i rel L 1Y

SAIN ¢ L0327 Alumivudg
TRIN & FOAFL 2312

a0
b O

! | 1

UF] PCOR QUALITY

i < ]
THICKNESS ~ INCHES

Effect of Fiberglass Insulation on the Noise
Raducticn Characteristics of Double-Wall

Panel with Aluminum Skin and Trim

Panel 312

20
3000 HZ
10 -
& BN
(=]
! (YA
e
= 160 w2
z of S S —— YL
u
(&)
=z
<
=
&)
-10 p~

-20

SKIN ¢ .032" ALUMINUN
TPIN @ PANEL 2210

1 1 1

Figure 3.15:

. 2 3
THICKNESS ~ [NCHES

Effect of Fiberglass Insulation on thz Noise
Reduction Characteristics of Double-Wall

Panel wath Aluminum Skin and Trin

31

Panel 313



. oRIcNAL FAGY 18
2 e e B PEQR-QUALITY

}-—N:aoauz
10 - O/

o

Q 1820 HZ
]

[+

- 100 KZ

a

™ Pk g\\""_ é"——<< z 43 “2
et

w

©

=

[

-10 p=

SAIN & L C327 ALUMINUM
TRIM ¢ PANEL 2223

1 L ]
~20q 1 2 3 3

THICKNESS ~ INCHES

Figure 3.16: Efiect of Fiberglasc Insulaticn on the Noise
Reduction Characteraistics of Double-Wall
Panel with Aluminum Skin and Trim Panel 325

ol
) _ / 32ca HZ

1000 HZ
10~ /
[20]
[~]
t
o
< e 102 KZ
z 4r 40 HZ
w
9
=
[}
-10 t=

ShIN ¢ . 032" ALLMIMOM
TRIM &« PANEL #352

1 ! t
-29 1 P E] 1

THICKKESS ~ [NCHES

Figure 3.17: Effect of Fiberglass Insulation on the Noise
Reduction Characteristics of Donble~Wall
Panel with Aluminum Skain and Trim Panel 352

(8]
(5]



L

e Y ey

3.5 EFFECT OF TRIM PALELS

The intericr tram panels are used in the general aviation industry
for decorative purposes. They also form a part of the interior noise
contrel treatment. 3Bat it 1s the decorativa purpose which determines
the type of material and treatrenc that will be used. Normally a trim
panel has a base material, which prevides the stiffness and also makes
it easier to install. The treatment such as simulated leather, uphol-
stery, etc., is applied solely for decorative purposes. Theoretically,
these panels are treated as limp panels having mass-law impedance.
Tests at this facility of varicus materials have shown that such an
assumption may not be valid (References 1 and 2). During the present
series of tests, tha effect of these panels was investigated when used
as a part of a double-wall structure. As described in Chapter 2, the
trim panels were divided into three groups, based on their base wate-
rzal. Tables 3.1 and 3.2 give the nolse reduction values at 40 and
3000 Hz for four skin panels. As expected, there 1s considerable scat-
ter in the data. Figures 3.13 thrcugh 3.25 show this effect as a func-
tion of the total paael surface density. For each skin panel the noise
reduction obtained is plotted as a function of the suface density of
the panel. Since the other panel parameters have been held constant
for each plot, the variation of che surface density in each figure is
due to the variation of the surface (area) density of the trim panels.
These cioss plots must be interpreted with care because the noise re-
duction due to the trim panel at any frequency is not a functicn solely

of the mass of the panel, which explains the considerable scatter seen




Table 3.1: E(fect of Tr.n Panels on Noise Reduction
Characterxstics of Double-Wall Panel; 40 Hz
Alrgap Insulation
Trim Panel

Skin Panel Skin Panel
353 335 339 340 353 335 339 340
312 13 15 6 7 12 17 9 13
314 .9 11 7 7 10 15 9 9
315 17 16 11 13 16 18 15 15
317 13 12 7 & i3 16 12 15
318 12 15 9 8 13 17 11 13
323 19 17 16 15 16 21 15 17
325 18 15 15 15 20 19 16 18
341 14 14 7 8 15 16 13 15
342 14 12 S 3 14 18 12 14
343 9 12 7 6 13 13 11 11
344 14 15 9 S 14 16 10 13
* 347 24 25 19 20 23 24 19 22
352 15 16 10 13 14 16 12 13

* Has the highest noise reduction at 40 Hz
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Table 3.2:

Effect of Trim
Charactevistics of Double-Wall Panel; 3000 Hz

Panels on Noise Reduction

Alrgap Insulation
Trim Panel

Skin Panei in Panel
353 335 359 340 353 335 339 340
* 312. 72 66 65 67 84 80 g0 30
314 64 38 54 59 76 75 73 73
315 66 56 5& 56 78 70 73 74
317 6L 57 57 55 71 69 71 70
318 62 57 57 59 78 75 77 78
323 58 34 52 58 74 69 76 74
323 65 60 61 63 78 71 78 77
o341 59 56 57 55 75 69 75 73
342 63 58 55 58 78 73 76 77
343 68 65 67 66 77 74 75 74
* 344 72 67 66 64 8 80 80 80
347 60 54 54 54 73 69 74 72
352 61 55 54 56 80 78 76 77

* Have the highest noise reduction at 3000 Hz
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in theses plots. lowevers, the mass of the trim panel 1s still (a2t least
in the high frequency region) a major factcr and represents the trade-
off{ parameter that most often decides what nmateriral will be selected
for usa. Because of the scatter, mean squara lines are shown, which
indicate, as exprctad, increasing noise reduction with increase in mass.
From Tables 3.1 and 3.2 it can be secn that trim panels 312 and 344
perform consistently batter than tha cther panels, even after consider-
ation of their higher area density. Both these panels are treatad
with flexible 1/2" {cam material, over whiach is applied a (simulated)
leather covering. The thickness of the {ocam may be one of the reasons
for the better performance of these panels.

