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THE Mi3SION OF AGARD

The mussion of AGARD 1s to bring together the leading personalities of the NATO nations in the fields of
science and technology relating to aerospace for the following purposes:

— Excharging of scientific and technical information;

- Continuously stimulating advances in the aerospace sciences relevant to strengthe.ting the common defence
posture;

— Improving the co-operation among member nations in aerospace research and development;

— Providing scientific and technical advice and assistance to the North Atlantic Military Comm.ttee in the
field of aerospace research and development;

-- Rendering scientific and tecunical assistance, as requested, to other NATO bodies and to m~mber nztions
in connection with research and development problems in the aerospace field.

— Providing assistance to member nations for the purpose of increasing their scientific and technical potential,

— Recommending effective ways for the member nations to use their research and development capabilities
for the common benefit of the NATO community.

The highest authonty within AGARD s the National Delegates Board consisting of officially appointed senior
representatives from each Member Nation. The mission of AGARD is carried out through the Panels which are
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PREFACE

N C PR

Thiv-volume, the first part of a series giving data for design sgainst acoustic
fatigue, has been prepared in order to draw together the resulta of research in
acoustic fatigue and to present them in a form directly useable in aerospace design.
Future work in this series will deal with endurance of aluminium alloy and titanium
alloy structures under simulated acoustic loading, stress response of flat or curved
honeycomb panels, near field compressor noise estimation, stress response of box and
control surface structures and structural damping. ; J
\l

The AGARD Structures and Materials Panel has for many years been active in
encouraging and coordinating the work that has been necessary to make this collection
of design data possible and after agreeing on procedures for the acquisition, analysis

and interpretation of the requisite data, work on this series of design data sheets
was initiated in 1970.

The overall management of the project has been conducted by the Wourking Group >n
Acoustic Fatigue of the AGARD Structures and Materials Panel, and the projoct has been
financed through a collective fund established by the Nations collaborating in the
project, namely Canada, France, Germany, Italy, U.X. and U.S. National Coordinators
appointed by each country have provided the basic data, liaised with the sources of
the datn, and provided constructive comment on draft data sheets. These Coordinators
are Dr G.M. Lindberg (Canada), Mr R. Loubet (France), Mr G. Bayerdirfer (Germany),
Gen. A+ Griselli (Italy), Mr N.A. Townsend (U.K.), Mr A.W. Kolb (U.S.) and
Mr F.F. Rudder (U.S.). Staff of the Engineering Sciences Data Unit Ltd, London, have
analysed the basic data and prepared and edited the resultant data sheets with invalu-
able guidance and advice from the National Coordinators and from the Acoustic Fatigue
Panel of the Royal Aeronautical Society which has the following constitutiont
Professor B.L. Clarkson (Chairwan), Mr D.C.G. Eaton, Mr J.A. Hay, Mr W.T. Kirkby,
Mr M.J.T. Smith and Mr N.A. Townsend. The members of Staff of the Engineering
Sciences Data Unit concerned with the preparation of the data sheets in this volume
are: Mr A.G.R. Thomson (Executive, Environmental Projects), Dr G. Sen Gupta and
Mr R.F. Lambert (Environmental Projects Group).

Data shents based on this AGARDograph will subsequently be issued in the Fatigue

Series of Engineering Sciences Data issued by ESDU Ltd, where additions and amendments
will be made to maintain their current applicability.

(Al

A.H. Hall

Chairman,
Working Group on Acoustic Tatigue
Structures and Materials Panel
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Section 1

INTRODUCTION TO DESIGN INFORMATION
ON ACOUSTIC FATIGUE

l.1 Genersl Remarks

Experience on many different aircraft has shown that the wide band high intensity
noise associated with a jet exhaust can canase structural fatigue failure in ‘regions
close to the jets Similar failures have occurred in other regions of pressurs fluctu-
ation such as close to propeller tips and in regions of separated flow, for example

. behind airbrakes. To date there is no known case of catastrophic failure of an

alroraft due to acoustic fatigue but the damage to the structure can lead to unaccept-
able expense for maintenance, inspection and loss of aircraft use.

This Introduction outlines the important factors in acoustic fatigue fatllure and
gives guidance on the use of data in this AGARDograph and in relevant Enginsering
Sciences Data Items. In the present state of knowledge a complete analytical solution
can not be presented, but the framework of a design procedure appliocable especially
to skin panels can be described.

Terms used in acoustic fatigue analysis are defined in Reference 1:5%.2 and a short
bibliography of relevant literature is given in Reference 1.5.3,

1.2 Outline of the Problem

Table 1.1 summarises the Aimportan: foctors affecting the acvustic fatigue life
of a structure subjected to jet noise. Similar factors apply for other sources of
pressure fluctuation, when the relevant factors of importance for the operating
conditions and nolse field characteristics need to be considered in place of 1l and 2
in Table l.1l.

Table 1.1
Principal Items Factors of Importance
l. Operating Flight plan
condition

Time at full thrust and low forward speed
Use of reverse thrust

"

g Use of afterburner

Lol

§ Occurrence of shock cell noise

8

ps] 2. Noise field Engine characteristics

3 characteristics

2 Engine position
Reflected noise from ground and other
structure

3. Structural reaponse Natural frequenocies
Mode shapes
Modal damping

4 Stress at coritical Predominant modes

points

Detail design (strees concentration)

Se Fatigue damage Long 1life portion of sr..-N’ curve under
random loading
Crack propagation characteristics
Environwent (corrosion, temperaturas)

3
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1.3 Design Procedure
1.3.1 Skin E.n.l.

The basic type of skin design for a component subject to acoustioc fatigue
loading is chosen with regard to the overall noise level which may be estimated as
outlined in Section 1.4.2 or from previous experience. Ouidance on the choioce of skin
design and on good design practice is given in Reference 1l.5.4. The effect of variations
in panel geometry may be investigated by means of the analysis outlined in Sections
lef4ed to lelel4s Use of early design charts such as those of Reference 1:5%5.1 has been
found to lead to excessively heavy designs in many casas, but the later References
are more realistic.

Tents of critical sections of structure in a simulated jet noise environment may

he necossary after preliminary design, and after redesign a proof test may be required
before finalisation.

