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PREFACE 

This volume, the t h ~ r d  part of a series g iv~ng data for design against acoustic fatigue, 
has been prepared In order to draw together the results of research in acoustic fatigue and 
to  present them in a form directly useable in aerospace design. Future work in this serles 
w ~ l l  deal wrth endurance of titanium alloy structures under simulated acoustic loading, near 
field compressor nolse estlmutlon, stress response of box and control surface structures, 
structural damping and stress response of skin-stringer panels with stringers of relatively 
low flexural stiffrless. 

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 o i  the requisite da ta ,  work on this series of design data sheets was initiated 
in 1970. 

The overall management of the project has been conducted by the Working Group 
on Acoustic Fatigue of the AGARD Structures and Materials Panel, and the project has 
been financed through a collective fund established by the Nations collaborating in the 
project, namely Canada, France, Germany, Italy, UK and US. National Coordinators 
appointed by each country have provided the basic data,  liaised with the sources of the 
data,  and provided constructive comment on draft data sheets. These Coordinators are 
Dr G.M.Lindberg (Canada), Mr R.Loubet (France), Mr G.Bayerdorfer (Germany),  
Gen.A.Griselli (Italy), Mr N.A.Townsend (UK), Mr A.W.Kolb (US) and Mr F.F.Rudder 
(US). Staff of the Engineering Sciences Data Unit Ltd,  London, have analysed the basic 
data and prepared and edited the resultant data sheets with invaluable guidance and 
adv~ce  from the National Coordinators and from the Acoustic Fatigue Panel of the 
Royal Aeronautical Society which has the following constitution: Professor B.L.Clarkson 
(Chairman), 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 sheets based on this AGARDograph will subsequently be issued in the Fatigue 
Series of Engineering Sciences Data issued by ESDU Ltd,  where additions and amend- 
ments will be made to  maintain their current applicability. 

A.H.Hal1 
Chairman, 
Working Group on Acoustic Fatigue 
Structures and Materials Panel 
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S e c t i o n  1 

ENDL'RANCE OF TITANIUM AND TITANIWl ALLOY STRUCTURAL ELEbIENTS 
SUBJECTEU TO SIEIULATCD ACOUSTIC L O A D I N G  

1.1 N o t a t i o n  

'rms 
r o o t  mean s q u a r e  v a l u e  o f  s t r e s s  a t  a r e f e r e n c e  
p o s i t i o n  

N r  e q u i v a l e n t  e n d u r a n c e ,  t a k e n  a s  h a l f  t h e  number 
o f  z e r o  c r o s s i n g s  o f  t h e  s t r e s s - t i m e  f u n c t i o n  
b e f o r e  f a i l u r e  c y c l e s  c y c l e s  

1 . 2  No te s  

T h i s  S e c t i o n  g i v e s  t h e  r e s u l t s  o f  f a t i g u e  t e s t s  on t i t a n i u m  a l l o y  Spec imens ,  
t y p i c a l  o f  a i r c r a f t  s t r u c t u r a l  e l e m e n t s ,  e x c i t e d  by narrow-band l o a d i n g  o f  random 
a m p l i t u d e  w i t h  z e r o  mean l oad  t o  s i m u l a t e  s t r e s s  r e s p o n s e  t o  a c o u s t i c  l o a d i n g .  

The p l a i n  s p e c i m e n s ,  i l l u s t r a t e d  i n  F i g u r e  l . l a ,  a r e  r e p r e s e n t a t i v e  o f  s h e e t  
m a t e r i a l  away f rom tihe e f f e c t s  o f  a t t a c h m e n t s .  The b u i l t - u p  s p e c i m e n s ,  i l l u s t r a t e d  
i n  F i g u r e s  l . l b  t o  l . l e  r e p r e s e n t  c o n d i t i o n s  i n  s h e e t  m a t e r i a l  a t t a c h e d  w i t h o u t  
j o i n t i n g  compound t o  s t i f f e n e r s ,  where a d j a c e n t  p l a t e s  a r e  v i b r a t i n g  i n  phase .  

I n  F i g u r e s  1 . 2  t o  1 . 5 ,  SrmS i s  p l o t t e d  a g a i n s t  Nr f o r  t e s t  r e s u l t s  g rouped  

a c c o r d i n g  t o  t h e  t y p e  o f  s t r u c t u r a l  e l e m e n t ,  m a t e r i a l  and method o f  a t t a c h m e n t  a s  
shown i n  T a b l e  1.1. A s t r a i g h t  l i n e  f i t t e d  by t h e  l e a s t  s q u a r e s  method and bands  
e n c l o s i n g  a p p r o x i m a t e l y  95 pe r  c e n t  o f  t h e  d a t a ,  ( two s t a n d a r d  d e v i a t i o n s  e i t h e r  
s i d e  o f  t h e  mean) have  been  g i v e n  f o r  g u i d a n c e ;  t h e y  s h o u l d  n o t  be used d i r e c t l y  
f o r  e s t i m a t i n g  l i f e  b e c a u s e  due  a c c o u n t  must  be  t a k e n  o f  s c a t t e r .  F i g u r e  1 .6  shows 
t h e  r e l a t i v e  e n d u r a n c e s  f o r  t h e  d i f f e r e n t  g r o u p s .  E x t r a p o l a t i o n  o f  t h e  mean l i n e s  
beyond t h e  l i m i t s  i n d i c a t e d  o n  F i g u r e  1 . 6 ,  where few d a t a  a r e  a v a i l a b l e ,  i s  e x p e c t e d  

l e a d  t o  a n  u n d e r e s t i m a t e  o f  e n d u r a n c e .  D a t a  from s i m i l a r  t e s t s  unde r  c o n s t a n t  
. i t u d e  l o a d i n g  i n d i c a t e  t h a t ,  f o r  t i t a n i u m  a l l o y s ,  t h e  S - N  c u r v e  t e n d s  t o  l e v e l  

o f f  above  1 0 '  c y c l e s .  

The r e f e r e n c e  p o s i t i o n  f o r  
' r m s  

i s  t a k e n  a s  a  p o i n t  on  t h e  f a i l u r e  l i n e  away 

from t h e  e f f e c t s  o f  s t r e s s  c o n c e n t r a t i o n  o r  f r e t t i n g  a t  f a s t e n i n g s ;  t h e  t e s t  p o i n t s  
p l o t t e d  r e p r e s e n t  e i t h e r  mean s t r e s s e s  o v e r  t h e  a r e a s  cove red  by m o n i t o r i n g  s t r a i n  
ga uge s  a f f i x e d  a c r o s s  t h e  f a i l u r e  l i n e  away f rom f a s t e n i n g s ,  o r  s t r e s s e s  a t  t h a t  
p o s i t i o n  e s t i m a t e d  a f t e r  c a l i b r a t i o n  f rom s t r a i n  m o n i t o r s  l o c a t e d  e l s e w h e r e .  When 
u s i n g  t h i s  S e c t i o n  t o  e s t i m a t e  a  l i f e  u s i n g  a  r o o t  mean s q u a r e  s t r e s s  l e v e l  o b t a i n e d  
from R e f e r e n c e  1 . 4 . 5 ,  i t  i s  recommended t h a t  t h e  c a l c u l a t e d  v a l u e  o f  s t r e s s  a t  t h e  
r i v e t  l i n e  s h o u l d  be assumed t o  be t h e  same a s  t h e  s t r e s s  a t  t h e  f a i l u r e  l i n e .  I n  
p r a c t i c e  t h e  f a i l u r e  p o s i t i o n  i s  s u f f i c i e n t l y  c l o s e  t o  t h e  r i v e t  l i n e  f o r  t h i s  
a p p r o x i m a t i o n  t o  be w i t h i n  t h e  r a n g e  o f  a c c u r a c y  of  t h e  s i m p l e  t h e o r y  used  f o r  s t r e s s  
p r e d i c t i o n  i n  R e f e r e n c e  1 .4 .5 .  

D e t a i l s  o f  t h e  t e s t  methods  and spec imens  a r e  g i v e n  i n  a p p e n d i c e s  a s  l i s t e d  
be low. 

Appendix l A . l  - T e s t s  on p l a i n  spec imens  
Appendix 1A.2 - T e s t s  on f a s t e n e d - s k i n  spec imens  
Appendix 1A.3 - D e s c r i p t i o n  o f  m a t e r i a l s  

T y p i c a l  f a i l u r e  l o c a t i o n s  a r e  shown o n  F i g u r e  1.1. 

The l o a d i n g  s i m u l a t e d  f o r  t h e  f a s t e n e d - s k i n  spec imens  i s  o n l y  t h a t  f o r  modes 
where a d j a c e n t  p a n e l s  a r e  i n  phase .  Care  s h o u l d  be t a k e n  i n  u s i n g  t h e  d a t a  f o r  modes 
i n v o l v i n g  t w i s t i n g  o f  t h e  s t i f f e n e r s .  

1 . 3  I n t e r p r e t a t i o n  Of The R e s u l t s  

1 . 3 . 1  E f f e c t  o f  method o f  a t t a c h m e n t  

S k i n  spec imens  a t t a c h e d  t o  s t i f f e n e r s  by mushroom-headed r i v e t s  showed 
s i g n i f i c a n t l y  g r e a t e r  e n d u r a n c e  and l e s s  s c a t t e r  t h a n  r e s i s t a n c e  spo t -we lded  
spec imens .  The r e s i s t a n c e  spo t -we lded  spec imens  i n  t u r n  showed s l i g h t l y  
g r e a t e r  e n d u r a n c e  and c o n s i d e r a b l y  l e s s  s c a t t e r  t h a n  g a s  t u n g s t e n - a r c  spo t -we ldedY 
spec imens .  The l a t t e r  p r o c e s s  t h e r e f o r e  r e q u i r e s  f u r t h e r  deve lopmen t  b e f o r e  i t  
c a n  be u s e d ' w i t h  c o n f i d e n c e  f o r  t i t a n i u m  s t r u c t u r e s  i n  a h i g h  n o i s e  e n v i r o n m e n t .  

s The g a s  t u n g s t e n - a r c  s p o t  w e l d i n g  p r o c e s s  i s  d e s c r i b e d  i n  R e f e r e n c e  1 . 4 . 4 .  



1 . 3 . 2  E f f e c t  o f  m a t e r i a l  s p e c i f i c a t i o n  and t h i c k n e s s  

The a v a i l a b l e  d a t a  f o r  d i f f e r e n t  m a t e r i a l s  a r e  n o t  d i r e c t l y  c o m p a r a b l e  
b e c a u s e  o f  d i f f e r e n c e s  i n  s p e c i m e n  c o n f i g u r a t i o n  and t h i c l c n e s s .  T h e  l a r g e  
d i f f e r e n c e s  b e t w e e n  t h e  r e s u l t s  f o r  T i -2Cu ( ~ g e d )  ( F i g u r e s  1 .3  and 1 . 4 )  a n d  
C.P. T i  ( F i g u r e  1 . 5 )  a r e  t h o u g h t  t o  b e  d u e  t o  t h e  e f f e c t s  o f  s k i n  t h i c k n e s s  
o n  s p o t - w e l d  p e r f o r m a n c e  r a t h e r  t h a n  t o  t h e  d i f f e r e n c e  i n  m a t e r i a l s .  

1 E f f e c t  o f  h e a t  t r e a t m e n t  and g r a i n  d i r e c t i o n  

The  t e s t s  o n  t h e  T i -2Cu n ~ a t e r i a l  show t h a t  f o r  t h i s  m a t e r i a l  a  s u b s t a n -  
t i a l  i n c r e a s e  i n  e n d u r a n c e  i s  o b t a i n e d  by s p o t  w e l d i n g  b e f o r e ,  r a t h e r  t h a n  
a f t e r ,  a g e i n g .  F o r  t h e s e  s p e c i m e n s  s l i g h t l y  g r e a t e r  e n d u r a n c e  was o b t a i n e d  f o r  
s p o t  w e l d s  s t r e s s e d  i n  a  t r a n s v e r s e  r a t h e r  t h a n  a l o n g i t u d i n a l  g r a i n  d i r e c t i o n  
b u t  t h e  d i f f e r e n c e  m i g h t  n o t  b e  s i g n i f i c a n t .  