Four trim panels-~312, 318, 325, and 3532 (one each from groups 1
and 2, and tws frem group J3)--were selected fZor furcher investigation.
Each of these panels has a different base material: 312 has 453% open
pore aluminum, 318 hac Rohacell core, 325 has Klege-cell base, and 152
has compressed fiberglass core. These tr.n panels are representative
of cthe trim panels being used in the general aviation industry. Single
panel noise reduction tests were performed, and the results are given
in Figures 3.26 tnrough 3.29. These results confirm that the limp
panel assumption may nct be valid for these panels. At this test
facility, the noise reduction curve of a standard .032" aluminum panel
shows a slope of 6 dB/cctave, which corresponed to mass~law value.
However, three of the four trim panels tested had less than 6 dB/octave
slcpe. These values are tabulated 1in the next chapter. Only panel 312
had a slope of 8 13/octava, fir higher than mass-lawv slope. Panel 352

had a near zero slope, as can be seen from Figure 3.29. Both these

o
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panels have nearly the s2ue aieq density. Whaile double-wall tests

confirmad thess trends, they alse indicated that the effectiveness of
panel 312 decreased and that of zanel 352 increased, thus evening out
the difference. This sspect is fvrther discussed in the next chapter.

In the low frequenczy region of 40-100 Mz, paiqel 347 was superior
to all other panels tested. Panel 347 was the tunickest panel in group
2 and has two layers of 120 phenclic skin applied to both sides to
stiffen the base material. Also it is made of light Rohacell material.
This property of high stiffness and low mass increases its fundamental
resonance frequeuncy. This makes panel 347 superior to other panels in
the low-frequency, stiffness-contrelled region.

The effect of attachment of the trim panel to thg}channel section
was also investigated. Two types of attachment procedures were tried.
In one case the trim panel was screwed to the channel section by means
of eight screws as showrn in Figure 2.2, The second attachment was to
simulate free-free edge conditions for the trim panel. This was deone
by using 1/8" thick pressure-sensitive adhesive tape. The results are
conpared in Tables 3.3 through 3.5. The results indicate that the
effect of the attachment is felt oaly in the very low frequency region.
An increase of 0-2 dB is observed with the free-free edge condition.
This might be due to the better isolation of the trim panel at ve-y
low frequencies. At 100 Hz the results were inconclusive. It 1is
possible that the vibration isolatlon of this tape is not effective
at and above 100 Hz. At very high frequencies the panels with tape
attachment indicate a gain of 0-3 4B. The results are withain the
experimental scatter observed in this frequency regicn. Increased mass
of the 1/8" tape all around might have caused some of the increase.
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Table 3.3: E{fzct of Trim Panel Attacnment on the
Moise Reduction Characteristics of Double-
Wall Panels with Aluminum Skin; Depth 3"

a. Trim Panel 318

- Alrgap Inculation
Frequency
(Hz) Serew Tape Scraw Tape
40 12 14 13 16
1C0 18 13 17 17
300 29 32 30 31
5G0 42 41 39 46
1000 48 50 56 59
3600 62 53 78 80
b. Trim Panel 325
Frequency Alrgap Insulation
(Hz) Screw Tape Screw Tape
40 18 18 20 20
100 16 16 16 16
300 42 43 34 35
500 45 46 41 46
1000 53 53 59 59
3c00 65 65 78 78

30
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Table 3.4: Lffect of Trim Panel Attachment on the
Hoise Reduction Characzeristics of Double-
Wall Panels with Aluminum Skin; Depth 2"

a., Trim Panel 318

Frequency Airgap Insulation
() Screw Tape Screw Tape
40 13 14 14 16
100 16 15 14 15
300 19 26 26 26
500 45 42 43 42
1000 47 50 53 57
3000 61 63 78 80
b. Trim Panel 325
Frequency Alrgap Insulation
(i) Screw Tape Screw Tape
40 16 16 18 20
100 14 14 15 14
500 42 45 43 41
1000 47 49 54 56
3000 61 63 74 76
51



et of Triw Panel Attachment on the
ction Characteristics of Double-
s with Aluminum Shinj Panel Depth 1"

a. Trim Panel 318

Frequency Airgap Insulation
(Hz) Screw Tape Screw Tape
40 14 15 15 16
100 13 13 13 14
300 19 21 16 17
500 35 32 32 36
1000 42 43 48 51
3000 61 62 72 75
b. Trim Panel 325
Frequency Airgap Insulation
(Hz) Screw Tap=x Screv Tape
40 17 18 20 20
166 15 12 15 15
300 32 20 23 24
500 37 41 35 35
1000 46 46 50 51
3000 63 64 73 73
52
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CHAPTER 4

THEQ2ETICAL ANALYSIS

4.1 1NTRODUCTION

The prediction of alrcraft interior noise levels has attracted
considerable attention during recent years. One of the important parts
of this investigation x5 the accurate determination of sound transmis-
sion loss across a fuselage sidewall throughout the frequency range of
interest. A typical fuselage sidewall consists of skin, trim, septa,
fiberglass insularion, and airgap. A computer program was developed
at the KU-FRL to calculate the transmission loss across the double-wall
structures whose noise reduction characteristics were being investigated
experimentally. The main objective of the program was to ccmpare the
computer-calculated results with the results obtained from experimental
investigations. The program 1s described in detail in References 1
and 2.