1.4 Analysis

The analytical estimation of the life of a part subject to acoustic fatigue
requires informction in three main areas:

(a) the loading action, i.e. the noise field cha -rcteristics and durations
under critical operating conditions,

(b) the structural response, i.e. the natural frequencies of the structure p
and the amplitudes of the induced streases,

{c) the fatigue life of the type of structure made from the partiocular
material when subjected to the resultant random loading.

The following notes amplify these information requirements. ‘ ?

l.4.1 Operating conditions

The starting point for an analysis is the estimation of the pressure fluctuations
and their durations throughout the flight plan or mission profile, and the estimated
number of flights during service life. For example important elements may be the
total time during which the engine is at full thrust and the forward espeed is low,
the possible ocrurrence of shock cell noise in ocruise, and the use of reverss thrust
in landing. In addition consideration should be given to pressure fluctuations such
as those generated by jet exhaust impingement and boundary layer turbulence.
Consideration of such elements leads to an estimate of the acoustic fatigue load
spectvrum.

Reference 1.%5.11 contains a suggested procedure for dealing with cases where more
than one operating condition is a significant source of acoustic fatigue damage.

Reference 1.%.6 deals with the combination of sound levels from two or more sources
acting simultaneocusly.

1.4.2 Noise_field characteristics

The loading action on the structure is computed from a knowledge of the engine
noise characteristics and the vehicle configuration. The most important factors are
the location of the engines relative to the structure and the proximity of sound
reflecting surfaces such as wing, fuselage, tail section or runway. The characteristics -
roquired to define the loading sction completely are

(a) the pressure spectra and spatial distribution over the structural
_aurface,

v

{(b) ‘the correlation of the pressures over the structural surface. '

A method of ostimating the first, in relation to jet noise, is given in Section 2
and further methods are listed in Refsrence l¢%.3« Although estimates by the method of
Section 2 have compared well with measurements on several different full-scale and
model aircraft, it usually remains necessary in the design development stage to
supplement them by measurements of noise levels on prototype aircraft.

The spatial correlation of the pressures is not usually required in initial
design because of the simplifying assumptions which must be made.

1.4+ Sgructural responso and stress at eriticel points

The crmplete expression for the response of a structure to acoustic excitation {
ruquires n knowledge of all the modes of vibration of the structure, their natural
frequeacies and damping, in addition to the noise field characteristics. In practice,
the respunsn of the structure can be estimated only from simplified representations of
the structure and of the pressure field.




The following table shows souurcus of data on natural frequencies of various types .
of structure in their lower modes.

Type of Structure Edge Conditions Data Source

b
a
/ SN All edges fixed
Ref.1.5.8

All edges simply-supported

Flot plote

Ret 1 5.9
All edges simply-supporied
) (to be revised in 1972)

Flot honeycumb panel

vt Yorgiongl rest-gint ot inflexible sinn
\% 3 OC’S»
long edge of skin simply-supported, Section 3.

short edgu restroined In rototion

Stringer-shiffents ponel

>=
9 All edges fixed
All edges simply -supported Section 4
b (o > b)
Curved plote
All edges fixed

To be 1ssued in Port 2, 1972
Al edges simply-supported

Curved honeycomb ponel

In calculating natural frequeoncies and stress response, experience suggests that
individual plato widthes should be taken as the distence bstween adJjacent skin-stiffener
rivet lines. For bonded structures, the distance between contrelines of adjacent
bonded flanges is gensrally taken.

Knowing the natural frequencies, tho sound pressure levels and the pressure
spectra, and making assumptions on panel damping, Section 5 gives an approximate
mothod of eatimating the stress response, in terms of r.m.s. stress, of skin-stringer
panels having stiffancrs of xslatively high flexural stiffness; Reference 1.12
outlines the simplifiad theory used and shows a comparison with experimental results.
In using this method it is requi.ed to know the spectrum level of acoustic pressure at
a natural frequency of the panel. If band levels only are known, they may be cunverted
to speoctrum level using Reference l.5.5: The effect on the stresses of reinforcement by
increased thickness along the plate edges is considered in Referenco l.5.13.

l.4.4 Fatigue strength and endurance

The estimated r.mss., stresa in the panel i3 compared with appropriate fatigue
strength data in order to estimate the life of the panel. In making this comparison
it is important to ensure that the fatigue strength data used correspond tn the
appropriate conditions because the highest atresses usually occur in tne region of
stiffener or frame rivet lines where sffects of stress concenrration and fretting are
important. Reference 1.10 gives data on the endurance of var.oug types of joint in
aluminium alloys subjected %o simulated acoustic loading.

Where a panvl is subjected to acoustic loadings of different intensitiss at
different timus it is suigested tentatively that the effects should be combined by
applying the simple cumulative damage hypothesis using srmn""r data. This approach

is discussed in Reference 1l.%.11,

»

1.5 References

1:.5.1 - Structural design for acoustic fatigue.
WADC ASD-TDR-63--820, 1963,

1e542 - Definitions of terms for acoustic fatigue analysis,
Engineering Sciences Data Item No. 66013, 1966,
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1.5.3

le3el

1.5.5

1.5.6

1e5.7

1.5.8

1e5.9

1.54J0

1.5,11 Kirkby, W.T.
Edwards,

l.5.12

1.5.13

1.5.14

1.5.15

A short bibliography on acoustic fatigue.
Engineering Sciences Data Item No. 66014, 1966.

General principles for the dosign of acoustically
or similarly excited structure.
Engineering Sciences Data Item No. 6601%, 1966.

Bandwidth correction.
Engineering Sciences Data Item No. 66016, 1966.

Combination of levels in dB.
Engineering Sciences Data Item No. 66017, 1966.

The relation between sound pres.sure level and
rem.s8. fluctuating pressure.
Engineering Sciences Data Item No. 66018, 2366.

Natural frequencies of uniform flat plates.
Engineering Sciences Data Item No. 66019, 1966.

Naturai frequencies of flat sandwich panels with
cores of zero flexural stiffness and siupiy-
supported edges,

Engineering Sciences Data Item No. 66020, 1966.

Endurance of rivetad skin-rib flange connections
{tentative). (Aluminium alloy material - In bending.)
Engineering Sciences Data Item No. 66022, 1966.

(To be superseded in Part 2 of this AGARDograph.)

