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FOREWORD

This AGARDograph presents the results of a research co-o.dination programme, on
the structural aspects of acoustic loads, initiated by the Structures and Materials
Panel of A.G.A.R.D. It had become apparent to the Panel that much work on the various
aspects of acoustic fatigue had been done in many aircraft companies and research
establishments but little had been done to bring the various aspects together and
assess progress towards an overall solution. This work aims at presenting a summary
of the present information on the variou.s topics relevant to acoustic fatigue and
alo discusses the state reached in the development of the subjpect. It. is hased on
visits carried out during the latter half of 1959 and the first half of 1960. The
;irat draft report submitted Septvmbe.r 1960 has been modified somewhat as a result of

iscussions In the Panel and comments by people working in the field.

As a result of the review various areas needing further study hiuvv been brxought
out.

B.L. Clarkson
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SUMMARY

A review of the experimental and theoretical work on the various
structural aspects of acoustic loads is given. The study of the basic
mechanism of fatigue itself is outside the terms of reference cf this
review but test procedures in acoustic environments are considered. In
the majority of aspects it is still necessary to rely heavily on experi-
mental data and in general the scaling of results has not been very

reliable.

The sound pressure levels in the near field of jets and rockets have
been investigated experimintally for a range of operating conditions on
a few engines. Extrapolation of these data to other engines shows a
rapid decrease in accuracy as the difference in the two engine condi-
tions increases. More accurate extrapolation procedures will depend on
thecretical advances.

The considerable amount of data on boundary-layer pressure fluctua-
tions establishes that the skin root-mean-square pressure level up to
trwisonic speeds is approximately equal to 0. 006 q and that the spec-
trum is probably sufficiently well defined for structural response
estimates. There is some doubt about the r.m.s. levels at supersonic
speeds and further tests are now in progress to re.solve this; point.

A large suction of the work reported is devoted to the evaluation of

structural response to random pressure fluctuations. Theories have been
developed for the response of simple structures to noise but nonei is
directly applicable tW practical structures because of the lack of normal
mode and other data. Some limitd investigations on the types of modes
being excited have begun but a much more extensive prugramme of tests on
different types ef structure is necessary. The eflective use of additional
damping compounds and the assessment of basic damping in a structure
depend on a knowledge of the modes being excited. A variety of test pro-
cedures and design philosophies have been adopted. As it is difficult to
say in the present state of knowledge which is the most effective, further
work to study these procedures is required.

It has been impossible to present a thorough review of work on the
effect of noise on internally stowed equipment and it is suggested that a
further study be made nf this particular field.

533. 69. 048. 1: 534.39
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SOMMAIRE

L'auteur passe en revue les travaux expdrimentaux et the'oriques
effectuds sur les divers aspects structurels des charges acoustiques.
L'e6tude du m6oanisme fondainental do la fatigue elle-mgme n' entre pas
dans le cadre do cette revue, main len proc6dures d' essai dans des
ambiances acoustiques sont examinkes. Pour la plupart des aspects il
est toujours n6cessaire de tenir compte de fagon sensible dLýs r~nultats
exp6riinentaux obtenus et la r6duction do ces rdsultats n~a pan 6t6 en
general tren satistaisante,

Los niveaux do pression sanores dans le champ proche des motours
reaction et. des fuse'es ant fait l'objet de mesures oxpd'rimentales pour
des r6 gimes divers. L extrapolation do ces donn~es a d' autres moteurs
r6vkle one diminution brusque do la precision suivant augmentation do
la difference entre los regimes den deux moteurs. Des procklds d'cxtra-
polation plus pr 6 cis seront fonction des progries th~or'iqueS reali.,ts.%

L~es nurnbreuses donn4es dont on dispose sur des fluctuatiosis de
pression do la couche linite permettent d'6tahlir quo la valour efficace
do niveau de prossion do revdternent jusjlu'aux vitesses transsoniques
eat approximatlvement 6 gale h 0,OO6q1 et. qjuvle spectre est probable-
ment auffisammtrnt bien dt~fini pour permettre des 4 valuations de r6 ponses
de structure. 11 existe tquelque dout' quiuit 'a la valour vtticacL des
niveaux de pressiun aux vitessus supersuiiIiquis et urn' nouveI1t' se, rirv
d' essais hunt uctuelluemwt en cours pour r6soudre cc point.

line granite purtit' des travaux prestentes let se consucre a 1' valua-
tion des ri'poiises structureiles h des fluctuations de pression atliatoires.
Des diverses thturies ant het Silaborees en ev gut concvrn:? Lm r~ponst,
ao bruit des structures simples. main aucune n'en est diroctemont
applicable aux structures pratiques, patr suite do masque de donn~es nor
les modes propres et d'autres donn~es. Queiquos 4tudes restreintes nor
les types de modes excit 6 s ant 6t6 lanc~es; toutefois, un programme doe
tests beaucoup plus &tendu ka effectoer nor des structures de type divers
est nkcessat re. Ltcmploi efficace do compounds d'amnortissement supple-
mentaires et 1e'valuation de l'wuortissement fondamental dans one struc-

ture sont ilees 'a des connaissances sur les modes oxcit6s. Une multi-
plicit5' de proc6dures d'essai et do philosophies do conception a6t
retenue. Etant donn6 la difficult6, dans l16tat actuel des connaissances
de pre'cisor laquelle de con procedures s'av'ere la plus utile. ii faudra
pr6voir de nouveaux travaux pour 1' 6tude do celles.-ci.

Poinqu'il n'a pan 6t6 possible do faire le point de tous los travaux
r6alises nor V'influence du bruit sur les mat6riels do bard. il est
sugg6r6 d entreprondre one nouvelle 6tude do ce dornaine particulier.

v
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STRUCTURAL ASPECTS OF ACOUSTIC LOADS

B.L,. Clarkson*

SE C TIO0N I

NOISE LEVELS AND SPECTRA OF JETS AND ROCKETS

1.1 INTRODUCTION

The theoretical study of the noise produced by jets and rockets based on L~ighthill' s
original work1'2 has not reached the stage where the noise levels can be calculated
for a given engine. Several theoretical lines of approach are being persued but none
looks like being able to yield results of a quantitative nature for the near field 1.a

the immediate future. It is possible, however, that more realistic scaling laws may
result, The general trends of the variation of noise levels around the efflux and
the significant parameters are understood. Much of the theoretical work considers
the simpler case of the noise in the far field, not the more complex but structurally
important near field. Consequently, data for structural response estimates must be
obtained from direct measurements on the engine to be used or by extrapolation from
measurements on a similar engine.

Most of the work reviewed in this section is of an experimental nature aimed at
the accumulution of data on the characteristics of the near field of specific engines.
An attempt is made to produce generalized intensity patterns and frequency spectra
by comparing the various full-scale results. The agreement, however, whilst fair in
qualitative terms, is poor by structural load standards. For an overall accuracy
better than about 3 db it is still necessary to have measurements on the actual
engine to be used or on one running at very similar operating conditions.

It is convenient to consider jets and rockets together in this one section as the
mechanism of noise production is very similar in both cases. Recent measurements
suggest that most of the noise produced by a rocket emanates from a region some 20
diameters downstream of the nozzle, i. e. where the flow becomes subsonic. Thus the
main difference between the jet and the rocket would appear to be in the position of
the main noise sources. This rough picture is modified by the noise which is pro-
duced in the supersonic rcgion by- thc intcraction of shock wavcs with eddies and hot
spots.

A second order of complexity is introduced by such practical conditions as reverse
thrust, multi-jet configurations and ground and structural reflections. Here it has
only been possible to Quote a small amount of empirical information.

1.2 EXPERIMENTAL AND THEORETICAL WORK

The majority of the measurements of near-field noise have been carried out by the
engine companies and research establishments in free-field conditions. The aircraft

*Departlnent of Aeronautics and Astronautics, The University of Southampton, England
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companies have then generally used these free-field measurements to estimate pressure
loads on the structure. Boeing (and Sud-Aviation) appear to be the only companies
to have made comprehensive measurements on their particular configurations. Theoreti-
cal work is being carried out mainly in the Universities and post-graduate Institutes.

1.2.1 R.A.E.

The major part of the programme of noise measurements on a Ghost and an Avon engine
with reheat has been completed and reported to A.G.A.R.D 3 . In addition to this com-
prehensive set of near-field noise levels and spectra some correlation measurements
have been made by Franklin4. These latter measurements of the correlation of overall
noise pressures have not been analysed in filte.: bands. Thus they give a picture of
relative correlation lengths but do not give the filter band information required for
structural response estimations.

An extensive series of measurements of noise levels and spectra was made on a
1/60th-scale (cold) and 1/16th-scale (hot) model of the Blue Streak rocket in its
launching duct. Measurements were made with the model fully in the duct, half out,
and in a free-field. In the unlined duct the reverberant conditions gave rise to an
increase in noise pressure on the body of approximately 20 db. With suitable
absorbent lining this increase was only 10 db.

1.2.2 Rolls-Royce. Ilucknall

A comprehensive series of measurements of noise levels and spectra has been made
in the near field of an Avon R.A.26 engine with a standard conical nozzle of 20.8
inches diameter 5. Jet velocities of 1300, 1575, 1800 and 1985 ft/sec were used to
enable the variation of level with jet velocity to be determined. Free-field measure-
ments were made at radial distances in the range 5 ft - 50 ft from the nozzle and at
angular positions in the range 150 to 1200 from the jet centre line. Spectra were
measured in 1/3 octave bands in the frequency range 35 c.p.s. to 9000 c.p.s.

In the structurally important frequency range 150 c.p.s. - 600 c.p.s. more detailed
studies were made; these can be summarised as follows:-

(1) Variation in level with angular position (fixed radius and velocity)

(2) Variation in level with radial distance (fixed angle and velocity)

(3) Variation in level with jet velocity (fixed angle and radius).

These results are shown graphically in Figures 1(a), (b) and (c).

The scaling of these results to apply to other engines with different nozzle area
and jet density has not been investigated experimentally. On the basis of Lighthill's

dimensional analysisl' 2 it is suggested that for a given position in the near field
the intensity be taken as being proportional to

p AVn
pIcc
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where p0  is the density of the surround medium
c is the speed of sound in the surrounding medium
P, is the jet density
A is the nozzle area
V is the fully expanded jet velocity
n is the velocity index as determined from the measurements (equal to 8 in

the far field).

An I.B.M. computer programme has been developed to convert these free-field
measurements into pressures unI a particular aircraft configuration on the assumption
that the noise field is axi-symmetric, and a factor of 1.5 is used to allow for
reflections. Using this method reasonable agreement was obtained between estimated
and measured pressures on the Caravelle rear fuselage in the important structural
frequency range of 150 - 600 c.p.s. At higher frequencies the agreement was apparently
not quite so good.

A smaller scale test rig is also available but is used mainly in the development
of suppressors for far-field noise reduction. The engine is a Blackburn Palas 600
having, a nozzle diameter of 5.52 inches and a velocity range up to 1670 ft/sec. Near
field measurements were made on the corrugated nozzle for the Avon engine installation
of the Comet.

A model air jet installation is in the course of construction using a heated air
supply. This rig will be used for the assessment of suppressor configurations at
high pressure ratios.

With the increasing use of by-pass or-ducted-fan types of engines in rear-mounting
configurations the possibility of structural damage forward of the intake may have to
be considered. Rolls-Royce have made measurements close to the intakes of several
engines but much of this work is only available in company confidential reports. The
general position seems to be that there is broad-band noise on to which are super-
imposed one or more very pronounced discrete frequbacies due to the compressor. These
discrete frequency components are generally in the high frequency range (above about
2000 c.p.s.) and are therefore more likely to be significant from the point of view
of passenger comfort rather than structural fatigue. Measurements indicate that the
broad-band noise level close to the intake would be of the order of 130 db if there
were no discrete frequencies present.

1.2.3 Southampton University (Department of Aeronautics
and Astronautics)

A theoretical and experimental programme is aimed at the study of noise production
by a turbulent mixing region'. Turbulence and noise measurements are being made on
subsonic cold air jets from 1 in. to 4 in. diameter.

Recent theoretical work 7 analyses a convected field of turbulence with respect to
moving axes and relates the spectra in the moving reference frame to the noise out-
put. The basic theory of noise production by a turbulent mixing region as propounded
by Lighthill requires a knowledge of these moving frame spectra. Hot-wire measure-
ments made to date at N.A.C.A., Cleveland and elsewhere have been for fixed-measure-
ment positions. To obtain the noise-producing component of the velocity fluctuations
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seen by a moving observer in the turbulent region it is necessary to use two hot
wires, one downstream of the other. A time delay is inserted in the signal from the
upstream wire equal to the time of convection of the stream from the first wire to
the second. Comparison of the delayed signal with the signal from the second wire
now indicates the change which has taken place in the original signal in the moving
frame of reference. Hot-wire measurements of turbulence in the mixing region of a
subsonic model jet have been made in this manner; and the spectra of the velocity
fluctuations on the moving frame of reference have been obtained by cross-correlation
tpnrhniques. The limitations of this method in a region of changing velocity (shear)
are being studied.

The theoretical analysis to date is restricted to homogeneous turbulence convected
with a uniform velocity but some of the results are applicable to shear flows. Further
refinement of the theory is in progress.

With a view to understanding more fully thf.- mechanism of noise reduction, a parallel
investigation of the turbulence and noise field of a circular nozzle containing a
single triangular wedge has recently been initiated.

Due to the increasing importance of compressor noise, particularly from the sub-
jective point of view, an experimental project on the study of noise from a small-scale
axial compressor has been started although no results are available yet.

A series of near-field noise pressure correlations is being made on a 2 in. cold
air jet with a view to understanding the correlation patterns produced by a jet8.
Cross-correlation measurements between two probe microphones are being used to trace
back to the source area of particular frequency bands in the mixing region. It is
hoped to be able to build up in this way a mathematical model of the distribution of
the sound sources and their position in the jeat stream and to relate this to the
measured correlation pattern in the near field.

Full-scale pressure correlation measurements have been made on a tailplane test
specimen at the Royal Aircraft Establishment, Farnborough. The specimen is positioned
3.5 diameters downstream and 1.4 diameters out from the jet boundary of a de Havilland
Ghost engine. The narrow band pressure correlations on the tailplane surface in the
longitudinal (parallel to the jet axis) and lateral directions are shown in Figures
2(a) and 2(b). From these results it can be seen that the scale of the lateral
correlations is considerably greater than the scale of the longitudinal oneri. This
is in line with overall correlations made by Franklin on a 2 in. cold jet 9, and also
by Callaghan, Howes, Coles and Muilleo. The implication is that there is a pseudo
wavefront in the lateral direction, i.e. spanwise on a tail~lane and circumferential
on a fuselage- Hpnve testing rigs which use single sources to produce plane waves
running along the structure may be a reasonable approximation to the actual condition,
at least over a relatively large structural area. This is discussed in more detail
under the heading of test facilities.

1.2.4 College of Aeronautics

Lilley is working on theories of noise production by turbulent mixing regionsil
lie has produced a simplified theory of jet noise on the assumption of isotropic turbu-

lence in a high-shear region. The characteristics of the isotropic turbulent field
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are those given by Batchelor and the scale of magnitudes is based on Laurence's
measurements on a model Jet.

1.2.5 O.N.E.R.A.

An earlier series of measurements of the noise in the near field of the ATAR.101F
engine was reported by Kobrynskt 1 2 in 1957. Current work is concerned with the
measurements of the noise pressures on the fuselage and tailplane of the Caravelle
noise test specimen at Toulouse with one engine running (Avon R.A.28). These have
been compared with earlier measurements on the fourth aeroplane with 2 engines running
and also with the Rolls-Royce estimates from the I.B.M. computer.

A smaller test installation using a Marbore engine having a nozzle diameter of
22 cm has been set up to. carry out panel tests1 3 . The near-field noise pressures of
this jet have been measured to enable the typical panels of the Caravelle to be placed
in a region of similar noise intensity and spectra.

1.2.6 Gdttingen (Max Plank Institute for Flow Research)

A theoretical and experimental study of the scattering of sound by turbulence is
being carried out and has a bearing on the case where noise from one jet passes through
the efflux of an adjacent jet before reaching the structure"1. Only the case of a
homogeneous turbulent field has been considered to date.

A turbulent field is set up in a duct of 30 inches diameter by the insertion of a
grid into a laminar airflow of 25 m/sec. The degree of turbulence can be changed by
changing the grid or by moving the grid further away from the test section. A pulse
of high-frequency sound is passed across the test section and the reduction in
intensity produned by the turbulence is measured. The pulse duration and the separa-
tion of pulses can be adjusted to eliminate the effect of reflection from the wall
of the tube on the direct pulse. A rectangular gate with a time delay on the receiving
line can be adjusted to pass the direct pulse and cut out the reflected signals. The
direct pulse at the receiver is then compared with the transmitted signal to give
amplitude and phase change.

The amplitude of the received pulse varies randomly about a mean value and the
relative phase of the transmitted and received pulses also varies randomly. Measure-
ments to date have been confined to a comparison of meat e....t•t.Y evels_- future
experiments will study the statistical properties of the received pulsc envelcpp -1._0
also the phase relationship. An analogue correlator is to be used for this work.

The reduction in intensity varies typically as frequency squared and therefore to
obtain measurable reductions high frequencies are used. The range of frequencies in
this experiment is 50.000 c.p.s. to 500,000 c.p.s., giving an additional experimental
advantage of eliminating extraneous sources of noise from the tunnel fan, etc.
Different types of turbulence have not been fully investigated yet but the trend of
results indicates that the scattering at the low frequencies (100 - 1000 c.p.s.) of
major structural response will be small.
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1.2.7 N.A.S.A. (Cleveland)

Earlier work forms the most comprehensive study in the U.S.A. of noise spectra and
pressure correlations in the near field of a full-scale jet engine10 . Recent work at
Cleveland has been concerned with the effect of forward velocity on the near-field
noise pressures1 ". Measurements were made on a single-engined aircraft, fitted with
a J-33 turbo jet, at positions 2 and 3 diameters downstream along the boundary of the
jet. The flight Mach number was varied from 0.35 to 0.70 at altitudes of 10,000,
20,000 and 30,000 ft. The frequency response of the microphone, recording and measuring
equipent was flat from 50 to 8000 c.p.s. but the background noise level was reported
to be only 6 db below the datum level.

The indications of this experiment are that the near-field roise pressure level.-
are proportional to a low power of the relative velocity of the jet and surroundiii
air and that there is no significant change in spectra within the accuracy of the
measurements. The accuracy of the measurements, however, was not sufficiently g:'oat
to determine whether this value was 1 or 2. The only significant reduction meas .red
was that of the variation with altitude as shown in Figure 3. The engine parameters
are not available but the trend is for the reduction in sound pressure level to )e
proportional to atmospheric density raised to a power of 1 to 1.5.

The indication from these results is that there will be no reduction in pl-s!iure
level along th.- jet boundary due to forward velocity. However, measurements of tOe
near field of stationary jets show that the velocity index increases with dMstance
away from the jet and therefore for structure 2 diameters or so away from jet
there will be a marked reduction with forward velocity as indicated by the Caravelle
strain measurements.

1.2.8 N.A.S.A. (Langley)

A series of measuiements of noise levels and spectra has been made L" JLangley 1 6

on a range of small rocket motors having thrusts from 1000 lb to 5000 '. Five of
the six motors had the same propellant configuration but nozzles of dtfferent exit
diameters (3.5 - 9.07 in.) to provide a range of exit pressures, vel lIes and Mach
numbers. The sixth motor, having a smaller diameter propellant gra¼. and a smaller
nozzle (2.88 in.), was u-sed in the detailed surveys for fixed nozzI conditions. The
engines were fixed on an outdoor stand with a jet centreline 3.5 f. above the ground.
Noise measurements were maie with a condenser microphone having a ,'equency range
5 - 12,000 c.p.s.

The spatial variation in pressure level in the 1/3 octave 44[ 566 c.p.s., shown in
Figure 4, indicates the general trend of the directional patter- The indication from
these curves is that most of -he noise is being produced in a re-ion -omp 20 diameters
downstream of the nozzle. High-speed photographs of the flow ildicate that this posi-

" oint where the flv w becomes subsonic.

The variation in overall level along a lin rallel to :'- jel centreline at a
distance equal to 3 diameters avrv is shown in Figu c ' the axial distance is
non-dimensionalised by dividing by the nozzle diameter. 17.77, fron flit' 3 flifor-
ent nozzles tested all lie reasonatly closely to a single hin'.A1. , ; - tt'rt is
the plot on this curve of 4 points from motors having th, -,is in th- rang,- lo,,, 9a;id
130,000 lb. The deviation of thesF noints from the curv is only of flit Is;u ),l
as the scatter of the small motor tesits.

A
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The power spectra of the noise in the near field Is shown in Figure 6 at positions
3 diameters out, and 11.5 diameters downstream and 2.5 diameters upstream. The levels
here have been adjusted to unit bandwidth. The spectra are very flat with a tendency
to peak at about 1000 c.p.s.

A model jet facility with a 2 inch diameter nozzle and heater to give air at
1O00°F is being used for model tests to find the effect of the reflection of the
exb1"ust by a ground launch pad. The operational Mach number is 1.6.

Noise measurements have been made forward of the rocket nozzles on an Atlas missile
in conneeLion with Project Mercury1 7 . The variation in overall level with distance
forward of the nozzle is shown in Figure 7(a). Spot measurements from some smaller
rockets are also shown on this figure and it can be seen that they all tend to lie on
a reasonably smooth curve. The two solid lines for the different firing conditions
are based on experimental results from model supersonic jets and small rockets.

The noise spectrum at the position of the Mercury capsule is shown in Figure 7(b).
The overall level is approximately 145 db. Also superimposed on this curve is the
sprctrum inside the capsule. External spectra at other positions along the missile
are stated to be alailar in shape to that measured at the nose.

1.2.9 W.A.I.C. (Aeromesical Laboratory)

The work is mainly concentrited on far-field jet and rocket noise. Model tests
are being made in an anechol chamber 30ft x 22ft x 22ft to assess the effect of

silencing devices on far-fieid noise.

Full-scale rocket noise,•:easurements have been made' 8 and spectra obtained by von

Glerke have been non-dimer..onalised and compared with the spectra of turbo-jets and
model jets as shown in Fiture 8(a). By a suitable choice of parameters Von Gierke
has been able to collaps.,, all the points on to a very smooth curve. The spectra are
for the overall sound po er level. A plot of the total acoustic power output is
shown in Figure 8(b). ., ran be seen that the overall intensity of rocket noise is

less than would be pre(,lcted by using the V8 subsonic relationship.

The effect of defl,-iting a rocket efflux by the launching pad is indicatedby
results of model test4 'h~wn in Figure 9. The near-field overall levels are increased
in each of the defl-.tor configurationsI 9.

1.2.10 U.C.L.A.

Powe!l 2 0 '21 b•:- continued theoretical studies of the noise radiation from jets and
rockets and ai's, of jet instability and flow resonance phenomena. Experimental work
on thebe tLoupi' has begun in the recently completed Aerosonics Laboratory. Theoretical
work on the pronagation of sound in high-speed flow, extending the multiple reflec-
tion theory to 'inite frequencies and ducts of arbitrary shape, is also in progress.

1.2.11 Bolt. Beranek and Newman (B.B.N.)

Measureiries have been made of noise levels and spectra in the near field of turbo-
jets and le-ge liquid propellant rockets 2 2 . Typical spectra and pressure correlations
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on a missile surface are shown in Figures 10 and 11. The experimental pressure
correlation (in octave bands) is compared with a theoretical prediction based on the
assumption that the noise originates at a single point and propagates upstream along
the axis of the missile. As would be expected, the experimental curves decay more
rapidly than the theoretical ones because of the random nature of the source area.
Indications are that the distribution of pressure amplitude is approximately Gaussian
in spite of the effects of non-linearities of the air at the very high noise levels.

The work on turbo-jet noise has resulted in a prediction procedure 23 discussed in
detail later. The basis of this is the extrapolation from the near-field levels and
spectra measurements on an engine having a jet velocity of 1850 ft/sec and a nozzle
diameter of 22 inches (N.A.C.A. Cleveland). The procedure involves the following
steps:-

1. Overall level correction

AF = 80 log /-v db
\.1850)

where v = fully expanded jet velocity.

2. Angular shift of the equal-level contours determined from an empirical curve,Sdependent on jet velocity.

3. AF is added on to the reference contour pattern and the whole pattern is
rotated.

4. The shape of the spectrum at any point is given by the reference spectra as a
function of distance downstream of the nozzle x/D only.

A reference near-field contour pattern (Fig.12(a)) and a series of reference
spectra (Fig. 12(b)) are used as the starting point.

The effectiveness of this prediction procedure is discussed later (Sections 1.3.1
and 1.3.2).