1 .3.4 E f f e c t  o f  t e s t  f r e q u e n c y  

The  mean r e s p o n s e  f r e q u e n c y  f o r  e a c h  t y p e  o f  t e s t  s p e c i m e n  i s  i n d i c a t e d  
i n  F i g u r e s  1 . 2  t o  1 . 4 .  T h e  r a n g e  o f  f r e q u e n c i e s  i s  t o o  s m a l l  f o r  a n y  e f f e c t s  
t o  be i d e n t i f i e d .  

1 .3 .5  E f f e c t  o f  e l e v a t e d  t e m p e r a t u r e  

A l i m i t e d  number  o f  t e s t s  o n  T i -2Cu ( ~ ~ e d )  s p e c i m e n s  was c a r r i e d  o u t  a t  

2 5 0 ' ~ .  T h e s e  i n d i c a t e  t h a t  t e m p e r a t u r e s  u p  t o  2 5 0 ' ~  h a v e  l i t t l e  e f f e c t  o n  t h e  
e n d u r a n c e  o f  t h i s  m a t e r i a l .  

1 . 3 . 6 .  D a t a  f o r  p l a i n  s p e c i m e n s  

T e s t s  o n  t h e  p l a i n  s p e c i m e n s ,  u n d e r  c o n s t a n t  a m p l i t u d e  l o a d i n g ,  showed 
a  v e r y  marked d i s c o n t i n u i t y  i n  t h e  S-N c u r v e  a t  a l t e r n a t i n g  s t r e s s e s  o f  a b o u t  

2  
4 5 0  M N / ~  ( 6 5  0 0 0  l b f / i n 2 ) .  T h e  i n c r e a s e d  s c a t t e r  o f  t h e  t e s t  r e s u l t s  a t  

2 2  
r . m . s .  s t r e s s e s  o f  a b o u t  250 MN/m ( 3 5  0 0 0  l b f / i n  ) i n  F i g u r e  1 . 2  i s  b e l i e v e d  
t o  b e  a s s o c i a t e d  w i t h  t h i s  d i s c o n t i n u i t y .  

1 . 4  D e r i v a t i o n  and  R e f e r e n c e s  

D e r i v a t i o n  

1 . 4 . 1  Cummins. R . J .  
E a t o n ,  D.C.C. 

1 . 4 . 2  A r t u s i o ,  C. 
e t  a1 

1 . 4 . 3  Cummins, R.J .  
E a t o n ,  D.C.C. 

R e f e r e n c e s  

1 . 4 . 5  Thomson,  A.C.R. 
L a m b e r t ,  R.F. 

U n p u b l i s h e d  work by B r i t i s h  A i r c r a f t  
C o r p o r a t i o n ,  May 1 9 6 9 .  

U n p u b l i s h e d  work by F i a t ,  J a n u a r y  1 9 7 1 .  

U n p u b l i s h e d  work by B r i t i s h  A i r c r a f t  
C o r p o r a t i o n ,  J a n u a r y  1 9 7 1 .  

W e l d i n g  Handbook ,  P a r t  2 ,  w e l d i n g  p r o c e s s e s  - 
g a s ,  a r c  and r e s i s t a n c e .  27 2 0 / 2 1  5 t h  Ed. 
A m e r i c a n  W e l d i n g  S o c i e t y ,  1 9 6 4 .  

A c o u s t i c  f a t i g u e  d e s i g n  d a t a ,  P a r t  2 ,  
S e c t i o n  1, AGARD-AG-162-Part 2 ,  1 9 7 2 .  



TABLE 1.1 

SU?IMARY OF DATA PRESENTED 

- 
' lgure 

\ o .  

1 . 2  

1 .  

I 

1 
1 1.4 

I 

T y p e  
E l e m e n t  

Plain 

I l i v e t e d  
s k i n  

i e l d e d  
s k i n  

1 1 . 5  ~ ;';:ed 

L l a t c r l a l  

T i - 6 ~ 1  4 V  

( a n )  

~ i - Z C u ( ~ e e d  ) 

C . P . T i  

I 1 . 6  

& u m b e r  o f  
A t t a c h m e n t  

Rows 

- 

1 

2 

1 

2  

ASSEMBLAGE OF DATA PLOTTED ON FIGURES 1 . 2  TO 1 . 5  

l i e s p o n s e  
F r e q u e n c y  

(Hz) 

3 0 0  

2 6 0  

1 6 0  

2 5 0  

1 9 0  

A t t a c h m e n t  
TY p a  

- 

c t s t k  Flonel 
r i v e t  

m/h Flonel  
r i v e t  

r e s i s t a n c e  
s p o t  w e l d  

r e s i s t a n c e  
s p o t  w e l d  

1 8 0  2 
- t u n g s t e n - a r c  

Thickness 

1 
s p o t  w e l d  

11im 

1 . 5 2  

( 0 . 7 1 )  

( 0 . 7 1 )  

( 0 . 7 1 )  

( 0 . 4 1 )  

( 0 . 4 1 )  

i n  

( 0 . 0 6 )  

0 . 0 2 8  

0 . 0 2 8  

0 . 0 2 8  

0 . 0 1 6  

0 . 0 1 6  -- 
( 0 . 4 1 )  0 . 0 1 6  1 7 5  
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APPENDIX 1A 

1 . 1  Tests On Plain Specimens 

Method of testing 

Plain cantilever specimens of the type shown in Figure l.la, rigidly clamped at 
one end, were excited electromagnetically through small steel plates attached to the 
other ends such that they vibrated at their resonant frequency of approximately 
700 Hz with a Rayleigh distribution of peak stresses truncated at 24 times the root 
mean square stress. The stress level in the specimens was monitored by a capacitive 
transducer, located about half-way along the specimen, which had been calibrated 
against strain gauges affixed at the failure location. 

The random loading was interrupted at intervals to test for failure, using 
constant amplitude excitation, the criterion being the reduction of the resonant 
frequency to 98% of its original value. 

1A.2 Tests On Fastened-Skin Specimens 

Method of testing 

Skin-stiffener specimens of the types shown in Figure 2 were clamped by the 
base to a moving coil vibrator fed from a white noise generator. The signal from 
the noise generator was filtered to a 3 octave bandwidth centred at the fundamental 
resonant frequency of the specimen, so giving rise to vibration of the specimen with 
random amplitude at its resonant frequency. The truncation stress level was between 
+3.0 and ~ 3 . 5  times the root mean square level. The stress level in the specimens - 
was monitored during the tests by strain gauges located either on the expected 
failure line or on the centre-line of the fasteners. In the latter case, failure-line 
stresses were estimated using a factor determined from measurement of dynamic strain 
distribution across the joint. 

Failure was detected by the increase in damping and a marked change in response 
characteristics. 

1A.7 Description Of Materials 

General descriptions 

The designations used in this Section are descriptive of the chemical composition 
and condition of heat treatment of the material. 

Commercially pure titanium. The material used in the tests was the high strength 

2 
grade (tensile strength 620 to 770 M N / ~ ~  (89 600 to 112 000 lbf/in ) )  with commercial 
designation IMI 160. The UK specification for this material was D.T.D. 5063, but this 
specification was superseded in 1968 by B.S. T A ~  which covers a slightly lower range of 
tensile strength. This material is similar to the US commercially pure titanium, 
Ti-75A (specification MIL-T-9046E Type 1 C0mp.B or AMS 4901). 

This is a weldable binary titanium alloy, susceptible to age hardening, 
containing 2 to 3 per cent copper. The specification for the material used in the 
tests was BAC M.47 and the commercial designation was IMI 230 ( ~ ~ e d ) .  The design 

tensile strength for this material is 695 MN/m2 (100 800 lbf/in2). The UK specification 
for this type of material is D.T.D. 5233. There is no US Military or AMS specification 
covering a similar material. 

The material tested had the nominal chemical composition: 6 per cent aluminium, 
4 per cent vanadium, 0.08 per cent carbon, low nitrogen and hydrogen, remainder 

titanium. The mechanical properties were: tensile strength, 960 M N / ~  2 

2 
(139 000 lbf/in2); yield strength, 890 M N / ~ ~  (129 000 lbf/in ) ;  elongation, 
10 per cent. 

The material is similar to US specification MIL-T-9046E. Type 111, C0mp.C 
(Annealed) or AMS 4911 (Annealed) or British Standard TA 10. 



Section 2 

DAMPING IN ACOUSTICALLY EXCITED STRUCTURES 

2.1 Notes 

Damping is an important parameter in defining the response of a structure to 
high intensity acoustic loading. Increasing this parameter provides a means of 
reducing the amplitudes of vibration and associated stresses in a structure. At 
present no reliable method for predicting damping values has been devised. In this 
Section the sources of damping in typical structures are described and some guidance 
on the range of values likely to be found on different types of structure, without 
special damping treatment, is provided. Also some guidance is given on methods of 
increasing structural damping. 

Damping is the energy dissipation from a vibrating system. Two theoretical 
models, viscous and hysteretic, are used to represent damping. In the viscous model 
the energy dissipated per cycle is proportional to the product of the frequency and 
the square of the displacement amplitude. In the hysteretic model the energy 
dissipated during a harmonic vibration is independent of frequency and proportional 
to the square of the displacement. For structures subjected to harmonic excitation 
hysteretic damping may be treated as viscous damping using an equivalent damping 
coefficient inversely proportional to the driving frequency. In this Section the 
viscous damping model is used. Many terms are used to define the magnitude of damping. 
In this Section the measure used is the damping ratio, i.e. the ratio of the actual 
damping coefficient to the critical damping coefficient for the mode of vibration 
considered, which represents the total damping within the structure from all sources. 
The relationships between some common measures of damping are given in Appendix 2 A .  

2.2 Damping Sources 

2.2.1 General 

The main sources of damping of structural response, before any attempt is 
made to increase it by artificial means, are structural, where energy is 
dissipated within the structure in the form of heat. and acoustic, where energy 
is radiated from the structure as sound. Although it is not possible to give 
exact relationships between the magnitudes of structural and acoustic damping 
ratios, it is generally expected that, for typical aircraft structures, 
structural damping is dominant. Other sources are present but generally these 
make relatively small contributions to the overall damping. 

2.2.2 Structural damping 

Joints and material internal hysteresis contribute to structural damping. 
The internal damping of the structural material is very low in conventional 
light alloy materials used in aircraft construction compared with that derived. 
from joints. 

At low vibration amplitudes joint damping results from hysteresis in the 
joint material. As the vibration amplitude increases slip occurs in the area 
surrounding the rivets and damping is expected to increase non-linearly. The 
onset of joint slip depends on joint loading and the normal pressure between the 
jointed surfaces. At high vibration amplitudes there is some evidence to show 
that joint damping may, initially, reduce with time due to reduced friction 
between mating surfaces. 

In a built-up structure, individual joint loadings will be different in 
each mode; hence the contribution to the overall damping from the joint will be 
different in each mode. 

2.2.3 Acoustic damping 

Both overall structural vibration modes and local single panel modea 
contribute to acoustic damping. However, it is not possible to give 
quantitative data for these damping values. 