A mothod of fatigue life prcdiction ueing data
obtained under random loading conditic s
RAE tech. Repo 66023. 19660

Estimation of the r.m.s. stress in skin panels
subjected te random acoustic loading.
Engineering Sciences Data Item No. 67028, 1967,

The effacy of edge reinforcement on the atrezses
in skin panels under uniform pressure.
Engineering Scionces Data Itiem No. 67029, 1967.

Hear-field noise analysis of aircraft propulsion
systems with emphasis on prediction techniques
for Jjets.

AFFDL-TR-67-43, 1967.

Refinement of sonic fatigue structural design criterie.
AFFDL-TR-67-156, 1968,
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Section 2

THE ESTIMATION OF NEAR FIELD SOUND PRESSURE
LEVELS DUE TO JET NOISE

2.1 Notation

c specific heat at constant pressuroc of
P fully expunded jet gases J/kg K £t 1bf/slug K
D Jet nozzle diameter m £t
4 frequency Hz c/s
L overali sound pressure level daB d8
L,J datum overall sound praossure lovel daB dB
Lv correction to L due to change in Jjet
volocity dB dB
L correction to L due to change in jet
P dansity dB 4aB
n velocity index
P ambient pressure N/m2 lbf/ft2
as constant
f287 J/kg K) (3090 £t 1lbg/slug K) J/keg K £t 1bf/slug K
TJ Jot pipe static temperature K K
T“J Jet pipe total temporature K K
v mean fully expanded jet velocity m/s tt/s
Vo datum fully expanded jet velocity
(610 m/s8) (2000 £¢/s) n/s £t/ s
x axial distance from jet pipe nozzle
plane, measured in Jet direction m £t
Yy radial distance from Jjet axis ] ft
Py donsity of Jjet gases kg/m3 alug/tt3
P datum densjity
° (0+4% kg/ml) (0.00¢ 9% siug/rt3) ke/a> slug/ee>

Both SI and British units are quoted but any coherent system of urits may bo used.

2,2 Introduction

This Section givss a method of estimating the near field sound pressure levsls
dus to high ~siscity Jet noiso from a single stationary conical nozzle.

Detailed noises data from the engine manufacturer should be used for preference
but, when this is not ponssible, a numbexr of methods of estimation is available. Thess
moevhods give widely differing results and after comparing them the following method
has been found to give the closest agr2sment with experimental) results. This method
is intended to give a value of ihe ovesrall sound pressure level that is aomewhere neor
the mean. Tas accuracy 3¢ %ue eatimatad Lsvels is expected to be within Is5 4B, 3.5,
between eprrovimately £ per scné and 17 per cent of the actual r.m.s. pressure.
Under voliesi sondiixons or a¥ i-{ relocst!ss woll above the datum velocity, howewvsy,

the discrepancy cecuis he . Luur:

Tho noise lavel: pradic-.d by the methed described hers ar free field valuse bhuy
do not apply to the f£icld wvithin a conical surface emanating fr. the jet nozzles uaori.
meter and expanding at o semi-angld of approximatsly 15 degrees . lative to the jet
axis, since thig reglon contains the turbulent mixiig region of tue jet.

This Secticn is also inapplicable to the case of "shock c231) noise”, w
phenomenon which can occur when a jet nogzle is ogerating in an over-choked condit:on.
A relatively discyrete note is then produced, giving in a nurrow band an intensity umck
greater than that of the busic Jet noisv.

¥t
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2.3 Calculation Procedure

The foilowing information is required as a basis for the computation of the sound
proasui's level at some point in the field:

Jet nozzle diameter D
co-ordinates of the point (x,y)
mean fully expanded Jjet velocity v
Jet pipo total temperature THJ'

(4} Evaluate x/D and y/D .

(14) From Figure 1, whick shows the free field datum noise level contours,
read off the datum overall sound pressure lovel Lo at the poesition
(x/D, y/D).

(i11) From Figure 2, which shows volocity index contours, read off the velocity
index n at the position (x/D, y/D).

iv Calculate the first pari of the velocity correction term AL y from
vl

v
AL"1 = 10n 10310 (-v—;) .

(v) Obtain tho secoad part of the volocity correction term £§va from
v
)

Figure 3, which shows 15va plotted against loslo(v/ for different
valuep of n .

{vi) Calculate the total jot velocity correction Lv from

LV = ALvlﬁAl.lvz .

(vii) Calculate the density of the jet gases Py

B
whero pJ = BT
J
v2
and TJ o ‘I‘“‘1 - EE; for all jet velocities.
(viii) Celculate densit; correction LP ’
P
where L 20 lo MR .
p r w0 semo (52
(ix} Evaluate the ovora&} sound proassure level (SPL) at “ s required point
(x, y) as
L ° Lo + Lv + LP .
This level can be converiesd to a pressure loading by the use of the
relation

r.ms8s fluctuating preasure in N/m2 = 10(°’°5L"Q’699)

or using Reference 2.%.1.

(x} For a given freyuency the spectrum level in decibels relative to an
arbitrary overall SPL may be read from Figure 4, after evaluating f£D/V
and x/D . Alternatively, if the spectrum level is required in terms of
pressure loading, this may be found using Figure 5. Taking values of

fD/V and x/D the spectrum level in (N/mz)/ﬂz relative to 1 N/n2
A overall SPL is read frou the ordinate of Figure 5 and is then multiplied
by the value of L obtaiied as a prevsure loading in (ix). This gives

the pressure spectrum level for a specified frequency in (N/mz)/Hz.

2.4 Use of Celculated Sound Presasure Levels

After the free field sound preassurs levals have boeen ecetimated, corrections must
be made for local sffects, for example reflsction. Whan tLu wave fionts of this ncise
field strike a structure they are partially reflected, and the reflection process
locally inoreases the pressure loading on the surface.

When the wave froat strikes the surface at right angles (normal incidenve) .he
pressure loading is doubled (a 6 dB increase on the cul%ulatod valuss). If the wave
front moves parallel to the surface (grazing ineidence) thee is no increase in loading.
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To allow for this reflection procesc, it is fairiy grreral engineering practice
to add a mean correction of 3 dB to the calculated free air levels.