A prediction procedure for the noise levels on a missile structure is also given
in Reference 23. Untortunately the author does not have sufficient rocket noise data
to check the procedure for a variety of rockets and so discover the likely error.

1.2.12 Boeing

A hot model jet is used mainly for the development of suppressors. The model jet
was also used to measure pressures on a model B-52 wing and when checked with full-
scale results reasonably good agreement was achieved 2'. The model was then used to
predict the pressures on the B-52 wing when suppressors were fitted to the engines.
On the assumption that it is necessary to duplicate the jet velocity and density,
size is now the only major variable to be accounted for in the scaling process. The
effect of this is to give a frequency shift and a change in intensity:
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f= fm ' ) (jet velocity the same in both cases)

Spectrum level shift = 10 logQ.

The result of this scaling is shown in Figure 13(a). It can be seen that the
spectrum peak is predicted reasonably accurately but that the model underestimates
the high-frequency components of the full-scale jet. However, the structurally
important bands (150 - 600 c.p.s.) are well reproduced. The corresponding wing con-
tours derived from a model wing behind a model of one engine pair show reasonable
agreement (Fig.13(b)). The effect of two pairs of jets was obtained by adding
together the intensities produced by each pair separately.

The success of this programme led on to the simulation of large rocket motors.
In this case it is not possible to maintain the same nozzle velocity and density
between model and full scale and a scale factor on intensity, equivalent to the square
root of the thrust ratio, is used. The results from this scaling are shown in
Figure 14.

1. 2.13 Douglas

A 1/5 scale model jet heated to 1000OF was used mainly for the development of
noise suppressors. Structural development tests and full-scale noise suppressor and
thrust reverser tests were carried out at the DC-8 engine test stand at Edwards Air
Force Base. Scaling from model to full scale was not very satisfactory in the first
three full-scale octave bands, probably because the reflecting effect of the ground
was not accounted for on the model rig. The model was about 25 diameters above the
ground compared to 2.5 diameters full scale. For this reason, near-field model data
were not used to determine absolute values of acoustic loading.

Full-scale tests on thrust reversers shoyed near-field sound level contours moved
forward through approximately ninety degrees. The angle of maximum noise intensity
now makes an angle of about 1200 with jet axis. As the reverser can be used through-
out the flight regime if required this new intensity pattern may influence fatigue
life.

The acoustic loads on the control surface structure of the D0-8 were estimated
from near-field sound pressure level measurements made around a Pratt and Whitney
Aircraft JT3C-6 engine equipped with a daisy-plus-ejector noise suppressor. Free-
field contours of equal sound pressure level in octave~ hands were determined from
these near-field measurements. The loading of a piece of structure on the aircraft
was estimated from these contours by over-laying the contours on a drawing of the
aircraft, one engine at a time. The contribution of four engines was determined by
summing the contribution from each engine. Finally, a correction of 3 db was added
to take into account the increase in sound pressure level at the surface compared to
the fr ye-field value. Calculations indicated th~at this correction for flat, finite
panels might be as great as 9 db (depending on the size of the panel) except for the
following considerations: (a) the panels are curved and not flat; (b) the sound from
the distributed noise source impinges on the surface with approximately random
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incidence; (c) the panels are not perfectly reflective- and (d) the wave front is not
plane near the source. The 3 db correction is an engineerirg approximation that has
been checked by experiment.

Estimates were made for the take-off condition of the Pratt and Whitney Aircraft
JT4A-3 and Rolls-Royce Conway RCo-12 engines by applying a correction based on the
assumption that the noise intensity varied according to AV8  and using gas generator
data supplied by the engine manufacturer. The velocity was defined as the ratio of
thrust to mass flow.

These estimated acoustic loads were later checked by measurements on the control
surfaces of the DC-8 equinped with JT3C-6 and RCo-12 engines 25 . In general, the
estimates were within 3 db of the measurements.

Measurements have been made of the free-field noise levels around Thor and Nike
Zeus rocket motors and also of the noise levels on the surface of missile structures
and in the internal equipment bays. Some of these measurements are given in Refer-
ences 26 and 27. The noise levels inside the equipment bays were only 10 db lower
than the external levels. This high internal level is presumably due to the lack of
absorption in the enclosure.

1.2.14 Lockheed (Burbank)

A full-scale jet engine facility has been set up in which near-field noise spectra
and correlation measurements are being made. Only provisional results were available
at the time of the visit. A panel group with an overall dimension of 40 in. x 60 in.
was set up in the near field and pressure correlation in filter bands were measured.
Provisional correlation results looked rather inconsistent with previous measurements
by N.A.C.A. Instrumentation and procedure are being checked.

1.2.15 Institute of Aerophysics, University of Toronto

Ribner is engaged on the development of a simple source theory of jet noise 2 8
,

2 9 .
This theory is based on the observation that in low-speed turbulence Lightiill's
quadrupoles combine to form simple pole sources. The source strength is

• 
2

pe
t2 P

where P0 is the local pressure in the turbulence calculated as if the flow were
incompressible. Directionality results in part from convection of the eddies and in
part from refraction by the mean shear flow. As in tae Southampton studies, emphasis
is placed on the spectra as seen by an observer moving with the general flow. Con-
sidering a convected source of a single frequency, as seen by a moving observer, it
has been shown that this seen by a stationary observer is a band of frequencies whose
width depends on the speed/eddy size. This effect Df convection broadening also
occurs for convected bands of frequencies.

Directionality and spectra show sufficient qualitative agreement with experimental
results to justify further refinement of the theory.
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Other relevent theoretical work has been done on the strength distribution of

noise sources along a jet 30 .

1.3 DISCUSSION

It is seen from the above list that i considerable amount of experimental data on

jet engines and rockets has been obtained. The discussion of these results will be

concentrated mainly on the jet engine results because a large proportion of the rocket

data is classified. The mechanism of noise production, however, is very similar in

the two cases and therefore the general trends observed in jet noise should also apply
to rocket noise. The lack of an adequate working theory to apply to the near-field
noise of jet engines makes attempts at scaling results very innaccurate in some cases.

1.3.1 Overall Pressure Levels (Free Field)

Three comprehensive series of near-field noise measurements have been carried out
on the following engines:

1. N.A.C.A. Cleveland 9600 lb thrust
1860 ft/sec
1.85 ft diam.

2. D.H. Ghost (R.A.E.) 5000 lb thrust
1800 ft/sec
1.75 ft diam.

3. R.A.26 (Rolls Royce) 11000 lb thrust
1,985 ft/sec
1.73 ft diain.

As a result of the measurements on Engine 1 Franken and Kerwin have produced an

empirical procedure for the estimation of near-field levels. As described in Section

1.2.11, this procedure involves a change in level proportional to V4 plus a small
rotation of the pressure contours. The rotation has the effect of slightly modifying

the velocity index aL any fixed point. Using this procedure based on measurements
from Engine 1, estimates can be made for the rear-field noise of Engines 2 and 3 and

compared with the experimental results. Figures 15(a) and 15(b) show the estimates
and measurements for Engine 2 at 1800 ft/sec, and 1080 ft/sec respectively. In the

first case little correction is needed (only 1 db) to allow for velocity changes and

the 143 db and 134 db contours are to within 1 db of the estimates. 1 db is a
reasonable allowance to make for experimental errors. The predictions over-estimate
the higher levels closer in to the jet by up to 5 db. At 1080 ft/see (Fig.15(b)) the

predictions involve a 19 db reduction due to velocity change and as can be seen the
actual levels are 5 - 10 db higher than the estimates. This suggests that the velo-

city index should be lower than 4 - a fact which has been shown by Wolfe 3 . In extra-
polating upwards for Engine 3 at 1985 ft/sec the prediction gives 21A db increase on

the standard contours (Fig.15(c)). Predictions for this engine are 5-10 db higher
than the measurements.

The discrepancy between prediction and measurements can be partly explained by the
fact that it is not possible to use a constant velocity index throughout the near
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field. The theoretical value of 4 is in fact only reached at a point some 10 diameters
away. Figure 16 shows the value of the velocity index obtained for Engine 2. Super-
imposed on this figure are the contours for Engine 3 and three spot points in the jet
boundary for Engine 1. It can be 'seen from these curves that apart from the 3.5 con-
tour there is some discrepancy between the indices for different engines. However.
the indication that a large part of this near field area has a velocity index lower
than four partially explains the difference between measurements and estimates for
the previous cases. The possible error in extrapolating from one engine to another
is shown 31 in Tahie T. The derivation of this table by McClymonds is not clear but
the overall picture it gives may not be too far from reality.

Little information is available on noise levels forward of the nozzles. Although
this is lower than levels aft it may be important in some designs using large engine
installations. Intake noise, although generally of a higher frequency, may be import-
ant in some cases. Information here is lacking.

1.3.2 Spectra

Von Gierke has shown th~at spectra for the overall sound power level of a wide range
of jets and rockets can be reduced to a non-dimensional form and all lie close to a
single curve (Fig.8(a)). At any point in the near field the shape of the spectrumi
varies with position. Close to the jet the predominant factor is the distance down-_
stream from the nozzle. Franken and Kerwin produce a method of estimating the spec-
trum shape in the near field on the assumption that for prediction purposes the dis-
tance downstream is the only factor affecting the shape of the spectrum. Three
reference spectra are given (Fig. 12(b)) for distances downstream equal to zero, ten
and thirty nozzle diameters. For any point of interest in the near field the distance
downstream of the nozzle is measured and the appropriate spectrum shape used. The
reference shapes are those measured on Engine 1.

To check the general application of these curves they are compared with experimental
data from Engines 2 and 3. Figure 17(a) shows the spectra obtained at points along a
line normal to the jet axis and passing through the plane of the nozzle. The experi-
mental points range from 2.85 to 17.2 nozzle diameters away. The points follow the
general trend of the predicted curve with a tendency to be approximately 5 db down in
the lower two octaves (37.5 - 150 c.p.s.). The spread of the points over the rest of
the curve is of the order of 5 db with no apparent dependence on distance away from
the nozzle. Figure 17(b) shows the corresponding results for the line perpendicular
to the jet axis and 10 diameters downstream. In this case there is a greater spread
of the points (5 --10 db) again with a tendency to be lower than the predicted curve
in the lower two octaves (37.5-75 c.p.s., 10 db down; 75-15 c.p.s., 5 db down). At
the points nearest to the jet (approximately 5 dierneters out -from the jet centre line),
the peak in the spectrum occurs at a somewhat lower frequency than predicted (about
V2 octave down).

1.3.3 Overall Pressure Levels on Structures

The increase in free-field levels due to reflections at the surface of the struc-
ture has not been studied systematically. Rolls-Royce use a factor of 1.3 (3.5 db)
to allow for reflections on a typical surface and claim good agreement between surface
pressures estimated this way from free field measurements and actual pressures
measured on the Caravelle iear fuselage. Douglas use 3 db and recent measurements on
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the Caravelle indicate an increase of 4 db. The effect of reflection from the fuse-
lage side on to the tailplane surface pressures is also another possible source of
pressure increase.

1.3.4 Pressure Levels in Multi-Jet Configuration

Where the jet engines are widely separated (relative to the jet diameter), there
will be little increase in the higher intensity levels due to the effect of the addi-
tional engines. But when two jets are placed close together as in the Comet and in
the twin jet pods of the 135-2 the effect will be to double the intensity of the noise
in directions normal to the line joining the centres of the jets. However, in the
other directions there will be some shielding of one jet by the other and the exact
values of the increase over a single jet are not known. Work on attenuation of sound
by a turbulent region is of interest in this context. Model tests have been used by
Boping with some success although the general validity of their scaling procedure
must be in some doubt in the light of the difficulties in scaling the simpler case of
a single jet in a free field.

1.3.5 Pressure Correlation

For structural response estimates it is necessary to know the pressure correlation
in relatively narrow frequency bands. The only comprehensive series of measurements
on a full scale jet are those made at the N.A.C.A., Cleveland' 0 . This presents
correlation measurements at several positions in the near field although most of the
work refers to positions along the jet boundary. From this work it is not possible
to define the trends in the near field to predict with any confidence the correlation
pattern at any point of interest. Several attempts to collapse the spread of the
expef'imental data on to a single curve with non-dimensional co-ordinates have failed.
Close- to the boundary of the Jet the pressures are influenced considerably by the
moving hydrodynamic pressures associated with the jet efflux. It is reasonable to
assume that in these conditions over short distances the pressure field is essentially
a convected field, and therefore the space and auto correlograms can be related through
the convection velocity. Away from the jet boundary the jet forms a complex system of
sources distributed over distances comparable to the distance of the point from the
jet. Until the composition of the source area is understood more precisely it is not
likely to be possible to predict or scale near-field correlation patterns from one
engine to another.

A typical comparison which is available at the moment is shown in Figure 18. Here
the N.A.C.A. Cleveland results for the longitudinal (parallel to jet axis) and lateral
directions are shown for the 500 c.p.s. band at two positions along the jet boundary.
It is seen that the scale of the lat-eral correlation curve is greater than that of the
longitudinal one but the difference is greater at the lipstreani position. For compari-
son the longitudinal and lateral correlation curve at 500 c. p. s. on a tailplane struc-
ture behind a Ghost enigine at two speeds is shown. The measurement position is 1.4
diameters out from the jet boundary and 3.5 diameters downstream. The general trend
of the curves is the same with the lateral scale about twice as large as the longi-
tudinal scale. However, it is clear that the jet boundary results could not be used
to predict the tailplane patterns with any great accuracy.
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The model experiments 8 (Sec.l.2.3) aimed at understanding the correlation patterns
in the near field in terms of the statistical properties of the source region seem to
offer the best chance of arriving at a scaling and prediction procedure.

Further full scale measurements on the Lockheed rig in the near-field region should
provide more empirical data. These tests should also give comparisons between free-
field correlations and correlation patterns on a structural surface. The indication
from the N.A.C.A. results is that the correlation pattern on a plate is essentially
the same as the free-field correlation. However, where reflections are significant,
as in the angle between fuselagý and tailplane for example, the correlation pattern
may be considerably changed fro I the free- field case and should be investigated.

1.4 CONCLUSIONS

A study of the work reported in this section shows that considerable data on near-
field pressure levels are available. From these it is possible to draw general con-
clusions as to the approximate levels and directionality patterns of current jet
engines. Although this information applies to a reasonably wide range of operating
conditions for a few specific engines it cannot readily be scaled to predict levels on
new or different engines. Such scaling as is possible (Figs._15(a). (b) and (c)) gives
an accuracy of prediction which decreases rapidly as the differences in jet velocity
and thrust of the two engines increase. A more accurate scaling procedure is not
likely to be available until a better theoretical model of near-field noise pressures
is available. Information on the noise levels forward of the jet and upstream of the
intake is lacking at the moment but is likely to be required when the projected large
rear engine installations of the supersonic transports are considered.

Whilst some information on rocket levels is available there are not enough unclassi-
fied data to enable generalized near-field levels to be obtained. Because the major
noise source area appears to be some 20 diameters downstream the levels on the missile
structure are lower than would be predicted by extrapolation from turbo-jet data.

As the noise is essentially broad-band with no discrete frequency components the
data on spectra in the near field (Figs. 17(a). (b)) are likely to be sufficiently
accurate for structural response estimates. In the structurally important frequency
range there is reasonable agreement between measured and predicted spectra.

The only full-scale correlation *data available are from one engine10 and these
results are mainly for positions along the jet boundary. As this information is
insufficient for the general case of the near field, more experimental measurements
should be made on full-scale jets such as the Lockheed rig (Sec.l.2.13). Model
experiments of the type being carried out at Southampton (Sec.l.2.3) should enable a
better understanding of the correlation patterns to be obtained.

It is clear that the noise levels in practical configurations will differ from
free-field predictions. Sufficient experimental data are not available to enable a
reasonable assessment of the effects of ground and structural reflections, multi-jets,
etc. to be made. There is a great need for su~ch measurements on typical structural
con fi.gurat ions.



SECTION II

SURFACE LEVELS AND SPECTRA IN BOUNDARY LAYERS*

2.1 INTRODUCTION

Much work is going on. mainly in the U.S.A., to investigate the nature of the
pressure fluctuations at surfaces in a boundary-layer flow. The range of conditions
is very wide, extending from underwater work (from small model experiments with
rotating cylinders to tests on submerged submarines) on the one hand, to supersonic

flight measurements and hypersonic wind tunnel wall experiments on the other. A
considerable amount of data on r.m.s. pressure levels and spectra has been accumulated
and further measurements are being made particularly in the high Mach number range.
Only a few pressure correlation measurements have been made, primarily by Willmarth3 "
and Harrison 35 , but correlation techniques are being developed rapidly in the U.S.A.

and it is to be expected that a large accumulation of data will be available in a

year or so.

The majority of the investigations are confined to the measurement of pressure
spectra at solid walls; some work is being done however to measure directly the res-
ponse of a structure excited by boundary-layer pressure fluctuations (University of
Minnesota and the R.A.E., Farnborough) and the noise produced by vibration (Ribner at
U.T.I.A.) and to relate these to the excitation spectra measured by others. Theo-
retical approaches have been completed already using coincidence arguments by Ribner 3 6 ,
Corcos and Liepmann3 7 , and Kraichnan 3 8 0

•0 and more recently by Dyer" 1 .

2.2 EXPERIMENTS IN BOUNDARY LAYER NOISE

Experiments in the U.S.A. and Europe as known to the authors are listed in Table I.

Clearly there may be further investigations not yet reported. Two basin sources of
information exist, one the investigations carried for the Navy and obviously related
to underwater noise, the other more general and related to aircraft and missile

fatigue with less interest in externally radiated sound and more in internal noise in

the environment of passengers, electronics, etc.

2.2.1 David Taylor Model Basin

Two types of experiment for spectrum measurements are reported, wind tunnel tests35

and actual underwater measurements on a submarine. Some buoyant body measurements
have also been made but no results are, as yet, forthcoming.

*The major part of this section is Ased on the report Boundary Layer Noise Research in the

U.S.A. and Canada; A Critical Review, by E.J. Richards, M.K. Bull and J.L. Willis32 prepared
after Professor Richards had visited the U.S.A. and Canada with the author in September 1959.

15
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Harrison's early work (Fig. 19) was done in an ordinary low-speed return-circuit
wind tunnel driven by a fan and with presumably a fairly high residual noise level.
Indeed, bearing in mind the poor results the authors have had in a similar tunnel
owing to standing waves and a high noise threshold, the results must at first sight
be suspect. Harrison claims, however, that the tunnel is unusually quiet and that no
indications were obtained of such standing waves and high noise threshold. His
greatest dissatisfaction lies in his instrumentation: the response characteristics of
the Altec 21-BR-180 microphone used made it impossible to extend the investigation to
frequencies above 2000 c.p.s. or to very low rrequencies. Further work is going on
at the David Taylor Model Basin to repeat this work and extend the frequency range in
both directions. Harrison's overall root mean square pressure level equal to
0.0095 qis somewhat higher than the more established figure of 0.006 qgiven by
Willmarth.

For correlation measurements an Altec Lansing microphone with a cap cover with a
small hole in it is being used. By means of a system of rotating discs, the posi-
tions of the two holes in adjacent microphones can be varied easily from a few
hundredths of an inch to four inches or so. Much interest has already been expressed
in Harrison's rough fi =ures of transvpr.3e correlations (Fig.20(a)). This new instru-
mentation will allow tne repetitio., of this work with much greater accuracy. Filtered
space correlations, shown in Figure 20(b), represent the only data available in fil-

tered form at present.

2.2.2 Ordnance Research Laboratory, Pennsylvania State
University

Three facilities have been used for noise level measurements. These are:-

(i) Rotating Cylinder (18 in. diameter) in an anechoic water tank. In these
- experiments hydrophones were mounted on the inside of the cylinder wall and

outside the cy-litder at some distance from the surface.

(ii) The Garfield Thomas Water Tunnel. Measurements were made in the boundary
layers on the tunnel wall and on several streamlined bodies. In all cases
the hydrophones were mounted flush with the wall under investigation.

(iii) Buoyant Body. This work is being carried out by the laboratory at Point
West.

Buoyant body results are available but have not yet been studied. The rotating
cylinder and water tunnel work has been reported 4 2 , 4•..

No attempt has been made in these investigations to reduce the hydrophone size
(V2 in. to 5 in. diameter) to a minimum and, because of this, the results so far
reported have not been generally accepted. However, Skudrzyk and Haddle (Ref.43,
Part I) derive expressions giving the effect of hydrophone size on the measured
spectrum and r.m.s. pressure, and use them as a basis for interpretation of experi-
mental data (Ref.43, Part II).

These experiments are of particular interest in that they are aimed at investiga-
ting the effects of surface roughness. The influence of roughness on the frequency
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spectrum is to increase the spectral levels at the high-frequency end, as seen from
the water tunnel results in Figure 21. Skudrzyk interprets his experimental results
as being consistent with the idea that roughness effects come into play only when the
height of roughness exceeds the thickness of the laminar sub-layer in the boundary
layer, in which circumstances small-scale turbulence generated by the roughness is
responsible for the increase in spectral levels at high frequencies.

From spectrum measurements in the boundary layer of the Garfield Thomas water
tunnel Skudrzyk deduces a value for the r.m.s. pressure of 2.4 X 10-3 q, somewhat
less than half Willmarth' s value.

2.2.3 California Institute of Technology

Willmarth's experiments (together with Harrison's at the David Taylor Model Basin)
were some of the earliest carried out in the U.S.A., to determine r.m.s. pressures
and pressure correlations. His first measurements of pressure levels and frequency
spectra were reported in Reference 33. This work was later refined, and extended to
include space-time correlations 34 . Willmarth, who is now at the University of'Michi-
gan, reiterated the results just referred to, and presented some further-analysis of
them at the recent Minneapolis Conference (W.A.D.C.), but has apparently not carried
out further experiments.

From measurements with transducers of various sizes and extrapolation to zero
transducer size, an overall r.m.s. pressure level of 0.006q was obtained.

Willmarth's analysis of his space-time correlation measurements shows that the
pressure field in the boundary layer is carried downstream at a velocity of 0.83 times
the free-stream velocity, a figure substantiated by the work at the University of
Minnesota, by Corcos at Berkeley, by Seraphini at Cleveland, and others. On the other
hand, the lack of success accompanying his efforts at correcting the high-frequency end
of the spectrum of pressure fluctuations on the basis of the finite size of the trans-
ducer using the assumption that the whole field of pressure is convected with speed
0.83U, has led him to suppose that the smaller scale pressure fluctuations either die
out extremely quickly or must be convected at velocities considerably less than 0.83U.
He urges the need for further experiments to determine the details of the relationship
between the scale and convection speed of the pressure fluctuations.

2.2.4 Jet Propulsion Laboratory, Pasadena

Since the early work of Willmarth, interest in boundary layer noise at the Cali-
fornia Institute of Technology has grown considerably, and possibly the most elegant
work of all is being curried out at the Jet Propulsion LaburaLory in Pasadena, an out-
station of the Institute, financed by the N.A.S.A. A considerable addition to the
data available, particularly in the field of high-speed boundary layers, comes from
this laboratory. Here, Kistler and Laufer have measured r.m.s. pressures, frequency
spectra, space-time correlations and turbulence convection speeds, in an 18 in. x
20 in. supeý7sonic tunnel at Mach numbers between 1.6 and 5.

Good instrumentation is a feature of the laboratory; their hot-wire work in the
wind tunnel, their development of very small crystal transducers and their correlation
work all b-ing of high order. In particular, their very small crystal transducer,



18

measuring only 0.030 inch in diameter allows considerable confidence to be expressed
in the high-frequency end of the measured spectra, though the calibration falls off
below about 8000 c.p.s. The ratio of r.m.s. pressure to dynamic pressure, P/q ,
in the Mach number range 2 to 5 appears to be somewhat lower than the subsonic value
of 6 x i0"'.

Valuable information on turbulence convection speeds and the rate of decay of the
pressure correlation is contained in the space-time correlation results over a range
of supersonic Mach numbers.

The derived speeds of convection of the pressure pattern for the supersonic Mach
number ranke centres around 0.72U. In all cases the convection speed is supersonic.
The space-time correlation figures were obtained using Willmarth's rather primitive
method of integrating by means of a thermocouple, but this deficiency is unlikely to
continue, a more accurate apparatus being now under construction.

2.2.5 Wright Aeronautical Development Center

Two types of full-scale experiments are reported by von Gierke' 9 measurements of
the noise levels, first of all-inside the cockpit of an F.100 aircraft, and secondly
at external microphones set flush at various stations along the fuselage of an F.102
aircraft. The Mach numbers covered the range from 0.40 to 1.16. In view of the com-
plete lack in this country of practical data such as these, von Gierke's experiments,
reported at the Minneapolis Conference and to be written up shortly by Eldred, are of
vital significance. In Figure 22, for example, surface pressure fluctuations are
plotted as overall levels against speed for three typical stations along the fuselage;
values of the pressure levels in two frequency bands 20 - 75 c.p.s. and 1200 - 2400
c.p.s. are also included.

