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PREFACE 

This volume, the fourth and final part of a series giving 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. 

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 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.Bayerdijrfer (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 
advice 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 o f  the data sheets in this volume were: Mr A.G.R.Thomson 
(Executive, Environmental Projects), Mr R.F.Lambert (Environmental Projects Group) and 
Mrs A.R.Green (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.Hall 
Chairman. 
Working Group on Acoustic Fatigue 
Structures and Materials Panel 
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Section 1 

NATURAL FREQUENCIES OF BOX STRUCTIRES 

1.1 Notation 

a length of longer side of skin plate 

b length of shorter side of skin plate 

d depth of box 

E Young's modulus 

f natural frequency 

K frequency parameter 

m mode number in x-direction 

n mode number in y-direction 

q mode number in z-direction 

plate thickness 

velocity parameter for plate material* 

rectangular system of Cartesian coordinates 
defined in Sketch (i) 

density of plate material 

Poisson's ratio of plate material 

Suff ixea 

cover plate in xy- plane (e.g. skin) 

internal plate in xz- plane (e.g. rib) 

internal plate in yz- plane (e.g. spar web or frame) 

It is conventional, in aircraft engineering, to refer to plates of a box structure as skins, ribs 
and spars as above. This nomenclature is used in this data sheet for convenience. 

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

Tog plote removed for c b r ~ f y  Sketch ( I )  

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
4 * The velocity parameter is defined in SI units by V .; (Elp) 15080 or in British units by 

4 V = (E/p) 1200 000. It is approximately unity for all comon structural metallic materials. 

A density value expressed in British units as pounds per cubic inch has to be divided by 386.4 before 
oeing used to calculate parameters defined in this Section. ( A  force of 1 lbf acting on a mass of 1 lb 

produces an acceleration of 386.4 in/s2.) 



1.2 In t roduct ion  

b u y  a i r c r a f t  have s t r u c t u r e s  of box form i n  regions  of dynamic loading. This leadins  m y  be due 
t o  j e t  no i se ,  boundary layer  no i se ,  bu f f e t  o r  o the r  types of loading action.  This da ta  sheet  i s  
pr imar i ly  intended f o r  use wi th  box s t r u c t u r e s  exci ted  by j e t  noise  but i s  app l i cab le  t o  o the r  types of 
dynamic loading. 

Examples of box r t r u c t u r e r  a r e  t y p i c a l l y  found i n  j e t  a i r c r a f t  i n  f i n  and t a i l p l a n e  s t ruc tu re s .  In 
j e t  a i r c r a f t ,  i n  the usual conf igura t ions ,  these  s t r u c t u r e s  l i e  c lo se  t o  the j e t  e f f l u x ,  8 region of 
i n t ense  acous t i c  loading. Fin and t a i l p l s n e  r t r u c t u r e s  a r e  u sua l ly  bui l t -up  from p a i r s  of sk in  panels  
separa ted  by r i b s  and spar  webs. In terms of dynamic response the r i b s  and spa r s  provide a  mechanical 
coupling between opposi te  sk in  p l a t e r .  P r a c t i c a l  s t r u c t u r e s  have cut -outs  i n  r i b r  and spa r s  which 
increase  the complexity of the a n a l y r i s  and thereby make exact  so lu t ion  beyond the  scope of a  da ta  
shee t  presentation.  However, a  rimple i d e a l i r e d  s t r u c t u r e  l e sd r  t o  a  q u a l i t a t i v e  understanding of the 
m j o r  responre c h a r a c t e r i s t i c s .  

In the  simple ana lys i s  presented i n  t h i s  Sect ion ,  i t  i r  i m p l i c i t  t h a t  the  v ib ra t ions  of the rkin 
and i n t e r n a l  supporting s t r u c t u r e  a r e  coupled. In  p r a c t i c e  i t  i s  un l ike ly  t h s t  rk in  and i n t e r n a l  
p l a t e s  a r e  completely coupled i n  any mode of v ib ra t ion .  The nature  of the  response i s  dependent on 
both the nature  of the exc i t i ng  noise  f i e l d  and s t r u c t u r a l  r e l a t i onsh ips .  