The program follows the classical acoustic transmission loss the-—
ory used in References 8 and 9. In this program the sound transmission
loss of a multilayered panel is calculated from the pressure losses
across individuval layers. The pressure losc across each layer 1is a
function of 1ts own impedancé as weall as the terminating impedance for
that layer. The transmicssion loss of a multilayered panel 1s obtained

from the following equation:

TL = 10 log{pl/ptlz

where TL = Transmission locs acroses the panel (dB)

Py = Blocked pressure on the incident side (Pa)

uw
w




P. = Pressurc on the roceiver side (Pa)

t
pl/pt = Pressure ratio across the panel of n layers
n = Total number of layers in the panel.

The pressure ratlo across the entire panel 1s calculated from the

pressurn ratios across each layer as
2 = . .o cae 2
{py/p.}* = {p;/py * Pa/P,y Pr/Py 41 p,/p.}
where pk/pk » 1 = the pressure ratio across kth layer.

The pressure ratio across each layer is calculated from the
impedance model or that Jlayer. Reference 2 details the types of
impedance models available in the KU-FRL program. This program has
been checked out using the inputs fror Reference 9. A few of the
impedance models have been modified to facilitate comparison with
the test results. Important modifications are

a. Actual transnission loss should measure only the incident

pressure on the source side. But at the KU-FRL acoustic
test facility the source microphone measures the blocked
sound pressure, which consists of both incident and re-
flected pressures. This effect has been taken into accouut
in the progran.

b. The receiver microphone measures both the transmitted

sound pressure and the reflected pressure from the receiver
cavity. As explained in Appendix: &, the receiver cavity
absorbs most of the transmitted energy. Hence the contri-
bution of the raflected pressure is assumed to be negligible.
In other words, the absorption coefficient of the ~avity has

been assumed to be equal to 1.
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At low IZraguency

.
(23

he recetving cavity stiffens the panel

due to Helnmholtz effezct. This effect increases the measured
fundamental rzsoneznce fregquercy of the single panel. Hence
the measured resonance f{requency is zreater than the calcu-
lated rescnance frequency. This effect can alsc be expected
for the double-wall panels. Since the purpose of the program
is only to calculate the double-wall transmission loss values,
no modifications have bteen done to account for this effect.
This effect 1s taken into account by inputting the measured
single panel resonance frequency of the trim and the skin
panel, instead of calculating their resonance frequencies
within the program.

In practice the trim panel 1s modelled as a2 limp parel.

In classical sound transmiscsion loss theory, limp panel
impedance is directly proportional to the surface density
and the frequency. The transmission loss resulting from
this impedance is known as mass-law transmission loss.

Under these assumptions che transmission loss increases by

6 dB for doubling of either the mass or the frequency. In

2 transmission loss vs €£requency plot, this produces 6 dB/
octave slope. However, as can be seen fror the test results
(Figures 3.2% through 3.29), the slope of the least mean-
square line of the trim penels varles considerably. Hence

a simple mass-law assumption seems to be invcalid fer such
trim panels. Three ouc of the four paneles tested haa slopes

less than the theoretical values. 2nze the use of mass-law
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approxtmataon produccs a higher transmission loss for a
double panel. 1In order to overcome this problem, an addzi-
tional option for the trim panel was introduced for the tram
panel impedance. In this optisn the m2asured slope is used.
The model uses mass law :mpedance for low frequency and im-
pedance corresponding to the measured slope at high freguency.
The experimenial slope is input as a ratic of the mrasured
slope to theoretical slepe (6 dB/octave), and this ratio is
called the slope factor. Values of these factors for various
trim panels are gaiven in Reference 2. Fer this study these
values were measured from Figures 3.26 through 3.29.

At this point it is pertinent to explain the difference in the

terminology used to describe the experimental and the theoretical re-

1" 1

sults. The experimental results are called "ncise reductirn,” and the

' The reason for

theoretical results are called "transmission loss.'
this is the following. The sound energyv att:nuation weasurzd in this
test facility is made up of twec parts. Reference 6 defines the noise
reduction at any‘frequcncy as
NR = 10 log(l + t/u)

where T = Panel transmission loss cczfficient at that frequency

a = Absorption ccefficient of the receiver cavity at that

frequency.

The panel transmissacn loss coeffzcient is related to the panel pres-

sure ratio by

11t = (py/p,)?
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wnere pi = Blo:ked incident pressure (Pa)

P = Transmitted pressuve (Pa).

The absorption cecefficient is normally less than one. When the
cavity is nearly fully absorptive, as in the case of the KU-FRL acoustic
test facility, the noise reduction and transmission loss will be nearly
the same. In case the cavity 15 not {ully absorptive, noise reduction
values in general will he less than transmission loss. At cavity reso-
nance frequencies 3uch simplifications will nmot be valid. At the KU-FRL
experimental test facility the rezeiver microphone mcasures both the
transmitted pressure and the very weak reflect:ions from the cavity walls.
Henc2 the sound attenuation characteristics measured from this facility
are noise reduction. The theoretical values calculated from the progran

do not contain any corrections and hance are transmission loss values.