The effects of different nozzle arrangements, aircraft configurations, etc.,
should be taken into consideration.,

Further corrections must be made for the case of an aircraft in motion to allew
for the effects of the aircraft velocity and ambient speed of sound.

An alternative computer-based method that plots overall sound pressure levels ‘or
various engine operating conditions can be seen in Derivation 2.5.3¢

2.5 Dsrivaticn and Reference

Derivation
2.5.% Franken, P.A. Methods of flight vehicle noise prediction.
et al. WADC TR 58-3163’ 1958-
2.%.2 Unpublished work by Rolls-Royce Ltd and Bristol Siddeley

Engines Ltd.

2.%5.3 Plumblee, HiE. Near field noise analyses of aircraft propulsion systoms
et al. with emphasis on prediction techniguee for Jots.
AFFDL-TR=-67-43, 1967.

2.5.4 Riley, M.P. Near field jot noise prediction techniques.
British sircraft Corporation Ltd, Acoustica Laboratory
Roport AR, 32", 19710

Roference
2:.5.5 The relation between sound pressure level and r.m.s.
fluctuating pressure.
Engineering Sciences Data Item No. 66018, 1966,
2.6 Example

It is requirad to estimate the r.m.s. sound pressure level and the pressure
spectrum level at 300 Hz at a specilic point given the following conditionsas

D= 0061 m, X = 505 my y = 6.7 my
V = 670 mn/s, THJ = 900 KX,
v, = 610 m/s, Py = 0:49 xg/m3.

R = 287 J/ke K, o, = 1160 J/kg K,

101 x 102 §/m%

p n
Firstly % = £ = 9-02,
x 60"
and ) L m = 11.0

Honce, from Figure 1,

Lo = 140 dB

and, from Figure 2, by interpolation
n s 602 .

670
Now AL, = 10 x 6.2 1ogm(3{-6) = 2.5 dB
and, from Figure 3, for loglo(v/vu) = 0,0407 and iatoerpolating for n = 6.2 ,

Z&va = -« 0.9 dB

80 that LV = 205 - 009 = 106 dB .

2

670
As TJ = 900 - 5_;ZTT33 a 707 K

v



3
the» Py = %g-;—f-,}—g? =  0.498 kg/a> .
0.498
Now L, = 20 log, (-E‘%-)-o.m dB
and so, finally, L = 140 + 1e6 + 002l = 142 dB .

To detcrmine the corresponding pressure spectrum level, for a frequency of 300 Hz,

Figure 5 ia uaed.
_fv_n - 300 3;00.6_1= - 0.273

and % = 9.02 o

By inte' olation, the spectrum level relative to an overall sound pressure level of

1 N/mr is found to be 0.026 (N/mz)/ﬂz .
In this Example L = 142 dB , which from Paragraph 3(ix) is equivalent to 252 N/mz.
So the pressure spectrum level = 0.026 x 252 = 6.53% (N/mz)/Hz .
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Section 3
NATURAL FREQUENCIES OF BUILT-UP, FLAT,
PERIODIC SKIN STRINGER STRUCTURES
(Part I: Stringers rigid in bending)
3.1 Notation

e width of askin plate or frame pitch - @ in
b stringer pitoh m in
D flexural rigidity per unit width of the skin

plate, Et%/[12(1-0%)] Nm 1bf in
E Young's modulus of skin material N/n2 1bt/1n2
E, Young's modulus of stringer material N/m2 lbt/:ln2
t frequency Hz c/s
G’ shear modulus of stringer material N/m2 lbr/:l.n2
I. polar moment of inertia of stringer cross

section about point on skin directly 4 M

beneath shear centre of stringer m in
J' St Venant constant of uniform torsion for 4 y

stringer cruss section m in
K froquency parameter n/s in/s
H1 mode parameter for first zroup of natural

frequencies
"2 mode parameter for second group of natural

frequencies
m nunber of half waves across frame pitch
N nunber of spans
r mode number
t skin thickneas m in
v velocity parameter for skin materiaz®
P. warping constant of stringer cross section

with respect to the point on skin directly 6 6

beneath shear centre of stringer m in
KR non-dimensional torsional stiifness of

stringer = actual rotational) stiffness

per unit length of the stringer x b/D
[} udensity of skin material ks/n3 "
Py density of stringer material kg/m3 »
o Poisson's ratio of the skin material

Both SI and British units are quoted btut any coherent system of unit¢s may be
used.

* The velocity parameter is defined in SI units as V = (E/p)l/z/SOBO and in British

unitc as V = (z/p)l/z/zoo 000, V 4is approximately unity for all common structural
metallic materials.

® density value expressed in British units as pounds per cubic inch has to be
divided by 386.4 before it can be used in the formula given here. (A force of 1 1bf

acting on a mass of 1 1b produces an acceleration of 386.4 1n/az.)
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3.2 Introduction

This Section gives the natural frequencies of vibration of built-up, flat skin.
stringer structures with equispaced and identical stringers as shown in Figures 3.1
and 3+2. The natural frequencies of such multi-span structures occur in groups, the
number of froquencies in each group being equal to the number of spans. For a panel
having a large number of spans the lowest natural frequancy in any group is generally
associated with a mode in which the stringers twist and the highest ne¢tural frequency
in that group is associated with & mode in which the stringers tend to bend without
twisting. For a panel having a small nunber of spans, typical mode shapes, as shown
in Figure 3.3, are affected by the edge conditions. The mode shapes alternate between
symmetric and anti-symmetric as frequency increases.

In tho Derivation the frame torsional stiffness has be¢n neglected and the frame
bending stiffness has been assumed to be infinite. The skin edges at the frames are
thus assumed to be simply-supported. The natural frequencies are only sliglitly
influenced by the stringer bending stiffness and therefore this atiffness hus been
assumed to be infinity.

This Section can be used to predict the first two groups of natural frequencies
of skin-stringer structures with four different end conditions. The results have been
presented for varying degrees of stringer torsional stiffness, for three differont
aspect ratios (a/b) and for two diffeorent values of m , the number of half-waves
across the frame pitch.