To a s r e s r  the e f f ec t iveness  of 8 noise  source i n  e x c i t i n g  a  p a r t i c u l a r  mode of v ib ra t ion ,  the 
exc i t i ng  force  phase r e l ac ionsh ip  over the s t r u c t u r e  must be considered. When the e x c i t i n g  force  
v a r i e s  i n  a  random manner, a s  doer j e t  no i se ,  the phase r e l a t i o n s h i p s  w i l l  no t  be constant  with time. 
In  ruch ca re s  i t  i s  usual t o  consider the pressure  c o r r e l a t i o n  which i n d i c a t e s  the average phase 
r e l a t i onah ip  between pressures  a t  two po in t s  over a  period of time. Tes t s  on j e t  a i r c r a f t  s t r u c t u r e s  
have rhom t h a t ,  wi th in  the frequency range of i n t e r e s t  f o r  t yp i ca l  r t r u c t u r e s ,  the  pressure  
c o r r e l a t i o n  i r  l i k e l y  t o  be high and pos i t i ve  (pressure  in-phase) over a  number of rk in  panelr .  This 
tends t o  favour the v ib ra t ion  modes where ad j acen t  rk in  p m e l r  a r e  in-phase and there  i s  r e l a t i v e l y  
l i t t l e  d i s t o r t i o n  of r i b8  (o r  spa r s ) ,  r a t h e r  than the  modes which occur when rk in  and r i b  p l a t e s  a r e  
coupled so t h s t  adjacent  rk in  panel r  a r e  ou t  of phase and there  i s  conr idersble  r i b  d i r t o r t i o n .  

For rk in  and r i b  v ib ra t ions  t o  be coupled, ruch t h a t  the p l a t e s  v i b r a t e  together  with one 
frequency and wi th  comparable amplitudes,  t h e i r  r t i f f n e r r e r  and ous r  d i r t r i b u t i o n  must be c lo se ly  
re la ted .  Representing a  ryrrmetric box, wi th  equal top and bottom r k i n  th ickness ,  by a  simple two- 
dimensional beam model sugges ts  t h a t  when the individual  sk in  and r i b  f requencies  a r e  equal the box 
fundamental mode i s  one i n  which s k i n  and r i b  p l a t e r  v i b r a t e  together  i n  a  simply-supported type of 

mode. This condi t ion  occurs when (d /b ) ( tC / t r ) '  i s  unity.  I n  box r t r u c t u r e s  where r i b  s t i f f n e s s  i a  

g r e s t e r  than sk in  s t i f f n e s s ,  the lowest frequency mode i r  t h a t  i n  which individual  akin  plate. v i b r a t e  
i n  t h e i r  fixed-edge mode. 

Coupled p l a t e  v ib ra t ions  a r e  l e r r  l i k e l y  t o  occur i n  box a r r a y s  with non-uniformities s ince  they 
induce 8 decoupling e f f e c t .  Likely non-uniformitier a r e  unequal r i b  p i t che r  o r  d i f ference8 between 
s t i f f n e s r e s  of the top and b o t t a  s k i n - s t i f f e n e r  cwb ina t ion r .  

I t  i s  evident  from the preceding d i scu r r ion  t h a t  f u l l y  coupled r k i n  and r i b  v i b r a t i o n  modes occur 
only i n  c e r t a i n  condi t ion8 of the  no i se  f i e l d  and s t r u c t u r e  geometry. I f ,  when e s t i o u t i n g  frequencies 
of v i b r a t i o n  a8 a  f i r s t  s t e p  towards the  c a l c u l a t i o n  of f a t i gue  l i f e  i n  an a c o u r t i c  environment, the 
coupled mode condi t ions  a r e  no t  s a t i s f i e d  i t  i s  b e t t e r  t o  consider  the i nd iv idua l  elements ( r k i n  p l a t e r  
and r i b  p l a t e s )  separa te ly .  E s t i u t e s  of p l a t e  n a t u r a l  f requencies  may be obtained f r a  Pa r t  I,  
Sections 3 o r  4 o r  Pa r t  11, Sect ion  2 of t h i s  ACARDograph. 