4.2 DETAILS OF THE INZUT DATA

For the theoretical investigation tha paramaters chosen to vary
were

a. Panel depth

b. Effect of sound insulation

C. Effect of skin structure

d. Effect of trim panel materxal and treatrent.

Four skin panels and four trim panels were used for the komparlson
of the theoretical and the calculated values. The skin panels tested
are given in Table 2.1. Trin panels used were 312, 318, 325, and 352.

The details of these panels are presented in Table 2.2. The impedance



model used for thé skin aad trim panels was the single mode approxi-
mat.ron. This cpproximacion, descr-bed in detail in Reference 2, re-
quires single panel resonance frequaencies of the skin panel and its
damping ratic around that frequency region. The single panel test
results from Reference 5 were used for the resonance frequencies.
The ddamping values of these panels had been measured and were reported
in Reference 1. These values were used 1n the calculation of the im-
pedance. These values are tabulated xn Table 4.1

The mechanical properties of the fiberglass insulation were un-
known. This insulation material was very similar to PF 105 {iberglass
1nsulation discussed in Refevence 6. ~&lso the minor variaticns in
porosity and resistivity of the insulation did not significantly change
the transmission loss values. Hence the porosity and the resistaivity
of FF 105 material was used. However, actual fiberglas, density was
input.

The input da%a requircd for che trim panels were fundamental
rzsonance frequency, damping ratio, and the experimentsl slope of
the noise reduction and damping tests of the trim panels alone. These

values are tabulated in Table 4.2.

4.3 RESULTS AND DISCUSSION

The outputs frem the computer runs are plotted in Figures 4.1
through 4.24 for the 48 combinations considered. These calculated
values are plotted as dotted lines over the experamental values.
Each figure contains two plots: one with the fiberglass insulation

between the skin and the trim panel and the other without the insulation.

in
co
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Effect of Total Panel Area Density on the Noise
Reducticn Characteristics of Double-Wall Panel

with Grapnite~Epoxy Skin (Panel 333} and

Insulation
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in thes: plots. Howcver, the adass of the traim panel is still (at least
in the hagh frequency region) a wmajor factor and represents the trade-
off parameter that most often decides what material will be selected
for use. Because ¢f the scatter, mean square lines are shown, which
indicate, as erpected. increasing noise reduction with increase in mass.
From Tables 3.1 and 3.2 it can be seen that trim panels 312 and 344
perform consistently better than the other panels, even after consider-
ation of their higher area density. Both these panels are treated

with flexible 1/2" foam material, over which 1s applied a (simulgted)
leather covering. The thickness of the foam may be one of the reasons
for the better performauce of these panels.

Four trim panels--312, 318, 325, and 352 (cre each from groups 1
and 2, and two frowm group 3)--were selected for further investigation.
Each of these panels has a different base material: 312 has 457 open
pore aluminum, 318 has Rohacell core, 325 has Klege-cell base, and 352
has compressed fiberglass core. These trim panels are representative
of the trim panels being used in the general aviation industry. Single
penel noise reduction tests were parformed, and the results are given
in Figures 3.26 through 3.29. These results confirm that the limp
panel assumption may not be valid for these panels. At this test
facility, the noise reduction curve of a standard .022" aluminum panel
shows a slope of 6 dB/cctave, which corresponed to mass-~law value.
However, three of the four trim parels tested had less than 6 dB/octave
slope. These values are tanulated 1a the next chapter. Only panel 312
had a slcpe of S dB/octave, far higher than mass-law slope. Panel 352

had a near zero slepe, as can be seen from Figure 3.29. Both these
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panels have nearly the same area density. While double-wall tests

confirmed these trands. they also indicated that the effectivenasc of
panel 312 decreased and thst of panel 352 increased, thus evening out
the difference. This aspect 1s furrher discussad in the next chapter.

In the low frequency region of 40-100 Hz, panel 347 was superior
to all other pznels tested. Panel 347 was the thickest panel in group
2 and has two layers of 120 phenolic skin applied to both sides to
stiffen the basc anaterial. Also 1t is made of light Rohacell material.
This property of high stiffness and low mass increases its fundamental
resonance frequency. This makes panel 347 superior to other panels in
the low-frequency, stiffness-controlled region.

The effect of attachment of the trim panel tec the channel section
was also investigated. Two types cf attachment procedures were tried.
In one case the trim panel was screwed to the channel section by means
of eight screws as shown in Figure 2,2. The second attachment was to
simulate free-free edge conditions for the trim panel. This was done
by using 1/8" thick pressure-sensitive adhesive tape. The results are
compared in Tables 3.3 through 3.5. The results indicate that the

£fect of the attachment is felt only in the very low frequency region.
An increase of 0-~2 dB is observea with the free-free edge condition.
This might be due to the better 1solation of the trim panel at very
low frequencies. At 100 Hz the results were inconclusive. It is
possible that the vibration isolacion of this tape 1s not effective
at and above 100 Hz. At very high frequencies the panels with tape
attachment indicate a gain of 0-3 dB. The results are within the
experiiental scatter observed in this frequency region. Increased mass
of the 1/8" tape all around might have caused sore of the increase.

49



AN

| S .