3.3 Calculation Procedure

Calculate £ from

t
f = VK—3.
b2

To dotermine K

(1) cCalculate x, from thes equation

R
o = {mn (%) o, () - p e} 53

Since £ 1is unknown its value has to be estimated initially. Values of f = 100 Hz

for the first group of frequencies and f = 200 Hz for the second group should give
results of sufficient accuracy for comuonly used shkin-stringer atructures. Alternativealy,
for the first group of natural frequencies, f may be taken as the fundamental

natural frequency of any individual panel with fully-fixed edges. For the second

group, [ may be taken as the natural frequency of the same panel with fully-fixed

edges in its second mode (i.e. with approximately two half waves along the length b).
Both these fresquencies can be calculated using Reference 3.5.3.

(41) cCalculate My or M, from the following table:

End Conditions My Ma
as in (1< gN) (N+1 € r < 2N)
r -1 r -
Figure 2a N 2 - =~
Figure 2b % 2 - §
o
rd
Figure 2c i 2.2zl
_ seo (111)
. Note in Step (iii
‘ Figure 24 below

(444) Read K from Figures 4~9 for appropriate values of m , aspact ratio
(a/v), kg and M, or M, .

Note: For stiructures with end conditions as in Figure 2d, K 1is approximately
equel to the arithmutic aversage of the values of K obtained from thy first two rows
in the above table.

*
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3.4 HNotza

The effect of including the frame torsional stiffness would be to increase the
natural frequencies slightly and this would be more pronounced for structures with
smaller aspect ratios. The effect of including the framo bending stiffness would be
to decrease the natural frequencies slightly.

For structures with a low stringer torsional stiffaess, the bounding froquéencier
of the first group (with m = 1 or 2) can alsc be found from Data Item No. £6019.

Dexrivations 3.5.2, 3.5.4 and 3.%5.5 give the transfer-matrix method of analysis of
skin-stringer structures which could bs used to calculate tine natural frequoncies of

non-periodic structures, i.e., structures with non-uniform skin/stringer characteorigtics.

3¢5 Derivation

3.5.1 Lin, Y.K. Free vibration of a finite row of continuous skin-stringer
Browny I.D. panois. J. Sound and Vibration, Vol.l, No.l, January 1964.
Deutachle, P.C.

3+%.2 Lin, Y.K. Free vibration of continuous skin-stringer panels with
ot al. non-uniform stringer spacing and panel thickness.
AFML-TR~64-347, February 1965.

3.5.3 Natural frequencies of uniform flat plates.
Engineering Sciences Datn Item No. 66019, 1966.

Fe5.4 Hercer, C.A. Prodiction of matural frequencies and normal modes of
Seavey, C. skin-stringor panel rows.
J. Sound and Vibration, Vol.6, No.l, January 1967.

3¢5.85 Mercer, C.A. Program for the calculation of natural frequencies and
Soavey, C. normal modes of skin-stringer panel arrays.
Institute of Sound and Vibration Research Tech. Report
No.6, July 1968,

3+.5+6 Sen Gupta, G. Natural flexural waves and the normal modes of
periodically supported beams and plates.
J. Sound and Vibration, Vol.l3, No.l, Septombexr 1970.

3¢5%+7 Sen Gupta. 5. Natural frequencies of perlodic skin stringer structures
us.ng a wave approach.
J. Sound and Vibration, Vol.16, No.4, June 1971.

3.6 Exsmple

It is required to dotermine the first group of natural frequencies of a six-span
skin-stringer structure having the following dimensions .tc. with end conditions ae
in Figure 2d and with a single half wave across the skin widtn.

a = 508 mm F, = 3.1 x 10-22 m6
b n 254 mm I‘ = 10,5 x 10-8 ml&
t =1l mm )
E = E, = 72 300 MN/m
- 2 003
3
3, = 9beb x 10712 ot p up, = 2800 kg/m
G, = 27 800 MN/u®.
3 1/2
From this D = E = 6,62 N m, V = (x/p) = 1.00

¢
12(1-0%) 5080

and for the first group of natural frequencies with a single half wave aoross the skin
width (m = 1 and assuming £ = 100 Hz),

X b X 2 2 b
kp * {E.F’ (3)  +6,9, () - pgly - °® x 100) } x5
= (328 + 100 -~ 116) x 0.,0384
= 12.0,

For this group of frequencies, with m = 1, a/b = 2.0, p = 12,0 and using

!1§ure Sa, the results can be calculated and presented in the form of the following

- s wn
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Mode End conditione End conditions End conditions £ = VK&
number ag in Figure 2a as in I’'tgure 2d as in Figure 2d bz
K
r ¥y K My K (Average of the | (using K from
{(from Figure 5a) (from Figure 5a) results in column VI)
(w/e) (=/) columpe W and V)l (1)
{x) (11) (I11) (zv) {(v) (v1) (viz)
1 (o] 4270 1/6 4360 4315 66.9
2 1/6 4360 1/3 4610 4485 69.%
3 1/3 %610 1/2 4970 4790 P42
4 1/2 4970 2/3 5370 5170 80.1
5 2/3 5370 5/6 5690 5530 8547
6 5/6 5690 1 5330 5760 89.3

Similar calculations can be done for a atructure with end conditions as in
Figure 2c. It may bo noted that the frequencies obtained in column VII are less than
100 Hg and therefore the value of Xr has been slightly under-estimated. This means

the actual frequoncies are slightly higher in this particular problem. Further
calculations show that the calculated frequencies are within about 3.% per cent of the
frequsacies obtained by taking a further iteration.
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Stringer torsion mode
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FIGURE 33 TYPICAL MODE SHAPES OF A SIX-SPAN SKIN-STRINGER PANEL
P {ONLY THE FIRST GROUP IS SHOWN)
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Section 4

NATURAL FREQUENCIES OF RECTANGULAR
SINGLY-CURVED PLATES

4+l Notation

a length of longer plate side m in
b arc length of shorter plate side n in
E Young's modulus of plate material N/.n2 lbr/inz
f natural frequency of vibration of plate He c/s
K natural frequency parameter for fixed edge plates n/a in/s
Km,n natural frequency parameter of simply-supported

plate in (m,n)th mode n/s in/s
m number of half waves in plate parallel to longor

side
n number of half waves in plate parallel to

shorter (curved) side
R radius of curvature of plate m in
t thickness of plate m in
v volocity parameter for plate material®
o Poisson's ratio of plate material
[ density of plate muterial kg/m3 »

Both SX and British unite are quoted but any coherent system of units may be
used.