Von Gierke has plotted, (in Fig.23(a)), the information shown in Figure 22,
together with additional data, as overall pressure levels against dynamic pressure
(q) external to the boundary layer. He finds that an overall pressure level (re.
0.0002 dyne/cm2) given by (83 + 20 log q) db (q in lb/ft 2) fits not only the flight
experiments but also Columbia University's results for rotating cylinders, von Gierke
also includes results from a microphone inside the cockpit of the F. 100 and finds that
they also fit on the same straight line after correction for wall attenuation. Little
confidence can be placed in these measurements because the correction for wall attenua-
tion and internal absorption cannot be made with any appreciable accuracy. It may be
noted that the above expression for overall pressure level is equivalent in more
familiar terms to V(p) = 0.006q, i.e., Willmarth's figure.

Von Gierke is an adept at non-dimensional collapsing of experimental results. He
has done this in Figure 23(b) for the pressure spectra obtained in the experiments
referred to above, and obtains a surprisingly good collapse of the data available to
him by plotting 10 log1 0{P(f)UM/-28) against f5/MU (instead of the usual
10 log 10{P(f)U/5ý6} against fS/U (see Ref.35). The innovation here is the inclu-
sion of Mach number in the non-dimensional parameters, although it is difficult to
see why Mach number should enter in this particular way. Indeed, von Gierke makes no
pretence at a theoretical justification for including Mach number in this way, and
claims only that 'it works' for the available data.
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2.2.6 Columbia University

Rotating-cylinder experiments have been carried out at Columbia University by
W.L. Nelson"t. This paper has not yet become available to the present authors but

the results are included with the work of von Gierke (Figs.23(a) and 23(b)), who used
them to extend his own curves to much higher dimensionless frequency parameters. It
is the collapsing of these results, covering a wide Mach number range, into a single
curve, by using the von Gierke parameter which is most interesting and deserving of
further study.

2.2.7 N.A.S.A., Cleveland

This laboratory has an excellent boundary-layer facility in the form of a 40 ft
long channel of cross-sectional shape, 24 in. x 9 in., all but the working wall being
relieved of boundary layer by suction. Stray noise originating downstream of -the
working section is excluded from the working section by a sonic choke similar to that

used in this country. Mach numbers of around 0.6 are standard, though an M = 2.0
stream is obtainable. Unfortunately, the results of work going on at the Lewis
Laboratory are being held back until Seraphini submits them in support of his Doctor' s
thesis at Case University. The results, however, seem to agree with others, particu-
larly in so far as turbulence convection speeds are concerned.

In the same laboratory, L.W. Baldwin has obtained similar data in the fully
developed flow in a circular pipe. Baldwin's Ph.D. thesis"6 describes this work.

2.2.8 Institute of Aerophysics, University of Toronto

The experiments being carried out here are to excite, by boundary-layer pressure
fluctuations, a thin panel let into the wall of a quiet wind turinel, and to measure
the spectrum of the noise occurring in a reverberation chambc surrounding the tunnel.
No results of this work are available as yet, although they promise to be of consid-
erable interest.

Wilson has also carried out investigations of the effect of surface roughness on a
"17rotating cylinder

2.2.9 University of Minnesota

Some experiments in small ducts are proceeding in the Electrical Engineering
Department under the guidance of Lambert. Correlation of pressures in space and time

are being made and convection speeds in agreement with other investigators are being
coinputed. As the first step towards investigating structural response, measurements
are being made on a rubber membrane inserted in the wall of a wind tunnel.

2.2.10 Edwards Air Force Base

Flight measurements have been made of r.m.s. pressures and frequency spectra with
internal and external microphones at various stations along the fuselage of a B-47A
aircraft"". Internal noise measurements were also made for the D-558-Il research
aircraft.
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2.2.11 College of Aeronautics, Cranfield

Lilley and Hodgson49 are carrying out theoretical and experimental studies of the
surface pressure fluctuation on a wall jet. In this installation a 1.5 inch diameter
air jet impinges normally onto a 2 inch thick wall situated 0.75 inch away from the
jet orifice. The working range of wall velocities is 40 - 140 ft/sec. Preliminary
results give values of V'(p`/q) of the order of 0.1. i.e. about 17 times as great
as the generally accepted figure for corresponding measurements on a flat plate with
zero pressure gradient. The increase is thought to he due to the greater thickness
of the shear layer and the relatively high intensity of turbulence although it is
difficult to see how the jet noise can be eliminated in the frequency range of measure-
ment (40 - 20,000 c.p.s.). Auto and space-time correlations are also being made to
enable equivalent eddy convection speeds to be established together with the detailed
turbulent structure.

2.2.12 Southampton University

The wall of a 6 in. x 2V2 in. wind tunnel has been used to obtain pressure levels
and spectra at Mach numbers of 0.5 and 1.2 to 1.54. Preliminary results are shown
plotted on Figure 29. Space-time correlation measurements of wall pressures have
also been made, and filtered, space correlation results show good agreement with
Harrison's curve (Fig.20(b)). The aim of the work is to accumulate sufficient data
to allow a realistic empirical formulation of the pressure field to be made for use
in structural -response calculations and also to find out how various regions of the
boundary layer contribute to the wall pressure field. A 9 in. x 6 in. tunnel which
will be suitable for studying the vibration of a panel fixed in the wall is under
construction.

2.2.13 R.A.E., Farnborough

Interest is mainly in the surface pressure fluctuations and structural response of
an aircraft flying in the Mach number range 1 to 3. In a preliminary experiment a
rocket-boosted model was used and measurements made on a wing surface in the free-
flight stage. The wing was of double wedge cross-section 5% thick having a 19 in.
chord and a 9 in. semi-span. At velocities in the region of 2000 ft/sec wing surface
pressure fluctuations on the rear wedge were measured by a flush mounted microphone.
Provision was also made for the study of the vibration of a 6 in. by 4 in. panel let
into the rear wedge.

A more extensive programme has been car ried out on the Fairey Delta 2 aircraft5 '
flying over various flight paths at Mach numbers extending up to 1.6. A section of
the skin of the lower surface of the port wing was replaced by a thick rectangular
plate. Towards one end of this plate a microphone was mounted flush with the external
surface and towards the other end a test panel was formed by reducing the plate in
thickness to 0.018 in. over an area 61h in. by 81ý in. by chemical etching. Panel
strains were measured at the centre and close to the edge by barium titanate strain
gauges. The overall accuracy of the pressure measurements is stated to be ± 1V2 db.

The pressure measurements indicate that over this range of speeds and Mach numbers
the overall levels increase linearly with the dynamic head q as shown in Figure 24.
The spectrum is flat up to the working limit of the instrumentation at 10 Kc/sec and
gives the overall level V()=0. 0026 q . Measurements of the boundary layer give
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displacement thicknesses which suggest that the spectrum should continue flat up to
about 26 Kc/sec. If allowance is made for this additional energy in the unmeasured
portion of the spectrum then the value for v(F-) becomes very close to Willmarth's

figure of 0. 00o q.

The variation in overall level with Mach number at constant E.A.S. is shown in
Figure 25. From this graph it can be seen that both the pressure and strain follow
closely the E.A.S. curve. A plot of all the results against Mach number is shown in
Figure 26. Here there is considerable scatter (± 1% db) but no general trend of

reduction with Mach number is apparent.- Measurements of the boundary layer showed
that the thickness remained substantially constant for all the flight conditions of
interest.

Spectra of strain in the test panel are shown in Figure 27 for three Mach numbers
during the flight shown in Figure 25. There are peaks in the spectra at about 390
c.p.s. which are associated with a mode, identified on the ground by loudspeaker

tests, as having a node line across the centre of the panel normal to the flow direc-
tion. The fundamental mode at 200 c.p.s. was not excited by the boundary layer
pressure fluctuations.

An interesting comparison was made between jet and boundary layer excitation. The
panel was subjected to noise from a jet engine at the same overall noise level and a
comparison of the strain responses is shown in Figure 28. For the same overall level
of excitation the response to boundary layer noise is only about 20% of the response
to jet noise. In the jet noise case the fundamental mode of vibration was excited
predominantly. The difference in the response levels was partly due to the fact that
the excitation pressure energy in the frequency range of major structural response is
less in the boundary-layer case than in the jet case for equal overall excitation
levels. The different correlation patterns must also be playing an important part,
as in the jet-noise case the fundamental mode is predominant whereas in the boundary-
layer case the first harmonic is predominant.

Further measurements to cover a wider range of Mach numbers and boundary-layer
thicknesses are being considered.

2.3 THEORETICAL WORK ON NOISE DUE TO STRUCTURAL
VIBRATIONS

Up to the present, experimental effort has been mainly concentrated on building up
knowledge of the statistical properties of the pressure fluctuations in boundary-layer
turbulence; little experimental work has been done-on structural response and the
noise field generaLed by the vibrating structure, although some is now in progress at
U.T.I.A. and Minnesota University.

Theoretical methods have been put forward by Ribner, Corcos and Leipmann, Dyer,
and Kraichnan, but because of the lack of experimental information on the statistical
properties of the turbulence, it has been necessary to assume physically reasonable
expressions for the correlation functions in order to obtain any quantitative results.

Other work having some relevance to the problem is given in References 52, 53, 54
and 55.
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2.3.1 H.S. Ribner

Ribner's paper 36 treats in detail the idealised case of convection of a rigid
pattern of turbulence, i.e. that the frequencies of pressure fluctuations in a turbu-
lent eddy are very much less than Uc/I where Uc is the convection velocity and
1 the panel length. The frequency at a fixed point due to convection of wave number
K is then KUc/27r . However, the basic approach can be generalized to allow for
fluctuations of the pattern. Such a generalization is now being explored.

The major contrihutions to the panel response come from coincidence of wave number
and speed in the turbulence pattern with the wave number and speed of free flexural
waves in the panel (which is treated as infinite). By assuming the form of the turbu-
lence pressure correlation and by making simplifying acoustic assumptions to obtain
noise levels due to reverberant build-up inside a cylinder, Ribner obtaines expressions
for noise levels in an aircraft fuselage. The results obtained are that, for thin
boundary layers, the noise level varies as U583 (U = aircraft speed. 8 = boundary-
layer thickness) and as U36 for thizk boundary layers. Present U.T.I.A. experiments
are aimed at establishing the validity of the U36 and U5S 3 laws. Preliminary
results exhibit an accurate U5 law.

It may be noted that there is an inconsistency between the assumed form of space
correlation and the spectrum function which Ribner uses in the development of the
theory. Nevertheless the spectrum function appears to be physically reasonable. As
it stands, Ribner's work is applicable to the case in which acoustic damping of the
structural vibration may be neglected, but could be extended to the submarine case by
taking proper account of acoustic damping, which in water may be many times greater
than the structural damping itself.

2.3.2 Corcos and Liepmann

Corcos and Liepmann 3 7 whilst allowing for pattern fluctuations make the restrictive
assumption that there is negligible correlation between motions of surface elements.
This is equivalent to assuming that the correlation of the plate vertical acceleration
is essentially a delta function. The structural response is again obtained from
coincidence arguments. No attempt is made to assume a definite functional form for
the boundary-layer pressure correlations and results are given in terms of the unknown
correlation functions.

The analysis yields the relevant similarity parameters, but there will obviously
be considerable scope for further application to prediction of noise intensities, when
the required experimental data become available.

2.3.3 I. Dyer

Dyer"1, like Ribner, assumes the form of the pressure correlation of the turbulence,
but proposes an improvement on the rigid convection pattern approach by including the
effect of the finite statistical lifetime of the turbulence, i.e. a correlation func-
tion of the form:

exp[- K/(• - UcT)' 2 - -
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=longitudinal and transverse separation distances, -r =time delay, 0 stat-
istical lifetime of the pressure fluctuations), and on the basis of experiment assigns
the values KS* = 2 , OU/6* = 30 , UC 0.8U . However, for mathematica~l simplicity
Dyer reduces this to a delta function in space.

The frequency spectrum is then obtained in terms of a characteristic frequency,
wowhich is given by wo0 = KUc + 1/0 and conisistent with thq above figures
co KU, . Justification for these values is given by Figures 20(a) and 31.

The structural response is considered for two cases, viz.,

(a) For the coincidence condition (turbulence wavelength equal to plate modal
wavelength convected at the speed which gives a frequency equal to the mode
frequency) where the convection speed is of the order of the speed of free
flexural waves in a plate, and

(b) For convection speeds below coincidence speed.

These two cases are appropriate to aircraft and underwater applications respec-
tively.

As would be expected, the analysis shows that at coincidence (and with low damping)
the structural response is increased by an increase in turbulence lifetime, and by
decreasing damping, so that an increase in damping is an effective means of reducing
noise.

In the underwater case there are two important restrictions on) the use of increased
damping as a noise reducer. The first arises as a result of liquid coupling so that
increasing hysteretic damping is not an efficient means of noise reduction unless

> /3

where 71 = hysteretic damping coefficient
,6 = viscous damping due to liquid
Mf= effective mass per unit area of vibrating plate

wn= mode frequency.

The second is that damping is effective only at frequencies below a transition
frequency, given by 1/1T778 , where 8 is the statistical lifetime of the turbulence.
At frequencies greater than this, damping becomes less and less effective in reducing
structural response. it might be noted that in this catse hysteretic damping an~d the
decay of turbulence play analogous parts in the plate response.

2.3.4. R.H. Kraichnan

Kraichnan 38-40 obtained a representation of the spectrum of turbulent pressure
fluctuations from considerations of longitudinal and transverse pressure dipoles
moving with convection velocities distributed about a mean. He then considers the
response of finite rectangular plates to this excitation, and obtains expressions for
the sound radiation, due to plate vibration, in free space on the side of the plate
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remote from the flow. Results are given for the longitudinal and transverse dipole
contributions to the sound radiation for the cases of critical end very low damping
of the plate vibration modes. In general the effect of transverse dipoles is not
significant in comparison with longitudinal dipole effects.

For moderate subsonic Mach numbers end thin boundary layers, Kraichnan concludes
that the total transmitted power varies as U54, and that the dominant transmitted
frequencies increase with Mach number.

2.3.5 Bolt. Beranek amd Newman

An approximate method of predicting the level of noise due to the boundary layer
is contained in a Bolt, Beranek and Newman report23 concerned with estimation of noise
levels in aircraft end missiles generally. The essential steps in the procedure are:

(i) Estimation of octave band pressure levels on the outside of the fuselage,

(ii) Estimation of transmission loss for an isolated panel,

and (iii) Correction for characteristics of the receiving space.

External pressure levels are based on a representative boundary-layer pressure
spectrum obtained from noise measurements in aircraft, corrected for fuselage trans-
mission losses. Transmission loss is estimated in a similar fashion to that for
air-borne noise, the frequency range is divided into regions where one effect (mass,
stiffness, panel resonance, etc.) predominates and methods are given for estimating
the transmission loss for each, so that a composite transmission loss-frequency curve
can be built up.

A fundamental treatment of the various phenomena is not given, the intention of
the method being to provide preliminary values of noise levels for design purposes,

2.4 DISCUSSION

The first impression to be gained from the above catalogne of boundary layer noise
results is that of the wealth of experimental results now available and the lack of
necessity for further similar work. A further study of the situation, however, tends
to show how little we know of the phenomena involved and the enormous scatter of
results between the various experiments. At some frequencies, r~m.s. pressures differ
by factors as high as 30 or more, a serious matter in regard to the prediction of
fatigue life, though of less importance possibly in predicting internal noise levels.
Much of the discrepancy arises, rio doubt, from experimental difficulties, but the
greater part is real and emphasises the need for a carefully planned and carefully
instrumented series of experiments to relate wall pressures to turbulence.

2.4.1 Root Mean Square Pressure Levels

Of the statistical parameters associated with turbulent pressure fluctuations,
which are required for prediction of structural stress levels and internal noise
levels, the r.m.s. pressure is the one most firmly established. Although values of
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{/(--T)/q} x 103 at subsonic speeds of 1.3 (Mull and Algranti15 ), 3 - 5 (McLeod and

Jordan"s), 4.5 (Callaghan5 6 ) and 9.5 (Harrison 35 ) have been measured, the most gener-
ally accepted value is 6 as measured by Willmarth and others (Sec.1.2.3).

2.4.2 Frequency Spectrum of the Wall Pressures

Although wall pressure spectra have been measured by many investigators, the stage

has not yet been reached where it is possible to predict the spectrum very accurately
for any given set of conditions.

The various experimental data are compared in Figure 29. Results obtained by the
authors in the 6 in. x 2Y in. subsonic wind tunnel and 2 in. diameter water tunnel at
Southampton are included, in addition to those from American sources. It will be seen

that there is a very wide scatter o.f results, which is most pronounced at the high-
frequency end of the spectrum. The spectral density tends to be constant up to some
cut-off frequency and to fall off with frequency above this. Theoretical work also
indicates a spectrum of this general form. Willmarth's results show that the high-
frequency attenuation increases with the ratio of transducer size to boundary-layer

displacement thickness (d/b*) .

Mach number does not appear to have a marked influence on the frequency spectrum
at subsonic speeds; at supersonic speeds an increase in Mach number may be accompanied

by a fall in non-dimensional spectral level and an increase in the non-dimensional
cut-off frequency, by a factor of about the same mangitude as the ratio of the Mach
numbers involved. Thus if we followed von Gierke's practice of plotting against
fb*/UM better agreement between the supersonic curves would be obtained. This had

been done but, as might have been expected, the lower the Mach number, the more the
subsonic curves are displaced towards higher dimensionless frequencies. It therefore
appears that von Gierke's parameters do not adequately account for Mach number effects.

2.4.3 Longitudinal Space-Time Correlations and
Convection Velocities

Convection Velocities. Longitudinal space-time correlations so far measured have

been used mainly for the determination of convection speeds of the pressure pattern
as a whole. Of considerably more interest is the distribution of convection speed

over the space wave lengths of the turbulence. From the effects of transducer size
on the frequency spectrum, Willmarth has been led to the conclusion that small-scale
pressure fluctuations die out very rapidly or are convected at speeds significantly

less than the overall convection speed.

The relation between convection speed and frequency can be obtained by filtering
the signals into narrow bands before correlating, but this technique will not dis-
tinguish between fast moving large eddies andslow moving small eddies. Such a method
was applied by Harrison3" who found that, for frequencies below fb*/U of the order

of 0.3, the convection velocity was constant at about 0.8 U. Since the frequencies
covered by Willmarth's experiments correspond to fb*/U less than 0.3 there is a
suggestion here that the variation of rate of decay with frequency may be more
important than the variation of convection speed. However, some evidence in support

of Willmarth's conclusion can be obtained from work on jets. That there is a con-
siderable variation of convection velocity with frequency in a jet is shown by some
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preliminary results obtained at Southampton by Williams and Barrett. This work is to
be reported at a later date. Convection speeds have been obtained at various positions
in the jet from hot-wire measurements and these are shown in Figure 30. In the results
for a boundary layer, being the inverse of those for a jet, we would expect the convec-
tion velocity in a boundary layer to decrease with frequency. Obviously a sore
detailed experimental investigation is required to clarify the situation regarding the
relation between frequency and convection speed.

The anito-cnrrelatinn of pressure fluctuations (at a. point moving with the mean
convection velocity of the turbulence) can be obtained from the envelope of the space-
time correlations. Such values for subsonic speeds are shown in Figure 31. Also
shown is the exponential correlation function assumed by Dyer in this theoretical
work, corresponding to U9I5* = 30 . This gives a reasonable representation of the
experimental data for rti/8'* up to about 70, but the experimental correlation does
not decay so rapidly at larger time delays.

At supersonic speedts the lifetime of pressure fluctuations appears to be less than
for subsonic speeds by a factor of about 10. This is the one striking difference
between subsonic and supersonic pressure fluctuations revealed by the experimental
data so far.

Measurements of space-time correlations have been made at fairly widely separated
points ~in terms of 8*) so that they do not yield very much information on instan-
taneous space correlations. In particular, for the space correlation of the pressure
field at zero time delay (given by the intercepts on the vertical axis of the correla-
tion curves for constant spatial separation) we have no values of the correlation
coefficient at separations between those for which it is unity and almost zero. The
results we have emphasise the difficulty in increasing the amount of experimental
information here, for they show that this space correlation falls off to zero over a
distance of only 2 or 3 boundary-layer displacement thicknesses (i.e., over a dis-
tance of the order of 0.2 inch for the scale of most laboratory experiments). Will-
marth has derived this function from measured frequency spectra and overall convection
speeds (see Fig.20(a)) and has observed that the comparison with Harrison's transverse
space correlations indicatcs a marked anistropy in the structure of the pressure
pattern.

2.4.4 Conclusion

The above discussion indicates that while the experiments which have been carried
out have added considerably to our knowledge of pressure fluctuations, and allowed
some general conclusions to be reached regarding the likelihood of accustic fatigue
due to boundary-layer noise, the inaccuracies of instrumentation and clear inconsis-
tencies observed between the various experiments suggest the need for much further
work of a more controlled nature. For example, the magnitudes of the pressure fluctua-
tions are probably accurate enough to suggest that there is no likelihood of acoustic
fatigue of structures in the envisaged range of indicated air speeds and Mach numbers;
at the same time they are of such a magnitude as to suggest that internal noise in
supersonic transport aircraft can he very high and the need is emphasised for a much
better theoretical method of calculating the structural response and the consequent
internal noise pattern in the cabin.
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For such purposes, it is still necessary to set up empirical expressions for the
space-time pressure correlation over the surface of the structure to represent
analytically the essentials of the physical system; available data allow us to put
only rough quantitative values to the parameters involved. This procedure has been
followed by Dyer (see Sec.1.3.3), but the representation is by no means precise. There-
is still a great need to extend correlation work to produce sufficient data of the
type already obtained, in order to define the statistical properties of the pressure
field more precisely.



SECTION III

STRUCTURAL RESPONSE

3.1 INTRODUCTION

The majority of aircraft companies and research establishments have now been faced
with the problem of structural failure due to jet noise and a wide variety of design
and test procedures have been adopted. In several cases the onset of incidents
resulted in 'crash' programmes which inevitably involved considerable work and expense
without resulting in any general method.

A considerable amount of work has now been done on all the various aspects of the
problem but it is still not possible to pick out a standardised method of approach
which can be guaranteed to give consistent results. It is the purpose of this review,
therefore, to attempt to sift out the informatfon of general value and to indicate
which items need further work. Several companies have now adopted their own semi-
empirical procedure but there is wide variation in these methods.

The theoretical work of Powell 57'58 and others presents a reasonable working
framework for the study of the relevant parameters. However, it is not yet possible
to apply this directly to actual structures because the normal modes of stiffened
structures are not known accurately. Studies of damping appear to be close to the
stage where the basic structural damping could be estimated if the mode shapes were
known. The question of the damping due to sound radiation is not finally solved but
work is progressing in this field.

Owing to the lack of a working practical theory of structural response there is a
wide variation in test facilities. In the U.S.A. and Canada the major'ity of practical
designs are developed in some form of siren facility. The degree of confidence placed
in sirenf tests varies such that in some.ý cases no further testing is done whereas in
others a large section of structure is tested behind a jet engine. In Europe sirens
have not been used in the design of any aircraft and in fact there is no siren of the
higher intensity type yet in operation although a lower-intensity random siren facility
has just been completed at Southampton University, and a higher-intensity di. crete-
frequency siren is in the course of construction at Vickers Supermarine. Development
ir Europe has generally been carried out with a jet engine as the noise source.

Little success has been achieved in trying to determine relative merits of struc-
tural configurations. This now seems inevitable as detail design practice varies
considerably.

3.2 EXPERIMENTAL AND THEORETICAL WORK

A mass of test work has been carried out on structures ranging from full-scale
aircraft down to simple cantilever specimens. There has also been a range of methods
of load simulation varying from actual engines to discrete-frequency sirens and
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vibrators. It is not possible therefore to give full details of all the tests which
have been carried out butt an attempt is made to refer in greater detail to those
which add significantly to our knowledge of the problem whilst mentioning only briefly
those tests which are a repetition of earlier work.

3.2.1 R.A.E., Farnborough

Two full-scale jet engines (one with an afterburner) on an open air site have been
available at the R.A.E. for structural response and fatigue tests. Sections of a
missile skirt structure were tested close-to the engine with afterburner to simulate
the rocket environment, and it was confirmed that the spot welding of stiffeners to
conventional skin was unsatisfactory. A similar structure with rivets in place of
spot welds proved satisfactory.

A programme of proof tests on a series of tailplane test specimens was used to
obtain strain levels and spectra. The distribution of the strain amplitude was
checked in some detail and was found to approximate closely to Gaussian.