Damping from modes involving distortion of the whole structure is 
dependent on the mode of vibration and the wavelength of the radiated sound. 
The acoustic damping ratio for a typical mode varies w.ith frequency as shown 
in Sketch (i). When the wavelength of the radiated sound is greater than the 
longitudinal wavelength of the vibrating mode the acoustic damping ratio is 
zero. 
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Sketch (10  

. A c o u s t i c  damping  i n  l o c a l  p a n e l  modes r e s u l t s  f rom r a d i a t i o n  f rom e a c h  
e l e m e n t  o f  t h e  p a n e l  a c t i n g  a s  a  p i s t o n  h a v i n g  t h e  l o c a l  v e l o c i t y  and  a m p l i t u d e  
o f  t h e  v i b r a t i n g  p a n e l .  When a d j a c e n t  p l a t e s ,  s e p a r a t e d  by a  s t i f f  edge  member, 
v i b r a t e  i n - p h a s e  t h e  damping p r e s s u r e  on one p l a t e  a l s o  a c t s  on a d j a c e n t  p l a t e s  
i n c r e a s i n g  t h e  o v e r a l l  a c o u s t i c  damping  r a t i o .  I f ,  however ,  a d j a c e n t  p l a t e s  
v i b r a t e  i n  a n t i - p h a s e  t h e i r  damping p r e s s u r e s  t e n d  t o  c a n c e l  e a c h  o t h e r  g i v i n g  a  
s m a l l  o v e r a l l  a c o u s t i c  damping r a t i o .  The v a r i a t i o n  o f  a c o u s t i c  damping r a t i o  
w i t h  p l a t e  a s p e c t  r a t i o  f o r  a  t y p i c a l  r e c t a n g u l a r  p l a t e  v i b r a t i n g  i n  i t s  
f u n d a m e n t a l  mode i s  shown i n  S k e t c h  ( i i ) .  

2 . 3  Damping V a l u e s  f o r  T y p i c a l  S t r u c t u r e s  

2 . 3 . 1  D a t a  p r e s e n t e d  

I n  F i g u r e s  2 . 1 - 2 . 4  t h e  r e s u l t s  o f  aamping  m e a s u r e m e n t s  made on d i f f e r e n t  
t y p e s  o f  a i r c r a f t  s t r u c t u r e  u n d e r  d i s c r e t e  f r e q u e n c y  e x c i t a t i o n  a r e  p r e s e n t e d .  
I n  e a c h  f i g u r e  t h e  measured  damping r a t i o  i s  p l o t t e d  a g a i n s t  t h e  r e s p o n s e  
f r e q u e n c y  w i t h o u t  d i f f e r e n t i a t i n g  be tween  t h e  modes o f  v i b r a t i o n .  A s  a n  a i d  t o  
d a t a  c o m p a r i s o n ,  where  s u f f i c i e n t  measurements  a r e  a v a i l a b l e ,  a  l i n e  i s  drawn 
t h r o u g h  d a t a  p o i n t s  ( u s i n g  a  l e a s t  s q u a r e s  method)  a s s u m i n g  t h a t  t h e  damping 
r a t i o  i s  i n v e r s e l y  p r o p o r t i o n a l  t o  f r e q u e n c y .  

2 . 3 . 2  S k i n  and s t r i n g e r  p a n e l s  

I n  F i g u r e s  2 . 1  and  2 . 2  measured  v a l u e s  o f  damping r a t i o  a r e  p r e s e n t e d  f o r  
f l a t  arld c u r v e d  p a n e l s  r e s p e c t i v e l y .  T h e s e  f i g u r e s  d e m o n s t r a t e  t h e  s c a t t e r  which  
i s  t y p i c a l  of  damping m e a s u r e m e n t s .  The  h o r i z o n t a l  s h i f t  o f  t h e  mean l i n e  on 
F i g u r e  2 . 2 ,  compared w i t h  F i g u r e  2 . 1 ,  may be  e x p l a i n e d  by t h e  i n c r e a s e  i n  
f r e q u e n c y  due  t o  t h e  c u r v a t u r e  o f  t h e  p a n e l s .  

The damping r a t i o  f o r  t y p i c a l  a i r c r a f t  s k i n  and s t r i n g e r  p a l l e l s  v i b r a t i n g  
i r i  t h e i r  f u n d a m e n t a l  mode l i e s  i n  t h e  r a n g e  0 . 0 0 5  t o  0 . 0 3 0 .  

2 . 3 . 3  I n t e g r a l l y - m a c h i n e d  p a n e l s  

I n  F i g u r e  2 . 3  damping r a t i o  i s  p l o t t e d  a g a i n s t  f r e q u e n c y  f o r  b u i l t - u p  
s t r u c t u r e s  h a v i n g  i n t e g r a l l y - m a c h i n e d  p a r l e l s .  The r e d u c t i o n  i n  damping r a t i o ,  
compared w i t h  b u i l t - u p  s k i n  and s t r i n g e r  p a n e l s ,  i s  a t t r i b u t e d  t o  t h e r e  b e i n g  
f e w e r  j o i n t s  i n  machined p a n e l  s t r u c t u r e s .  

The damping  r a t i o  f o r  a  t y p i c a l  i n t e g r a l l y - m a c t i i n e d  p a n e l  v i b r a t i n g  i n  i t s  
f u n d a m e n t a l  mode l i e s  i n  t h e  r a n g e  0 . 0 0 3  t o  0 . 0 1 2 .  

2 . 3 . 4  IIoneycomb s t r u c t u r e s  

I n  F i g u r e  2 . 4  damping r a t i o  i s  p l o t t e d  a g a i n s t  f r e q u e n c y  f o r  f l a t  
honeycomb p a n e l s  and honeycornb wedges .  

The damping r a t i o  f o r  a  t y p i c a l  honeycomb pa l le l  v i b r a t i r ~ y :  i n  i t s  
f ~ i n d a m e n t a l  mode l i e s  i n  t h e  r a n c e  0 . 0 1 0  t o  0 . 0 3 0 .  



2 . 4  F a c t o r s  A f f e c t i n g  Dampinq 

2 . 4 . 1  5 t r u c t u r a l  j o i n t s  

The a r e a  o f  c o n t a c t  be tween  j o i n t e d  s u r f a c e s  and t h e  n o r m a l  p r e s s u r e  
be tween  them a f f e c t s  t h e  ~ o i n t  l o a d  a t  whictl s l i p  f i r s t  o c c u r s ;  damping i s  
t h e r e f o r e  d e p e n d e n t  on t h e  j o i n t  e f f i c i e n c y .  

T t ~ e  u s e  o f  a  v i s c o e l a s t i c  j o i n t i n g  compound c a n  modi fy  t h e  s t r e s s  
d i s t r i b u t i o n  n e a r  t h e  j o i n t  and r e d u c e  f r e t t i n g  b u t  might  n o t  i n c r e a s e  t h e  
o v e r a l l  dampine  r a t i o  ( s e e  F i g u r e  2 . 1 ) .  The s e p a r a t i o n  o f  t h e  m e t a l  s u r f a c e s  
by t h e  j o i n t i n g  compound t e n d s  t o  p r e v e n t  any  r e d u c t i o n  i n  damping w i t h  t i m e  
r e s u l t i n g  from o x i d a t i o n  o f  r u b b i n g  m e t a l  s u r f a c e s .  

2 . 4 . 2  F r e q u e n c y  

V l s c o u s  damping r a t i o s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  f r e q u e n c y  o f  
v i b r a t i o n  and h y s t e r e t i c  damping r a t i o s  a r e  i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  s q u a r e  
o f  t h e  f r e q u e n c y  o f  v i b r a t i o n .  A s  e a c h  i n d i v i d u a l  damping  s o u r c e  i s  most 
c l o s e l y  r e p r e s e n t e d  by one o f  t h e  two damping m o d e l s ,  an a s s e m b l a g e  o f  a l l  
damping  s o u r c e s  u s u a l l y  i n v o l v e s  a  c o m b i n a t i o n  o f  b o t h  models  s o  t h a t  a g e n e r a l  
r e l a t i o n s h i p  be tween  damping and f r e q u e n c y  i s  n o t  p o s s i b l e .  

2 . 4 .  3 Slcirl T h i c k n e s s  

The e f f e c t  o f  s k i n  t h i c k n e s s  on t h e  damping r a t i o  is d e p e n d e n t  on t h e  
mode o f  v i b r a t i o n .  F o r  a  s t i f f e n e d  p a n e l  v i b r a t i n g  i n  i t s  s t r i n g e r  b e n d i n g  mode, 
damping  i n c r e a s e s  w i t h  p l a t e  t h i c k n e s s ;  a s  p l a t e  t h i c k n e s s  i s  i n c r e a s e d  damping 
i n  t h e  s t r i n g e r  t o r s i o n  mode p a s s e s  t h r o u g h  a  maximum. F u r t h e r  i n f o r m a t i o n  on 
t h e  e f f e c t  o f  s k i n  t h i c k n e s s  on damping  i s  g i v e n  i n  D e r i v a t i o n  2 . 7 . 4 .  

2 . 4 . 4  C u r v a t u r e  

L i m i t e d  e x p e r i m e n t a l  d a t a ,  on s i m i l a r  s t r u c t u r e s ,  s u g g e s t  t h a t  c u r v a t u r e  
h a s  l i t t l e  e f f e c t  on t h e  damping r a t i o .  C u r v a t u r e  i s  l i k e l y  t o  have  t h e  
g r e a t e s t  e f f e c t  i n  p a n e l  modes where  s t r i n g e r s  b e n d .  An a p p r o x i m a t e  method f o r  
e s t i m a t i n g  t h e  e f f e c t  o f  c u r v a t u r e  on t h e  damping r a t i o  f o r  a  p a r t i c u l a r  mode i s  
g i v e n  i n  D e r i v a t i o n  2 . 7 . 4 .  

2 . 4 . 5  Flow v e l o c i t y  

Air f l o w i n g  p a s t  p a n e l s  c a n  r e d u c e  t h e  damping  r a t i o .  T h i s  i s  i m p o r t a n t  
i n  a i r c r a f t  s t r u c t u r e s  where  t h e  r e d u c t i o n  i n  damping may l e a d  t o  p a n e l  f l u t t e r  
p a r t i c u l a r l y  i n  s u p e r s o n i c  and t r a n s o n i c  f l o w  r e g i o n s .  

2 . 4 . 6  Ampl i tude  o f  v i b r a t i o n  

The v a r i a t i o n  o f  damping w i t h  a m p l i t u d e  o f  v i b r a t i o n  f o r  a  t y p i c a l  
e x c i t a t i o n  i s  shown i n  F i g u r e  2 .5 .  A l l  d a t a  p r e s e n t e d  on t h i s  F i g u r e  a r e  from 
one s e r i e s  o f  t e s t s  i n  a  t r a v e l l i n g  wave t u b e .  Damping r a t i o s  c a l c u l a t e d  u s i n g  
t h e  s i n g l e  mode ( a l l  e d g e s  f i x e d )  r e s p o n s e  t h e o r y  a r e  p l o t t e d  a g a i n s t  t h e  r o o t  
mean s q u a r e  p a n e l  s t r e s s .  T h e r e  i s  some i n d i c a t i o n  t h a t  damping r a t i o s  a r e  
r e d u c e d  w i t h  i n c r e a s e  i n  r e s p o n s e  a m p l i t u d e  f o r  t h e s e  s p e c i m e n s , w h i c h  i s  a g a i n s t  
t h e  e x p e c t e d  t r e n d  f o r  s t r u c t u r a l  damping  ( s e e  S e c t i o n  2 . 2 . 2 ) .  I n  R e f e r e n c e  
2 . 7 . 1 7  d a t a  f o r  s a n d w i c h  p a n e l s  show a n  i n c r e a s e  i n  damping r a t i o  w i t h  i n c r e a s e  
i n  s t r e s s  a m p l i t u d e .  