Table 3.3:

ot of Trim Panel Attachment or

Life T TiLE
Noice Reduction Characteris .es of
Wali Panels with Aluminum a; Le

a, Tram Fanel 318

Frequency Airgap Insulziign
(iz) S T
erew Tape Screw Tape
300 29 32 30 31
500 42 41 39 46
1.000 48 50 56 59
b. Trim Panel 225
Frequency Alrgap Insz=lzvion
e) Screw Tape Screw  Tape .
300 42 43 3L 15
500 45 46 41 46
1000 53 53 59 59
3000 65 65 78 78
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Table 3.4: ©Tffect ¢f Trim Psn2l Attachment on the
Noise Reducrticn Craracteristics of Double-
Wall Fanels with Aluminum Skin; Depch 2"

Frequency Alrgap Insulation
) Screw Tape Screw Tape
4G i3 14 14 16
10C 16 15 14 13
300 19 26 26 26
500 45 42 43 42

1000 47 50 53 57
3000 61 63 78 80
b, Trim Panel 325

Frequency Airgap Iasulation
(Hz) Screw Tape Screw Tape

40 1 L0 18 20
100 14 it 15 14
500 42 45 43 41
1000 47 49 54 56

3000 61 63 74 76

51




Table 3.3: Effect of Trim Panel Attachment on the
Yoise Reductzier Characteristics of Double-
Wall Panels wita Aluminur Skin; Panel Depth 1"

a. Trim Panel 318

Frequency Airgap Insulation
) Screw Tape Screw Tape
40 14 15 15 16
100 13 13 13 14
300 19 21 16 17
300 35 32 32 36
1000 42 43 48 51
3000 61 62 72 75
b. Trim Panel 325
Frequency Alrzap Insulation
(Hz) Screw Tepe Screw Tape
40 17 13 20 20
100 15 12 15 15
300 32 30 23 24
500 37 41 35 35
1600 46 46 50 51
3000 63 64 73 73
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CHAPTER 4

THECRETICAL ANALYSIS

4.1 INTRODUCIION

The prediction of aircraft anterior noise levels has attracted
considerable atltention during recent years. One of the important parts
of this investigation 1s the accurate determination of sound transmis-
sion loss across a fuselage sidewall throughout the frequency range of
interest. A typical fuselage sidewall ceonsists of skin, trim, septa,
fiberglass insularien, and airgap. A computer program was developed
at the KU-FRL to calculate the transmission loss across the double-wall
structures whose¢ noise reduction characteristics were beang investigated
experimentally. The main objective of che program was to compare the
computer-calavliated results with the results obtained from experimental
investigaticns. The program is described in detail in References 1
and 2.

The progrea follaws the classical acoustic transmission loss the-
ory used in References 8 and 9. In this program the sound transmission
loss of a multilayered panel is calculated from the pressure losses
across individuval layers. The pressure loss across each layer 1s a
function of 1ts own mpedance as well as the terminating impedance for
that layer. The transmission loss of a multilayered panel is obtained
from the following equation:

TL = 10 ]og}pi/ptlz

= Trans.ission loss across the panel (dB)

p

where

P, = Blocked pressure on the incident side (Pa)



pc = Prassure oa Lhe receiver side (Pa)

pllpt = Preysure ratio acress the panel of n layers

n = Total number of layers in the panel.
The pressure ratio across the entire panel is calculated from the
pressure raties across each layer as

toy/ogd® = {pylog < pfeg =or mpfoy g oo0 Pole}t ’

0 across Ktnh layer.

(5
o
»n

e
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4]
(4]
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where pk/pk 1"

The pressure ratio across ecach layer is caleculated from the
impedance medel of that layer. Reference 2 detzils the types of
impedance models available in the KU~FRL program. This program has
been checked out using the inputs from Reference 9. A few of the
inpedance mcdels have been modified to facilitate comparison with
the test results. Important modificaticns are

a. Actual cransmission loss should measure only the incident

pressure on the source side. But at the KU-FRL acoustic
test facility the source microphone measures the blocked
sound pressure, which consists of both incident and re-~
flectad pressures. 1s effect has been taken into account
in the program.

b. The receiver microphone measures both the transmitted

sound pressure and the reflected pressure from the receiver
cavity. As explained in Appendix A, the receiver cavity
absorbs most of the transmitted energy. Hence the contri-
bution of the reflected pressure 1s assuzed to be negligible.
In other words, the abscrption coeificient of the cavity has

kean assumed to be equal to 1.
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At low frequency tlhie receiving cavity stifflens the panel

due to Helmholtz effect. This effect increases the measured
fundamental resonance fiequency of the single panel. Hence
the measured resonance frequency is greater than the calcu-
lated resonance frequency. This effect can also be expected
for the double-wall panels. Since tne purpose of the program
is only ta calculate the dcuble~wall cransmission loss values
no modifications have besn done to account for this effect.
This effect is taken into account by inputting the measured
single panel resonance frequency of the trim and the skin
panel, instead of calculating their resonance frequencies
within the prcgram.

In practice the trim panel is modelled as a limp panel.

In classical sound transmission loss theory, limp panel
impedance is directly proportional to the surface density

and the frequency. The transmissicn loss resulting from

this impedance 1s known as mass-law transmission loss.