Work on structural response due to boundary-layer pressure fluctuations has been
quoted in Section 2.2.13. -

3.2.2 De Havilland

Work has been aimed at developing satisfactory detail design for the Comet IV rear
fuselage and tailplane, which are situated in areas of overall no ise levels of about
150 db. A section of the tailplane of 5 ft span and full chord was tested behind a
jet engine on the open air rig at the R.A.E. In order to fix the position of the
test specimen strains were measured on the rear fuselage and tailplane of the proto-
type aircraft operating with and without the Rolls-Royce suppressors. The position of
the test section was then adjusted behind the Ghost engine on the R.A.E. rig in order
to give approximately the correct strain levels in the skin. In this position (3.5
diameters downstream and 1.5 diameters out from the jet boundary) the overall noise
level was 151 db. Strains were measured in the centre of panels, on skin over
stringers at rib intersections and in the rib flange bend radii where failures had
previously occurred. It was found that the effect of the suppressors was to give a
UP% reduction in the tailplane skin stress. The first three specimens were used for
fatigue tests and the fourth one is being used for more detail strain measurements
and investigations of the mode shapes (see See.3.2.5).

In parallel with these larger-scale tests, small-scale fatigue tests on the skin-
stringer to rib connection are being conducted"9 . A mid-bay to mid-bay section of
skin with one top hat stringer is attached to a section of the rib which is mounted
on a vibrator. The fundamental free-free mode of the skin and stringer section is
excited to give maximum skin stresses above the rib attachmen t.

Skin stress levels have been measured at critical skin/rib intersections on the
aircraft and then the test is run at similar skin surface stresses. The work has then
been extended with tests at higher and lower stress levels to provide S-N curves for
such skin rivet lines.
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A typical test specimen is shown in Figure 32 together with the measured stress
distribution in the region of the rivet line. A typical set of results is shown in
Figure 33 for DTD.710 material. The S-N curves show considerable scatter on the
individual points but the general trend is to show a very flat curve in the region of
106 to 1010 reversals. Tests using DTD.746 material showed no significant difference
in life at these low stress levels. The plain holes gave approximately a tenfold
increase in life over spin dimpled holes in the lower stress range.

In this type of test the significance of the test in termu of aircraft life depends
critically on how accurately the stress distribution in the cross section at the
rivet line is reproduced. If there is any possibility of membrane stresses in the
skin of the actual structure then the aircraft life may only be about half that pre-
dicted from the tests.

3.2.3 Vickers

A proof test on a tailplane specimen for the V.C.10 was carried out on the noise
rig at the R.A.E. No strain measurements were made. The overall levels were only of
the order of 146 db, the tailplane skin is 19 s.w.g., and the elevators are of solid
honeycomb. No serious difficulty with this type of structure in these noise levels
should be expected. Several design details are to be tested in the Southampton
University siren facility.

A discrete-frequency siren with output of 165 db over the frequency range 100
c.p.s. - 2000 c.p.s. has been designed. The mode of operation is to mount the test
panels, 3 ft x 3 ft, at the mouth of a hypex horn to give a normal incidence con-
figuration.

The siren is being designed to be operated by an 80 lb/in.2 air supply. The rotor
is 91h in. O.D. and has 20 ports. Drive is from a 3 H.P. motor.

The test chamber consists of two enclosures cne inside the other. The inner
chamber, 9 ft x 6 ft, has concrete wall 4 in. thick and there is an absorbent lining
6f 4 in. rockwool leaving a 4 in. air cavity between the rockwool and concrete.
Cooling air is provided to prevent the rockwool from heating up. The outer chamber
(an old air raid shelter) is also lined with a 4 in. layer of rockwool.

A speed control for the siren motor is being considered which would enable the
siren frequency to change as the resonance frequency of the panel changed due to
fatigue cracks developing, and so maintain excitation at resonance. As the damping
of the panels is likely to be very low the frequency-response curve of the panel will
be very peaked. It is doubtful therefore whether the proposed systems would be
sufficiently stable to ensure that the siren frequency was also maintained at the
resonance frequency of the panel.

3.2.4 Imperial College

Attention has been centred on the effect of a backed damping layer on the vibration
of a simple steel or aluminium strip60 . The fundamental properties and mode of
operation of the damping layer are being studied. The material being used is the
Johnson and Johnson 'Permacell', which consists of a fabric impregnated with a latex-
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based adhesive and having an aluminium foil backing. The original programme set out
to verify experimentally the work of Ross, Kerwin and Dyer 6 1.

Test strips are 3 ft long by 1 in. wide and -8 in. thick for aluminium or 1/16 in.
thick for steel, with a similar test arrangement to that referred to in Reference 61.
The bar is supported vertically by a long thin wire, it is excited at one end in a
'free-free' bending mode and there is a capacity pick-up at the other end to measure
the response. In this case the damping was measured by the free-decay method which
limits the validity to cases of low damping.

The general trend of the B.B.N. theory is verified for this material but results
on aluminium and steel show that it is not good enough to assume that the fabric
reinforced layers behave as a homogeneous material of equivalent properties. The
damping of the aluminium strips is 5 times as great than would be estimated from the
damping of the steel using the homogeneous'aissumption. The material itself is found
to have a Young' s Modulus of the order of 100 lb/in . 2.

The theoretical variation of damping with the shear parameter (or frequency for a
specified bar) is borne out only when the damping material has a perfectly flat back-
ing layer. WThen the foil backing layer is wrinkled as in the production article the
damping is increased at the lower frequencies. This condition can also be obtained
by cutting slots in the backing layer and the optimum spacing is such that distance
between slots is approximately equal to the shear diffusion length 1 . The maximum
damping is not increased by these slots but the frequency range is extended.

There has been no investigation of the effects of temperature and humidity.

3.2.5 Southampton University

3.2.5.1 Experimental Study of Random Vibrations

An experimental investigation is being carried out on full-scale structures in
collaboration with Sud Aviation and the R.A.E. to determine the types of modes of
vibration which are being excited in typical aircraft structures by jet noise. The
first results relating to the Caravelle rear fuselage, have now been reported 6 2 ,63.
Recordings were made of the strains induced in the rear-fuselage test structure when
one engine was running at maximum take-off thrust. The structure is conventional
sheet/stringer combination attached to pressed out frames.

The analysis to date has been concentrated on the strains in the centres of the
panels. A typical strain spectrum is shown in Figure 34. Correlation measurements
have indicated that the lower frequencies having low strain amplitude are associated
with overall modes of vibration. The larger panel strains occur at higher frequencies
with the frames acting as boundaries. In these measurements the main resonance peak
in each panel occurs in the range 600 - 700 c.p.s. and has been identified with the
fundamental stringer twisting mode (i.e. adjacent panels out of phase). There are
generally two smaller peaks in the 800 - 1000 c.p.s. range but the corresponding
modes of vibration have not been completely identified due to lack of sufficiently
closely spaced strain gauges. A typical correlation spectrum for two adjacent panels
is shown in Figure 35. This form of analysis presents clearly the phase relationships
which exist at each predominant frequency and hence determine the mode shape.
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An attempt has been made to calculate the panel resonant frequencies theoretically

on the assumption that the frames act as boundaries. Lin's theory (see Sec.3.2.16)
and also an energy method have been used with some success. The energy method is

being checked on a simplified flat sheet/stringer frame structure having similar

relative stiffnesses to the Caravelle fuselage. A curved specimen is being construc-

ted to check extensions of the theory.

It should be emphasised that although these results are very encouraging they
apply only to the type of structure investigated. At the R.A.E. a similar programme

is being carried out on a tailplane specimen whose structure is essentially thick

skin, torsionally stiff stringers and more flexible ribs. Strain spectra (Fig.36)

have been obtained and the predominant skin response mode has been identified6 ".

3.2.5.2 Normal Modes of a Stiffened Cylinder

A theoretical study of the modes of vibration of 9 stiffened cylinder is being

undertaken. The characteristic equation giving the natural frequencies of vibration
of a circular fuselage with stiffeners of arbitrary but'uniform pitch has been
formulated. Current work is studying the effect of stringer cross-sectional distor-
tion.

3.2.5.3 Response of Continuous Linear Systems to
Random Loading

A theoretical study of the use of wave theory tr olve vibration problems of con-

tinuous linear systems is being made. An influence function theory for the vibration

of finite plates and shallow shells is being developed. The basic influence functions
corresponding to the forced vibrations of unbounded plates and shells have been
derived. It has been found possible to extend this work to finite plates by super-
imposing two infinite plate solutions, one representing the loading and the other the
conditions at the boundary. The application of the theory to the analysis of random

excitation of circular plates and shells seems possible and is being studied.

3.2.5.4 Damping

The various contributory factors to the total damping of a typical aircraft struc-
ture are being considered separately. Measurements of the energy dissipation at a

riveted joint in a beam vibrating in a free-free mode have been completed. The
investigation was carried out for peak rivet loads in the range from 0.1 to 200 lb.

Typical curves Jor two frequency regions are shown in Figure 37 where energy dissipa-

tion per cycle/(rivet load) 2 is plotted against rivet load. The damping is almost
linear up to a rivet load of about 10 lb. The onset of slip is accompanied by a large

increase in damping. When the joint is subjected to continuous harmonic excitation
above this critical load the damping drops steadily with time and the critical load
increases. Theoretical work on the energy dissipated in a visco-elastic interface

between the two plates of a riveted joint has been completed 6 s. To verify this theory
experimentally an apparatus has been built to measure the stiffness and energy dissi-
pation of a joint with a visco-elastic interface. A rig for measuring the dynamic
shear modulus of the visco-elastic material over a wide range of temperatures has
also been constructed. As the increased flexibility of the joint may lead to rivet
fatigue failures a fatigue test rig has been built to test the various joint con-
figurations.



33

The damping of a structure due to acoustic radiation has also been investigated
theoretically and experimentally. The acoustic radiation damping of a rectangular
panel with either simply-supported or fully-fixed edge conditions is shown in Figure
38 for the fundamental mode of vibration.- Measurements made on a simply-supported
panel in a cylindrical baffle support the theoretical predic.,ions. In the experimen-
tal work the panel was also tested in a vacuum chamber to measure the inherent struc-
tural damping present. Further experimental work is planned to investigate panels
with different length/breadth ratios and also panel groups.

The inherent structural damping of honeycomb panels is being studied experimentally
and theoretically"6. Preliminary results indicate that the basic material damping
of honeycomb skins is of the order of 3 times greater than plain alloy sheet. A
resonance tube, 2 ft diameter, is being constructed to provide a high-intensity noise
field for the fatigue testing of honeycomb structures. A sliding horn in front of
the panel and piston behind the panel will enable the tube to be tuned to the panel
resonance.

Considerable effort has also been put into the study of the use of an added damping
compound in reducing random vibrations. Basic studies of a coating of a high polymer,
vermiculite filled material have been made and its effect in damping out beam
vibrations measured. This type of damping material developed by Oberst6 7 has apprec-
iable stiffness and acts most efficiently when working in direct stress. Because of
the increase in stiffness due to the damping layer the natural frequencies of coated
beams are appreciably higher than those for uncoated beams. The optimum distribution
of this type of material for given mode shapes has been studied and it has been
confirmed that it is most effective when applied to regions of maximum direct strain
amplitude. This is in contrast to the soft damping materials used in damping tapes
which dissipate energy in shear and add little to the stiffness of the structure.

Thus with the exception of the basic material damping (which is low compared with
other sources) most of the sources of damping are being studied and methods of
increasing the damping of a structure are being investigated. A theoretical study
of the criteria for comparing the effectiveness of different damping configurations
has recently been reported 68. In this work expressions have been derived for the
response of simple systems treated with damping materials and excited by randomly
and harmonically varying forces. It is shown that a treatment which increases stiff-
ness decreases vibration amplitudes but increases inertia forces, whereas the increase
in the mass and damping of the system is always beneficial.

-,.3.2.5.5 High Intensity Test Facility

A siren test facility has been constructed with the aim of evaluating testing
techniques. The installation is of the grazing incidence type where the specimen is
placed at right angles to the wavefronts emerging from the exponential horn fitted
to the siren. The size of specimen is 2 ft x 3 ft - the 3-ft dimension being parallel
to the direct-ion of propagation of the sound wave. The siren is of the broad-band
type having a band width of 130 c.p.s. (horn cut off) to 1000 c.p.s. (exciter cut off).
A vibration generator actuates the nozzle gate mechanism and in this way any shape
of spectrum in the range 130 - 1000 c.p.s. can be obtained by feeding the appropriate
signal to the vibrator. It is planned to compare discrete-frequency testing with
broad-band testing on a representative sheet/stringer frame structure and also to
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carry out detail noise calibration of the levels, spectra and correlation obtainable
on the specimens. The maximum level on the test specilmen Is bo db.

3.2.6 O.N.E.R.A.

The programme consisted of testing panels representative of Caravelle sizes
(380 x 80 mm) behind a Mabore jet engine. Twelve panels wore mounted in a frame
all the way round the jet at a position 1 metre downstresa where the noise level is
equal to the Caravelle level. The panels were fully fixed along the edges with great
care being taken to reproduce the fixing condiLiui. All clamiping bolts were tight-
ened by torque spanners. Brittle lacquer coatings were used initially to ascertain the
positions of maximum strain and thus the approprlate, positions for strain gauges.

It was found that with the engine used in these' t.,mt the noise pressure, which
had a peak octave level of 130 db in the 300 - 600 v.p.s, octave, did not become
steady until after the engine had been running for ý mijnutes. Initially there was a
drop in level until after 5 minutes a steady value, 5 db lower than the initial peak,
was reached.

Preliminary test results varied considerably for nominally identical test panels
and, therefore, a rigorous control of preparation of th,' specimen was introduced.
The plates all came from the same billet, passed through the same rollers and
had the same treatment.

The effect of damping the panels with applied Murtuce coatings was investigated.
It was found that a 3 in. thick layer of Klemocell foam without a backing increased
the natural frequency and the damping. The approximit,, reduction in stress was two-
thirds.

3.2.7 Sud Aviation

A test installation consisting of the portion of the Caravelle aircraft aft of the
pressure dome has been set up. One engine has bevin fitted and endurance running is
being carried out to check the fatigue life of th- structure.

A comprehensive series of.noise measurements un the fuselage side of the test rig
and the prototype aircraft have been made by O.N.E.R.A. and are reported in detail
in Sud-Aviation Reports 6 9 "?. An extensive series of strain gauge measurements on
the fuselage, tailplane, elevator, fin and rudder was also made and statistical
analyses of a large number of the strains have been carried out to determine the
amplitude distribution. An important feature of the test programme has been the
correlation of strain measurements on the test rig (with only one engine running)
with strains measured on an actual aircraft. The variatinn or strain levels through-
out the flight plan has also been investigated In dhetatl.

Figure 39 shows the variation in stress during tL, initial stages of the take-off.
It is seen that with the rear engine configuration Lil- stresses do not rise signifi-
cantly as the aircraft angle to the ground increases at unstick. Measureiaents for
wing-podded configurations on the other hand indicati- (as shown by the dotted line)

that the stresses in the tail unit increase at unstick duh' to reflections from the
runway. A typical comparison between stresses at tak,. off and during cruise is shown
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in Figure 40 from which it can be seen that the stresses during cruise are only about
one-third 6f those at take-off. On a fatigue basis therefore they will be negligible.
The stresses during cruise will be a combination of stresses due to jet noise and also
stresses due to boundary-layer pressure fluctuations. For an aircraft flying at a
higher E.A.S. the boundary-layer components will be increased in direct proportion to
the increase in dynamic head 'q'. The variation in stress with engine r.p.m. is shown
in Figure 41(a).

In order to check the effect of two engines running on the actual aircraft with the
case of only one running on the test rig measurements were made. on an aircraft with
one and then two engines running. The difference in stress at any one point between
these two conditions is shown in Figure 41(b). From this it can be seen that typically
there is an increase in stress of the order of 6% for the two-engine case.

Detailed statistical analyses have been carried out to determine the amplitude
distribution of the stresses. Plotting the results on a log N vs (stress) 2 basis the
points fall closely on a straight line indicating that the distribution closely
approximates to Gaussian. There is no significant asymmetry in the curves.

The effect of thrust reversers has also been investigated on a production aircraft.
As would be expected, the areas of high stress have changed due to the change in
pressure pattern but the maximum levels are no higher than those in the normal case.
Thus the main effect of the reverser is to extend the area over which significant
stresses due to acoustic pressures exist.

Some analyses of the forms of panel vibration taking place is being carried out by
Southampton University (Sec.3.2.5).

3.2.8 D.V.L. (Mulheim)

Some noise levels and spectra have been measured in the near field of a 4000 lb
thrust jet engine with a view to developing the measurement techniques and acquiring
first-hand experience of the problem. Similarly some panel fatigue tests have been
run to gain experience of the different types of structure. Panels 2 ft x 6 in.
simply-supported along the shorter side were excited at resonance by an electromagnetic
vibrator. Steel honeycomb and foam-filled sandwich were used in addition to open
sandwich with corrugated webs. The damping ratio in the case of the riveted sandwich
was of the order of 5% and in the case of the bonded or brazed sandwich 2%.

A programme of fatigue testing is in progress to compare the effects of random and
discrete loading on fatigue life. The first stage of this work has been reported by
Kowalewsky11, but detailed discussion of the results is outside the scope of this

report. N~rrpnt tests are aimed at. finding the effect of stihsidiary peaks in an
applied waveform by using a sine wave plus the third harmonic. By varying the rela-
tive amplitude of the two components a composite wave having different sized secondary
peaks can be obtained. To date the amplitude of the 3rd harmonic has been increased
to a magnitude equal to the magnitude of the fundamental term. Even at this stage
the secondary peaks have no measurable effect - it is the maximum amplitude which
fixes the life.
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Future plans are for r.m. s. S-N curves to be produced using Gaussian distribution
of strain (from white noise generator).

Considerable theoretical and experimental work is being done on the stability of
thin shells by Thielemann (who is A.G.A.R.D. co-ordinator on shells). As the stability
equations are of the same form as the vibration equations this work should form a
good basis for the study of normal modes and natural frequencies of vibrations of
stiffened shell structures.

3.2.9 Rome University

No work has yet been done in this field but there is considerable interest in the
random vibrations of shell structures. Theoretical work on structural vibrations due
to very high rates of heating (re-entry conditions) has been done.

3.2.10 N.A.S.A.. Langley

Recent work is aimed at comparing the response of panels to discrete-frequency and
random noise in the range of levels from 140 to 161 db.

A random noise test installation has been made from a 12 in. diameter cold air jet
operating subsonically 7 2 . The test panels are placed close to the jet in order to be
in the high-intensity region but in this position the spectrum peaks at a high fre-
quency. In order to increase the low-frequency component of the spectrum at the test
positions close to the nozzle, four 900 bends were introduced into the pipe immediately
upstream of the nozzle.

Panels measuring 11 in. x 13 in. were placed 6 in. away from the 150 boundary of
the jet in a row of 4 panels. The noise spectrum at the different panel positions
varied as shown in Figure 42. This variation probably accounts for some of the
scatter of test results.

The panels were of thicknesses in the range 0.02 to 0.064 in. and were mounted
rigidly to the support structure. The mounting plate was circular of 1 in. thick
aluminium with a cut-out 9R in. x 11R in. Attachment consisted of bolts at 2-6 in.
centres tightened in a fixed sequence to a preselected torque. No attempt was made
to provide free-field backing to the panels. They were just left open in the room
which was fairly reverberant. In some siren tests the panel mounting was attached to
a chamber containing acoustic absorbent material to prevent standing waves and to
enable a static pressure differential to be used.

In the discrete-frequency tests only one panel at a time was tested, it being
placed 6 in. from the mouth of a 2 ft diameter acoustic horn fitted to the siren. The
method of operation was to determine the resonant frequency of the panel and test at
that frequency until failure took place. The siren frequency was adjusted as the
resonant frequency changed during the test due to crack development. In tests at
high intensity and short life the results are less accurate as it took a significant
portion of the life to adjust the siren frequency and noise level.

A comparison between random and discrete tests is shown in Figures 43(a) and ýb).
In the first figure, which shows fatigue life in terms of overall noise level, it is
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seen that, for a given noise level, life under random excitation is of the order of
10 times as great as life under sinusoidal excitation because in the random case only
a part of the energy is available at the panel resonances and hence the efficiency of
excitation is less. Where, however, life is plotted against r.m. s. stress level it
is seen that the life under single-frequency loading is of the order of 5 times as
great as for random loading. Also the fatigue limit for discrete loading is approx-
imately twice as great as that for the random case. This is because in the random
stress case the peaks greater than the mean peak do proportionately greater damage
than the corresponding peaks below the mean. There is also the additional complica-
tion of multi-modal response.

The scatter of results on this basis for the air jet tests is partly due to the
different spectra at the different test stations. If the jet results are plotted
against noise level in a band of frequencies corresponding to the resonant frequency
of the panel then the scatter is reduced. The correlation of the noise pressures over
the panels also varies from station to station and attempts were made to measure this.
A large panel with transducers let into the surface was set up in the line of the test
sections and the noise pressures correlated parallel and perpendicular to the jet axis.
However, the pressure cells were only accurate up to 500 c.p.s. *and the results were
considered to-be unreliable.

The work on simple flat and curved panels has now been finished and tests are being
prepared for open sandwich type construction of the type being suggested for re-entry
capsules. In earlier tests on type (1) (see sketch) the spot welds broke and the skin
ripped off. When replaced by rivets an increase of 20 times in life was achieved. A
new material about to be tested, North American space metal, again has spot welds, as
shown in (2). This is mounted at the edge by crushing the web.

spot weld
0.006"

spot welds t\ _ 1/32"

:ýýS 0.002"

Type (1 spot welds Type (2) spot weld

In an experiment to determine the noise transmission and stress response of panels
to noi-se ~a-ingle rectangular plate 0.020 in. thick and 8 in. by 3 in. is mounted on
to a small acoustic chamber 73. The more useful results are obtained when the chamber
is lagged with fibre glass to simulate as near as possible free-field conditions on
one side of the panel. In the first test configuration the panel is subjected to a
high-speed flow of air over its surface from a slit nozzle operating at a Mach number
of 0.9. In the second test configuration the panel and supporting chamber are lowered
3 in. from the nozzle and the panel is subjected to essentially near-field jet noise.

The pressure fluctuations measured on the surface of the panel with flush micro-
phones show broad-band spectra in both cases with an overall level of 133 db with flow
attached and 125 db for the jet noise case. The spectrum for the flow-attached case
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if plotted as spectrum level against frequency would be reasonably flat up to about
2000 c.p.s. before starting to fall off. This is therefore a reasonable representa-
tion of a boundary-layer pressure spectrum. In the jet-noise case there is an unrealis-
tic high-energy content in the high-frequency bands up to 10,000 c.p.s.

The strain response of the panel for the two types of excitation shows that in the
jet case the fundamental mode is the predominant one to be excited whereas in the
boundary-layer case a group of higher modes in the region 1000 to 3000 c.p.s. are also
excited. The analysis equipment (1/3 octave) is not good enough to determine how many
modes there are in this 1000 - 3000 c.p.s. peak. These modes have presumably not been
excited in the jet-noise case because the pressure correlation length would be much
greater than the structural mode length.

The noise transmission measurements show that in the jet-noise case the transmission
loss approximates to the mass law with slight increases in transmission at the struc-
tural resonances. For the flow-attached case, however, the curve begins by following
the mass law at low frequencies, has two marked dips corresponding to the two broad
panel resonant peaks at 500 and 1000 - 3000 c.p.a. and then continues to fall for
higher frequencies. This indicates that the high-frequency noise from say, 5000 c.p.s.
upwards, is being transmitted through the panel with much less attenuation than would
be expected from mass law considerations. This is likely to be due to the coincidence
effect put forward by Ribne r and is the first experimental verification of the effect
and of the order of frequency at which it becomes important.

3.2.11 W.A.D.C.

3.2.11.1 Aeromedical Laboratory

Von Gierke has developed a random noise siren for use primarily in subjective work
on pilots of Mercury projectl7&. It could, however, be used for structural work. It
has the advantage of being more efficient than the Altec Lansing air modulator but the
disadvantage of a fixed spectrum. A 1-inch air jet is interrupted by the teeth of
four wheels each rotating at slightly different speeds. The teeth are of unequal
width and also spaced unequally. As a result the air nozzle is opened and closed in
a random manner as the period over which the whole cycle repeats itself is very long.
The frequency range is 200 - 10.,000 c.p.s. and an intensity of 165 db in the plane of
the exponential horn outlet is achieved. A smaller discrete-frequency siren giving
156 db at the horn exit is also available at this laboratory.