2 . 5  Methods o f  I n c r e a s i n g  Damping 

I n  g e n e r a l ,  damping  t r e a t m e n t s  have  s o  f a r  o n l y  b e e n  u s e d  on a i r c r a f t  s t r u c t u r e s  
t o  a l l e v i a t e  a  s e r v i c e  p r o b l e m  n o t  f o r e s e e n  a t  t h e  d e s i g n  s t a g e .  A b e t t e r  
u n d e r s t a n d i n g  o f  t h e  a d v a n t a g e s  o f  good damping  s h o u l d  e v e n t u a l l y  l e a d  t o  i t 8  
c o n s i d e r a t i o n  a s  a  d e s i g n  c r i t e r i o n .  C o n s i d e r a t i o n  o f  damping  a t  t h e  d e s i g n  s t a g e  may 
a l l o w  par ie l s  w i t h  s a n d w i c h e d  v i s c o e l a s t i c  m a t e r i a l  t o  b e  u s e d  w h i c h  a r e  c o n t i n u o u s  
a c r o s s  s t r i n g e r  j o i n t s .  Itowever, where  p r i m a r y  s t r u c t u r e  i s  c o n c e r n e d ,  t h e r e  a r e  
d i f f i c ~ l l t i e s  t o  be  overcome i n c l u d i n g  l o s s  o f  s t i f f n e s s  i n  j o i n t  f a b r i c a t i o n  and c r e e p  
u ~ ~ r l e r  s t e a d y  l o a d .  

To i n c r e a s e  damping i n  a  s t r u c t u r e  e f f i c i e n t l y ,  a  knowledge  o f  t h e  f r e q u e n c y  and 
s t l apr  o f  t h e  modes r e q u i r i n g  a d d i t i o n a l  damping i s  n e c e s s a r y .  Changing  t h e  s t i f f n e s s  
o f  a  s t r u c t u r e  d o e s  n o t  improve  damping  u n l e s s  t h e  c r i t i c a l  r e s o n a n t  f r e q u e n c y  c a n  b e  
mnde t o  a p p r o a c h  t h e  f r e q u e n c y  f o r  peak a c o u s t i c  damping .  ] [owever  i n c r e a s i n g  
s t r u c t u r a l  s t i f f n e s s  i n c r e a s e s  t h e  n a t u r a l  f r e q u e n c i e s  and may t h e r e b y  p r o v i d e  a n  
a c c e p t a b l e  r e m ~ d y  f o r  e x c e s s i v e  v i b r a t i o n  i f . t h e  h i g h e r  f r e q u e n c i e s  a r e  n o t  e x c i t e d  
r l u r i n g  n o r i ~ ~ n l  o p e r a t i n g  c o r ~ d i t i o n s .  



The u s e  o f  v i s c o e l a s t i c  damping m a t e r i a l  p r o v i d e s  t h e  mos t  p r a c t i c a l  method f o r  
i m p r o v i n g  damping .  To b e  e f f e c t i v e  t h e s e  m a t e r i a l s  must be  a p p l i e d  s o  t h a t  t h e y  w i l l  
u n d e r g o  h i g h  s t r a i n .  I t  i s  a l s o  n e c e s s a r y  t o  s e l e c t  a  m a t e r i a l  w i t h  s u i t a b l e  p h y s i c a l  
p r o p e r t i e s  o v e r  t h e  r a n g e  o f  o p e r a t i n g  t e m p e r a t u r e s .  M a t e r i a l  p r o p e r t i e s  v a r y  g r e a t l y  
w i t h  t e m p e r a t u r e  and  a r e  a l s o  f r e q u e n c y  d e p e n d e n t .  The v a r i a t i o n  o f  m a t e r i a l  
p r o p e r t i e s  w i t h  t e m p e r a t u r e  f o r  a  t y p i c a l  v i s c o e l a s t i c  damping  compound, i n t e n d e d  f o r  
u s e  a t  n o r m a l  a m b i e n t  t e m p e r a t u r e s ,  i s  shown i n  S k e t c h  ( i i i ) .  

101 I 0 01 
- 20 0 20 40 60 

Temperature OC 
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V i s c o e l n s t i c  m a t e r i a l  may be  a p p l i e d  t o  a  s t r u c t u r e  a s  an u n c o n s t r a i n e d  l a y e r .  
F o r  optimum damping  e f f e c t  t h e  m a t e r i a l  s h o u l d  be  p l a c e d  i n  a  r e g i o n  o f  h i g h  b e n d i n g  
s t r a i n . '  The r e g i o n s  o f  h i g h e s t  b e n d i n g  s t r a i n  a r e  a t  t h e  a n t i - n o d e  p o s i t i o n s ,  and i t  
i s  a n  a d v a n t a g e  t o  have  t h e  damping m a t e r i a l  a s  f a r  removed a s  p o s s i b l e  from t h e  
n e u t r a l  a x i s .  

U n c o n s t r a i n e d  v i s c o e l a s t i c  m a t e r i a l  n e e d  o n l y  b e  u s e d  i n  a r e a s  o f  h i g h  b e n d i n g  
s t r a i n  i n  t h e  modes r e q u i r i n g  a d d i t i o n a l  damping .  However, i f  s e v e r a l  modes need  
i n c r e a s e d  damping  i t  may be  n e c e s s a r y  t o  c o v e r  t h e  w h o l e  s k i n  s u r f a c e .  F o r  s t i f f e n e d  
p a n e l s  h a v i n g  s t i f f e n e r s  o f  low f l e x u r a l  s t i f f n e s s ,  s u c h  a s  i n t e g r a l l y - m a c h i n e d  p a n e l s ,  
i t  i s  a n  a d v a n t a g e  t o  u s e  v i s c o e l a s t i c  m a t e r i a l  on  t h e  s t i f f e n e r  f a c e  r e m o t e  from t h e  
s k i n .  

C o n s t r a i n e d  v i s c o e l a s t i c  l a y e r s ,  formed by s a n d w i c h i n g  damping  m a t e r i a l  be tween  
s k i n s ,  g i v e  i n c r e a s e s  i n  damping  when t h e  v i s c o e l a s t i c  m a t e r i a l  i s  s u b j e c t e d  t o  h i g h  
s h e a r  s t r a i n .  A s i m i l a r  c o n s t r a i n e d  l a y e r  damping s y s t e m  i s  formed by a t t a c h i n g  f o i l -  
backed  damping t a p e  t o  t h e  s k i n  s u r f a c e .  E x p r e s s i o n s  and c a l c u l a t e d  v a l u e s  f o r  
damping  r a t i o s  o f  p a n e l s  w i t h  v i s c o e l a s t i c  damping  l a y e r s  a r e  g i v e n  i n  D e r i v a t i o n  2 . 7 . 7  
and R e f e r e n c e  2 . 7 . 1 4 .  

Damping i n  s t r u c t u r e s  may be  i n c r e a s e d  by u s i n g  v i s c o e l a s t i c  i n s e r t s  a t  j o i n t s .  
T h i s  method i s  n o t  l i k e l y  t o  g i v e  a s  h i g h  a n  i n c r e a s e  i n  dainplnf: r a t l o  a s  p l a t e - s u r f a c e  
l a y e r  t r e a t m e n t s  b u t  i t  r e d u c e s  j o i n t  f r e t t i n g .  

A d d i t i o n  o f  v i s c o e l a s t i c  m a t e r i a l  l e a d s  t o  a n  i n c r e a s e  i n  mass and  c h a n g e s  i n  
s t i f f n e s s  o f  t h e  s t r u c t u r e .  T h e s e  c h a n g e s  s h o u l d  b e  c o n s i d e r e d  i n  o p t i m i s i n g  t h e  
o v e r a l l  e f f e c t  o f  t h e  damping  m a t e r i a l s .  

2 . 6  Measurement  o f  Damping 

Damping i s  commonly measured  f r o u .  r e s o n a n t  r e s p o n s e  p e a k s ,  l o g a r i t h m i c  d e c r e m e n t  
o r  f rom v e c t o r  p l o t s  ( s e e  R e f e r e n c e  2 . 7 . 1 2 ) .  When n a t u r a l  f r e q u e n c i e s  a r e  n o t  w e l l  
s e p a r a t e d  c a r e  i s  n e c e s s a r y  t o  e n s u r e  t h a t  t h e  measured  damping  i s  t h a t  f o r  t h e  mode 
r e q u i r e d  and  n o t  a  combined damping  r a t i o  f rom a  number o f  modes. To m e a s u r e  damping ,  
i n s t r u m e n t s  s u c h  a s  s t r a i n  g a u g e s  a r e  u s e d  w h i c h  a r e  c o n n e c t e d  by  c a b l e s  t o  r e c o r d i n g  
e q u i p m e n t .  The i n s t r u m e n t a t i o n  and  c a b l e s  add t o  t h e  mass and s t i f f n e s s  o f  t h e  
s t r u c t u r e  and may a l s o  c a u s e  a r t i f i c i a l  i n c r e a s e s  i n  damping .  B e c a u s e  o f  t h e s e  and 
o t h e r  e x p e r i m e n t a l  d i f f i c ~ ~ l t i e s ,  measured  damping v a l u e s  s l i o u l d  be  c o n s i d e r e d  a s  
u p p e r  b o u n d a r y  v a l u e s :  t h i s  i s  p n r t i c u l a r l y  s o  when damping  i s  measured  i n  s i r e n  
f a c i l i t i e s  when e n e r g y  d i s s i p a t i o n  a l o n g  t h e  d u c t  i s  l i k e l y  t o  r e s u l t  i n  a n  o v e r e s t i m a t e  
o f  t h e  t r u e  damping .  
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FIGURE 2 I FLAT SKIN AND STRINGER PANELS 
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FIGURE 2.3. BUILT-UP STRUCTURES WITH INTEGRALLY MACHINED SKINS 

FIGURE 2 . 4 .  HONEYCOMB STRUCTURES 



FIGURE 2.5. AMPLITUDE EFFECT ON DAMPING RATIO 
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APPENDIX 2A 

2A. 1 Notation 

A 0 
amplitude constant 

c damping coefficient N s/m 

ccrit critical damping coefficient, i.e. value 
of damping coefficient for which a free 
motion is just aperiodic N s/m 

d f width of frequency response curve at which 
amplitude is l/fitimes maximum amplitude Hz 

~ ( t )  time dependent force N 

Fo 
amplitude of forcing function N 

f frequency of vibration 

n natural frequency of vibration 

h damping component of hysteretic stiffness N/m 

k spring stiffness N/m 

m mass of vibrating system kg 

Q magnification factor 

I displacement 

in 

lbf s/in 

lbf s/in 

c /s 

lbf 

lbf 

c/. 

c/s 

lbf/in 

lbf/in 

2 
lbf a /in 

A logarithmic decrement 

b damping ratio 

b~ hysteretic damping ratio 

I loss factor 

2A.2 Damping Ratio 

Considering the single degree of freedom system with a viscous damper, 
represented diagrammatically in Sketch 2A(i), the equation of motion of the free end of 
the spring relative to the unstrained position is 

Sketch 2A(i) 

The solution for free vibration (when ~ ( t )  = 0) for a lightly damped system 
(b<l.0) is 

where b is the damping ratio. c/ccrit, and c crit is given by 2 6 k .  



2,\. 7 blagnification Factor 

Idhen F(t) represents the harmonically varying force F cos2 ft, the ratio 
1x1 /Fo is equal to 

Itlotting 1x1 / F  acainst f gives the frequency response curve shown in Sketch 2A(ii). 

Sketch 2A(ii) 

The magnification factor, Q, is the ratio of the maximum displacement (resonance 
value) to the static force (f=o) displacement. From Expression (3) it is evident 
that Q = 1/26. 