Under these assumptions the transmission loss 1increases by

6 dB for doubling of either the mass or the frequency. In

a transmission loss vs £requency plot, this prcduces 6 dB/
octave slope. However, as can be seen frem the test results
(Figures 3.26 through 3.29), the slope of the least mean-
square line of the trim panels varies considerably. Hence

a simple mass-law assumpticnt seems to be invalid for such
trinm panels. Three out of the four panels tested had slopes

less than the theoretical values. Hence <he use of mass-law
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approximaiion proiucés;a higher transmission loss Zor a
double pezoel. 1In vrder to overcome this problem, an addi-
tional optiun for the trim panel was Introduced for the trim
panel impedance. In this option the measured slope 1is used.
The nodel uses mass law impedance for lcw frequency and im-
pedance corresponding to the maasured slope at high frequency.
The experimental slope 1s input as a ratic of the measured
slope to theoretical slope (6 dB/octave), and this ratio is
called the slope factor. Values of these factors for various
trim panels are given in Reference 2. For this study these
values were measured from Figures 3,26 through 3.29.
At this point It is pertinent to explain the difference in the
terminology used to describe the experimental and the theoretical re-
sults. The experiuental results are called "noise raduction,'" and the

" The reason for

theoretical results are called '"transmission loss.
this is the following. The socund energy attenuation measured in this
test facility is made up of two parts. Reference 6 defines the noise
reduction at 2ny frequency as
NR = 10 log(l + t/a)

where T = Panel transmission loss coefficient ac that frequency

o = Absorption coefficient of the receiver cavity at that

fraquency.

The panel transmission loss coefficient is relacted to the panel pres-

sure ratio by

V= (py/p)?
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where py = Blochked incidant pressure (Pa)

P, = Transmitted pressure (Pa).

The absorption cocfficient is normally less than one. When the
cavity 1is nearly fully absorptive, 25 in the case of the KU-FRL accustic
test facility, the noise reduct:ion and transmission loss will be nearly
the same. In case the cavity 1z not fully absorptive, noise redu:tion
values in general will be less than transmission loss. At cavity reso-
nance frequencies such szimplifications will not be valid. At the KU-FRL
experimental test facility the receiver microphone measures both the
transmitted pressure and the very weak reflections {rem the cavity walls.
Hence the sound attenuation characteristics measured from this facility
are noise reduction. The theoretical values calculated from the program

do not contain any correctione and hence are transmission loss values.

4.2 DETAILS OF THE INPUT DATA

For the theoretical investigation the parameters chosen to vary

a. Panel depth

b. Effect of cound insulation

c. Effect of skin structure

d. Effect of trim panel material and troatment.

Four skin panels and four trim panels were used for the comparison
of the theoretical and the calculated values. The skin panels tested
are given in Table 2.1. Trim panels used were 312, 318, 325, and 352.

The details of these panels are presented in Tavle 2.2. The 1impedance



model used for the skin and trim panels was the single mode-approxi-
mation. This approximation, described in detail in Reference 2, re-~
quires single panel resonance frequencies of the skin panel and its
damping ratio around that frequency regien. The single panel test
results from Reference 3 were used for the resonance frequancies.
The damping values of these panels had been measured and were reported
in Reference 1. These values were used in the calculation of the im-
pedance. These values are tabulated in Table 4.1

The mechanical properties of the fiberglass insulation were un~
known. Thas insulation material was very similar to PF 105 fiberglass
insulation discussed in Reference &. Also the minor variatioas in
porosity and resistivity of the insulation did not significantly change
the transmission loss values. Hence the porosity and the resistivaty
of PF 105 material was used. HKowever, actual fiberglass density wdas
input.

The input datza required for che trim panels were fundamrenta.
resonance frequency, damping ratio, and the experimental slope of

the noise reduction and damping tests of the trim panels alone. These

values are tabulared in Table 4.2.

4.3 RESULIS AND DISCUSSION

The outputs from the computer runs are plotted in Figures 4.1
through 4.24 for the 48 combinations considered. These calculated
values are plotted as dotted lines cver the experimental values.
Each figurz contains tua plots: one with the fiberglass insulation

between the skin and the trim panel and the other without the insulation.
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Table 4.1: Input Data for 3kin Panels QF POCR ( .5ty

. . Fesonance Damping Mass/unit area
Skin Panel Frequency Ratio _ kg/m?®
353, 357, 358 50 015 2.24
3335 70 .03 1.58
339 4C 02 1.23
340 55 .02 1.48

Table %4.2: Input Data for Trim Panels

PRI

a I
1

P

Trim Resonance Damping Mass per Slope
Panel Frequency Ratie unit area . Factor
Hz
312 0 .042 2.26 1.33
318 50 .060 1.26 0.58
325 60 074 2.04 0.83
352 62 .063 2.20 0.05

Slope Factor =

Measured Slope

e}
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In general, it can be seen that the agreement is reasonable for
most of the cases tested. Due to the single wmode approximation used
in tha prsogram, the higher order modus of the skin and the trim panel
are not present. aAlso not present ave the higher order cavity modes
of the receiver cavity. As the thaory does not ignore the higher
harmonic of the double~wall panel-air-panel resonance frequencies,
they are present and can be seen at higher panel depths without aAy
insulation between the walls.

At low frequency region the calculated values agree well with
the experimentzl double-wall results, These results are expected,
since the input values are experimental, single-panel, fundamental
resonance frequencies of skin and etrim panels. This indicztes that
at low frequencies the transmission loss is a function of single-
panel stiffness. This is true when the frequency is well below the
fundamental resonance frequency of either the skin or the trim panel.

In the frequency region between 100 and 500 Hz, which is the
region of greatest importance for general aviation interior aircraft
noise, the fundamental skin or trim resonance frequency and the funda-
mental double-~wall, panel-air-panel frequency occur. As can be seen,
the theoretical values overpredict the measured values by a large
value (75 Hz). The reasen for this is aot understaod. Figure 4.25
shows the measured ana the calculated double-wall resonance frequency
as a function of the thickness of the double~wall panel. The effect

£ the panel deptih on the measured and the caluclaved resonance fre-~
quencles 1s the sawe; but somchow the experimental values are always

lowar by 75 to 100 Hz, depending upon the trim panel. At the time of
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wricing this report, this discrepancy 1is not resolved. Hence, around
this frequency region, measured values of ncise reduction do not agree
with the calcalated traasmission loss values. However, the trends are
the saue.