4«2 Notes

}e2¢1 Plates with simply-supported adges

The natural frequency iz given by

T = me'n-;z— .

In Figure 4.1 v.iues of xm,n are plotted against an/mb for a range of values

of bz/nant for initially unatressed, cylindrically curved, rectangular plates of
uniform thickness having all edges simply supported. For plates having all edges
simply supported the modes are exactly defined by the number of half waves across
tha length and breadth of the panel. These natural frequencies can be presented on
one figure since the condition at a nodal line is the samo as that at the boundaries
parallel to the nodal line.

42,2 Plates with fixed edges

The natural frequency is given by

t
f = VK= .
bz

- e s G e G et D N M W WS G WD GO W G G D WP M WD S GP W WS GD U T TE N MD G G SO S S e Ee W W W G

+ The velocity parameter is defined in SI units by V = (E/p)}/SOBO or in British

units by V = (E/p)*/zoo 000. V 4is approximately unity for all common structural
metallic materialse

® A density value expressed in British units as pounds per cubic inch has to be
divided by 386.4 before it can be used in the formula for V given hers. (A force

of 1 1bf acting on a mass of 1 lb produces an acceleration of 386.4 1n/32.)
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In Figures 4.2 to 4.8 values of XK are plotted against a/t for « range of

values of bz/Rt for a number of natural modes for initially unstressed, cyilindrically
curved, rectangular plates of uniform thickness having all edges fully fixed. These
modes of vibration are not necessarily uniquely identified by ths number of half waves
across the length and breadth of the plate. In this Section the fixed-edge plate
modos are defined by the symmetry or sntisymmetry in two directions; stating Ffirst
the symmetry condition parallel to the plate longer cide followed by the symmet:ry
condition parallel to the plate shorter curved side. The order of modes in any mdde
type is given in &scending order of frequency.

The fixed edge panel modes condidered in this Section are listed in Table I.

Table I
Figure for Fi

gure for

Mode ;::g::::¥ mode shape
First (S,S) 4.2 4.9
Second (S,S) 4.3 4.10
First (S,A) 4.y Ledl
Second (S)A) 4.5 .12
First (A,S) 4.6 4.13
Second (A,S) 47 414
First (A,A) 4.8 4415

—

S = symmetric A = antisymmetric

The expression used to calculate the fixed-edge plate frequencies contains
parameters a/b, ba/Rt and b/R . The curves in this section are for a value of
b/R of 0.1, but tho curves may be used for shallow plates generally. At a value of
b/R of 1.0 the frequencies are 2-3 per cent less than obtained from this Section.

L4e2+3 General notes

In deriving the curves the value of o was assumed to be 0.3, This value is
sufficiently accurate for all common structural metallic materials.

In the theoxry on which this Section is based it Js assumed that panels are thin
and of shallow curvature. These conditions are satisfied when R/t >20 and b/R <1.5.

Shear deflection and rotary inertia have been neglected when calculating the
curves for both simply-supported and fixed-edge plates. This is a goenerally accepted
assumption if the ratio of half wave lengths to plate thickness is greater than 10.

For flat plates with simply-supported edges the lowest natural frequency of
vibration occurs in the mode having a single half wave across the length and breadth
of the plate, i.es the (1,1) mode. For flat plates with fixed edges the lowest
natural frequency occurs in the first symmotric -~ symmetric mode where the mode shape
is similar to the simply-supported edge (1,1) mode. As the curvature of the plate
increases (radius reduces) the lowest frequency, for both simply-supported and fixed-
edge plates, tends to occur in a mode where the number of half waves on the curved
side is greater than one.

4.3 Application to Aircraft Structural Panels

. In typical aircraft construction, stiffening members such as ribs, frames and
o stringers divide the panel into plates. Owing to the mechanical coupling between
. plates, normal modes result in which arrays of plates vibrate together. Theoretical

analysis indicates that an array of plates has groups of resonant frequencies. Each

. group is bounded by a lower frequency mode where stringers twist and a higher

¢ frequency mode where stringers bend. These lower and higher frequency modes correspond
to the single plate modes with simply-supported and fixed edges respectivaly. In
between these two bounding frequencies thers is a number of intermediate modes in
which the stringers both twist and bend. The second and subsequent frequency groups
correspond to overtone modes of the fundamental groupe.

The number of plates showing predominant vibration at any one natural frequercy
of the group depends on the relative dimensi... .f the plates and the phase relation-
ships of the exciting force over the surface of the panel.
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The lowest natural frequency is generally associated with a mode of vibration
in which the response of plates is such that half waves on the two sides of a stringer
are out of phase. If the stringers are of low torsional stiffness, the frequency for
the panel will be close to the valuv indicated by this Section for a single plate with
simply-supported edges. With increasing torsional stiffness the lowest resonant
frequency cof the group rises to approach the value indicated by this Section for a
single plate with fixed odges.

‘ The highest natural frequency of a panel in a froquency group is associated with
< a mode of vibration in which the half waves in the plates on the two sidos of a
g siringer are in phase. This behaviour corresponds to fixed~edge conditions.

4.4 Dorivation

! belfel Timoshenko, S. Vibration probleme in ongineering. Second edition.
Von Nostrand, New York, 1937.

4e4.2 Warburton, G.B. The vibration of rectangular plates.
i Proces I.Mech.E., V01.158, No.12, ppo371-38u’ 1954,

4.4.3 Clarkson, B.lL. The design of structures to resist jet noise fatigue.
J. R. aeronaut. Soc., Vol.66, No.622, pp.603-616,
October 1962.

‘ Yelho4 Sewall, J.L. Vibration analysis of cylindrically curved panels

, with simply supported or clamped edges and comparison
; with some experiments.

' NASA tech. Note D=3791, January 1967.

Lel4e5 Webster, J.J. Free vibrations of rectangular curved panels.
Int. Je Mech. Sci., Vol.1l0, N007, ppo571-582, July 19680
helho6 Petyt, M. Vibration of curved plates.
J. Sound Vib., Vol.l5, No.3, pp«381-395, April 1971.
Lel4s7 Webstexr, J.J. Discussion of "Approximate methods for the determination
Warburton, G.B. of the natural frequencies of stiffened and curved
plates™.