3.2.11.2 Aircraft Laboratory

No panel testing or other similar development work has been done at W.A.D.C. Con-
cern is larcely with military aircraft and the policy has been to insist on a 10-hour
proof test at full thrust of complete aircraft with all services functioning. In
spite of the advances being made in methods of designing structure to withstand sat-
isfactorily acoustic loads it is felt that it is still necessary to have a large-scale
test to prove electronic equipment, control systems, etc. When structural failures
occur during tests the general procedure is to stiffen the structure and then continue.
Damping material is only used as a last resort. No strain measurements are requested
although in some cases the contractor himself may make some measurement. A manual of
good design practice has been produced for military aircraft and deals mainly with
detail design.
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A large-scale siren test facility is in the course of construction using an old
low-speed wind tunnel building and air supply; consultation and development work is
being carried out by B.B.N. The chamber is 70 ft x 50 ft x 42 ft and the aim is to
be able to test a large section of an aircraft or complete missiles under intense
noise conditions. The noise source is to consist of 12 pairs of sirens mounted in
one corner of the chamber each capable of being modulated ± 25 c.p.s. about its
selected centre frequency. All 24 could be used in this manner to give an overall
frequency range 50 c.p.s. - 10,000 c.p.s. Alternatively all could be operated
together at a single discrete frequency.

The room is to be covered with 'random' wedges to make it into a reverberant
chamber and there is also to be provision for a fibre glass curtain over all the walls
giving 80% absorption to cut down reflections and produce a condition approximating
to free field. Unless large quantities of fibre glass are used this approximation is
not likely to be very close in the otherwise reverberant chamber. In the reverberant
condition it is estimated that a noise level of 160 db throughout will be achieved.
In the 'Progressive wave' condition it is estimated that 174 db will be achieved over
a floor area of 50 sq ft. Both figures are quoted for discrete-frequency operation
of the siren. It will also be possible to heat or cool the test specimen from inside.

A small single siren chamber capable of producing 180 db will also be constructed
in an adjacent room for tests on electronics and small components.

3.2.11.3 Mlaterials Laboratory

This laboratory has a comprehensive series of fatigue tests in progress. Discussion
of these is outside the scope of this report.

3.2.12 B.B.N.

Bolt, Beranek and Newman have a wide interest in the field of structural response
to noise and have acted as consultants to many of the aircraft companies. Their own
projects at the moment are mainly in connection with the large siren facility being
designed for the aircraft laboratory of W.A.D.C. The system is designed to produce
up to about 174 db at frequencies from 50 to 10,000 c.p.s. with modulation of any
test frequency in a band of 0 to 50 c.p.s. Two sirens are mounted on to manifolding
which attaches to the test section ducting. A high-frequency siren operating from
500 to 10.,000 c.p.s. is mounted perpendicular to the flow direction and its sound is
reflected by an acoustic mirror into the test section. A low-frequency siren opera-
ting from 50 to 2.000 c.p.s. produces sound which is transmitted through the mirror
to the test section. Either siren can be operated separately to produce a pure tone
or together to produce a combination. A prototype is running at Boston with a high-
intensity working section to take panels about 2 ft x 1 ft. An exponential expansion
downstream leads to a wedge termination. In the expansion electronic equipment can
be tested at somewhat lower intensities.

The basic theoretical and experimental work on the damping of plates by means of
damping tapes was completed in 1958 (Ref.6l). Further developments of damping
treatments have led on to 'space damping' where an Araldite honeycomb spacer 1/4 in. -

'8 in. thick is placed between the plate and the foil-backed visco-elastic layer. The
effectiveness of this method of increasing the shear in the damping layer has not yet
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been evaluated on typical structures. Alternative forms of this system use foam
instead of honeycomb as a spacing material. Theoretical and experimental work is
also being done on the damping of plates by fibre-glass blankets. A theory has been
built up on the study of the wave motion of the air in a very thick blanket excited
by flexural waves in the plate. Fair agreement between theory and experiment was
obtained in the higher frequency range (800 c.p.s. upwards) but the theory over-
estimates the damping in the lower-frequency range. The theory is being extended to
consider finite blanket thickness and motion of the blanket itself.

3.2.13 University of Minnesota

A study of material damping has been in progress for several years and basic work

on the energy required to fatigue simple specimens has been completed by Lazan and
his co-workers. The damping work has recently been extended to cover items of
specific application to the acoustic fatigue problem76.

Theoretical and experimental work is being carried out to determine the energy
dissipation produced by a visco-elastic interface at joints. In the idealised case
considered a built-in beam was mounted with a visco-elastic interface at its support.
The theory is being extended to plates.

Another project is considering the energy dissipated by a damping layer (of the
tape form) spaced from the test beam by foam in the form of a corrugation.

Lambert and his co-workers are making a theoretical analysis of the response of a
uniform bar to broad-band noise. The theoretical work is complete and experimental
verification on a built-in beam is proceeding. To date two point sources have been
used at 1h and % span positions with a continuously variable time delay between them.
Damping tape was added to the beam to investigate the variation in response with
increase in damping.

3.2.14 U.C.L.A.

Powell continues to work in consultation with Douglas on theoretical aspects of
noise production and structural response. Most of his noise work relates to far-field
spectra and intensities.

Theoretical work is aimed at the development of the normal mode method of calcula-
ting structural response as originally set out in References 76 and 77. Present work
is studying the correlation between modes, the influence of pressure correlation
patterns, and the application to complex structures.

Leonard (Physics Dept.) and Rudnick are auLhuriLies un sirens and have acted as
consultants on the designs of several of the high-intensity discrete-frequency sirens
in operation with the aircraft companies. For maximum efficiency the nozzles should

be designed to give subsonic velocities of the order of 400 ft/sec. There is also an
optimum shape for the apertures, to produce a sinusoidal pressure wave. 30% effici-
ency is achievable and 2 k.w. acoustic power relatively easily attainable.
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3.2.15 Avro Canada

Initial work began with the need to provide a 'fix' for the C. F.100 aircraft and
was later extended to design development for the structure of the C.F.105 'Arrow'
supersonic fighter. A siren Was built to provide the main noise test facility and
some 200 panels tested in the first phase of the work. The later work developed
into a research program-me but was discontinued in February 1959 before it was com-
pleted.

A simple air chopper in which the teeth of a wheel interrupted the air from a single
jet formed the noise source for the panel tests. The jet pressure had a maximum value
of 100 lb/in. 2 (factory air supply) with a simple reducing valve to obtain lower noise
levels. An exponential horn 6 ft long of square cross section and having an exit
size of 1 ft x 1- ft was used to produce a plane wave. A test stand 2 ft x 2 ft was
placed 6 - 10 in. away from the horn at normal incidence to the sound wave giving noise
levels on the panel of the order of 170 db.

Initially panels 6 in. x 3 in.. and some 11 in. x 6 in., were tested rigidly mounted
in the centre of the 2 ft x 2 ft frame. The aim was to gain experience of the type of
failure possible and assess the value of different types of material. As in other
cases reported, testing was carried out at resonance. No attempt was made to~convert
test lives to aircraft lives at the lower noise level of 140-150 db.

An interesting series of tests was carried out on a larger section of the lower fin.
The structure consisted of 3 rigid parallel double web spars with light (0.040) ribs
and 0.051 skin. The spar and rib spacings were 12 in. and 8 in. respectively. The
test panel consisted of one skin, 2 spars and 3 ribs, with a second dummy skin to
stabilize the spars and ribs. This dummy skin was cut away in the centre of panels
to allow inspection of the inner skin of the panels being subjected to noise. It was
found that no free edges could be tolerated and spar and rib webs were bolted rigidly
to the stand. The structure was then tested at its main panel resonant frequency at
170 db. Typical service failures were reproduced on this rig and can be listed:

1. Rivet failures

2. Rib flanges cracking - improved by symmetrical attachments

3. Discontinuities - rib flange joggles at spars.

Reduction of panel size by the addition of light Z stringers parallel- to the spar
was ineffective and heavier stringers gave trouble at stringer/rib intersection.

The final solution was to reduce the r ib spacing from 8 to 61A in. and reduce the
skin thickness from .051 to 0.040 in. with a doubler 4 in. wide (2 in. each side of
rivet line) cold pressure bonded at 700 lbin. 2, with ordinary bonding elements
0.002 in. thick, to the skin. This provided local stiffening in the region of high
bending moments and stress concentrations and also increased the damping of the
structure. The width of doubler was found to be critical, larger or smaller dimensions
giving rise to failures at the end of the doubler. The maximum amplitude of the
thinner skin was reduced from 0.3 in. to 0.15 in. at 170 db and the life increased
from 15 -20 minutes to 3 hours. It was concluded from these results that tests on
single panels rigidly fixed along their edges were ineffective in reproducing prac-
tical failures and that larger sections must be tested.-
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The increase in test level from 140 db to M7 db gives rise to many problems - the
effect of non-linearities perhaps býeing the greatest. At the aircraft level of 140 db
the panel would only just be in the non-linear range but at 170 db with 0.15 in.
deflection of 0.04 in. thick skin considerable non-linearities would be present.

As a result of this work a research programme was initiated by L.H. Gould. The
initial objectives were to estimate the response of a simple panel of infinite length
by a consideration of the energy balance of the panel. A theory has been developed
and reported in Reference 78. Tests to study mode shapes, stress distribution and
stress-time variations in the non-linear range were made on panels 8 In. long find
3 in. wide clamped on the short edges, and excited by the siren. The effect of added
damping materials was studied in a series of tests on cantilevers 6 in. x 0.7 in. x
0.093 in. tested by an electro-magnetic vibrator. Various combinations of doublers
and damping layers near the root were tried out. This work was discontinued in
February 1959.

3.2.16 Boeing

Extensive test facilities include a discrete-frequency siren on which much of the
early panel work was done. This is a normal incidence configuration giving pressures
up to 182 db over an area of approximately 2 ft x 2 ft. Panels are tested at the first
resonance but in soml cases this resonance may be an air resonance of the horn. After
the early ad hoc work more controlled experiments are being carried out. An 'anechoic'
box is placed behind the test specimen giving an inside level 20 db below the outside
level in the range 100 - 500 c.p.s. This reduction is of the same order as that which
occurs on aircraft structures. The installation is situated in a large chamber
isolated from the surrounding buildings by a vacuum space. This is used for compara-
tive testing of different materials and no direct attempt is made to calculate an
aircraft service life.

i~n has carried out a theoretical analysis of air column resonance phenomena in
normal incidence testing79 using a theoretical model of a vibrating infinite rigid
plate to represent the sound source. The result of this theoretical investigation is
a proposed test technique which will eliminate or greatly reduce the errors due to
horn resonances. The basis of the recommendation is that a calibration test be
carried out initially in which a rigid panel is put in the position to be occupied
later by the test panel. The siren is then calibrated in terms of blowing pressure
to give a constant excitation pressure on the rigid panel with frequency. When an
air column resonance is reached the required blowing pressure to achieve a given noise
level will be much less than that required at frequencies away from resonance. In
the actual test with a flexible panel the excitation pressure will be deduced from
the blowing pressure rather than from a microphone in front of the panel. Whilst this
procedure overcomes the gross errors associ ated with uncorrected normal incidence tcsts
the accuracy to which the excitation pressure is known is likely to be less than in
the case of grazing incidence tests where a microphone can be placed near to the
specimen.

A more extensive and realistic test facility consists of a reverberant room
adjoining an anechoic chamber. A 'window' 6 ft x 6 ft is left in the common wall and
large pieces of structure can he mounted in this space. The mode of operation is to
use a random noise siren in the reverberant chamber to produce high-intensity random
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noise on one surface of the test section. This is used for transmission loss
measurements and also structural response tests although the levels are not high
enough for some of the fatigue testing. The random noise siren (Altec Lansing) pro-
duces 150 db in the reverberant room and is flat over the four octaves 100 - 800 c.p.s.
The input spectrum can be shaped to produce any noise spectrum in that frequency
range. The reverberant room is also used for Pnvironmental testing of electronic
components in a diffuse field - reasonably representative of the conditions inside an
instrument compartment.

An engine test cell has been used for the assessment of the wing trailing edge
structure of military aircraft. A large section of the wing is mounted beneath the
twin-jet pod test installation. The trailing edge structure is honeycomb sandwich
with the edges squashed to make the attachments. Initially failures occurred at the
squashed edges - this Nas cured by the injection of adhesive along the edges.

Theoretical work is being done by Lin 80 of the Structural Dynamics group on the
normal modes and response of stiffened structures. Experience of failures on the
fuselage of aeroplanes having conventional Z stringer-frame construction indicated
that the predominant type of vibration was one in which panels and stringers vibrated
between frames. Thus on the basic assumption that the frames form a boundary to the
vibration Lin developed a theory to give the normal modes and frequencies of a
skin/stringer panel simply supported on two frames. The first type of vibration is
with stringers twisting and adjacent panels vibrating out of phase. In the second
type the stringers bend and adjacent panels also deflect but are in phase. A com-
bination of higher panel modes with either stringer twisting or bending gives a series
of modes and frequencies for the structure. The theory was applied to a typical
fuselage structure and a response test was carried out in the reverberant/anechoic
room. The comparison between measured and theoretical results is shown in Table II.

The agreement here is seen to be very good, but for slightly different types of
structure this is not quite the case as can be seen from the Southampton results on
the Caravelle. However, it forms a very useful basis for a reagonable mathematical
approach and experiments on different types of structure to assess its general
application should be made.

Using these simplified mode shapes for the skin vibration Lin has gone on to
develop a method for estimating the stresses induced in the skin by jet or rocket
noise 81. The method is based on Powell'a normal mode approach and gives an order of
magnitude agreement for r.m.s. stress although the computed stress spectrum is in
error for the higher band of frequencies. The modes of vibration of the skin/stiff-
ener panels have closely spaced frequencies and therefore the response in each mode
cannot be considered to be independent of all other modes. Lin puts forward a
simplified way- of dealing with this cross coupling for a lightly damped system. For
a for cing frequency slightly lower than the lower limit of a frequency band all the
modes in the band respond almost in phase with the excitation and the amplification
effects of all the modes are additive, giving a maximum power spectral density near
such a frequency. For a forcing frequency slightly higher than the upper limit of
the band all the modes in the band respond out of phase with excitation, again giving
a maximum response. When, however, the forcing frequency lies in the centre of the
band half the modes will respond in phase with the excitation and half out of phase
and the total response will be a minimum. Even this approach involves a prohibitive
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amount of computation and Lin simplifies the method still further by computing the
response-of only a few of the modes and then averaging them out to represent the
average contribution from each mode in the band. Using this approach the results
obtained are as shown in Table IV. Typical pressure correlation lengths were taken
from the work of Howesl0.

Recent theoretical work is aimed at finding the effects of skin thickness, differ-
ential cabin pressure, and structural damping on transmission of noise into cabins from
turbulent boundary layers. A preliminary study has determined the effect of these
parameters on the transmission loss of a simply-supported panel subj ected to grazing
incidence discrete-frequency acoustic excitation. The differential cabin pressure has
been shown to be a very important parameter.

The company has also concerned itself with fatigue under random loading and recent
work by Fuller"2 has a bearing on the problem of the estimation of fatigue life of
structures subjected to random acoustic loading. A detailed discussion of this work
is outside the scope of this paper.

3. 2.17 Convair

An extensive series of siren tests has been carried out and Getline claims to be
able to predict life on an aircraft from specimen tests. Honeycomb sandwich structure
is used extensively in regions of potential noise damage. At attachment points the
honeycomb is milled out and extruded sections inserted. To prevent moisture freezing
in the cores and causing failures the matrix is sealed off - pressure differential is
not significant.

The test facility at San Diego is essentially a discrete-frequency siren, designed
in consultation with Leonard (U.C.L.A.), with an exponential horn leading to a working
section of the grazing incidence type. Test specimens up to 4 ft x 2 ft can be
accommodated and the maximum level attainable is 171 db with a mean air flow of 30
miles/hr in the duct. The sound field in the duct has been investigated and, with a
rigid boundary surface installed in the test area, shows a variation of about ± 1 db
over the entire working section at a working pressure of 165 db. At this working
pressure, which is essentially sinusoidal, the second harmonic is down at least 10 db
below the fundamental. Specimens being currently tested consisted of panels with
typical frames dividing the section into I ft wide bays. The frames have a thermo-
plastic interface between the flange and skin mainly for sealing purposes. The edge
supports were made of tufnel to enable standardised mounting conditions to be
repeated. Rivet failures were being studied with different types being tested. Non-
linearities of response were less marked in the sandwich panels than in sheet metal
specimens.

Getline' s method of prediction of -aircraft fatigue life from siren tests83 is based
on the following assumptions:

(1) Response in uni-modal and the damping in this mode is small;

(2) Response therefore is of form of a discrete-frequency corresponding to the

resonant fre'-iency of the panel with an amplitude varying randomly;
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(3) R.m.s. level of amplitude can be determined from input pressure (Miles
relationship);

(4) An S-N curve for the structure is available and normalised on a stress ratio
basis;

(5) The pressure input is defined in the 1/3 octave around the resonant frequency
on a basis of the probability of the occurrence of peak values.

The test panel representative of. say, wing underskin is mounted on the siren box
in a way 'as nearly representative as possible of the aircraft mounting'. In practice
this means fully fixed round all edges as this is the only condition which can be
reasonably consistently reproduced. Trailing edge sections (e.g. flap or aileron)
may be installed with the downstream section unsupported, and merely contained in the
siren by a pressure seal. A siren frequency sweep is then carried out at a constant
but reduced amplitude to determine the mode in which the highest response occurs.

Having determined in this way the test freqfiency the next step is to decide on the
noise pressure level which will represent the aircraft conditions. The procedure
adopted is open to considerable doubt but seems to be justified by the fact that 'it
works' . The basic assumption is made that the statistical distribution of peak
stresses can be obtained directly from the applied pressure amplitude distribution.
This is true for Gaussian distributions but has not yet been established as being
true for any arbitrary pressure amplitude distribution. However, on this assumption
a plot of essentially peak stress vs number of applications is made. Then comparing
this curve with the S-N curve it is possible to determine which stress level (and by
inferenc~e which pressure) causes the highest proportion of damage. The test is then
run at this pressure level (care is taken to ensure that the pressure is not so high
as to cause non-linear strain response). When failure occurs the interpretation of
the result is that if the test pressure occurs only 2% of the time, say, then the life
under service loads (100% time) will be 50 times as great as the test life. This
assumes that the lower pressures do not produce any significant damage.

Aircraft in airline serdice have now had the -quivalent of 30 hours at full- thrust
(1500 hours flight time) without a single incident of acoustically induced fatigue.

At Fort Worth full scale proof tests of the type described in Section 3.2.11 are
being carried out for Military certification purposes.

3.2.18 Douglas

Proof Testing has been carried out in detail on the RB.66 aircraft. An accelerated
test on the whole aircraft by testing at low ambient temperatures was conducted in
Alaska. Noise levels were increased by 3 db on average, thus making the 10-hr test
equivalent to 150 hours at standard operating conditions. In this test opportunity
was taken to make comprehensive strain gauge measurements on the structure8 4 ,31.
Power spectra of the noise pressures and the structural responseeu show that in many
cases the strain response is multi-modal in form. General conclusions were that in
the fuselage case of widely spaced stiff frames (24 in.) and relatively thin skin, the
response was essentially uni-modal in form. However, in the case of the flaps, ele-
vator and rudder, where the rib spacing is of the order of 4 in. and the skin is
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relatively thick, the response as measured by strain gauges on the skin showed a
multi-modal form.

The comprehensive series of measurements of noise spectra show that although the
overall level is increased by 3 db, at low ambient temperatures the spectra at given
positions is changed somewhat from warm air conditions. Measurements on the rudder
skin show that with only one engine running the sound pressure on the shielded side is
18 db less than that on the exposed side but the skin stress on the shielded side is
only reduced by 1V db (1200 - 720 lb/in. 2). With both engines running the increase
in stress over single-engine running is equivalent to an increase of aholit 3 db in a
single source.

Engine cell tests were also carried out on rudders and elevators mounted in a noise
field 4 db above the standard level. This was considered to be equivalent to the
10-hr test at Alaska with 1 db added to cover additional uncertainties in the noise
field around the engine. The basis of comparison was the r.m.s. skin stress on the
aircraft and on the cell rig.

Civil Aircraft (D.C.8 structure)

This represents one of the first attempts to design ab initio structure to with-
stand acoustic loads 8 5

,
8 6. A theory has been developed from Miles's work8 7 on single-

mode response to enable life under random conditions to be computed from high-intensity
siren tests. The essential steps in the procedure adopted are:

(1) Acoustic loads are determined from extrapolation of near field data on engines
of similar size.

(2) Computation of stresses in a single mode caused by jet noise from data obtained
using a siren (assuming linear response):

!R-(7T8f)½ (1)
PH

(3) Modification of (1) to allow for non-linearities by the factor X (see Fig.
44(a)).

(4) Further modification of (1) to allow for multi-modal response by the introduc-
tion of the factor y

A(S2)

(5) The relation between siren stress and jet-noise stress is now

- (PR2)

SHj PHi

(6) Miner's Cumulative Damage hypothesis is assumed to be valid.
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(7) If the amplitude distribution is given by the Rayleigh probability distribu-
tion then the number of cycles to failure under random load is:

[N Xdx]
NRý(

(8) Then

SHi -5(NH)

The snpropriate S-N curve together with Equations (2) and (3) is used to determine
the allowable S.P.L. for the structure loaded by jet noise in terms of data from
siren tests.

In the above,

f = frequency, c.p.s.

NR = number of cycles to failure under random load

Nx = number of cycles to failure under cycle loading at level

PH = r.m.s. sound pressure for discrete loading

PR = r.m.s. sound pressure in a one c.p.s. bandwidth

P(x) = Rayleigh probability density function

1/(S2) = r.m.s. stress due to random loading

SH =r.m.s. stress at resonance for load PH

S= multiple-mode factor

S = damping ratio

S= non-linearity factor

q(NH) = allowable stress at constant amplitude for a given life NH

O(Np) = allowable stress due to random load for a given life NR

Suffix i indicates the fundamental or predominant mode.

A Nomograph has been constructed to show this (Fig.44(b)) and also a tentative
design chart has been produced to give desirable rib pitches and skin thicknesses for
any noise level.
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Although there are many criticisms of this form of analysis it has enabled struc-
ture to be developed which has withstood full-scale proof testing on a jet rig. The
siren section was large enough to enable 2 ft x 2 ft sections of structure to be
tested at grazing incidence. After initial tests on plane panels alone, sections
having typical ribs and stiffeners were used and development of detail attachments
was possible.

The aim was to achieve a fatigue life of 1000 hours at take-off power, representing
50,000 hours flight time.

As would be expected, reasonably close agreement between estimates and practice
was achieved in single-mode cases but the agreement decreased as the number of modes
increased.

3.2.19 Lockheed

In parallel with studies of the acoustic pressure field close to a jet engine
Lockheed have initiated a programme of structural response investigations. Structural
panels of skin/stringer construction were mounted near the exhaust and strain measure-
ments made. At the time of the author' s visit experimental results were not yet
available.

3. 2.20 Minnesota Mining and Manufacturing Company

The Company manufactures the basic visco-elastic material used in shear damping
configurations. The layer is available on different thicknesses of foil backing. It
gives maximum energy dissipation at room temperatures and has limits of operation at
-20OF and +150 0F. The company carry out basic tests on the material to determine the
dynamic shear modulus under different temperature conditions.

3. 2.21 North American

The Company is in the process of setting up a large discrete-frequency siren
facility of the grazing incidence type. No structural work has been done to date
although Belcher has joined the company and proposes to use similar methods of analysis
to those he developed at Douglas (Sec.3.2.18). The siren facility consists of two
large sirens with the possibility of modulating them to give a band of frequencies.
Close to the sirens is a test section to take 3 ft x 5 ft specimens with 170 db in
the frequency range 50 - 10.,000 c.p.s. Further downstream is a horn into which a
larger piece of structure can be placed with an anechoic backing box. The level on
this section is to be 162 db and its angle can be changed relative to the sound waves
to investigate the effect of sound trace wavelength.

Considerable test work has been done at Columbus, Ohio, on the effect of lower-
intensity noise on electronic components, where the facilities include a large array
of loudspeakers giving a noise level of the order of 140 - 145 db dependent on fre-
quency. A reverberant chamber using a cold air jet as a noise source and having
dimensions A~ ft x 5V2 ft x 6 ft is being developed to give 155 db for instrument
testing. A large siren being developed at Columbus, again of the grazing incidence
and discrete-frequency type, has a test section 14 ft x 4 ft x 1 ft. although norm-
ally specimens will he of the order of 4 ft x 3 ft. The level on this size of speci-
men will be 170 db.
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Fuller details of this wide range of test facilities is given in the Proceedings
of the Environmental Engineers8 8.