Provided that 6 is not creater than about 0.3 it can be shown that 

2A. 4 Logarithmic Decrement 

The period of the damped free oscillation of Expression (2) is 2x/ 2 x f , m  ; 

hence the ratio of maximum amplitudes of successive cycles is given by e 
-2xh/Jl-6' 

The logarithmic decrement,A, is given by the natural logarithm of the ratio of 
two successive amplitudes. The amplitudes measured at the point of tangency between 
the oscillation envelope and the decaying oscillation, shown in Sketch 2~(iii), closely 
approximate to the ratio of maximum amplitudes of successive cycles. For lightly 

damped systems where fz2 approximates to unity A = 2x6. 

Sketch 2~(iii) 



2A.5 Loss Factor 

The previously defined damping values are based on a viscous damping system. 
For harmonically excited systems a complex stiffness type of damping can be used. The 
stiffness and damping forces are represented by (k + 1h)x. This expression car, be 
written as (1 + iq)kx where is the loss factor ( 7 ,  = h/k). 

For this type of damping 

Putting bH = h/2k this expression reduces to the viscous damping form. 

2A.6 Damping Measure Relationship 

The relationship between the viscous damping ratio and other damping measures 
for harmonic vibration is summarised In the table below. 

Viscous damping 
ratio 

Magnification 
factor 

Logarithmic 
decrement 

Loss factor 



Section 3 

REFERENCE FREQUENCY OF PANEL WITH FLEXIBLE STIFFENERS 

3.1 Sotation 

*S 
cross-sectional area of stiffener (see Sketch (i)) 

a length of longer side of plate 

b length of shorter side of plate 

D flexural rigidity of plate given by Ept3/{12(l-u2)\ 

E Young's modulus of plate material 
P 

ES Young's modulus of stiffener material 

f reference frequency of plate 

I second moment of area of stiffener (without skin) 
about its neutral axis parallel to plate 
(see Sketch (i)) 

K reference frequency parameter 

t thickness of plate 

i n 
2 

in 

in 

lbf in 

lbf/in 
2 

lbf/in2 

c/ 3 

v 1C 
velocity parameter for plate material 

u Poisson's ratio for plate material 

P density of plate material kg/m3 t 

ps 
density of stiffener material kg/m3 + 

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

The velocity parameter is defined in SI units by 

V = (E/p)1/2/5080 or in British units by 

V = (E/p)1/2/200 000. It is approximately unity for all common structural 
metallic materials. 

+ A density value expressed in British units as pounds per cubic inch has to be 
divided by 386.4 before being used to calculate parameters defined in this Section. 

2 
(A force of 1 lbf acting on a mass of 1 lb produces an acceleration of 386.4 in/s a )  

Skrn 

t 
A r t s  for I 

St~nener ' A, and I relate lo 
VlOded OraO Only 

3.2 Notes 

This Section gives the reference frequency of initially unstressed, flat, uniform, 
rectangular plates in a panel with flexible stiffeners. The reference frequency is 
the fundamental natural frequency, obtained from tlle model used to represent the panel, 
where an assumed mode shape has been employed in a Rayleigh-Ritz analysis. This 
frequency may be used as a first approximation to the fundamental natural frequency of 
the plate with edges fixed against rotation. The reference frequency is intended for 
use in calculating the stress response of panels with flexible stiffeners under the 
action of acoustic loading. In the vibration mode considered the stiffeners are 
assumed to be free to bend in a plane normal to the plate and be fixed against rotation 
(see Sketch (ii)). 



The reference frequency is given by 

I n  Flgures 3.1-3.4 values of K are plotted against ES1/Db for a ranee of 

values of a/b. Each of these figures is drawn for a particular value of pSAS/pbt. 

The plates are assumed to be separated by flexible stiffeners along their longer 
sides arid fully flxed along their shorter sides, In the derivation stiffener bentilng 
is considered but stiffener torsion is neglected. 

The use of n sccorlci ~r~ornc~rtt of area of the stiffener (wlthout skin) about its 
neutral axis pal.allu1 to the plate has been found to give closest correlation with 
limited test data. It is possible with certain configurations that the effective 
neutral axis could lie closer to the skin but as yet there is insufficient evidence 
to clarify this point. 

This Section is particularly suitable for the estimation of the natural frequency 
of integrally-machined panels. 

In deriving the curves the value of u was assumed to be 0.3. This value gives 
suff~clently accurate frequencies for all common structural metallic materials. 

A computer program, based on this procedure, to calculate both the reference 
frequency an(\ srress response is 1:lven ln Sectlon 4 of this ACAJtDograph. 

3.3 Comparison with Measured Data 

Figure 3.5 shows a comparison of calculated reference frequency and lowest 
measured natural frequencies of flat stiffener panels. For some of the integrally- 
machined panel frequency data, where measured frequencies are taken from strain 
responst test data, frequency bands covering the predominant response frequencies are 
shown. 

It should be noted that in estimating frequency the plate edge-fixlng approximates 
to the fully-fixed condition since all edges are fixed against rotation and only the 

ger plate edges are free in translation. With the restriction on plate edge 
ation the estimated frequencies are expected to be greater than the lowest measured 

values which correspond with modes involving stringer torsion. 

3.4 Derivation 

3.4.1 Ballentine, J.R. 
et al. 

3.4.2 Clarkson, B.L. 

3.4.3 Bayerdarfer, C .  
Carl. R. 

3.4.4 Clarkson B.L. 
Cicci, F. 

3.4.5 Nelson, T.F. 

3.4.6 Olson, M.D. 
Lindberg, C.M. 

304.7 Rudder, F.F. 

Refinement of sonic fatigue strtdctural design 
criteria. Air Force Flight Dynamics Lab., Ohio, 
tech. Rep. AFFDL-TR-67-156, November 1967. 

Stresses in skin panels subjected to random 
acoustic loading. J.R.aeronaut.Soc., Vo1.72, 
No.695, pp.lOOO-1010, November 1968. 

Schallfestigkeitsversuche an Flugzeugstrukturen 
zur Erstellung von Bemessungsdiagrammen, 
Dornier Rep. 

Methods of reducing the response of integrally 
stiffened structures to random pressures. Trans. 
Am.Soc.mech.Engrs, Vo1.91, Series 8, No.4, 
pp.1203-1209, November 1969. 

An investigation of the effects of surrounding 
structure on sonic fatigue. NASA CR-1536, May 
1970. 

Jet noise excitation of an integrally stiffened 
panel. J.Aircr., Vo1.8, No.11, pp.847-855, 
November 1971. 

Acoustic fatigue of aircraft structural component 
assemblies. Air Force Flight Dynamics Lab., Ohio, 
tech. Rep. AFFDL-TR-71-107, February 1972. 

3.4.8 Eaton, D.C.C. Unpublished work at British Aircraft Corporation, 
1973 

3.4.9 van der Heyde, R.C.W. Sonic fatigue resistance of lightweight aircraft 
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3.5 Example 

It is required to estimate the fundamental natural frequency of a flat aluminium 
alloy plate in a panel array. The plate has the following dimensions and physical 
propertles: 

a = 600 mm, t = 0.8 mm, 

b = 120 mm, u = 0.3, 

Firstly 

and 

From Figure 1 for pSns/pbt = 0 K = 2680 m/s 

from Figure 2 for p A /pbt = 1.0 s 9 
K = 1980 m/s 

and from Figure 3 for p A /pbt = 2.0 
5 5 

K = 1670 m/s 

therefore by interpolation for psAS/pbt = 0.451 K = 2260 m/s. 

Hence the fundamental natural frequency of the panel is 
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FIGURE 3.5. COMPARISON OF CALCULATED AND MEASURED FREQUENCIES 



S e c t i o n  4 

THE ESTIMATION OF R.M.S STRESS I N  SKIN PANELS WITH FLEXIBLE 
STIFFENERS SUBJECTED TO RANDOM ACOUSTIC LOADING 

4 . 1  N o t a t i o n  

As c r o s s - s e c t i o n a l  a r e a  o f  s t i f f e n e r  
( s e e  S k e t c h  ( i ) )  

a  l e n g t h  o f  l o n g e r  s i d e  o f  p l a t e  

b  l e n g t h  o f  s h o r t e r  s i d e  o f  p l a t e  

D p l a t e  f l e x u r a l  r i g i d i t y  g i v e n  by 

~ ~ t ~ / [ l 2 ( 1 - 0 ~ ) ]  

d  h e i g h t  o f  s t i f f e n e r  

E  Young ' s  modulus o f  p l a t e  m a t e r i a l  
P  

Es Young ' s  modulus  o f  s t i f f e n e r  
m a t e r i a l  

f  f u n d a m e n t a l  n a t u r a l  f r e q u e n c y  o f  
p a n e l  w i t h  e d g e s  f i x e d  a g a i n s t  
r o  t a t  i o n  

G p ( f )  s p e c t r a l  d e n s i t y  o f  a c o u s t i c  
p r e s s u r e s  a t  f r e q u e n c y  f  

I s e c o n d  moment o f  a r e a  o f  s t i f f e n e r  
( w i t h o u t  s k i n )  a b o u t  i t s  n e u t r a l  
a x i s  p a r a l l e l  t o  p l a t e  ( s e e  S k e t c h  ( i ) )  

K '  s t r e s s  p a r a m e t e r  ( f o r  p l a t e  s t r e s s e s  
K f = K  a n d  f o r  s t i f f e n e r  s t r e s s  n  

Kn 
p l a t e  s t r e s s  p a r a m e t e r  ( n = 1 - 5  a n d  
d e n o t e s  l o c a t i o n  o f  p l a t e  s t r e s s  - 
s e e  S k e t c h  ( i i ) )  

K S  
s t i f f e n e r  s t r e s s  p a r a m e t e r  

K b  
damping  r a t i o  c o r r e c t i o n  f a c t o r  

L ( f )  s p e c t r u m  l e v e l  o f  a c o u s t i c  p r e s s u r e  
ps a t  f r e q u e n c y  f  

P  u n i f o r m  s t a t i c  p r e s s u r e  o n  p l a t e  

prms r o o t  mean s q u a r e  f l u c t u a t i n g  
p r e s s u r e  

r a t i o  o f  s t r e s s  a t  c o n s i d e r e d  p l a t e  
l o c a t i o n  t o  a p p l i e d  u n i f o r m  s t a t i c  
p r e s s u r e  o n  p l a t e  

' r m s  
r . m . s .  s t r e s s  a t  s t i f f e n e r  d u e  t o  
a c o u s t i c  l o a d i n g  

t t h i c k n e s s  o f  p l a t e  

b damping  r a t i o  i n  v i b r a t i n g  mode 

N m l b f  i n  

m i n  

N / m 2  l b f / i n  
2  

~ / m ~  l b f / i n  2 

b r e  f 
r e f e r e n c e  damping  r a t i o  ( = 0 . 0 1 7 )  



d e n s i t y  o f  p l a t e  m a t e r i a l  

d e n s i t y  o f  s t i f f e n e r  m a t e r i a l  

P o i s s o n ' s  r a t i o  f o r  p l a t e  m a t e r i a l  

Axis br I 

Sllflener A, ond I relole to 
shoded oreo only 

Sketch (I) 

Both  S I  and B r i t i s h  u n i t s  a r e  q u o t e d  b u t  any  c o h e r e n t  s y s t e m  o f  u n i t 8  may be used .  