Je Sound Vib., Vol.18, No.l, pp.139-141, September 1971.

4.5 Example

It is required to estimate the lowest natural frequency of an aluminium alloy
plate in both the simply-supported and fixed-edge conditions. The plate has the
following dimensions and physical properties:

a = 300 mm, b = 200 mom, R = 1000 mm,
t = 0.8 mm, E = 70 000 MN/m?, p = 2770 kg/m.
Firstly g = g% = 1.5,
{ » 200 = 50
; Rt 1606 x 0+8

: , 6
; 70_000 x 10 1
: and v u 2770 x 5080 = Qe99,

4e5.1 All edges simply-suppcrted

Obtain the natural frequency parameters from Figure 4el,

P 2 2 2
o Mode sz n%n: 10"3xm’n Ebi'-‘- £ uVK -’i;,.-?-
, (myn) (u/s) (=~ (Hz)
1,1 1.% 50 12.9 0.02 255
1,2 3.0 12.5% 2.87 0.08 227
2,1 0475 50 2647 0.02 529
. 1,3 b5 54556 2.54 0.18 453
S 3,1 0.5 50 IS 0402 683
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Hence the lowest natural frequency with all edges simply supported occurs in the (1,2)
mode and is 227 Hz.

4e5.2 All edges fixad

For lowest symmetric~symmetric mode from Figure 4.2

103K = 27.3 w/s .

For lowest symmetric-antisymmetric mode from Figure 4.4

. 103K = 20,0 ms .

3 For lowest antisymmetric-symmotric mode from Figure 4.6
1003k = 31.2 w/e .

For lowest antisymmetric-antisymmetric mode from Figure 4.8
1003k =« 28.0 w/s .

- Hence the lowest natural frequency with all edges fixed occurs in the first
Y symmotric-antisymmetric mode
£

and is 0.99 x 20.0 x 10° x 2e8 x 1000

2 396 Hz .
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{PLATES WITH ALL EDGES FIXED)
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Section §
THE ESTIMATION OF R.M.S. STRESS IN

STIFFENED SKIN PANELS SUBJECTED TO
RANDOM ACOUSTIC LOADING

5.1 Notation

a width of skin plate or frame pitch m in
b flat panel width between stringers or
curved panel arc length between stringers o in
E Young's modulus of plate material N/m2 1br/1n2
b ¢ fundamental natural frequency of skin
plate assuming all edges fixed Hz c/s
G _(f) spectral density of acoustic pressuraes
P at frequency £ (N/mz)z/ﬂz (lbf/inz)z/(c/.)
Ka damping ratio correction factor
L .(t) spesctrum level of acoustic pressure at
p frequsncy ¢ daB dB
P uniform static pressure on plate N/m2 lb!'/in2
Prms root mean square fluctueating pressure N/m2 lbt/:ln2
R radius of curvature of panel o™ in
S° ratio of stress at rivet line in
assumed mode shape to applied uniform
static pressure on plate
Sr-. remiose stress at rivet line due to 2 2
acoustic loading N/m i1bf/in
t thickness of panel m sA
v velocity parameter four plate material’
Y damping ratio of mode of vibration of
skin panel
P density of skin material kg/n3 »
g Poligson's ratio of plate material

Both SI and British units are quoted but any cohereat system of units may be
used.

5.2 General Notes

This Section gives a method of estimating the r.me.s. stress in rectangular skin
panels subject to random acoustic loading. The reference stresa is the rivet line
stresa; stresses at other positions on the plate may be found by applying a suitable
factor to the reference stress.

The r.m.s. streoo for a stiffened panel subjected to random acoustic loading on
one side is given approximately by the expression

1/2
Soes ™ [f% £ Gp(t)] K S, (5.1)

- eem W G G Gt M D G D WD GU G G T I IS WD G WD G G D S WS G D G H D G Gl G G TP G m P WD M e e S W

M The velocity parameter is defined in SI units by V = (E/p)*/soeo or in British

units by V a (z/p)*/zoo 009, V dis approximately unity for all common structural
netellic materials.

n A density value expressed in British units as pounds per cubic inch has to be
divided by 386.4 before it can be used in the formula for V given here. (A force

of 1 1bf acting on a mass of 1 1b produces an acceleration of 386.4 1n/u2.)
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In the case of a control surface or similar structure where two skins are
coupled by ribs and both vibrate in response to a loading largely on one side, the
stress level is about 1/3 of the value given by Equation (5.1). However, where the
acoustic loading is of similar intensity on both sides of a bux structure the stress
lovel is about 1/2 of the value given by Equation (5.1).

In deriving Equation (5.1) it has been assumed that the predominant form of skin
vibration is one in which individual plates within the stiffened panel vibrate
independently in the assumed mode which, for this calculation, has been taken to be
the fundamental fixed-edge mode. Thig restricts the use of thia Section to skin-
stringer panels where the bending stiffness of the stringers is sufficiently high to
approximate to a fixed-edge condition for individual plates. It is not applicable to
stiffened panels where individual plates are much stiffer and ths supporiing stiffeners
relatively more {lexible than for conventional skin-stringer panels.

The preasure is assumed to be uniform and in phase over the whole of each
individual) plate and the spectrum level of the acoustic pressure is taken to be

constant over the range of frequencies close to the fundamental natural frequency of
the panal.

The r.m.s. stresses given are the nominal unfactored rivet line values and in
using these atresses to calculate a fatigue life care must be taken to ensure due
account is taken of any geometric stress concentraticns in the region of the rivet
line.

This Section may be used for etched skins, or al.ns with bonded reinforcing, by
first obtaining the nominal rivet line r.m.s. stress for the panel, assuming it to be
of uniform thickness, ancd then applying a correction with the aid of Reference 5.6:14,

For conventional atructures without special damping treatment, £ may be taken
as the undamped natural frequency.