In the high frequency region (abovz 500 Hz) the higher order panel
rodes and the cavity modez are not predicted. With airgaps the har-
monics of panel-air-panel resonances are visible. The agreement with
the test results depends on the trim panel and the depth of panel,
Increagse 1in panel depth decreases the fundamental panel-air-panel
resonance by the same amount as tha experimental results, as can be
seen from Tigure 4.25. At 3000 Hz {requency the calculated transmis-
sion loss dips at 2" depth because of thils resonance frequency. This
has also been observed in the experimental results. With the insu-
lation no decrease in noise reduction 1is observed near the harmonic
cf the panel-air-panel rescnance frequency. Whanever the theoretical
results are above 90 dB, the difference between the experimental values
and the theoretical values Ls large. This is due to the limitation of
the dynamic range of the instrumentation.

The theoretical results cverpredict the high frequency noise
reduction of the double-wall panel with teim panel 312, and they
underpredict the noise reduction of the double-wall nanel with trim
panel 352. This is because of the variation in the actual slope of
the trim panels. The slope of panel 312 is 8 dB/octave, and that of
panel 352 is nearly zero. These results indicate that the double-wall
results even out these differences., Reasonably gcod fit is obtained

when the slope is less than the theoretical 6 dB/octave slope. Hence
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it can be concluded that the double wall acts as though the trim panel

slope 1s somewhere betveen .5 and .8 times che theoretical slope.




CAAPTER 5

CCNCLUSIONS AND RECOMMEINDATIONS

In this report the experimental noise attenuation characteristics
of flat, double-wall panels are presented. A simple, classical, sound
transmission loss model has been developed for multilayered panels.

The experimental resulfs are compared with the theoretical results.

The results of the tests described in this report have demonstrated
the following characteristics »f the sound transmission through double-
wall structures:

. The results of the tests agree, in general, with the simple

theoretical modal.

. At very low frequencies (telow 100 Hz) the noise reduction
ig a function only of the stiffness of exther skin or trinm
panel. Hence use of a double-wall panel presents no additional
gain over use of the single-wall structure.

. At frequenciles of 100 to 500 Hz, the overall noise reducticn

of the double~wall panel 1s normally lower than the noise re-

duction of the single panel with the same panel weight. How-

ever, the noise reduction at these frequencies 1s so much a

function of the double-wall, panel-air-panel, resonance fre-

quencies that any conclusion on the efficiency of the double wall
without knowledge of the exc:ztaticn frequency and the double-
wall characteristics will not be valid., By proper designing of
the double-wall panel treatment, the coincidence of the panel-

air-panel rescnance froquency and the excitation frequency may
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be avoided. The doubls wall may also be designed to give a
higher noise reduction at the excitation frequencies.

In the high frequency regicn, evern though the slope of the
noise reduction curve of the double-wzll panel exceeds that
of the cinglz-wall panel, the experimental values are lower
than the theoretically vredicted 12 dB/octave. One of the
causes for the discrepancy is the assumption that the trim
panel behaves like a limp panel following mass-law impedance.
In particular for the dounle-wall panels investigated, the
effect of £he airgap depth in the high frequency region s
negligible outgide the range of the harmonics of the panel-
air-panel regonance frequeuncies.

Of the skin panels tested, the aluminum skin panel offers
nigher high-frequency noise reduction by virtue of 1ts
greater mass. At low frequencies, graphite-epoxy panels

have up to 7 dB higher noise reduction than the Kevlar
panels., One-to-one comparison between these panels 1is not
possible, due to the variel nature of the thickness and the
stiffener charzcteristacs. The effect of an additional stif-
fener in the skin panel is to increase the low-frequency noise
redvction by about 4 dB. The additional stiffener has a neg-
ligible effect on thc noise reduction at high frequencies.
The effect of the fiberglass insulation in the low-frequency
region 1s =nall and at times slightly negative.

In the high frequency region the installation of the fibar-

glass insulation damps out the resonance effects and also
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increases the notise reéuccién due to the viscous losses.
This increase 15 directly proportional to the insulatien
thickness,

The effect of the trim panel is not significant in the low
frequency region. Increacse in the trim panel mass results
in a slightly lecwer noise reduction.

At high frequencies the kase material and the treatment of
the trim panel play a major cole in the noise reduction
characteristics of both double-wall and single-wall panels.
Of the trim parels tested, panels with .5" foam as part of
the treatrent had the best noise reduction 1n the high fre-
quency region, even after consideration of their increased
mass.

Due to the inscrement limitation, the effect of very high
trim panel density on the high frequency noise reduction
could not be accurately determined. However, as the noise
reduction is well above 80 dB, it is considered that this
may not be worthwhale.

Simple, classical, multilayered transmission loss theory
predicts the double-wall transmission loss reasonably well
if the zetual single-wall data, xncluding the slope of the
trim panel noxse reduction curve, are input, The theoretical
double-wall results do not match with the experimental re-

sults when the trim panel slope differs very much from the

mass-law slore.
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. One of the wmajor deficicuzzes of this program 1s the deter-
aination of tne (undamental panel-air-panel resonance. Even
though the experimental values follow the same trend as the
theoretical values, they are 75 to 100 Hz lower. Thr reacon
for this 1is yet to be determined.