This Sect ion  g ives  the n a t u r a l  f requencies  of box s t r u c t u r e s  t h a t  a r e  r ec t angu la r  i n  s ec t ion  and 
i n i t i a l l y  unstressed.  The da t a  presented a r e  bared on the theory given i n  Derivation 1.5.4 where 8 

Rayleigh a n a l y s i s ,  which user  an assumed s inuaoidal  mode shape, i s  appl ied  t o  a  n ine -ce l l  box s t ruc tu re .  
The t h e o r e t i c a l  a n a l y s i s  al lows f o r  r o t a t i o n  a t  p l a t e  j o i n t s  but the j o i n t s  a r e  f ixed aga ins t  t rans-  
l a t i on .  A l l  angles  a t  the j o i n t s  between skin  and r i b s ,  o r  spa r s ,  a r e  assumed t o  remain a t  

90' throughout the v ib ra to ry  motion. Within the l i m i t s  of the simple a n a l y s i s  i t  i s  impossible t o  

apply the 90' j o i n t  r e s t r a i n t  t o  r ib- to-spar  j o i n t s  (see  Sketch ( i i ) ) !  however, t h i s  j o i n t  i s  considered 
t o  be the l e a s t  important f o r  the frequency ca lcula t ion .  A11 e x t e r i o r  edger of the n ine -ce l l  box 
s t r u c t u r e  a r e  assumed t o  be simply-supported ( see  Sketch ( i i i ) ) .  



Sketch (10 S k e t a  ( 1 4 1 )  

The g r a p h i c a l  p r e s e n t a t i o n  of  d a t a  i s  r e s t r i c t e d  t o  t h e  lowest  n a t u r a l  frequency ( i .0 .  n  = m = q = 1 )  
f o r  a  box w i t h i n  an a r r a y  of  i d e n t i c a l  boxes having equa l  upper and lower s k i n  th icknesses .  The 
d e f l e c t e d  shape of  t h i s  mode, through t h e  c e n t r e  of  t h e  box, i n  both t h e  xz-plane and yz-plane i s  shown 
i n  Ske tch  ( i v ) .  The computer program, i n  Appendix l A ,  can  be used t o  o b t a i n  f r e q u e n c i e s  of  h igher  modes 
a s  wel l  a s  those  f o r  boxes i n  an a r r a y  having s k i n  p l a t e s  of  any a s p e c t  r a t i o  and w i t h  any o r  a l l  of t h e  
p l a t e s  of d i f f e r e n t  th ickness .  

The lowest  n a t u r a l  frequency i s  in tended  f o r  use i n  c a l c u l a t i n g  the s t r e s s  response of  box s t r u c t u r e  
p a n e l s  under the a c t i o n  of  a c o u s t i c  loading.  This  frequency i s  given by 

f = V K  I .  
bZ 

In  F i g u r e s  1.1 - 1.8, v a l u e s  of  K a r e  p r e s e n t e d  a s  c a r p e t s  i n  terms of  the  p l a t e  parameters  b /a  
and b/d. Carpe ts  a r e  given f o r  a  range of  v a l u e s  of  t I t r  f o r  each of four  v a l u e s  of t I t  

s  C. 

In d e r i v i n g  t h e  c u r v e s ,  t h e  v a l u e  of  o was assumed t o  be 0.3. This  v a l u e  g i v e s  s u f f i c i e n t l y  
a c c u r a t e  f r e q u e n c i e 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 .  The mode number is taken t o  be the  
number of h a l f  waves i n  the  r e l e v a n t  p l a t e  d i r e c t i o n .  

This  d a t a  s h e e t  p rovides  a  means of a s s e s s i n g  the  e f f e c t s  t h a t -  changes i n  geomet r ic  parameter  have 
on frequency;  however, the  p r e d i c t e d  f r e q u e n c i e s  can be only approximate because of the assumptions 
made i n  the  a n a l y s i s .  A comparison of e s t i m a t e d  and measured f r e q u e n c i e s  i s  provided ( s e e  paragraph 1.4). 

T h i s  S e c t i o n  may be used t o  o b t a i n  a  f i r s t  approximation t o  the n a t u r a l  f r e q u e n c i e s  of box s t r u c t u r e s  
having s k i n s  w i t h  s t i f f e n e r s  between the  r i b s ,  o r  frames. In  t h i s  c a s e  an  e q u i v a l e n t  s k i n  t h i c k n e s s  
should be used. I t  i s  recornmended t h a t  t h i s  e q u i v a l e n t  s k i n  t h i c k n e s s  should be t h a t  necessary  t o  g i v e  
the same frequency a s  t h a t  of t h e  s t i f f e n e d  p l a t e .  The e q u i v a l e n t  s k i n  t h i c k n e s s  i s  dependent on the  
mode of v i b r a t i o n  of t h e  s t i f f e n e d  p l a t e .  For a  s t i f f e n e d  p l a t e  v i b r a t i n g  i n  a  fundamental type mode, the  
frequency may be ob ta ined  from P a r t  I ,  S e c t i o n  3 ( c o n v e n t i o n a l l y  s t i f f e n e d  pane l )  o r  P a r t  111, S e c t i o n  3 
( i n t e g r a l l y  machined pane l )  of t h i s  AGARDograph; then us ing  Reference 1.5.7 the  t h i c k n e s s  of t h e  f l a t ,  
u n s t i f f e n e d  pane l  of the  same a s p e c t  r a t i o  and having the  s t i f f e n e d  pane l  n a t u r a l  frequency can be 
obtained.  The c a l c u l a t i o n  and use of e f f e c t i v e  s k i n  t h i c k n e s s  i n  e s t i m a t i n g  the frequency f o r  a  box wi th  
s t i f f e n e d  s k i n  i s  shown i n  the  example i n  Paragraph 1.6.2. 