'A d e n s i t y  v a l u e  e x p r e s s e d  i n  B r i t i s h  u n i t s  a s  pounds p e r  c u b i c  i n c h  h a s  t o  be  
d i v i d e d  by 786.4 b e f o r e  b e i n g  used  t o  c a l c u l a t e  p a r a m e t e r s  d e f i n e d  i n  t h i s  S e c t i o n .  
( A  f o r c e  of  1 l b f  a c t i n g  on a  mass o f  1 l b  p roduces  a n  a c c e l e r a t i o n  o f  

4 . 2  Notes  

T h i s  S e c t i o n  g i v e s  a  method o f  e s t i m a t i n g  t h e  r . m . s .  s t r e s s  i n  f l a t  r e c t a n g u l a r  
s k i n  p a n e l s  w i t h  f l e x i b l e  s t i f f e n e r s  unde r  t h e  a c t i o n  o f  random a c o u s t i c  l o a d i n g .  
The s t r e s s  l o c a t i o n s  on t h e  p l a t e  and  s t i f f e n e r ,  and  d i r e c t i o n s  o f  r . m . 8 .  s t r e s s ,  
f o r  which v a l u e s  a r e  p r o v i d e d  a r e  shown i n  S k e t c h  ( i i ) .  

Flex~blr s t ~ f f m o n  Sketch (11) 

The r . m . 8 .  s t r e s s  f o r  a  s t i f f e n e d  p a n e l  s u b j e c t e d  t o  random a c o u s t i c  l o a d i n g  one 
s i d e  i s  g i v e n  a p p r o x i m a t e l y  by t h e  exp re smion  

when o n l y  t h e  fundamen ta l  n a t u r a l  mode i s  e x c i t e d  by t h e  n o i s e .  Fo r  p l a t e  s t r e s a e s  

t h e  r a t i o  So i a  p r o p o r t i o n a l  t o  t h e  p r o d u c t  o f  a  s t r e a s  p a r a m e t e r  and  ( a / t 1 2  and 

f o r  t h e  stiffener s t r e a s  So i s  p r o p o r t i o n a l  t o  t h e  p r o d u c t  o f  a  a t r e 8 8  p a r a m e t e r ,  

( a / t ) '  and  ( d / t ) .  I n  F i g u r e s  4.1-4.20 v a l u e s  o f  Kn a r e  p l o t t e d  a g a i n s t  EsI/Db 

f o r  a  r a n g e  o f  v a l u e s  o f  a / b .  S i m i l a r l y  i n  F i g u r e s  4.21-4.24 v a l u e s  of Ks a r e  

p r e s e n t e d .  Each  o f  t h e s e  F i g u r e s  i s  drawn f o r  a  p a r t i c u l a r  v a l u e  o f  psAa/pbt a s  

d e t a i l e d  i n  T a b l e  4.1. 



TABLE 4 .1  

F i g u r e s  4.25 and  4 .26  g i v e  nomographs f o r  Srms. The nomographs a r e  e n t e r e d  a t  

a v a l u e  o f  L ( f ) ,  e a c h  q u a d r a n t  b e i n g  used i n  t u r n  i n  t h e  d i r e c t i o n  i n d i c a t e d  t h r o u g h  
PS 

r a n g e s  o f  a / t ,  K '  and  f .  F i g u r e  4.26 is  a n  e x t e n s i o n  o f  t h e  s t r e s s  r a n g e  o f  
F i g u r e  4.25. The s t r e s s  nomographs a r e  drawn f o r  a  v a l u e  o f  6 = 0 .017 ;  ' r m s  f o r  

o t h e r  v a l u e s  o f  6  i s  c a l c u l a t e d  u s i n g  a  c o r r e c t i o n  f a c t o r  K 6  which  i s  p l o t t e d  

a g a i n s t  6  i n  F i g u r e  4.27.  Guidance  o n  v a l u e s  o f  6  f o r  t y p i c a l  a i r c r a f t  s t r u c t u r e s  
may be  found i n  S e c t i o n  2 o f  t h i s  AGARDograph. 

The u s e  of  a  second moment o f  a r e a  o f  t h e  s t i f f e n e r  ( w i t h o u t  s k i n )  a b o u t  i t s  
n e u t r a l  a x i s  p a r a l l e l  t o  t h e  p l a t e  h a s  been  found t o  g i v e  c l o s e s t  c o r r e l a t i o n  w i t h  
l i m i t e d  t e s t  d a t a .  It i s  p o s s i b l e  w i t h  c e r t a i n  c o n f i g u r a t i o n s  t h a t  t h e  e f f e c t i v e  
n e u t r a l  a x i s  cou ld  l i e  c l o s e r  t o  t h e  s k i n  b u t  a s  y e t  t h e r e  i s  i n s u f f i c i e n t  e v i d e n c e  
t o  c l a r i f y  t h i s  p o i n t .  

Fo r  p a n e l s  w i t h  r i v e t e d  s t i f f e n e r s  t h e  edge  s t r e s s e s  may be used a s  t h e  nominal  
u n f a c t o r e d  r i v e t  l i n e  v a l u e s .  I n  u s i n g  t h e s e  s t r e s s e s  t o  c a l c u l a t e  a  f a t i g u e  l i f e  
c a r e  must be t a k e n  t o  e n s u r e  t h a t  f a t i g u e  d a t a  from a  s i m i l a r  s t r u c t u r e  a r e  used  s o  
t h a t  g e o m e t r i c  s t r e s s  c o n c e n t r a t i o n  f a c t o r s  a r e  o f  t h e  same o r d e r .  

I n  o b t a i n i n g  v a l u e s  of  Kn and Ks p r e s e n t e d  i n  F i g u r e s  4.1-4.24 t h e  p a n e l s  

were assumed t o  be  b u i l t - u p  f rom p l a t e s  f u l l y  f i x e d  on  t h e i r  s h o r t e r  s i d e s ,  and  
a t t a c h e d  t o  f l e x i b l e  s t i f f e n e r s  a l o n g  t h e i r  l o n g e r  s i d e s .  The assumed d e f l e c t e d  
shape  i s  shown i n  S k e t c h  ( i i i ) .  At p l a t e  l o c a t i o n s  1 and  2 t h e  v a l u e  o f  Kn, f o r  

p l a t e s  hav ing  h i g h  a s p e c t  r a t i o  and v e r y  f l e x i b l e  s t i f f e n e r s ,  r e d u c e s  t o  z e r o  and 
t h e n  i n c r e a s e s  a s  E S I / ~ b  i n c r e a s e s .  T h i s  i s  due t o  t h e  change  i n  s i g n  o f  t h e  

s t a t i c  s t r e s s  r a t i o  a s  t h e  r e l a t i v e  s t i f f n e s s  o f  t h e  p l a t e  t o  t h a t  of  t h e  s t i f f e n e r  
i n c r e a s e s .  The number o f  i n d i v i d u a l  p l a t e s  i n  t h e  p a n e l  a r r a y ,  be tween e a c h  p a i r  of 
r i g i d  s u p p o r t s  o r  s t i f f  f r a m e s ,  was t a k e n  t o  be s u f f i c i e n t l y  g r e a t  f o r  t h e  c e n t r e  
p a n e l  o f  t h e  a r r a y  t o  be u n a f f e c t e d  by t h e  number o f  p l a t e s  i n  t h e  p a n e l .  

s r a c h  ( 1 1 1 )  



The p r e s s u r e  i s  assumed t o  be u n i f o r m  a n d  i n  p h a s e  o v e r  t h e  whole o f  e a c h  
individual p l a t e  and t h e  s p e c t r u m  l e v e l  o f  t h e  a c o u s t i c  p r e s s u r e  i s  t a k e n  t o  be 
c o n s t a n t  o v e r  t h e  r a n g e  o f  f r e q u e n c i e s  c l o s e  t o  t h e  f u n d a m e n t a l  n a t u r a l  f r e q u e n c y  
o f  t h e  p a n e l .  

I n  t h e  d e r i v a t i o n  o f  t h e  nomograph i t  i s  assumed t h a t  t h e  p l a t e  b e n d i n g  s t r e s s  
i s  w i t h i n  t h e  l i n e a r  r e g i o n  where  i t  i s  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  n o r m a l  p r e s s u r e ,  

4  t h a t  i s  P / E ~  l e s s  t h a n  a b o u t  2 0 ( t / b )  ( s e e  R e f e r e n c e  4 . 5 . 1 0 ) .  A l s o  t h e  v a l u e  

of 6 i s  t a k e n  t o  be 0 . 3 ;  u s e  o f  t h i s  v a l u e  g i v e s  a  s u f f i c i e n t l y  a c c u r a t e  s t r e s s  
f o r  a l l  common s t r u c t u r a l  m e t a l l i c  m a t e r i a l s .  

F o r  c o n v e n t i o n a l  s t r u c t u r e s  w i t h o u t  s p e c i a l  damping t r e a t m e n t  f  s h o u l d  be  
t a k e n  a s  t h e  undamped n a t u r a l  f r e q u e n c y .  

T h i s  S e c t i o n  i s  p a r t i c u l a r l y  a p p l i c a b l e  t o  i n t e g r a l l y - m a c h i n e  p a n e l  s t r u c t u r e s .  

I n  Appendix  4A a  c o m p u t e r  p r o g r a m ,  b a s e d  on t h e  p r o c e d u r e  o f  t h i s  S e c t i o n  a n d  
S e c t i o n  3 ,  i s  d e s c r i b e d  which  c a l c u l a t e s  t h e  f u n d a m e n t a l  n a t u r a l  f r e q u e n c y  and  s t r e s s  
r e s p o n s e  t o  a c o u s t i c  l o a d i n g  o f  p a n e l s  w i t h  f l e x i b l e  s t i f f e n e r s .  S u b - r o u t i n e s  a r e  
g i v e n  f o r  b o t h  t h e  f r e q u e n c y  a n d  s t r e s s  c a l c u l a t i o n s .  

4 . 3  C a l c u l a t i o n  P r o c e d u r e  

4 . 3 . 1  The p r o c e d u r e  f o r  e s t i m a t i n g  Srms i n  t h e  g e n e r a l  c a s e  i s  a s  f o l l o w s .  

( i )  E s t i m a t e  t h e  r e f e r e n c e  f r e q u e n c y  o f  t h e  p a n e l  u s i n g  S e c t i o n  3  o f  t h i s  
AGARDograph. T h i s  r e f e r e n c e  f r e q u e n c y  may be t a k e n  a s  t h e  f u n d a m e n t a l  
n a t u r a l  f r e q u e n c y  f o r  t h e  p u r p o s e  o f  c a l c u l a t i n g  s t r e s s .  

( i i )  O b t a i n  t h e  v a l u e  o f  s p e c t r u m  l e v e l  o f  a c o u s t i c  p r e s s u r e  L ( f )  a t  t h e  
Pa 

c a l c u l a t e d  f r e q u e n c y .  I f  o n l y  t h e  band p r e s s u r e  l e v e l  i s  known, i t  i s  
f i r s t  c o r r e c t e d  t o  p r e s s u r e  s p e c t r u m  l e v e l  ( u n i t  b a n d w i d t h )  u s i n g  
R e f e r e n c e  4 . 5 . 8 .  The r e f e r e n c e  p r e s s u r e  f o r  sound  p r e s s u r e  l e v e l  i s  

( i i i )  C a l c u l a t e  t h e  p a r a m e t e r s  a / b ,  EsI/Db a n d  P ~ A ~ / P ~ ~  a n d  from F i g u r e s  

4.1-4.24 o b t a i n  t h e  a p p r o p r a t e  v a l u e  o f  K '  o r  
K S .  

( i v )  F o r  s t i f f e n e r  Srms c a l c u l a t e  t h e  p a r a m e t e r  ( E ~ / E ~ )  ( d / t  ) a n d  f a c t o r  

Ks by t h a t  p a r a m e t e r  t o  o b t a i n  t h e  r e q u i r e d  v a l u e  o f  K t .  