3.3 DISCUSSION

This review reveals that, although the major aircraft companies and research
establishments have been actively concerned with acoustic fatigue for anything up to
7 years, no generally agreed approach to the solution of the problem has been reached.
There is still a considerable variation in experimental and analytical methods and
finally recourse is often taken to full-scale tests of a complete aircraft or at least
a substantial portion of structure and systems in the vicinity of the efflux. The
theories of structural response to random pressure loads have not been sufficiently
far advanced to apply to practical structures and hence several semi-empirical
approaches have arisen to cope with the immediate practical situation. As a result
of these different philosophies different testing procedures have developed and
varying success is claimed by the respective authors. In certain aspects of struc-
tural response, therefore, it is possible to quote generally agreed results whereas
in many other cases one can only catalogue and comment on the different methods with
the hope that more directed effort will be brought to bear on the problem.

3.3.1 Theories of Structural Response

The theoretical approaches which have been used can be classified into two
categories:

(1) Equilibrium of forces

(2) Energy balance.

In the first case the sound pressures are related to stresses in the material and the
stresses in turn to fatigue life. In the second case an attempt is made to relate
the energy of the impinging sound to the energy required to cause fatigue failure of
the structure.

The majority of work tor date has been concentrated on the force method, which is
further subdivided into

(a) Normal mode approach

(b) Wave approach

The basic relationships for the normal mode approach to the problem were set out by
Powell 57 ,58 for a complete structure and by Miles 87 for a single degree of freedom linear
system and have later been developed and extended by others for special cases. It is
true to say that an apparently workable method has been formulated in terms of the
normal modes of the structure but that the practical difficulties arise from the lack
of knowledge of the normal modes and damping of typical structures. At first sight
it would seem that the large number of possible modes of vibration of the structure
would each have to be considered, but in practice it has been found that the major
response has been limited to a few modes (up to about ten in some cases).
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Miles's uni-modal theory has been used in earlier tests by the N.A.C.A. Langley
vaDrkers and good agreement has been obtained between theoretical and experimental
stresses for single panels excited in the fundamental mode of vibration. In the more
recent experimental work using the air jet a multi-modal response occurred and con-
sequently Miles' s work could not be applied.

In the aircraft industry in the U.S.A. Miles's theory has formed the basis of
several semi-empirical methods used to predict the fatigue life, of a structure exposed
to random acoustic excitation, from fatigue data obtained under siren (discrete)
excitation. The Rayleigh distribution of stress peaks is used together with Milner' s
cumulative damage hypothesis to relate life under random conditions to sinusoidal
conditions on the siren test.

Belcher and his co-workers (Sec.3.2. 18) modify the single degree of freedom linear
analysis by two factors. The first is to allow for non-linearities likely to be
present in the siren test to a greater extent than in the aircraft case, and the
second is to allow for the stress increase due to responses in higher modes than the
fundamental. The values of these two factors cannot be obtained in general terms and
must really be regarded as empirical. A reasonable estimate of the effect of non-
linearities appears to be feasible but the multi-modal factor is indeterminate. This
is confirmed by the Douglas experience that the degree of agreement between estimates
from siren tests and actual aircraft lives decreases as the number of modes, having
appreciable response, increases. As more experience of the types of vibration taking
place in typical structures is built up it may well be possible to define this second
factor more precisely. The effect of fully fixing the test panels has not been
included, and therefore on single panel tests an additional factor to allow for
mounting conditions seems to be necessary.

An alternative method sponsored by Getline (Sec.3.2.17) is less clear in detail
but appears to be based on the doubtful assumption that the strain peak distribution
is directly and simply related to the pressure peak distribution. It further appears
to be assumed that the most damaging stress is the predominant one in determining the
life and that lower stresses make negligible contributions to the fatigue life. No
allowance is made for multi-modal response. The method, however, is claimed to give
satisfactory results on the Convair 880 aircraft.

An alternative method using the wave approach is being explored at Southampton
University but it is too early to say whether it will be possible to extend it to
apply to typical structures. It appears likely that it will be just as difficult to
apply to stiffened structures as the normal mode method.

Another alternative method put forward by Gould 78 and also by Regier and Hubbard"9

is based on the energy balance in the structure. As the method has not been fully
investigated yet it is not possible to assess how effective it will be in estimating
fatigue lives. Much of the information required fur the normal mode method will also
be required for t his method to enable energy dissipation at the joints and by acoustic
radiation from a typical stiffened structure to he calculated. It locks sufficiently
promising, however, to justify further development.
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3.3.2 Modes of Vibration

Compared with the effort put into other aspects of acoustic fatigue little work
has been done on the theoretical or experimental study of the modes of vibration of
stiffened cylinders. Early work on cylinders with uniform wall thickness has been
extended to the case of stiffened cylinders whose stiffening is closely spaced rela-
tive to the structural wavelengths. No work, however, has been completed on the case
of stiffener spacing of the same order as the structural wavelength, although such a
study has recently been started at Southampton University.

An experimental study of the modes of vibration being excited by jet noise has
been started by Southampton University in conjunction with Sud Aviation and R.A.E.
The first tests on the Caravelle rear fuselage have shown that a relatively simple
form of vibration in which the frames act as boundaries appears to be taking place.
This is being further investigated. However, this applies only to one particular
form of construction and cannot be expected to apply generally. As this information
is of paramount importance in assessing the validity of any smaller scale .test pro-
cedure and determining the optimum position for any added damping layer more such tests
should be carried out on different types of st~ructure.

A theoretical analysis of the modes of vibration of a sheet/stringer combination
vibrating between two frames as boundaries has been made by Lin (Sec.3.2.16). He
obtained very good agreement with experimental results on a section of the Boeing 707
fuselage. When this method is applied to the Caravelle results the agreement is not
quite 50 close, as can be seen from Table IV.

The Energy method has been used by Ford at Southampton University (Sec.3.2.5) to
analyse this type of vibration and as can be seen from the table there is close
agreement with Lin' s theory. Lin's5 original work omits the stringer energy but when
this is included the main effect is to raise the fundamental frequency by about 15%7.
The main advantage of the energy method is that it can readily be used to allow for
varying combinations of 'twisting' and 'bending' stringers and in this way a range of
frequencies is seen to exist between 727 c.p.s. and 1086 c.p.s. for the Caravelle
Panel 5. The strain spectrum for Panel 5 indicates that such a range exists in
practice.

3.3.3 Damnping

Since it was recognised that the structural response to random excitation would
be resonant a considerable amount of work has been done (Secs.3.2.4, 3.2.5, 3.2.6,
3.2.12, 3.2.13, 3.2.20) on the study of damping mechanisms present in an aircraft
structure and methods of increasing the damping. Some measurements of the overall
damping in a structure from all sources are given in Table V. In some cases these
will be overestimates due to the bandwidth of the equipment.

These results indicate that the overall damping ratio in an untreated conventional
structure is likely to be of the order 0.015 - 0.025. This is made up essentially of
three components:

(1) Structural hysteresis in the basic metal itself

(2) Structural hysteresis at the numerous joints
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(3) Acoustic radiation.

Lazan's extensive study of item (1) (Sec.3.2.13)-indicates that its contribution
to the overall damping ratio is very small for the case of single aluminium skins.
Preliminary measurements of the damping of honeycomb skin sections (Sec. 3.2.5) show
that the basic structural damping is some two to three times as great as for a single
skin. Even these values, however, are still small and make little contribution to
overall factors of the order of 0.02.

The relative magnitude of items (2) and (3) is not known at the moment. Earlier
work by Mead suggested that the damping ratio due to joints around the edge of a
single panel is of the order of 0.003. This damping varies with rivet load and
therefore with mode shape. An additional source of this type of damping is the
attachment of the skin to the frames or ribs but it does not seem likely that this
will appreciably increase the damping factor. At most a factor of the order of 0.005
in panel type modes seems to be predicted.

This implies that a large part of the damping is due to acoustic radiation. Early
estimates, based on Junger's" study of the acoustic radiation due to overall modes
of vibration of a cylinder,.*gave values in the range 0.02 - 0.03. This, however, is
for structural wavelengths in the range 3 - 10 ft longitudinally and 4 - 15 ft cir-
cumferentially, thus being considerably larger than typical panel sizes. At shorter
structural wavele'ftgtths of -the order of typical panel dimensions the acoustic radiation
on Junger'sa theory would be very small. The cut-off point occurs when the structural
wavelength is equal to the radiated acoustic wavelength. In conditions of shorter
structural wavelengths no radiation takes place. In the case of the Caravelle panels
the longitudinal structural wavelength is of the order of 16 in. and the radiated
wavelength is of the order of 20 in. - giving zero acoustic damping on the overall
theory. Theoretical and experimental work by Mead and Mangiarotty (Sec.3.2.5) on
single panels indicates that the acoustic damping is low - of the order of 0.002.
This is, therefore, consistent with Junger' s theory for normal panel sizes. Theoreti-
cal investigations of the damping of a group of panels built up from the single panel
theory is being currently carried out to determine whether there are any configurations
which do result in high acoustic damping.

Clearly further work is necessary to indicate whether acoustic damping forms the
largest part of the basic damping in a structure or whether it is insignificant. It
may well be that only in cases where optimum wavelength conditions are reached the
acoustic damping becomes important.

A considerable amount of work has been done on the effect of added damping layers.
There are two basic types of compound.

(1) Flexible compound used in shear (foil-backed layer-of joint interface);

(2) More rigid mica-filled compound such as Aquaplas used in direct stress

(applied directly to regions of high direct stress).

In both cases it is necessary to know the mode shapes on the actual structure if the
material is to be used in the most efficient way. Considerable variations in pro-
cedure exist in the U.S.A., where in one case of a backed layer at least three
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different methods of application are used on very similar structures. It is important
that the damping tape, dissipating energy in shear, is used under conditions of
optimum structural wavelength, otherwise the damping increment may be small. Tapes
can give damping factors as large as 0.10 with the thicker tapes. Under more
realistic conditions when a panel is covered with a tape such that the added weight
is of the order of half the weight of the plate an increment in damping ratio of the
order of 0.03 is likely to be achieved. For similar weights of material, Aquaplas
used on a plate gives a slightly higher damping increment. Mead has pointed out that
a uniform thickness treatment on panels may not be the most efficient way of applying
the materials. If the mode shapes are known in detail the materials can be distributed

\ at a point of either maximum shear or maximum direct stress and higher damping raties
Sachieved.

It appears that basic information on the behaviour of both types of material on
laboratory test specimens is now available and being extended rapidly. What is not
so clearly known is how the materials will work on a built-up structure. As soon as
more information is available the effectiveness of the added materials can be
estimated reasonably accurately.

3.3.4 Stress Levels and Spectra

The stress amplitude distribuftion has been checked by several workers. In particu-
lar Sud Aviation have shown that it approximates closely to a Gaussian distribution.
The strain spectrum in this case shows a predominant mode and therefore it would be
reasonable to assume a Rayleigh distribution of the peak stresses. R.A.E. in unpub-
lished work have also checked the distribution for both uni-modal and multi-modal
responses and again shown good agreement with a Gaussian distribution. These checks
however have only been conducted for low r.m.s. stress cases (up to 5,000 lb/in.2)
For higher r.m.s. stress conditions non-linearities will presumably tend to truncate
the high stress end of the distribution curve. However, in cases where a long life
has to be achieved the stresses will be relatively low and hence it will be reasonable
to assume a Gaussian distribution. The peak distribution used for fatigue estimates
is generally assumed to be a Rayleigh distribution. This will be adequate for
essentially uni-modal responses but may not be correct for cases of multi-modal res-
ponse.

Measurements of the strain spectra on aircraft structure close to a jet efflux
have shown that in some cases response is almost entirely confined to a single mode
whereas in other cases four or five modes may have appreciable response. The overall
levels on conventional aircraft have generally been of the order of up to 2000 lb/in.2

excluding stress concentrations. A few experimental results are listed in the Table
VI and Figure 45 shows some typical RB-66 spectra.

It is not possible to draw any precise general conclusions from such measurements
as have been made. It does appear, however, that in many cases of widely spaced
frames or ribs (12 in. - 24 in.) or relatively thin skin on stiff frames (Caravelle)
the skin strain response may be predominantly uni-modal. In other cases of closely
spaced ribs the skin strain response will be multi-modal in form. The majority of
measurements of stringer, frame and rib flange strains have shown a multi-modal
response. The frequency range of major structural response appears to lie between
100 and 1000 c.p.s. There are no records of any significant response above 1000
c.p.s. known to the author.
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3.3.5 Strain Attenuation due to Forward Speed, Suppressors, etc.

Only a small amount of empirical information is available on the effects of engine
conditions. This can be sunmmarised as follows:

(1) Effect of Forward Speed

Caravelle: -More than 10 db reduction in strain levels at the end of the
ground run during take-off.

(2) Effect of Noise Su~ppressors

Comet: Rolls-Royce corrugated nozzle gave 20%, reduction in maximum
tailplane skin strains.

(3) Effect of Thrust Reverser

Caravelle: Considerable increase in skin strains in some areas but these
areas do not coincide with areas of maximum strain during
tak~e-off.

Much more empirical information is required before any general conclusions can be
reached.

3.3.6 Test Facilities

By far the largest amount of effort on acoustic fatigue has been directed towards
the development of installations and procedures to test critical parts of the struc-
ture in a simulated noise environment. A comprehensive review of American facilities
has been made by Forney"1. The value of any particular test configuration must be
assessed in the light of the effectiveness with which it reproduces the following
parameters:

(1) The noise environment-

(a) Intensity

(b) Spectrum

(c) Correlation

(2) The structural configuration-

(a) Mounting

(b) Damping

(c) Backing condition (sound absorbent or reverberant).

Many full-scale proof tests of complete aircraft have been made in truly representative
conditions but this is a very expensive and time consuming process and generally much
simpler types of tests have been used in the design development phases of an aircraft
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project. The present policy of many of the aircraft companies is to use a small-
scale test facility of the siren type for design development end then finally check
larger portions of structure behind a jet engine.

The noise environment can be simulated in one of several ways such as:

(a) Jet engine on open-air stand

(b) Jet engine in a test cell

(c) Loudspeaker arrays (for lower-intensity environment for internrally' stowed
equipment etc.)

(d) Air jet

(e) Siren.

In the case of a jet engine on an open-air stand it is not always possible to use the
actual engine designed for the aircraft but generally another similar engine is used.
The specinen is then positioned closer to the exhaust to get the higher intensities
required for the new design. It will not be possible to reproduce the spectra
exactly in this way but it should be possible to reproduce reasonably accurately the
spectrum in the range from say 150 c.p. s. to 1000 c.p.si., the important structural
region. The significance of the change of correlation pattern will depend on the
types of. modes being excited. It is reasonable to assume therefore that test installa-
tions of the type established at the R.A.E. form a valid method of reproducing the
noise environment.

Jet engine test cells have been considered in England end used to some extent in
America. The difficulty here is that the noise spectrum is usually very distorted
due to the reverberant conditions which exist in most test cells. There is also the
additional difficulty that in some designs the low-frequency sources downstream in
the efflux may be enclosed in the exhaust ducting. In some cases attempts have been
made to reduce standing waves by attaching sound absorbent material to the walls.
Companies using this method generally strain gauge the structure on the aircraft if
possible in order to measure actual operating strains. The specimen is then posi-
tioned in the test cell, usually with a sound absorbent backing box, at a position -
which gives approximately the same r.m.s. strain level. It will however in general
only be possible to reproduce the r.m.s. level whereas the strain spectrum will have
changed and may thus affect the fatigue life.

Loudspeaker arrays have been used by some companies, notably North American,
Columbus. to reproduce lower-intensity environments for tests on electronic equipment,
etc. Up to the economic limit of intensity of the order of 145 db a reasonably
accurate spectrum can be produced. The Columbus installation produces a wave of sound
which passes over the test item from an exponential horn. This will not reproduce
exactly the pressure correlation patterns present in an instrument compartment which
is likely to be a reverberant chamber.

Where a large compressed air supply is available an air jet is a possible source of
high-intensity noise. At NASA, Langley, a 12 in. diameter air jet is capable of pro-
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ducing an overall noise intensity of 157 db over a test area of several feet close
to the nozzle. The four 900 bends in the pipe just upstream of the nozzle increase
the low-frequency content of the jet noise. However, in this installation the noise
spectrum changes appreciably in the region close to the jet. A constant spectrum
cannot be produced over an area much greater than about one square foot. Larger
specimens cannot therefore be tested in this installation. It can however be used
for comparative panel tests as described in Section 3.2.10.

The most commonly used high-intensity noise device is the siren. Many companies
operate a siren facility as summarised in Table VII. It can be seen from the table
that there are considerable differences in design and mode 'pf operation and the use
varies from mere comparative testing of panels, as in the eArly Boeing work, to a
complete interpretation of sireri life in terms of aircraft operating life (Convair
and Douglas).

With the exception of the two lower-intensity random sirens all the sirens are of

the discrete-frequency type. This immediately raises the serious problem of how the
random noise pressures can be represented by a discrete frequency. Strictly a
discrete-frequency forcing of the structure at its fundamental mode of vibration is
only reasonable if the structure is only responding to a single mode in the noise
environment. If this condition is true, as it may be for some large panels, then the
appropriate discrete-frequency amplitude can be selected by methods developed from
Miles's single-degree-of-freedom analysis by Belcher and others. Even here the
representation cannot be exact, for the uni-modal strain response to noise takes the
form of a sinusoidal variation with randomly varying amplitude. This condition is
related to the constant amplitude sinusoidal siren test by Miner's Cumulative Damage
Hypothesis which is known to be only approximately true. Thus even in the true uni-
modal response case the extrapolation to aircraft lives cannot be exact. In cases
where the panel on the aircraft will vibrate in a multi-modal form then the extra-
polation from discrete to random cannot be carried out other than by empirical methods

such as those put forward by Belcher. The Langley results (Figs.43(a) and (b))
illustrated this difficulty when comparison was made between random (by air jet) and
discrete-frequency testing. These results on single panels cannot be used to derive
general conversion factors because the proportion of energy in the higher modes than
the fundamental will vary with the type of aircraft configuration used.

To overcome this difficulty random noise generators are being developed. There
are three types currently in use as listed in Table VI (details have been given
earlier in the text).

Both the first two devices give a broad band spectrum over the frequency range of
interest (up to lOn c.p.s.). Certain variations of spectrum can be made in the
W.A.D.C. type by changing the rotor speed and the airflow but these are limited, and
all have similar shapes. The Altec-Lansing air modulator is capable of producing
any shaped spectrum within its operating range of frequencies but its intensity is
lower than the W.A.D.C. device. The B.B.N. installation using two sirens produces a
band of frequencies 50 c.p.s. wide which would certainly be wide enough to produce
random response in a single mode of vibration. It would not in general, however, be
capable of producing multi-modal response. The installation for the W.A.D.C. Aircraft
Laboratory is to consist of twelve of these B.B.N. paired units and thus at great
cost it will be able to produce broad-band high-intensity noise.



57

As can be seen from Table VII, the location of-the panel relative to the s.)und
wave from the siren remains a controversial question. Some feel that in practice an
aircraft panel experiences primarily grazing incidence excitation from an exhaust
whilst others maintain that reflections from the runway and aircraft structure result
in mixed or nearly normal impingement. Additional factors generally enter into the
choice of configuration because with the panel close to the horn in the normal
incidence case pressure reinforcement due to reflection takes place and results in a
higher-intensity loading on the panel for a given siren condition. This however has
the disadvantage that in some cases during thc initial frcqucncy swccp a co'uplcd
panel/horn resonance may be picked out instead of a pure panel resonance. The grazing
incidence installation on the other hand obviates this coupled resonance but loses
the intensity-incrdase advantage. In this case larger structural specimens can
generally be incorporated and it is often possible to test panel groups, not just
single panels. In the grazing incidence case it is possible to excite modes having
an even number of half wavelengths along the span as well as odd numbers but in the
normal incidence case it is only possible to excite modes having odd numbers of half
wavelengths.

The question of which is the more realistic representation really rests on the
question of pressure correlation over the panel. Figure 46 shows typical narrow-band
pressure correlations on a structure due to a jet efflux and also due to boundary-
layer fluctuations for a central frequency of 500 c.p.s. With a normal incidence
facility the siren pressure correlation is unity in both directions over the whole
area of the test section. With the grazing incidence configuration pressure correla-
tion is approximately unity in the lateral direction and takes the form of a cosine
wave in the longitudinal direction. In the jet-noise case it is seen that the lateral
correlation is high over 24 in. (curves are symmetrical about zero separation) and is
well represented either by normal or grazing incidence layouts. In the longitudinal
direction the jet-noise pressure correlation varies with position near the jet efflux
and in some cases the distance to the first zero crossing point would be less than
the 11 in. shown and in other cases it may be greater. With the possible exception
of positions very close to the boundary it will never be less than the 6V2 in. of the
siren case. By orientating the specimen relative to the sound wave the 6Y2 in. length
can be increased up to infinity (representing normal incidence) as proposed in the
larger working section of the North American facility.

The boundary layer case shown is for an aircraft speed of 850 ft/sec. The spatial
scale appears to increase in direct proportion to forward speed and thus will approach
the siren case at supersonic speeds. In the lateral direction, however, the length
over which the pressures are correlated is likely to be relatively small - of the
order of a boundary-layer thickness. Thus the siren simulation, where pressures in
the lateral direction are in phase over Lhe whole of iie iLebt sjjecimeii, is likely to
be unrealistic. The error involved will depend on the ratio of the lateral correla-
tion length to the structural wavelength in this direction.

From these curves it can be seen that neither siren configurations approach closely
the actual pressure correlation patterns in general although in several cases the
jet-noise distribution may be reasonably well reproduced by the grazing incidence
layout. The degree to which the pressure correlations must be reproduced will depend
on the structural wavelength of the particular mode of vibration being investigated.
If the actual pressure correlation pattern matches approximately the structural mode
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pattern then it will be essential to endeavour to reproduce the pressure correlation
by grazing incidence; in other cases, where the sound wavelength is long compared with
the structural wavelength, both systems should give comparable results.

The problem of representing an aircraft structure in a small-scale acoustic test
rig is aggravated by the fact that the form of the random vibration taking place in
the actual aircraft or missile is not known. From strain gauge measurements Douglas
and others have concluded that in a typical fuselage skin panels appear to vibrate
in a single mode between the frames which are relatively widely spaced (about 20 in.).
In other cases when the frame spacing is reduced, as in the Caravelle fuselage and
control surfaces, strain gauges show a complex multi-modal response. In the multi-
modal case it is clearly insufficient to consider only a single panel vibrating in
its fundamental mode, and therefore much more extensive spatial groupings of panels
end support structure must be used. As a result of this the tendency in most of the
siren-test facilities visited was to move on from the single-panel testing, of which
a lot was done in the early days, to tests on panel groups and sections of flaps,
etc. This trend reaches its limit in the W.A.D.C. siren facility, now being con-
structed, where whole wings or large sections of fuselage could be placed near the
sirens. over large areas of structure like this, however, the siren may not repro-
duce the actual pressure correlations end, indeed, unrealistic forms of vibration
may be set up. As the form of vibration taking place appears to be relatively local
rather than overall it is diffidult to see what additional significant information
can be gained from this type of test as opposed to a programme using single sirens
and smaller structural sections.

In small-scale tests the type of panel mounting has a considerable effect on
fatigue life. In the case of single panels most companies have used fully fixed-edge
conditions, partly to get repeatable test results and also because this was considered
to be more representative of the aircraft structure. Figure 47 shows a comparison
of the effect of three different types of edge condition. The simple bolted edge
gave least scatter but the lowest life, as failure started at the bolt hole. In the
bonded cases the stress concentrations are reduced end the mean life increased but
scatter is also increased. Thus the simple bolted configuration is used in meny
cases. Where multi-panel groups or flap sections are being tested the edge conditions
are not quite so critical. In these cases the structure can be mounted from the
ribs or frames, care being taken to attach the edges to prevent flapping.

3.3.7 Relative Merits of Structural Configurations

It is now clear that the life of a particular piece of en aircraft structure which
is being subjected to acoustic loads depends on a number of parameters, many of which
are only qualitatively understood. In these circumstances it is not possible to
formulate rigid design rules which will ensure the integrity of any particular type
of structure. However, as a result of considerable experience, it is possible to
point out one or two improvements. Loose edges such as might occur on a control
surface nose rib should be avoided and plain rivet holes are much better than dimpled
or cut countersunk. Attempts to produce design charts for skins and rib pitches have
been made by Douglas and de Havillands but these are based on particular aircraft and
have been found to be inapplicable to the structure on other aircraft.
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For basic skin subjected to high-intensity noise Pressures tests have shown and
service experience now confirmed that honeycomb sandwich structures are able to with-
stand higher loads than an equivalent single metal skin. The noise level at which it
becomes necessary to use honeycomb instead of sheet skin is not clear but it is likely
to be in the region of 160 db. The majority of failures which have troubled the air-
craft manufacturers have been in detail attachments. The experience of several com-
panies now confirms that in order to avoid failures in rib flanges it is necessary
to use a symmetrical form of rib-skin attachment. De Havillands achieved a test life
increase of over 10D0 times by using back-to-bsck douhlers at. the nih/skin joint.
Boeing quote a service life of under 100 hours with a normal pressed over rib flange
and over 2000 hours with a symmetrical joint. Douglas have successfully-developed
an X cross-section extrusion for use in attachment of stringers to frames or ribs as
shown in Figure 48.