Based on the results, it is recommend=d thal the computer model
and the test procedure be studied to find the cause for the micmatch
between the experimental and the *heoretical results., It is also
recommerded that additionzl tests be conducted to quantify the various

trim panel parameters such as the base material characteristics and

the treatment.
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APPLNDTX

DETAIL AND CHARACTERISTICS OF THE KU-FRL ACOUSTIC TEST FACILITY

Th2 design ana constructicn details of the KU-FRL acoustic test
faci1lity have been described in Reference 3. Reference 4 describes
the invest:igation carried out to determine the characteristics of the

test facility. Salient features f{rom these report are presented below.

A.1 DESIGN AND CONSTRUCTION DETAILS

The test facility consists of two chambers: the source chamber
and the receiver chamber. The test panel is mcunted between these tuo
chambers. The source chamber--consisting of a massive brick wall, a
concrete coliar, and a steel hox--contains nine evenly spaced loud-
speakers. This chanber can be considered to be a speaker box. Its
purpose is to support the speakers and to prevent sound radiation to
the rear and the sides. It contains sound absorbing materials to
minimize standing waves. These waves can induce undesirable speaker-
sound radiation characteristics. A snz2ll distance, about one inch,
separates the test panel from the front side of the speaker bafile.
This arrangezent prevents standing waves between the baffle and the
test panel! at frequencies in tha2 range of incerest, 20 - 3000 Hz.
Cther standing waves, parallel to the panel and the spezaker baffle,
could disturb the desired uniformity of excitation at the panel surface.
The strength of these waves, nowever, 1s reduced by sound absorbing
miterial, which nearly £ills all the space between the baffle and the
test panel. The receiving champer is an acoust:xc ternination, which

absorbs almost all the sound energy. To facilitate the installation
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of test specimens between this termination and the speaker box, the
recerving chamber is mounted on wheels and rests on a steel table.
Figures A.l1 and A.Z2 show the detaiis.

The test-specimen size is 20 inches by 20 inches. One inch along
the edges 1is used to clamp the test specimen between the two chambers.
This ieaves an exposcd area of 18 inches by 18 inches. This 1s the
maxizum size of the test specizen that can be tested at this facility.

The loudspeakers can be driven by an amplificd signal from a
pure tone generator, a frequency swueep oscillator, a random noise
generator, or a tape recording of in-flight boundary layer fluctuations

(Figure A.3). An equalizer is included in tlie sound generation system
to obtain a reascnably flat input spectrum. The noise measuring system
includes two 1/4" or 1/2" B&K microphones, one on each side of the tast
panel. The cutput signals of the microphcnes are fed to a (narrow
band) real-time analyzer. The resulting spectra are transferrad to an
H--8 microcomputer where they are stored on floppy disks. The data is
then transferred to the KU~FRL MINC computer through the phone lines,
where noise reduction curves are plotted using an HP 7225B plotter.

The facility has a series ol adaontors which are used to test the
noise reduction characteristics at different angles of incidence. 1In
additicn a tension device s available wnich permits investigation
urder uniaxial or biaxial (tensile) stresses. To test the effect of
pressurization on the sound transmission loss of a panel, a depressur-
izaticn system has been 1nstalled. With this system the pressure in
the source chamber can be reduced. At present all tests are being

conducted at ambient temperature (68 to 72 degrees F).
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A.2 CHARACTERISTICT QT THE TLST FACILITY

Several investigat!~ns werc carried sut to determine accurately

the characteristics of this tesr facilicy. The results are described

in References 3 and 4. Notable conclusicns are given below.

1.

Fus
.

At high fraquenciles using a standard panel, the slope of the
noise reduction curve obtalned ccrresponds to that predicced
by mass law (i.e., 6 dB/cctave). However, actual values are
overpredicted by =t least 3 to 4 dB.

The plane wave approximation is justified only below a fre-
quency cf 8(C Hz at short distances from the speaker baffle.
However, this variation seems to have not much effect on the
slope of the noise reduction curve. It is also justified
over the eatire frequency range tested (20 to 5000 Hz) if
the distance from the source is at least 34 inches.

Although all the walls have been covered very carefully with
nigh quality absorption material, standing waves hawe not
been fully prevented.

In addition, the reflections from the side walls affect the
signal measured by the recziver microphone. These reflec-
tions and the standing waves result in additional peaks and
dips in the measured spectra, when narrow-band analysis is
carried out.

The use of a sweep oscillator with a very slcw sweep rate

is a satisfactery substitute to measure sound transmission

through aircraft structures.
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10.

Each of the nine speakars has its own frequency response
characteristics.

The effect of the possible reflections off the back panel

of the receiving chamber 15 so low that it is within the
experirental scatter.

Removal of the back panel of the source charber affects the
results below 60 Hz.

The air in the closed cavity backing the test specimen acts
as an additional stiffness, raising the fundamental panel
rescnance frequency. For a simple panel the analytical model

gives an accurate account (within 5% accuracy) of this ef-

The edge coaditions of the test panel are sonewhere between
simply supperted and clamped, and this complicates any com-
parison of measured and thecretical vdalues in the low-
frequency region. In the high-frequency region, presence

of the cavity resonances and the sound absorption capability
of the sound absorptiocn materaals complicate comparison of
measured sound transmission with theoretical predictions.
However, the results from the facility agree with the results
from classical transmission loss theory when nigher modes

are neglected.
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Trim 2anecl 344; Panel Dapth 3"
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