( v )  C a l c u l a t e  t h e  p a r a m e t e r  a / t  and  r e a d  t h e  v a l u e  o f  SrmS f r o m  F i g u r e  

4 . 2 5  o r  4.26.  The nomographs  a r e  e n t e r e d  a t  a  v a l u e  o f  L ( f ) ,  e a c h  
P  s 

q u a d r a n t  b e i n g  used  i n  t u r n  i n  t h e  d i r e c t i o n  i n d i c a t e d  t h r o u g h  r a n g e s  o f  
a / t ,  K '  a n d  f .  

( v i )  F o r  v a l u e s  o f  6  o t h e r  t h a n  0 . 0 1 7 ,  f a c t o r  t h e  e s t i m a t e d  v a l u e  o f  Srms 

by K6 o b t a i n e d  f rom F i g u r e  4.27. 

4 .3.2 W i t h i n  t h e  nomograph t h e  s p e c t r u m  s o u n d  p r e s s u r e  l e v e l  i s  c o n v e r t e d  i n t o  
t h e  s p e c t r a l  d e n s i t y  o f  a c o u s t i c  p r e s s u r e .  The s p e c t r u m  sound  p r e s s u r e  l e v e l  

i s  c o n v e r t e d  i n t o  t h e  r o o t  mean s q u a r e  f l u c t u a t i n g  p r e s s u r e  i n  u n i t s  o f  (N/m2)/Hz 
( s e e  e x p r e s s i o n  be low o r  ~ e f e r a n c e  4 .5 .9 )  a n d  t h e n  s q u a r e d  g i v i n g  a  v a l u e  i n  

units o f  ( ~ / m ~ ) ~ / k i z ~ .  S i n c e  u n i t  b a n d w i d t h  is  u s e d  t h i s  i s  n u m e r i c a l l y  e q u a l  

t o  t h e  s p e c t r a l  d e n s i t y  o f  a c o u s t i c  p r e s s u r e  ~ ~ ( f )  i n  units  of ( N / ~ ~ ) ~ / H Z .  

L ( f )  = 20( log10  prms + 4 .70) .  
P  s 

If L (f) is  r e q u i r e d  i n  B r i t i s h  u n i t 8  ot. ( l b f / i ~ ~ ~ ) ~ / ( c / s )  i t  i s  
g i v r n  by P  s 

L ( f )  = 2 0 ( l o g ~ ~  Prms + 8 . 5 4 ) .  
P s 



4 Compar i son  w i t h  Measured Data 

F i g u r e  4 . 2 8  shows a  c o m p a r i s o n  o f  e s  t i m n t e d  an,]  n~e .%hured  s ~ r e s s e s  i n  f l a t  
s t i f f e n e d  p a n e l s  u s i n g  t h e  c a l c u l a t e d  f r e q u e n c y  and a s s u m l n g  C = 0 . 0 1 7 .  
F i g u r e  4 .29  shows a  c o m p a r i s o n  o f  e s t i m a t e d  and  measured  s t r e s s e s  u s ~ n g  aver ' ige 
measured  v a l u e s  f o r  f  and  6 .  

4.7 D e r i v a t i o n  and  R e f e r e n c e s  

$ .  5 . 1  B a l l e n t l n e ,  J .H.  
e t  a l .  

4.5.2 C l a r k s o n ,  B .  L .  

4 . 5 . 3  B a y e r d o r f e r ,  G .  
C a r l ,  R .  

4 . 5 . 4  N e l s o n ,  T .F .  

4 . 5 . 5  R u d d e r .  F .F .  

Hefinr ,ment  o f  s o n i c  f a  t l g u e  s t r u c t u r a l  d e s i g n  
criteria. A i r  F o r c e  F l i g h t  Dynamics L a b . ,  
O h i o ,  t e c h ,  Rep.  AFFDL-TR-67-156, N o v e ~ n l ~ e r  1 9 6 7 .  

S t r e s s e s  i n  s k l n  p a n e l s  s u b j e c t e d  t o  ranclorrt 
a c o u s t l c  l o a d i n g .  J .1? .  a e r o n a u t .  a o c . ,  
Vo1.72, No.695, pp .1000-1010 ,  November 1 9 6 8 ,  

Schallfestigkeitsversuche a n  
F l u g z e u g s t r u k t u r e n  z u r  E r s t e l l u n g  von 
Bemessungsd iagrd~nnien ,  D o r n i e r  Rep.  

An i n v e s t i g a t i o n  o f  t h e  e f f e c t s  o f  s u r r o u n d i n g  
s t r u c t u r e  on s o n i c  f a t i g u e .  NASA CR-1536, 
May 1 9 7 0 .  

A c o u s t i c  f a t i g u e  o f  a i r c r a f t  s t r u c t u r a l  
component  a s s e m b l i e s .  A i r  F o r c e  F l i g h t  
Dynamics L a b . ,  O h i o ,  t e c h .  Hep. AFFDL-TH-71-107, 
F e b r u a r y  1 9 7 2 .  

4 .5 .b  v a n  d e r  kIeyde, R . C . W .  S o n i c  f a  t i ( ;ue r e s i s t a n c e  o f  l i g t i t w e i ~ h t  
l i o l b ,  A . W .  a i r c r a f t  s t r u c t u r e s .  \ G \ D - 1 ' - 1  May 1 9 7 3 .  

4 .  5.7 E a t o n ,  D.C.G. t inpubl i s t l ed  work a t  B r i t i s h  A i r c r a f t  C o r p o r a t i o n ,  
1 9 7 3 .  

R e f e r e n c e s  

4 . 5 . 8  Bandwid th  c o r r e c t i o n .  E n c i n e e r i n c  S c i e n c e s  
D a t a  I t e m  No. 6 6 0 1 6 ,  F e b r u a r y  1 9 6 6 .  

The r e l a t i o n  be tween  sound  p r e s s u r e  l e v e l  
and  r . m . s .  f l u c t u a t i n g  p r e s s u r e .  Engineering 
S c i e n c e s  D a t a  I t e m  No. 6 6 0 1 8 ,  F e b r u a r y  1 9 6 6 .  

E l a s t i c  d i r e c t  s t r e s s e s  and  d e f l e c t i o n s  f o r  
f l a t  r e c t a n g u l a r  p l a t e s  u n d e r  u n i f o r m l y  
d i s t r i b u t e d  nornlal  p r e s s u r e .  E n g i n e e r i n g  
S c i e n c e s  D a t a  I t e m  No. 7 1 0 1 3 ,  May 1 9 7 1 .  

4 .6  Example 

I t  i s  r e q u i r e d  t o  e s t i m a t e  t h e  p l a t e  s u r f a c e  s t r e s s e s  a t  t h e  c e n t r e  and e d g e s  
on  t h e  p l a t e  c e n t r e  l i n e ,  and  t h e  stiffener f r e e - e d g e  s t r e s s  a t  t h e  c e n t r e  o f  t h e  
l o n g e r  p l a t e  s i d e .  The p l a t e  i s  a n  e l e m e n t  o f  a n  i n t e r n a l l y - m a c h i n e d  p a n e l  
s u b j e c t e d  t o  j e t  n o i s e  on  o n e  s i d e .  

The v a r i a t i o n  o f  s o u n d  p r e s s u r e  l e v e l  o v e r  a  r a n g e  o f  f r e q u e n c i e s  i s  1:iven i n  
t h e  t a b l e ,  sound p r e s s u r e  l e v e l s  b e i n g  1 / 3  o c t a v e  band l e v e l s .  

Sound p r e s s u r e  
1 5 6  1 5 3  

F r e q u e n c y  ( H Z )  



The p a n e l  i s  made u p  f r o m  u n i f o r m  p l a t e s  h a v i n g  t h e  f o l l o w i n g  d i m e n s i o n s  a n d  
p r o p e r t i e s  : 

a  = 6 0 0  m m ,  

4  
I = 9 5 0  mm , 

t = 0 . 8  m m ,  

b  = 1 2 0  m m ,  0 = 0 . 3 ,  

From S e c t i o n  3  t h e  f u n d a m e n t a l  n a t u r a l  f r e q u e n c y  o f  t h e  p a n e l  i s  1 2 4  112. 

By i n t e r p o l a t t o n  f r o m  t h e  t a b l e  t l ~ e  1 / 7  o c t a v e  b a n d  p r e s s u r e  l e v e l  a t  1 2 4  Hz 
1s 1 5 j . Y  d B .  

From R e f e r e n c e  4 . 5 . 8 ,  

L ( f )  = 1 5 5 . 9  - 1 4 . 8  = 1 4 1 . 1  dB. 
PS 

PsAs 2 7 7 0  x 43.3 X 
a n d  - = 6  = 0 . 4 5 1 .  

Pbt 27-70 x 1 2 0  x 0 . 8  x 10- 

A l s o  
a  d  - = 7 5 0  and  - = - - 1 6 . 2  - 2 0 . 2 .  
t 0 . 8  t 0.8 

~ r o m  ~ i g u r e  4 . 2 7 ,  f o r  6 = 0 . 0 1 5 ,  K b  = 1 . 0 6 .  

P l a t e  r . m . s ,  s t r e s s e s  

From F i g u r e s  4 . l - 4 . 2 0  t h e  v a l u e s  o f  K t  a r e  r e a d  f o r  p  A / p b t  = 0  a n d  1 a n d  
5 s 

by i n t e r p o l a t i o n  t h e  v a l u e s  o f  K '  f o r  p sAs /pb t  = 0 . 4 5 1  a r e  f o u n d .  From F i g u r e  

$ . 2 b ,  e n t e r i n g  t h e  n o m o g r a p h  a t  1 4 1 . 1  dB t h e  v a l u e s  o f  p l a t e  r.rn.s. s t r e s s e s  a r e  
o b t . ~ l n e d  a s  shown i n  t h e  t a b l e .  

Panel 
l o c a t i o n  

1 

2 

3 

4 

5 
i 

S t r e s s  parameter K' 

PsAs 0 - 
Pbt 

.0264 

. 00 53 

.0040 

,0122 

.0285 

' r m s  MN/ m2 

b = 0.017 

121 

19.4 

22.9 

60.5 

133 

b 0 .015  

128 

20.5  

24.3 

64 .1  

141 

- PsAa 1 

cat 

.0135 

.0009 

.0037 

.0080 

.0156 

P s A s  - r 0.451 
Pbt 

.0206 

-0033 

,0039 

.010 3 

.0227 



S t i f f e n e r  r.rn.s. s t r e s s  

From F i g u r e s  4 . 2 1 - 4 . 2 4  t h e  v a l u e  o f  Ks i s  f o u n d  a s  f o r  t h e  p l a t e  s t r e s s e s .  

F a c t o r ~ n g  b y  ( E s / E p )  ( d / t )  g i v e s  t h e  r e q u i r e d  vulice o f  K t .  

The v a l l i e  o f  r . m . s .  s t r e s s  i s  four ld  f r o m  F l g u r e  4 . 2 6 .  