3.4 CONCLUSIONS

The main conclusion to be drawn from this section is that, in spite of considerable
effort, no completely satisfactory method of allowing for acoustic fatigue is avail-
able. It is apparent, however, that by processes of trial and error the majority of
companies have developed structure which is satisfactory for acoustic loading. In
so doing they have gained a wide experience of the types of failure which are likely
to occur and have developed semi-empirical methods of design.

The comprehensive theoretical approaches of the normal mode type at first sight
appear to involve a prohibitive amount of computation. Experimental investigation
to determine the types of mode likely to be excited by jet noise should lead to a
reduction of the number of modes which need be considered. The amount of labour
involved in the wave-theory approach is unlikely to be significantly less, but it
would seem to be worthwhile to pursue this method further to ascertain its possibilities,

It is clear that lack of modal information is also holding up advances in other
aspects of the problem. The study of damping is rapidly reaching the stage where both
rivet and acoustic damping could be calculated if the mode of vibration were known.
Similarly, the effectiveness of the representation of the structure in a test rig
depends on an adequate representation of boundary conditions. More extensive modal
information of the type obtained on the Caravelle rear fuselage will enable more
realistic sizes of structural test pieces to be determined. For example, in the
Caravelle case the mode information suggests that an adequate test specimen would
consist of a long strip of skin and stringers supported between two frames. In order
to get the frame conditions right three frame bays might be used.

The simplified theories of response are not adequate to deal with practical struc-
tures in terms of relating life to noise level. They do provide, however, the basis
of reasonable engineering methods of relating siren test life to aircraft service life.
More development of the Douglas method on an experimental basis would seem to be well
justified. The effect of multi-modal response should be investigated on simple
specimens.

From strain response data it is clear that a resonant response is taking place and
that anything from )ne to six or more major resonances may be excited by noise. The
frequency range is 100 to 1000 c.p.s. with conventional structure. The only general
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conclusion is that a skin panel on relatively widely spaced frames (20 in.) will
usually have a uni-modal response. In most other cases a multi-modal type of response
occurs.

A few isolated measurements have shown that strain attenuation does occur when
noise suppressors are fitted to the jets. Also at take-off the strain level falls
rapidly once the aircraft has started to move along the runway. The rate at which
strain falls off with forward velocity will depend on the position of the structure
relative to the jet. Only along the jet boundary, and close to the nozzle (within
about 3 diameters), is there likely to be little fall-otf in strain with forward
velocity.

The most difficult aspect on which to draw any general conclusions is the question
of test facilities. There appear to be almost as many test philosophies as there are
aircraft companies. It is clear, however, that any claims to be able to design struc-
-ture accurately on siren tests alone cannot be substantiated. It is equally true that
more information can be obtained than just which of a group of panels is the 'strongest'.
The Douglas approach taking into account non-linearities and multi-modal response with
a third factor added for mounting conditions offers the most realistic way of using
siren data. Even in this case tests on an engine are the final step.



SECTION IV

AREAS FOR FURTHER RESEARCH

Many of the topics requiring further investigation are included in the research
programmes of the various establishments; nevertheless. it is clear that several
aspects need additional work. A list of suggcstcd projects is given below.

Noise Levels and Spectra

(1) Theoretical study of possible extrapolation procedures for near-field noise
of jets and rockets.

(2) Measurements of the effect of structural reflections, suppressors and thrust
reversers and comparison with free-field noise.

(3) Measurement of noise levels and spectra forward of efflux and adjacent to
intakes.

(4) Measurement of levels inside nose ribs of flaps and elevators.

(5) Full-scale correlation measurements on a jet.

Boundary Layer

(1) Tunnel wall levels and spectra in Mach number range 1.5 - 5.

(2) Filtered space correlations on the wall at speeds from 500 ft/sec upwards.

(3) Further flight measurements to cover a wider range of Mach numbers and
boundary-layer thicknesses.

Structural Response

(1) Theoretical development of wave method.

(2) Theoretical development of energy method.

(3) Normal modes of stiffened shell structures.

(4) Construction of a stiffened cylinder (with uniform stiffener spacing) and
later a honeycomb cylinder; resonance tests followed by excitation by jet
noise to evaluate response.

(5) More extensive investigation of types of-modes being excited on actual struc-
tures.

(6) Application of damping materials to practical configurations.

61
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(7) Effect of multi-modal response on life of simple specimens.

(8) Further development of the siren test procedure.

(9) Strain amsplitude distribution - further check on occurrence of isolated peaks
by electronic counter.

Isolation of Guidance and Control Equipment

A detailed review of prcsccnt knowledge is required.
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TABLE I

Errors in Prediction of Near-Field Acoustic Loads (Ref.31)

Method of prediction Error Error
(db) (%)

Extrapolation of free-field data from 10,000 lb ±7 +124%
thrust engine to structural loads for 20,000 lb engine - 55%

Extrapolation of free-field data from 10,000 lb- ±5 + 78%
thrust engine to structural loads for 15,000 lb engine - 44%

Extrapolation of measured acoustical loads for thrust ±3 + 41%
variations in the order of 2000 lb - 291

Interpolation of measured acoustical loads between ±2 + 26%
thrust levels of 10,000 lb and 12,000 lb - 21%

Measurement at a point on the aircraft structure ±1 + 12%
- 11%

TABLE II

Comparison between Measured and Theoretical Results (see Sec.3.2 16)

Motion of Frequency c.p.s.
Mode type neighbouring

panels computed observed

(a) Symmetrical about
- centre of span Out of phase 104.5 102

(b) Symmetrical about
centre of span In phase 414.0 420

(c) Antisymmetrical
about-centre of span Out of phase 232.3 237

(d) Antisymmetrical
about centre of span In phase 496.6 490



70

TABLE III

Comparison of Theoretical Computations for Interframe
Mode Frequencies

Lin Energy
Lin (Rayleigh-Ri tz )

Struclsat' Experimental
without without

" stringers complete stringers complete

Caravelle
Panel 2(a) 590 586 724

5(a) 720 626 727

5(b) ? 1067 1067

Boeing 707
Mode (a) 102 104.5 119.5 106.8 121.4

(b) 420 414.0 415.1 414.3 414.8
(c) 237 232.3 229.2
(d) 490 496.6 497.5

TABLE IV

Overall Damping Present in Untreated Structures

Structure Frequency Damping ratio
(c.p.S.) Dapnrto

Caravelle rear fuselage skin panel 600 - 700 0.016 - 0.018

Comet tailplane skin panel 400 0.014

Douglas test panel 24 in. x 24 in. 120 0.022

Douglas test panel 24 in. x 24 in. 320 0.019

NACA Langley test panels 11 in. x
13 in., thicknesses 0.04 - 0.081 in.

(a) without sound absorbent backing 100 - 1000 0.012 - 0.02
(b) with sound absorbent backing 100 - 1000 0.032 - 0.05
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TABLE V

Major Frequencies of Strain Spectra

Frame or rib Stringer Major
Aircraft structure pitch pitch frequencies

(in.) (in.) (c.p.s.)

Douglas RB-66 24 4 - 6 230
Control surface skin 4 400,470,540,600
Fuselage stringer 200,230,270
Rib flange 360,470,540

Caravelle rear fuselage
skin 8 4 700 (850,940)

Comet tailplane, skin 12 6 380
stringer crown 280,340,380,440

Boeing fuselage skin 20 8 100,400,470

TABLE VI

Summary of Siren Facilities

Level
Facility Type Spectrum db

WADC (Aeromedical Multi-rotor Fixed 200-10,000 165
Lab). C.p.s.

Boeing, Seattle Electro-magnetic Variable 100-1000 150
Southampton Univ. air modulator c.p.s.
(Altec-Lansing)

B.B.N. Two-component 50 cps band width 170
narrow band centred in range
modulated 50 - 10,000 c.p.s.



72

4.)ý

bb bb-- bia ~ 0
0 4 40 r- S.

0~ 0b C . . G

:2 0 4)>dOC

a.)

4-4

0o tol ld 0

Z !H4. 4.) X.- 4)P
a0 X .. 4 - 4-4 44 4-4 4-

44 x x CD 4-) S. Co C
00 4-4 )( X ) 04-4 X X

4-) 4. 4a) 4)
0 .4 4 x 4 4

40 4.) to- CCo1
E*.cl 4J M

c') 4-.

U) C. 0 0 0 000 00
a) C-.- Qo 0 0 00 D1 0O

0 , 01 '4 0 CD))~
C. C-1 0 C C

- . 0 ,. C')L 'jc

U)U0

C> CD) 0 0 00D 1 0 050C k0 Q
CD 4U41C CD C HS0 CD .0C O Co

Co &). -0 r=C

'D 0 0 s I 'H d4
0 CD. 0 0 C 0 00 :, 000 0,04,0

LO 0 Cý 0 10w 0 0 ~0 0 0
C)U1 0 0l 0 0a0- 20 0 ~ CDO .4

0 ~ ~ V 09 0 *e CI))0 %4o- -.

U) LI U 0 0 0 CD 0 0 C o 0
T a - t 4 LO co 20 2U- -

10c

dd 4

0 1 0
S. 94 ='

~ )~Co 0 0 000 0d 4- 1) 0
-u rD Dr. (D C--)t- CC C )

002

an od ag4 0

Gd0 -1 4 -
ý:R~~~~~. a dRvr S a

4. 4) . w4.)

-da 0 0- 0(0 a) a)4. k 04. :D 0 =-
W) r)ý 0 rz 4 .- )0 C

.4S -d 0 G . 0

.0. 000.



73

* 41) Co ~ 41

o1 01- aS)N

d)4)1 C) N 0 b 12
S .- 4) 41) 1 04 bDto4

d) to 001-
-4 V: .4)

41)03 .0 41)0 Vd 4.)
0 . ( 4 41 0 r Co

4.) 0 C . 0 41) 04) 0)
Co 1 .01-

41) to 
0
vCo -. 0 : -W. woC

4O4W0v t~oa 0. r k
40 0 4o 0-4 r-J Q0b 41)

0 b0 
0
0 F, 40. 0>

a @o L) - C6 r-. -i) a 4 SD
0. d 4 C)WO 14) () - -. 4z 4

44)) &o103. 441 - 0 0 00'o 1.01- 003 MP 0 =VHd) C
S.1- a;0 ) d)4 H.

00+ 41)) 41)
4) 1-. OO a1 ca. W ( .- 4a) 0

Co 'oC 0 0 - 04) -4J 1-1
41) .4 44 4 )0 01 d)Co r 0+3 8- . &

5~ ~ ~ U d)0.o tSC ~4.o o Co>> W0, D~+ c:4 -4(04) 41 0)
004). 41- 0n 41444 Co) Z 44 (a4

M .41 40C> o" - 0. I t 34) 8.
4441 ;. 0 -4aS0 CD -H ~ cd 04 0o+
oV.H 4 o 1)- 41)S H od ) ) C i
.4.) 44.4141>4 41).4aS- 4) 0 ." =

.4 00.4.- a-444)1 41) *a) 4404o1oC

4d 0C 4 0 4 C 10 4 4 1 4 4 41 0

CoC) .En 40

.0 b0 0 Co 0- 0

-P 0 *~3 .

U) 011' C)0 4- 0
w 0 o* 0 0 4

.04 4 '- 4 ) Co 4* 0 0+
0 -< to04)

(4 +3 41) +341-44 w1r~ 0 0 0Co

>3 a) +3 w41 ) 413.1 0- H4C

0 1. a O~ o1.. 0 -(41 as01.
0 -d0r w031 04 Co . +30 0 Vd :5

w 001-. 0 a a,4V. C *.4'- CO r- .0

440

2 0 00 (D (
.0~~a E-> 1 o +

,4.0 0 - 3C

0m 00-

Co i 0

0~ . 00.

41~ C.)M
Co ~O ) ~ C 0 0>

ý us



.74

0 4. r..

P' -. - M 0;
4-4 40U)

0) -40 z .
0) 40)--4- 0. k. 0-' ;. C
CO . . 44 4 3, 9 W. a 0)=

al14- Ib.0)'0 4 .. > 0)
00) w A- 40 *. E0 40 04J4
4*40) = .w0 0 O -H4 * C

0) C-)C

4) 4)4 )0 Cd- 0 o CO t. o
E-. 00.)C0 40 ,4-. *- .. ) 0m 4.) H001 0.0 d 0 . 00 .4 .

C CO O.0C0..> 0 - CO 0~0 O
'4-- .- 0)0 0 m 0 H.- to4 0 C .-)) )

o 0 04 .. .0 ) 44) =4 0) 49) CO 0
43 0CS 0.C 0- (0>) ? ) 0 .CL > to 0) 4.) 04

'I) 0 ) :3 - >Cd04 -4 4. C 0. 44., C4-44.

0 *- 40)U.,~.4 . 0 4-4 0.0 0 O4-
4-.0ý ;.0 r. 0 CD-.(0 420 11 4d4 4J- CO ) V '0

00 .0 04. 0 ) CO 0) 4- m 4- >4= 0
0 w0 .C C 0 Cd .-) LO - 0-43 0H -

4J 4 d.00)- 0 0. 4> 4.44 );40
0 ) -C 0 CSC 4.) ) * 4 44 ( 0

0) 0) 0 0)0 ..4 0)> 4. 4 D. 4) 0 4.

0.00H -.0004. as-. -4 CO ) 4-4>q 4 04
.. 010 4-).C OCOJ4J4 4J00 k 04d 44 00 9)a

C)~44- d) 4J0) C.0 44 0-4J 4) 0
*0 M .4J M de. E.- 44- Z )0 0n44 Wr) M i

0 r.4)C H0 44.

0) r. V)4Jd
0)) -4

0~~ 0. O 0 -
0 1. 11 0 0.00 .. 4

0>43 4.. 4-4Cd0
;m 04 ) 0. 44 CO0 4.)0

2 ~ 4 0) , 0) 0 0)4)V-4 bb -

go *.. CqV 4-4 :3 -2
CO 0 4 Cd. 0) V) 4

t) ,-4 4.0)>Cd ~ C Ea~ k )44 C .

.0 0 0 b0 0 . 0 J) 0 0 f 0
H O * 0. H).- 4) . 0 . 03' bb.

0-4 0).1-- - .0 V-. - . 0on
0)..4C..: L94N.-.O z4 04- 0. 0

c; Cd :9 40CCE b44 60 L)0) r..

0 o -. *.4( 04) 0

-0 044 04- CO ->0 S-0 -a .. (- )C CdC4. 2 W) 0)

* 0C0

>46 CO



75

0n W

0) W) 0 a C)C?

W) . 0)
U)~ 4J 0~

J9C-.)ý 0). S. 0 S.
0 .0) 0 4.4 4q.044

-0 0 0.44

0-4 S.4 8)C -
4.. w 40 C 4- 444

S k >44 0-4 WU4 W- . 0U
a) 4-4. .8 44) w I

0 0 U 4.) 00 9 r-C3 -. 1 OSl 44- U)b U

0 n r 0 1j0 W.~. 4.. UM 00c a
4J 0 4. 04n- SU. 4 0 0)

.0 4J 04. U) 4) ..
44) 4-.( U) 0 $

06 4- 0 0 ; 44 cU) 4-

4)U 4-. W w4
0 4.) WS ca w 0 4-.bD

C))U V)4.O &U
M- 40 W.C 0 0>4.4- .

'- .UjU0 U)00 >.- 44- 1S . .U)

4) 4ý 10 4)U a)
r.0 0) 00 44 0D

OS U 4-0 S . 2 0S .

4) 0r: 0 = 40- 4 bb~ 440. 4C)

.. 4r U) ad> WU 040 4 ) 0 4

4J 0 00 2 .

U)0 04 *r. 0D

H .4 .4C .4 0 0
0C (n 4J.- >4

w cl C) 4-)bD
0 0. k0 0 0 4

-. 4 4t) W.4. C- 1 -)4 = 0
ra U) .4 >) 0 .r 0 4. .V

0d 0 04) . 0.

bb4 4-) 4 .- o)

H= 4C) 0- b-. v- Ok 0 06wý

.0000 .- -

a)I 0

U): 00l

4.. .0
bD -H 4) 4- ..

r-. 4..O.40 * 04 4 0 . 0

0 0 0d - 0>4L
0 D 1. 4- * W. ).. 0 .

0) 444

r- 0

0ý .. ; 0i OS C



76

00 b 000 0

W H.4 0 4J4c
0~ ~ - 4-4 0 02M 0 beb

CO d) a) a) w

0) 0 0-CL. Oko 000 0

to4 C6 0 34
41 4) 002- +V .40 02

r- 0) V 0) 0 V ) 0)bb C0)J 4 02

02 4) 404- VC

4.) C-.0 0

02 ) . 4-3 COr 00 * n -
0) 0 -4W 02.040 NO0 6 4- Q-)0

4. ) .C - -4 E-. 0 0 .-4 :j :j C--d

C-ClCO 
E2 0 rn 04-) 4 0

0 )b 0 2 C-044 ) ~ .4C. 02r

V24- 02 02 -H 0 04) 24 00
4O 0 0 0 -P

g)-- S. 4) 0 0- 0 04-C 022 4 02

02 O0-40) ~ 4
-W 0 4~

4- 0
0220 in 0 0

0) 4-)CO =0 02 0ai ) -440w
C. .44-4 d) 02 4-4 Lo4 02. >44 000l

C-. 02 -4 00 0 d)

0)~ 0 a)1-

8 m -
000H- -- 0) 4ý 4- 4-~

=.4b 9 a0 00 V 1- ) 02E0)02ý 4.-Q

4-)4- 02Ca- I.-0 4-) CO0 P

Od 00 44C

00 C) 0 0d 0) 0)""m40 4-) V)

S. 1 -4-) 4' E N ") .. 4 4

o0200) cd 0) 0 CO *-CO Cd o &02
C-. C -.

Or. 4-CO bb) 00 0)0 w2

0)) 0) -44 4- w 0 4-004
0)) 4-) S.- -

0) 0)0 0 0" 4-)m

CO CO .0 -- a) 0) 0a).4-) a) CO ) * -0 4-
a) ) 0 .9 .- 02-' 0 02 0=(

00 d1. 4ý 02 02 0 4~. 0 4o-0 0) W

H4 C O + 4) 20 0V) - H 0fl4.-

*.- ) .0 02 1- C0
0 .0 0.0 00 0 4))

a2 0 
020 D -P

ccC 0) 0)9)1. ~ .

r-.

-H 4. -H ý : ý = L

r- caa 0 )

0) 0)) rn 3: V.:D

COd

S CO

-0 CCC- 0

a) .O 0

0 C~ 2 > 00 -

00 0
on0 0

0

CO C~ O ~ )

CD r- c



77

to.) a i Ea324
0 0 4. 0 .- 3. ' 0 '-0

4- 03) '0 +) WL.. bb .-
0. 0 V04. v4-

4.)31 43 4-) 04 . .23 2
'0'0 (D 4J 00 06

43 41...3 H4 m3>8

0 1..' 4 4 C-44 4.) 034. 4. 41)01 =s 4' 0 W34 0 ..- 0 0 0

0 .- 9 .4- 03w 0 0 03)CS 3.. 0.) 00a Q
4J3 00 4.-

4.) 34 "0 - 43 304) 4 434
0 C: >3 - 0) C:.4 00-

4ý 0. do Z-. 3i)) 43 2 3) ®R4)
he32 . 3432) . 0 24 :3. :-. =1 S

cs' 0 (a0 43 )) 4)3)
w 4 '0 044. ) 2 2

43~~~~~~ -4)0- 4.43) 43->3 43 3.

.4031340t 4 14 10) 432 1

'00n ZS 43 -3 4. 0 3.3-43 430~-01 43 a)0..3- 4) (0 4.31 V2 032 .430 42 to 430A. 0?3 0 U. kw 0.31) 0.a,a 06 r0. 43 '05I . . 4 ).. a-3 4) a) a
4J- 04 0) k to 04. k331 * n k0 .3

3-.43 43 43 4.- 4 31) POO. a).~O *H .35)il.

Z4). 0 > ' 343 =.0 4,14. 44) 1

.0 00 r. 1
4) 4.) 4,415 0 ) 31 v. m )bD

ad. >4 V.; ;. : 43 . a1 D E f4 '

'0 3 0 :3 0 w k 0 Q3 43
... 4. 4-0 -i- 2 4.) co ~ 0ýC943

40 H4 4)3. '0 4 0 ' 0
4.' 4344 0 .- 0 '0

to~, V)4.- 312 4.23CLod o 4.).3 V4 '0 3 0 Ea
4-1.. '0 43 r- 4.-1 43 H1 0 - 00v o

34 00.43 . 3 0. 2 - 0. a:3 03-
42 4ý 0 0 '0.C3

0 4..- 0 2 (. =' k. C.)'
34 Q) a). . -4 0

aS e ~ =j 4ý 4. 4-3 J .0 .3

43. 43 . , 3 .-

0 0

1 H Yw .. V q:1

0

4H3 .4) 4

43 343 31

0 0ý
>4>

-0~ a3>34) . .4,
'0)3 34 4 '41 00

C. 0 ý
0 .ý 0 34

10 0D 0i) 03

> H C1 C.)
-3 -3 -3 a- 3 - -3)-

.9 z ) 0 9 C-)IC4 Cý I



78

0
.4 0

ba.9

0
CdC~ 0 -

4.)

A! 4) 0)

to toa

(D C)

w)) 0
ul rn- 0 0

0) 4J-. a

0 ~ ~ ~ C S-C b d-.-

S). ( 10) q:

Cad

C00

0 BI0

oc

-( C



79

150

A 1985ft/sec.
X [800 ft /sec.

145 j 0 1575 ft/sec.
+ 1500 ft/sec.

140 + x

15 

+

S125 A

120 + ,

]i5

110
20 50 40 50 60 70 80 90 100 110 120

ANGLE FROM JET AXIS, degreet

Fig.l(a) Near-field noise contours, 10 ft radius, 150 - 600 c.p.s. band (Ref.5)

145 1 204
ANGLE FROM JET AXIS

140"L. 0

135 ____-40_ -- _ ___ _

13.5

9-40

CL (20 - - - -

110

5 0 i5 20 25 50 55 40 45 50

DISTANCE, ft

Fig.l(b) Near-field noise contours, 1800 ft/sec 150 - 600 c.p.s. band (Ref.5)



80

7: 07.s

£10

S20
256.

53

40 -

5.8

50

#0

120

1300 1576 1805 1985

JET VELOCITY, ft /set

Fig.i1(c) Velocity indices, 20 ft radius, 150 600 c.p.s. band (Ref.5)

0-4

0-2

0

-0-4

MICROPHONE SEPARATION, 'in.

Fig.2(a) Filtered space correlogralns of noise pressure on a tailplane surface
(longitudinal) (Ref. 64)



81

1.0

z 6 160 c.p.s.

2 0,8 X 400 c.p.

L. a 500 c.p. 5.
W
0 A 800 c..s.

0.6

J

0
O

0.2

0 3 6 9 12

MICROPHONE SEPARATION In

Ftg.2(b) Filtered space correlograms of noise pressure on a tailplane surface
(lateral) (Ref. 64)

160

X2 DIA. DOWNSTREAM

03 DIA.DOWNSTREAM

S155

UJ

140

0 3000 6000 5000

ALTITUDE, ft

Fig.3 Variation of sound pressure level at jet boundary with altitude (Ref.15)



82

SOUND PRESSURE LEVEL, 4b
s0

152

40
Is-

U
Z 30 146
A
(a) 157

149

a4 161

0I

-90 0 10 20 30 40 so 60

AXIAL DISTANCEI,/D

SOUND PRESSURE LEVEL, db
so

130 130

40
0140

30

(b) 145

_j 20

!0 148

0'
0 I I I I I I , .

-10 0 10 20 30 40 50 60

AXIAL DISTANCE,x/D

Fig.4 Contours of near-field sound pressure levels for rocket engine
(a) frequency band 5 to 2500 c.p.s., (b) frequency band 448 to 566 c.p.s.

(Ref. 16)



83

170

ITO -____ __ ______ o ROCKET ESA

S00 a0 ROCKET C C L

o P FULL Sr.ALE ROCKET

160 V ___ VON GIERKE (FIG..)
.0 X THOR

A MIKE ZIUS

SUSTAINER
4 FROM FIG.7(t)

0

140 -

x

V

-12 -& -4 0 4 6 2 16

DISTANCE DOWNSTREAM OF NOZZLE, XID

Fig.5 Variation of sound pressure level with axial distance downstream of rocket
nozzle

130

120

-J 110
S~-2-5

X /00--0,--.Wk

L. 100

CA

90
I0 200 500 1000 2000 5000 10.000

FREQUENCY, c.p.s.