5+3 Notes on the Figure-

Figures 5.1 and 5.2 give nomographs for srmo « The nomograph are entered at a

value of Lpu(r), each quadrant being used in turn in the directica indicated through

ranges of a/b, b/t, bz/Rt and t/V. Figure 5.2 is ax extension of the stress
range of Figure 5.1. Figures 5.1 and 5.2 are drawn for a value of § = 0,017 3 srma

for other values of § is calculated using correction factor K which is plotted

5
against 8 4in Figure 5.3

The r.m:s., stress given is the skin surface stress across the rivet line at the
mid position af the longer side of the pla.e. This is the position of highest
nominal stress when the plates vibrate in their fundamental fixed~edge mode. No
allowance is made for stress concentration factor due to rivet holes etc.; .his is
expected to be negligible at distances greater than 2.5 times the rivet di-ameter from
the centre line of the rivet along the rivet line.

In the derivation of the nomographs it is assumed that the plate bending stress
is within the linear region where it is directly proportional to the normal proessure,

that is p/E less than about 20(t/b)%.

The higher range of Figure 5.2 is for use in estimating stresses in titanium and
high strength steel panels. However, high values of stresses obtained from this
Figure should be treated with caution as no extensive measw.red data are at present
available to check the validity of the simple response theory over the higher stress
range.

8.4 Calculation Procedure

Se4¢1 The procedure for estimeting S in a general case is as follows,

rms
(1) Estimate the fundamental natural frequency of the panel. For flat plates
use Reference 5.6.13 or Section 4 of this AGARDograph, or evaluate the
highest frequency of the first group of natural frequencies using
Section 3 of this AGARDograph. For curved plates calculate the natural
frequency using Section ) of this AGARDograph.

(44) Obtain the value of spectrum level of acoustic pressure Lps(r) at the
calculated frequency. If only the band pressure level is known, it is
first corrected to pressure spectrum level (unit bandwidth) using
Reference 5.6:11. The reference pressure for sound pressure level is

20uN/n.

© et ok oot s e e A BRI
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(1i1) Calculate the parameters a/b, b/t, bz/Rt and t/V and read the
value of Srma from Figures 5.1 or %.2.

L e Bt A S S0 B

(iv) For values of § other than 0.017, factor the estimated value of
S by K5 obtained from Figure 5.3. The value of § = 0.017 is

rms
typical of saircraft structures without special damping treatment.

S5¢4.2 Within the nomograph the spectrum sound pressure level is converted into
the spsctral density of acoustic pressure. The spectrum sound pressure level is

converted into the root mean square fluctuating pressure in units of (N/mz)/Hz (see
expression below or Referance 5.6.12) and then squared giving a value in units of

"
(N/mz)z/ﬂz”. Since unit bandwidth is used this is numerically equal to the spectral
density of acoustic pressure Gp(f) in units of (N/mz)z/ﬂz. :
Lps(f) = 20(10310 Pros * 4.70)
If Lp'(f) is required in British units of (lbr/inz)z/(e/a) it is given by
Lpo(f) = 20(“310 Pros * 8.54) .

5.3 Comparison with Measured Lata

Figure 5.4 shows a comparison of estimated and measured sitressos in flat or
curved plates. Figure 5.5. shows a comparison of estimated and measured stresses in
control surfaces and other coupled skin box type structures. For these estimated
values the factors given in Section 5.2 were applied to the stresses given by Equation
(5.1). In estimating r.m.s. stresses to compare with measured values, § has been
assumed to be 0,017.
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5.7 Examples

£¢7+1 It is required to estimate the rivet line r.mes,
. panei subjected to jet noise on one side.

stress in a otiffened

band levels.

4 Sound pressure
¥ lovel(dB) 130 | 145 | 150 | 148 [ 143 | 130
o3y Frequency (Hz) | 150 | 200 | 300 | s00 | 700 | 1000

The panel is made up from uniform plates having the following dimensions and

g , properties:
E: a = 210mm, b = 140mm, t = le2mm, R = 1500 mm,
E = 70 000 MN/m®, p = 2770 kg/m>, & = 0.020 .
1 210
A Firstly 2 . &= . 1.5,
‘ % b 140
o b 0
&E T ¢ %%E = 116.7 ,
L
1 b2 1402
{ RE ™ 71500 x 1.z =~ 109
g 3
o 70 000 x 10 1
'f% vV = 2790 — X 3080 0.99
and % x -6]—'.'-52-9- = 1.2 mm.

From Section 4 of this AGARDograph the fundamental natural frequency of the
' plates with all edges fixed is obtained.

1.2 x 1000

N £ =
: luoz

0,99 x 10 200 x 618 Hz.

© e T T g

. By interpolation from the table the 1/3 octave band pressure lovel at 618 Hz dis
¢ 1&507 dB.

From Reference 5.6.11

T Lps(f) = 145.7 - 21.7 = 124 dB.
i
. . From Figure S.1, entering the nomograph at 124 dB, srma a 14,0 MN/m2 for
ot § = 0,017,
! From Figure 5.3 for § = 0.V20, K6 = C.922, Hence the rivet line r.m.s.

stress = 14.0 x 0.922 = 12.9 MN/m.

The variation of found pressure level over
a range of frequencies is given in the table, sound pressure levels being 1/3 octave

1 s e S o o
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5¢72 I1If a doubler is now bonded tc the skin at the rivet line the new stresses
may be found using Reference 5.6.l4. Additional definitions in this Reference are:

br width of reinforcement m in
fo nominal stress at rivet line in 2 2
unreinforced panel N/m 1bf/in
fl nominal stress at rivet line in 2 2
reinforced panel N/m 1bf/in
tz nominal stress at edge of 2 2
reinforcement N/m ibf/in
tr total thickness of panel and
reinforcement m in

In this example fo is the previously calculated value of Srma o

The doubler is the same material as the plate and has the following dimensionss

b = 21 mm and t = 1.8 mm.

r r
br 21
Firstly T = m = 0.15
t
Ir 1.8
and _t- = 1.2 - 1.5.
From Reference 5.6.14
) 5 £
ra a 0.485% and T = 0.677.
() o

Hence the rivet line r.m.s. stress with the doubler
= 12.9 x 0485 = 6.3 MN/m®
and the r.mes. stress at the cdge of the doubler
= 12.9 x 0.677 = 8.7 MN/m*.
It should be noted that Reference 5.6.14 is strictly applicable to panels of

a/b>2. Within the accuracy of the simple theory foxr stress response to acoustic
loading it may be used for lower values of a/b .
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FIGURE 5.1. LOW RANGE STRESS NOMOGRAPH
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