S t r e s s  p a r a m e t e r  
s 

E S  'f K '  = K s E  
P 

.0562 

- -  PsAs - O 

fit 

.0027 

' r m s  
M N / ~ '  

- P ~ A ~  - - 1 

P  bt 

.0028 

6 = 0.017 

330 

----- OsAs - - 0 . 4 5 1  

pbt 

,0027  

6 = 0 . 0 1 5  

350  
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FIGURE 4 1 STRESS PARAMETER AT LOCATION I FOR p, A, /p0 bt : 0 
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FIGURE 4 2 .  STRESS PARAMETER AT LOCATION I FOR p, A, /pp bt = I  
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FIGURE 4 3 STRESS PARAMEER AT LOCATION I FOR p, A,% bt =2 
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FIGURE 4.6. STRESS PARAMETER AT LOCATION 2 FOR p,A,/p,M:O 
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FIGURE 4 7  STRESS PARAMETER AT LOCATION 2 FOR p, A, / p p  bt = 2 
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FIGURE 4.10. STRESS PARAMETER AT LOCATION 3 FOR p ,  A, /pp bt = I 
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FIGURE 4.12. STRESS PARAMETER AT LOCATION 3 FOR p,A,/ppbt-3 



FIGURE 4 14. STRESS PARAMETER AT LOCATION 4 FOR p,A, /p,bt = I 



FIGURE 4.15. STRESS PARAMETER AT LOCATION 4 FOR p,As/p, bt = 2 
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FIGURE 4.16. STRESS PARAMETER AT LOCATION 4 FOR p, A,/p, bt = 3 



FIGURE 4.17. STRESS PARAMETER AT LOCATION S FOR p, A,/p, bt = 0 
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FIGURE 4.19. STRESS PARAMETER AT LOCATION 5 FOR p, A, /p, bt- 2 
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FIGURE 4 . 2 0 .  STRESS PARAMETER AT LOCATION 5 FOR p,A,/p, bt = 3  



FIGURE 4.22.  STRESS PARAMETER AT LOCATION S FOR p,A, /p, b t  = I 
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FIGURE 4 23.  STRESS PARAMETER AT LOCATION S FOR p, A, /po bt = 2 
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FIGURE 4.24. STRESS PARAMETER AT LOCATION S FOR p, A, /po bt = 3 
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FIGURE 4.25. STRESS NOMOGRAPH 
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FIGURE 4 .26 .  STRESS NOMOGRAPH 



FIGURE 4.27. DAMPING RATIO CORRECTION FACTOR 
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FIGURE 4.28. COMPARISON OF ESTIMATED AND MEASURE0 STRESS USING CALCULATE0 
FREQUENCY AND 8.0.017 FOR STRESS ESTIMATION 
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FIGURE 4.29 COMPARISON OF ESTIMATED AND MEASURED STRESS USING MEASURED 

FREQUENCY AND DAMPING RATIO FOR STRESS ESTIMATION 



APPENUlX 4A 

C OIIPUTER PROGRAM 

hA.1 G e n e r a l  Notes  

The f u n < l a ~ u e n t s l  n s  t u r a l  t ' r equency  and  r . m . s .  s t r e s s e s  o f  a  p a n e l  k i t h  
f l e x i b l e  s t i f f e n e r s  may be  found  u s i l ~ g  t h i s  computer  p r o g r a m .  Tile l o c a t i o n s  o n  ttie 
p l a t e  a n d  s t i f f e n e r  a t  which  r . m . s .  s t r e s s e s  a r e  e s t i m a t e d  a r e  g i v c n  i n  S k e t c h  ( i i ) .  
The s s s u n ~ p t i o n s  c i v e n  i n  paragrap11  4 .2  a r e  a p p l i c a b l e  t o  t h i s  p rogram.  

A l i s t i n g  o f  i n s t r u c t i o n s  f o r  two s u b - p r o g r a m s  i s  g i v e n  i n  FORTf<,\N I V  
programming l a n g u a g e .  I\ main program i s  r e q u i r e d  t o  r e a d  i n  d a t a  and  p r i n t  o u t  
c a l c u l a t e d  v a l t r c s  o f  na t u r a l  f r e q u e n c y  a n d  r . m . s .  s t r e s s .  A l i s  tint o f  i n s t r u c t i o n s  
i s  n o t  g i v e n  f o r  t h e  main program a s  t h e  i n s t r u c t i o n s  r e q u i r e d  a r e  d e p e n d e n t  on 
t h e  p a r t i c u l a r  computer  u s e d .  The r e q u i r e m e n t s  f o r  t h e  main program a r e  g i v e n  
be low.  

The main program must i n c l u d e  t h e  CO?lMON s t a t e m e n t  which 1s w r i t t e n  i n  b o t h  
t h e  f r e q u e n c y  and s t r e s s  s u b - p r o g r a m s .  

4A.2 F r e q u e n c y  Sub-Program 

T h i s  sub-program s o l v e s  f o r  t h e  f  u n d a m e n t a l  n a t u r a l  f r e q u e n c y  o f  t h e  p l a t e s  . 
The p l a t e  e d g e s  a r e  assumed t o  f i x e d  a g a i n s t  r o t a t i o n .  

The p a n e l  f r e q u e n c y  d a t a  t o  be i n p u t  f o r  e a c h  p a n e l  c o n s i d e r e d  a r e  v a l u e s  f o r  
t h e  v a r i a b l e s  l i s t e d  i n  T a b l e  4 A . l .  

TABLE 4A. 1 

Any c o h e r e n t  s e t  o f  u n i t s  i n  which t i m e  i s  e x p r e s s e d  i n  s e c o n d s  may be  u s e d ,  
t h e  f r e q u e n c y  b e i n g  o b t a i n e d  i n  Hz. 

V a r i a b l e  

A S  

a  

b  

E 
P  

Es 

On r e t u r n i n g  t o  t h e  main  program f rom t h e  f r e q u e n c y  sub-program t h e  f u n d a m e n t a l  
n a t u r a l  f r e q u e n c y  i s  s t o r e d  i n  v a r i a b l e  FREU. 

4A.3 S t r e s s  Sub-Program 

T h i s  sub-program s o l v e s  f o r  t h e  r . m . s .  s t r e s s  i n  t h e  p l a t e  and  s t i f f e n e r .  The 
g e o m e t r i c  and  p h y s i c a l  p r o p e r t y  d a t a  r e q u i r e d  a r e  t h e  d a t a  f o r  t h e  f r e q u e n c y  
sub-program v i t h  t h e  a d d i t i o n a l  v a r i a b l e  d  i n  v a r i a b l e  name DST. The p a n e l  s t r e s s  
d a t a  t o  be  i n p u t  f o r  e a c h  s t r e s s  c a s e  c o n s i d e r e d  a r e  v a l u e s  f o r  t h e  v a r i a b l e s  
l i s t e d  i n  T a b l e s  4A.3. 

V a r i a b l e  name 

ST1 

T  

R l l O  

RHOS 

V a r i a b l e  name 

AS 

A 

B '  

EP 

E  S  

TABLE 4A.3 

V a r i a b l e  

I 

t 

P 

P s  

DELTA 

I n  t h i s  sub-program t h e  r . m . s .  f l u c t u a t i n g  p r e s s u r e  e q u i v a l e n t  t o  L  ( f )  i s  
PS 

2 
computed .  The u n i t s  o f  t h i s  p r e s s u r e  i n  t h e  s u b - p r o g r a m  a r e  N / m  . I f  B r i t i s h  u n i t s  

2 
a r e  u s e d  t h i s  p r e s ' ~ u r e  muat be  c a l c u l a t e d  i n  u n i t s  o f  l b f / i n  . To o b t a i n  t h i s  



p r e s s u r e  i n  U r i t r s h  u n i t s  t h e  s t a t e m e n t  a g a i n s t  l a b e l  1 0 6  s h o u l d  b e  r e p l a c e d  b y  

On r e t u r n i n g  t o  t h e  ma in  p r o g r a m  f r o m  t h e  s t r e s s  s u b - p r o g r a m  t h e  r . r r , s .  
s t r e s s e s  a r e  s c o r e d  i n  ARRAY STR a s  shown i n  T a b e l  4 A . 4 .  

TABLL ! r A  . 4  

S t r e s s  l o c a t i o n  

S t o r e l o c a t i o n  

1 

S T R ( 1 )  

2  

S T R ( ~ )  

3 

S T R ( ~ )  

4 

S T R ( S )  

5  

S T R ( ~ )  

S 

S T R ( ~ )  



S U B R O U T I N E  F O R  P A N E L  R E F E R E N C E  F R E Q U E N C Y  

S U B R O U T I N E  F R E U Y  
COMMON A S  , A  , B  , E P  , E S  , S T 1  ,T , R H O  , R H O S  , D S T , S P L  , D E L T A  , F R E Q , s T R ( ~ )  , D  , S K  
PNU=O.  3 

L 

C  C A L C U L A T E  P L A T E  R E F E R E N C E  FHEUUENCY 
C  

A L P H A = 3  . o * ( A / B ) * ~ + ~ .  O* ( A / B ) *  2 
D=EP,T"~/(~~.o*(~.o-PNU"~)) 
B L r r A = R H O S I  AS/ (RHO* B  'T) -ES*S'TI/ ( D  % )  
GAMMA=ALPHA*(~ .O+RHOS*AS/ ( R ~ ~ o * B * T )  ) + 3  .O*BETA 
X ~ = ~ Q H T (  ( G A M ~ M /  ( 2  .@ALPHA) ) " 2 - 2  .O*BETA/ALPHA) 
X2=-GAMMA/ 2 .O*ALPHA) +XI 
X3=-GAMMA/ I ~ . O * A L P H A ) - X ~  
X 4 =  X 2 *  A L P H A + 3 . 0 ) + 2 . 0  / 3 . 1 3 * X 2 + 2 . 0  
X 5 =  I X 3 *  I A L P H A + 3 . 0 ) + 2 . 0  / 3 . @ X 3 + 2 . 0  
I F  ~ 5 ) 1 0 0 , 1 0 0 , 1 0 1  

101  I F I X 4 - X 5 ) 1 0 0 , 1 0 0 , 1 0 2  

i I 
100 S K F = S Q R T ( X ~ )  

S K = X 2  
GO T O  103 

1 0 2  S K F = S Q R T ( X ~ )  
S K = X 3  

103 F R E Q = ~  . ~ ~ ~ Z Y S K F * ( S Q R T ( D /  ( 3  .()*A* ~ * R H O * T )  ) ) 
R E T U R N  
E N D  

S U B R O U T I N E  F O R  P L A T E  AND S I F F E N E R  R .M .S . S T R E S S  

S U B I l O U T I N E  S T R E S S  
COMEION A S  , A  B  E P  , E S  , ST1 , T  ,RHO , R H O S  , D S T  , S P L  , D E L T A  , F W ,  S T R  ( 6 )  , D  , S K  
D I M E N S I O N  ~ 1 6 j  . . 
PNU=O.  3 

C  
C  C A L C U L A T E  RMS S T R E S S E S  
C  

Y = E P r ( A *  2 * ( 1 . 0 + ~ ~ ) / ( 1 9 . 7 3 9 2 *  ( 1  . o - P N U * * ~ ) * D * ( S K * ~ *  ( ~ . o * ( A / B ) * '  4 +  
~ ~ . o * ( A / B ) ~ ~ + ~ . ~ ) + ~ . O ~ K + ~ . ~ * ( ~ . O + E S * S T I / ( D * B ~ ~ ) ~  

X 1 = ~ . o + s K *  ( A / B ) W ~ - P N U  
X [ 2 1 = 1 . 0 - 2  .O*SK* ( A / B )  r 2 * P N U  
X  3 ) = 1 . 0 + 2 . O % K  
X  I ~ ) = x ( ~ ) + ~ . ~ * P N u * s K * ( A / B ) * * ~  
x 5 = ~ . O * S W  A / B ) Y * Z + P N U *  1 . 0 + 2  .O*SK) 
XI6i=ES*DST*(l.O-PNU*2)/(EP*T) 
1 ~ ( ~ ~ ~ ~ ~ ) 1 0 4 , 1 0 4 , 1 0 5  

1 0 4  D E L T A r O . 0 1 7  
105 Y ~ = ( o . ~ ~ ~ ~ / D E L T A ) ~ o , ~  
1 0 6  Y ~ = ~ o . o ~ ( s P L / ~ o  - 0 - 4 . 6 9 8 9 7 )  

Y 3 = Y l * Y Z Y F R E Q M O .  5*Y 
D O 1 0  I = 1 , 6  

107 S T R ( I T = Y ) * A B S  ( X ( 1 )  ) 
R E T U R N  
E N D  
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