Fig. 6 Near-field rocket spectra upstream and downstream of nozzle (Ref. 1.6)



84

12 FTHRUST, lb.

0 ABOVE 200,000
_0'-- 75,0ooo TO 200,000

a -- 
ABELOW 75,000

6 -6 - -

2 
hj

0 120 140 160 180

SOUND PRESSURE LEVEL, d b.

Fig.7(a) Sound pressure levels on missile surface at lift-off (Ref.17)

140 EXTERNA

SI 00
w

hJ

Iul

- - - -INTERNAL
STIMATED FROM MASS LAW)

20- 75-, 300- 1,200- 4,800-

75 ISO 6O0 2,400 9,600

FREQUENCY IN OCTAVE SANDS, c.P.S.

Fig.7(b) Noise spectra at Mercury capsule due to rocket (Ref.17)



85

10 - _________________

a MODEL JETS
A TURBO JETS

0 ROCKETS
0 -

10 - ________0________

-20
f -FREQUENCY IN cpa

d.- CHARACTERISTIC DIAMETER (f t) \V-CHARACTERISTIC VELOCITY (ft/ssc.) "
2 -30 - -C -SOUND VELOCITY IN JET (f t/sec.)

cc . AMBIENT SOUND VELOCITY (ft/zec)

40 -I _ _

0.01 0.02 O.I 0.5 2.0 20

DIMENSIONLESS FREQUENCY PARAMETER x

Fig.8(a) Power spectra of rockets, turbo-jets and model air jets (Ref.19)

200

V TURSOJETCWITH AFTERBURNER) -0

A TUR BOJET(WITHOUT A FTER BURNER)OP
IS 0 AIR JE T ______ !I__ ___

1 00

z140

120

10, 20 1 4 16 10 10 0 12 101 106

LIOIITHILL PARAMETER (POAV 2 S)

Fig.8(b) Overall sound power of rockets, turbo-jets and model air jets (Ref.19)



86

ISO

100

= 140

u•140 01J

-J
:I.J

-1

ISO
1-MEASUREMENT POINTS

CA-
Q
ac

'~120

30 20 I5 to 5 0

DISTANCE UPSTREAM, NOZZLE DIAMETERS (d-2.6if.)

Fig. 9 Near-field overall sound pressure levels for radially symmetric deflectors
(Ref. 19)



87

160

ISO - _ _--

w 140

-1130 - ____ --w /

I. 120O /

1 10 AT NOSE CON

100 ---- NEAR NOZZLE

I 2 10 20 100 200 1000 5000

FREQUENCY, c. p.s.

Fig. 10 Sound pressure spectra on a missile surface (Ref.22)

1.0 -- W
z- 0 MEASURED

0. -- 
THEORY

,. 0-4 - - ...

w
0 0-2 -

z 0 
V-, o-_-o_-2• -0-2 \o-o

A -0-4

Wu -0.6

0
O1 I 0 I00

PRODUCT OF WAVE NUMBER AND SEPARATION

Fig.l1 Octave band space correlation of the pressure on a missile surface (Ref.22)



88

DISTANCE DOWNSTREAM, X/D

-15 -10 -5 0 5 10 15 20 25 30

0

":"20 •25 "130_

Fig. 12(a) Reference sound pressure level contours, 1850 ft/sec (Ref.23)

r -10 .0 oowoo oooo-40

I..

25

-30

-40

0-05 02l 0.2 0"4 0"8 1"6 3"2 6-4

FREQUENCY PARAMETER, fD/v

Fig.12(b) Reference spectra (Ref.23)



89

ISO

110

S6- FULL SCALE<4 160FN
I-• SHIFT % MODEL

t 15- - LEVEL SHIFT - IOLOG [I]

FREQUENCY SHIFT = -140 I0

OA. 37.5 - 75 - 150 -300- 600-1200- 2400 -4800-9600

FREQUENCY OCTAVE BANDS, C.p.s.

Fig.13(a) Comparison of model and full-scale spectra and levels (Ref.24)

STANDARD 8-52 NOZZLES - FULL SCALE CONTOUR5
MAXIMUM POWEI - FLAPS DOWN 1---110 SCALE MODEL CONTOURS

Pig. 13(b) Comparison of model and full-scale B-52 sound levels (Ref,24,)

% x



90

4 NOZZLE CLUSTER
FIRED HORIZONTALLY

I1 FNOZZLES - MICROPHONE LOCATION
F"DIAMETERS'-I

150 F

a 140 - x _ - -

x SYMBOL SCALE FACTOR THRUST

ao - 25.0000
C3 13o

x - I/7"s - 450#
o 1/22"5 - 50#

5V-5- 75 - 150 - 300 - 6O0 -- 1200Z-2400-4800--9600

OCTAVE BANDS IN c.p. s. X SCALE FACTOR

Fig. 14 Comparison of model and full-scale rockets (Ref.24)

DISTANCE DOWNSTREAM, 
1
/D

-IS -10 -5 0 5 10 15 20 25 30

20 4 149

o 4 141

25

F 1 14____ A SRExNT

I.--

C..0

x 1345d. MEAUREENT

10

U 15 ) Oe8

50 ___

Fig. 15(a) Overall level contours, 1800 ft/sec



91

DISTANCE DOWNSTREAM, X/D

-15 -t0 -5 0 5 10 15 20 25 50

5 131

10__ 121 __ ___

10 __ _ ___ 106

2-

2 5 A_ _ 13 1_ _ _ _ _ __b_ _ _

-1 200 -5__ _ _ 5__ 1 15 20 25 3

A5735d1

x1 1212 ib

10

15

14 -

S 20 
P R E DIC TIO N S_ 

_ _ _ _

25 A 1488 d:__25 4?2d MEASUREMENTS

0 158 111

30 
____ - 13 1*

Fig. 15(c) overall level contours, 1985 ft/sec



92

MK d

0 6 C i

'00

WIn

-40

*0
IU -

on U,

an an

t 1Z70NHWOVA 33NYJ.SIU



93

0 ROLLS -ROYCE R A.26
o 1300 ft/sec. 5 ft. OUT

---+~~ 0 1300 ftlSe. [f.e U
d a xof OUT5 t16.-10 At__2- 1 A 00 ft/s,.

d ~+ 1985 f t/Sec.ý

5 ft.
-20 01 800 ftISC.

w x x

-30

-40
0"05 0.1 0"2 0.4 0.8 1[6 3.2 6-4

FREQUENCY PARAMETER, f D/v

Fig. 17(a) Comparison of spectra in plane of Jet nozzle

0 ROLLS - ROYCE
"0, o o 1300 ft/,sc. r- 20 ft.

S-10 xv--,,.0 958 ft /,sc. 9. 250
d 9 x 300 ft/icr I SO. 0ft.

' A + 1985 ft/ISO. 9. 500 • o _ A100 r. 50 ft.
"" " _ _ 198S 0 70'

-20 0R.AE.
A: v o-50'wo 0

S-30 o?40

-+0
0"05 0.1 0.2 0"4 0"8 1"6 3-2 6.4

FREQUENCY PARAMETER, f D/v

Fig. 17(b) Comparison of spectra 10 diameters downstream



94

l.0
1.A f....LONGITUDINAL 2.16DIA.DOWN

04N.A.C.A. J .. LONGITUDINAL 17-3 DIA.DOWN
1850f/e.1 ......LATERAL 2-14 DIA.DOWN

0.6 X- - L---LATERAL 17-3 DIA.DOVN
______0_ 44% 5-3'5 DIA.DOWN I'4 DIAOUT

S0"4R.A.E. fX LONGITUDINAL)430 I it ]se.
TAILPLANE o LONGITUDINALIOOft /see.

0SURFACE A LATERAL 1430ft/ste.0U V LATERAL 1030 ft/set.

00

-0"4

-0.6,,

-0-8

0 0.2 0"4 0.6 0.8 1.0

MICROPHONE SEPARATION, x/D

Fig. 18 Comparison of space correlogramns

-30 ____ .__

-40

A 0 o8
A
AA

-50

0

6-6o 8

a U-aISOOCM0nA-
o U-3000 cm/sc

A U-6000 cm/sec
0001 0"01 0.1 10- iOO 100

U

Fig.19 Boundary-layer wall pressure spectra (Ref.35)



95

(a) (b)

1.0 l[

05 00 5

o o __ _o_ _o

0

0 2 4 -1.0
0 0"5 1-0 1.5 2"0

P %6'I

Fig.20(a) Overall longitudinal space correlogram of wall pressures (Ref.3.)

(b) Filtered longitudinal space correlogram of wall pressures (Ref.35)

40

S20 -Na. 180 GRIT
*~ SO t/sec. -- SMOOTH SURFACE

- % 30 ft/sec.

0 -20 
"••N

-40

-60
100 1,000 10,000 100;000

FREQUENCY, c.p..

Fig.21 Effect of roughness on wall pressure spectra (Ref.42)



96

z

0
W. md

44

0 I-

0J 0l> ~o .

0 (A

o x4

Uv,
x b,

0 x4

0 x 400 x .. 4J

0 xXI 0 x ,

0 0 x 4

0 x <

43

0 0 0 >

0 i "qp "'I d 'S

o o

0 x 
0

00

In 0 x 0

0 x 0• x •
x 0

0 x 0 4
0 x 8• 0 x >•

"0 o 0 X .

x • - 0 - -

S0 0 X x '

o o x .•

x H1

m 0 a 0 -

z 0

• 0 00
"qP "- •'In'P 1"d"

0 4 0

z0 1 0 0~
00

00

0 0 00 0 0

,qp d*S qp IdS



97

150
o COLUMBIA UNIVERSITY CYLINDER (.5" rmOm SURFACE) 10

x COLUMBIA UNIVERSITY CYLINDER (-2" FROM SURFACE)
a W.A.D.C. F10 FLUSH MICROPHONE

140 * W.A.D.C. FIOO (IT.MICROPHONE CORRECTED TO EXT.) 0.

- ÷+

-0.006-J 0 +

X0" OVERALL S.P.L.-,85+20 log 4 db

I00

10o 20 50 100 200 500 1000 2000
SDYNAMIC HEAD., (b/ItI)

Fig, 23(a) variation of overall sound pressure level with dynamic pressure (Ref, 19)

10

0 / 0.006

0-20

-30 -- + .. D.C. F1O2 (FLUSH MICROPHONE 540 It e,

0WA.D.C, F020 (FLUSH MICROPHONE 6 20 ft/se 5 0

W¥.A.D.C. Fl02 (FLUSH MICROPHONEAO It/see.)

a .A.O.C. FIDE2 (FLUSH MICROPHONE 1O00ft/sec.)

o4 COLUMBIA UNIVERSITY CYLINDER(146-.586 ft/sce-)

SFIO0 COCKPIT iNT.MICROPHONE CORRECTED BY RANDOM INCIDENCE NOISE REDN.

0.1 0. 1. 10 0

MU

Fig. 23(b) Spectra of boundary-layer pressure fluctuations (Ref. 19)



98

0

- 0

o '0

CU e

0 P '1A13uS3d ' o



99

(311IN33 13N~d) -Of X N!VMS
'0 4. 0

III 13A31unm 3alSdNflos

4.4

00

'4-

I UI

-F- N



100

3.5

* FLIGHT I

o FLIGHT 2
x FLIGHT 3

a FLIGiH1 4

A FLIGHT 5

3"0 A
A A

S 13

xx

xx

2-0

15 1
0.9 1l0 Il 1.2 1.3 1'4 1.5 1"6

MACH. NUMBER

Fig. 26 Variation of sound pressure level with Mach number (Ref.51)



101

FLIGHTAS m14|-2

15 FOR FIG.6 M 1.43

"I \
10 ______ 10

S0•_ IxIOy STRAIN 0

'A \\ .i

I-5

-' 0 -10

-15 0
00 300 1000 3000 10,000

FREQUENCY, c.p.s.

Fig. 27 Strain spectra - boundary-layer excitation (Ref.51)



102

M-1.45 ,% BOUNDARY LAYER NOISEJOVERALL
--.. _, JET NOISE JLEVEL IW5 db 0

STRAIN DUE TO B.L.N.
OVERALL LEVELLEL ICXO" AT PANEL 25 zE

------ STRAIN DUE TO JET NOISE? CENTRE
OVERALL LEVEL 55 X IdsJ 0

C 0S RATIO OF MAX PEAKS - db (7.943 tlme$)

10

/ 5 >I/ \\N - Ko

9 - 0 o-

100 500 1000 3000 10,000

FREQUENCY ,,p. z.

Fig.28 Comparison of strain spectra for jet and boundary-layer excitation (Ref.51)

-20

-40 -

"'" "'" • ° -- HARRISON

9 .... VON G[ERKE
60-O -- MCLEOD AND JORDANI

o --.-- BULL (SOUTHAMPTON)

-80

-- 00

-120

0.001 0.01 0.1 1'0
FREQUENCY PARAMETER, A 61U

Plg.29 Comparison of measured spectra

-60-.- CLOD NDJODA



" 103

1.0

0"8

0A6 - Y/D X/D
j A x A 0.45 1-5

0 0.50 i,;

= 0 -IA xX x x 0.60 1'5
0"4

0"2 -A

02

100 200 500 1000 2000 5000 10,000 20,000

FREQUENCY, c.p.s.

Fig. 30 Convection velocities of turbulence in a 1 inch diameter jet

1.0 ,-__ _ _ _

A M= 0"465

0.8 o M-0"672

U 0.

a

ao A

02
020

00

0 20 40 60 80 100 120
A cU

Fig. 31 Autocorrelation in moving axes at subsonic speeds (Ref. 34)



104

-- -- ••. TIP AMPLITUDES• •BV INCHES

0I

DIRECTION OF STRESS

MEA SUREMENT

STRAIN GAUGES

A C 4000 oh.

15O000--

10000 -

U3
w
I-
U,

5000

B D A E C

Fig. 32 Strain gauge positions and stress distribution (Ref.59)



105

z
w~

0

0

w
In
0

I. z

z a.

I c-

an 0

1-0.

8 0
r e d,-

,u/ql'S~lLS !NIVtUlI



106

B

4

C)

200 300 400 500 600 700 Soo 900 1,000

FREQUENCY , c.p.s.

Fig. 34 Strain spectrum of Caravelle fuselage skin panel (Ref.62)

FIGURE 35
1 .0 F IGURE 36

0"8

0-6

t-

• 4S0-2
0

01

-4 -o.2

a-0

-1-0 1 0 '

So 00 200 4D0 1 200 100 400 0 600

FREQUENCY, c.Ep.Ns. FREQUENCY, .p.s

Fig.35 Correlation spectrum of adjacent panel strains (Ref. 62)

Fig.36 Strain spectrum of Comet tailplane skin panel (Ref.64)



107

6

-4"5- J5 "-~~~

0 
35"00.1 1 10 I0 300

RIVET LOAD, II.

Fig. 37 Variation of energy dissipation per cycle at a riveted joint with load

amplitude (Ref.65)

0.003

2•0.002 
________

CL

X:

.5

SEXPERIMENTALS0 .0 0 1

0 2 4 6 10
PANEL LENGTH/BREADTH RATIO

Fig. 38 Acoustic damping of a simply-supported flat steel panel 0.048 in. thick in

a rigid baffle



108

0.75

GROUND RUN

"_ - 0,---

., "STRESS IN TAIL UNIT

O's 0, V 'OF WING PODDED
0) 0000 ° AIRCRAFTS,,4 oo000 0 0 00
0 0oooo 0 00

00a 0 % O0 00 ook
0-0 0 0 0€

0 0 0 0 00 0 00

C a 0 0
000 o 0 0 0 o 0 .0 0

0 0,,5- 00

0 30 40 50 60 70 Sc

TIME sets

Fig. 39 "Variation in strain during ground run - Caravelle (Ref. 69)

L NUMBER OF PASSAGES

PER SECOND

x
00 0 0

0 0 o TAKE OFF

oo
0 0

0 + + 0

0 0 CRUISE

0 *0
0 0 + 00

0 o x x +

rs n00 ,t-XX (•- 00 0 "-0-0-O-----Ira

0 +1

STRESS , Kg /mn'

Pig.40 Distribution of stress amplitude at take-off and cruise - Caravelle (Ref.69)

"- |I



109

700 NUMBER OF PASSAGES

PER SECOND

600

500

ra$. STRESS

400 4K~.

0*4 K Imm

30 0.•27 Kj/mmt

0 0 .24 K u_/m Z

200 ••• ••

o/ j I00

-0,5 00,5

"STRESS, KS/mm
2

Fig. 41(a) Distribution of stress amplitude for different engine speeds - Caravelle

(Ref. 69)

700 Nurine oFPAssAGEs
PER SECOND

600

S~500

SNINE ATO0 r.p.m.

400

500

•" I00

-0,5 0 0,5
0STRESS, 

K u/mmt

Fig,41(b) Distribution of stress amplitude for 1 engine and 2 engine operation -

Caravelle (Ref. 69)



110

1ii-5 STATION 31 10 -5 ,STATION 4

2. 2

a:in 0 200 400 600 $001000OO 0 200 400 600 Boo 1O000

W~i FREQUENCY, c.p.s. FREQUENCY, c. p.s.

.U I• IO1-5 STATION 5 O-S STATION 6

12 3

W

0 200 400 600 Boo I000 0 200 400 600 Boo IOOO

FREQUENCY, c. p. s. FREQU0ENCY, c.p.s.

Fig.42 Power spectra of noise pressures on panels (air jet) (Ref. 72)



166

0 SIREN
1 AIR JET

Ise

154 - -

000-m 154x-- 19V

XXX Xvxx

146 N,.r x -.xx -x ' X--
::- -

0 0 0 00 0 K--.

142-

0
0.1 0.2 0.5 I 2 5 IO 20 50 100 200 500 1000 2000 5000 IQO00

TIME TO FAILURE, MINUTES

Fig.43(a) Fatigue life of 0.032 in. panels as a function of overall noise level for
random and discrete loading (Ref. 72)

12 - - I

0 o SIREN
0 x AIR JET

100

xx

In Ix,,NI x , x
In I

Sxx "e xx• x __ .XX

2C 4- - -
x

0,2 0'5 I 2 5 10 20 50 100 200 500 1000 2000 5000 10,000

TIME TO FAILURE, min.

Fig. 43(b) Fatigue life of 0.032 in. panels as a function of r.m.s. stress for random
and discrete loading (Ref.72)



112

HETTEST P HTEST HPD S H TEST

WHERE SPD IS FOR THE DESIRED LIFE N

S HPDSHPDS IS AT THE SIREN TEST LIFE NH

'TEST

P HPD P HTEST

PH- P. 5..

Fig. 44 (a) Computation for non-linearity factor (Ref.85)

800 f-20ts R13O-5
600 6-0-0 V-Ocs T1-I2 d.5 3
400 sx11 C 05 5

200

000800

1000 7-Yk A0
________ 00

Fig.44(b) Conversion chart: discrete to random loading (Ref.85)



113

FUSELAGE SKIN CONTROL SURFACE SKIN
I

100 300 500 300 5O0 700

FREQUENCY - c. p.s. FREQUENCY - c. p. s.

SUPPORTING LONGERON SUPPORTING RIB FLANGE

10 300 500 300 Soo 760

FREQUENCY - c. p.s. FREQUENCY - c. p.s.

Fig.45 Measured power spectra of strains in different parts of RB-66 structure
(Ref. 31)



114

2 Q

La

2cC
I- *-* A= 

%

4 ~44

4E)

^0

00,

0)

05 0

I.- 
0

o o 4 
0)

N CD~

1.1000

Dr.

fe~oo0)

IN30JA30 NOIIHMO



115

DOUBLE BONDED , 1
'•lI 'I I00 010 0 000 ~0

SINGLE BONDED

0000 t

BOLTED ., 95%CONFIDENCE LIMITS

__ _ _ _ _ _ IIII I

5 10 20 50 100

TIME TO FAILURE, MINUTES

Fig. 47 Effect of edge fixing in panel life (Ref. 72)

k NEUTRAL AXIS 00 000
EXTRUSION
X CROSS SECTION

Fig.48 Detail DC-8 design of stringer to rib attachment (Ref.31)



DISTRIBUTION

Copies of AGARD publications may be obtained in the
various countries at the addresses given below.

On peutse procurer des exemplaires des publications
de l' AGARD aux adresses suivantes.

BELGIUM Centre National d'Etudes et de Recherches
BELGIQUE A6ronautiques

11, rue d'Egmont, Bruxelles

CANADA Director of Scientific Information Service
Defense Research Board
Department of National Defense
'A' Building, Ottawa, Ontario

DENMARK Military Research Board
DANEIMARK Defense Staff

Kastellet, Copenhagen 0

FRANCE O.N.E.R.A. (Direction)
25, Avenue de la Division Leclerc
Chitillon-sous-Bagheux (Seine)

GERMANY Wissenschaftliche Gesellschaft fUr Luftfahrt
ALLEMAGNE ZenLralstellL der Luftfahrtdokumentation

Munchen 64, Flughbafen
Attn: Dr. H.J. Rautenberg

GREECE Greek National Defense General Staff
GRECE B. MEO

Athens

ICELAND Director of Aviation
ISLANDE c/o Flugrad

Reykjavik

ITALY Ufficio del Generale Ispettore
ITALIE del Genio Aeronautico

Ministero Difesa Aeronautica
Roma

LUXEMBURG Obtainable through Belgium
LUXEMBOURG

NETHERLANDS Netherlands Delegation to AGARD
PAYS BAS Michiel de Ruyterweg 10

Delft



C.,

enn

10 .U).. 0c C.) C;S

0) 1 0. o)

4.c c.4- )o 5
o c.- v, I., 1-- I.2 -

.~~-S IdV ~
' ~ U):

V - V V. '

U ) o.U >)0 0

0 -. C S-V m U) 2 U ). o. wD4-

.0 =

~c0
w w. - AS n

w S)

r.

9-o 0c

bo w. 0
L).-

SIIn

c; W )
S.4,Wt -

SCo

oU) , a)~ S.U ;

bb t) ca to5 54

:- U) -- .4 to U)).
U) 4, co.a

Vd .0 0w

*~2 ~ .0 7
>5- w44 I' w

0S'.~ ) U .5U OS. . W~,a
U) 

5
-S SSC) U)VU 
0
-V ) >

U) o)U w)~ 4 t) >U) 7
a S. U)8U z: to z

be .1 Ei -s. 4- s-0 bo -.41~ : IIj
.V~O 0 o.~4 V S . - .. )L

zV O . ) -'AV 0w ýO .V 5- S4z&l



A). 0W .). 0
04)4

~L.0
22-0 V 4 V 0 4

4. ) 0 2 4 0 0

~0 -0 0 'd'

d)4) 0. 0
4) to ~O O 4

~o0 '0. 4) ~ 04 2to
C,0 M- 2i .1 00 -

'd4 >4)4

.20 L. .2 1) E - 0 .0 co
0 to 0 ~ 4 )2 5

0 on 2.0,a.
04)0 I.. 05~.

i.02 0 a d02 0 a
C6~4 04 w 4

10 0 0
V22 to Z Z ~.0

06 02 0 ~ 4

~C a v0....- 0

00

A 'o).- - . .

4)00) 05 4)00~ ~ S )

U....~~ .. - 5 2. 0'

.0.55 0 r6 ~ S.

%. " w4 4) -14.
2.5~- o.U . 0 2

0 d 0 0) v S.

22 so0

00 ~..5 20 1. .4
0 r-

.... 0

c.- r 0.5

a, =)0 20

r0 0 0.

r) 04 2I01 ) - '

.5022 0 w22 o5.
00 4.)50

0.4 00.

w4 .0.. .0 C o

wo
022. oS.w

) 0  
J-- 0 0)

CO~ )4 2 1 ,c 2 n



NORWAY Mr. 0. Blichner
NORVEGE Norwegian Defence Research Establishment

Kjeller per Lillestr6m

PORTUGAL Col. J.A. de Almeida Viama
(Delegado Nacional do 'AGARD')
Direcgio do Servigo de Material da F.A.
Rua da Escola Politecnica. 42
Lisboa

TURKEY Ministry of National Defence
TURQUIE Ankara

Attn. AGARD National Delegate

UNITED KINGDOM Ministry of Aviation
ROYAUME UNI T.I.L.. Room 009A

First Avenue House
High Holborn
London W.C.1

UNITED STATES National Aeronautics and Space Administration
ETATS UNIS (NASA)

1520 H Street. N.W.
Washington 25. D.C.

Printed by Technical Editing and Repcroduction Ltd
95 Great Portland St. London, W.I.



UNCLASSI FIED

UNCLASSIFIED