Sketch ( I V )  

1.4 Comparison wi th  Measured Data 

Figure 1.9 shows a  comparison of  c a l c u l a t e d  n a t u r a l  f requenc iea  and measured f r e q u e n c i e s  of  
e c t a n g u l a r  box s t r u c t u r e s .  A l l  boxes cons idered  a r e  i d e a l i s e d  s t r u c t u r e s ,  i.e. wi thout  c u t - o u t s  o r  
t i f f e n e r s  between r i b s  o r  spars .  Some of  these  d a t a  a r e  from s t r u c t u r e s  e x c i t e d  by random a c o u s t i c  

load ing  where the modes of  v i b r a t i o n  were n o t  i d e n t i f i e d .  I n  such c a s e s  t h e  measured frequency of the  
maximum r o o t  mean square  s t r a i n  has  been compared wi th  the  c a l c u l a t e d  lowes t  n a t u r a l  frequency. 



The fundmenta l  v ib ra to ry  mode of a p l a t e  i s  the mode most s e n s i t i v e  t o  edge support  
conditions.  As the de f l ec t ed  shape used i n  the a n a l y s i s  assumes simply-supported edges the 
predic ted  frequency f o r  the (1,1,1) mode i s  gene ra l ly  lower than the measured value. 

1.5 Derivation and Reference 

Derivation 

1 Clarkron, B.L. 
Ford, R.D. 

1.5.2 Clarkron, B.L. 

1.5.4 Rudder, F.P. 

1.5.5 Abrahamron, A.L. 

1.5.6 Clarkaon, B.L. 

Reference 

1.5.7 - 

The rerponse of a t yp i ca l  a i r c r a f t  s t r u c t u r e  t o  J e t  meire. 
J.R. aeronaut.Soc., Vol. 66, No.613, pp. 31-40, January 1962. 

The dar ign of a t ruc tu rea  t o  r e s i s t  J e t  no i r e  fa t igue .  
J.R. aeronaut.Soc., Vol. 66, No.622, pp. 603-616, October 1962. 

Fatigue and rerponre  t e s t i n g  of r i v e t e d  j o i n t s  i n  panels subjected 
t o  wide band loading i n  the B.A.C. (Weybridge) high i n t e n s i t y  
no i r e  f a c i l i t y .  B r i t i s h  A i r c r a f t  Corporation Ltd, Acousticr Lab. 
Rep. No.048 Pa r t  2. Work under Uinia t ry  of Technology 
Contrac t  KS/1/0504/CB043A2, November 1970. 

Acoustic f a t i gue  of a i r c r a f t  r t r u c t u r a l  component arremblier.  
A i r  Force F l igh t  Dynamic8 Lab., Ohio, tech.Rep. 
MPDL-TR-71-107, February 1972. 

S t r u c t u r a l  rerponre t o  aero-acoust ic  noi re .  B r i t i r h  A i r c r a f t  
Corporation Ltd, Acourticr  Lab. Rep. No.364. Work under Winirtry 
of Technology, Contrac t  KS/ 1/0632/CB043AZ, 1973. 

E r t i m t e r  of the  rerponre  of box type r t r u c t u r e r  t o  acour t i c  
loading. Paper 10 of Proceadingr of rymporium on acous t i c  f a t i gue ,  
Touloure , September 1972. 
AGARD-CP-113, b y  1973. 

Natural  f requencier  of uniform f l a t  p l a t e s .  Engineering Sciencer 
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I t  i r  requi red  t o  es t imate  the lowest n a t u r a l  frequency of an aluminium a l l o y  box r t r u c t u r e  nude.  
up from i d e n t i c a l  c e l l s  having top and bottom akin  p l a t e r  of equal t h i c l n e r r ,  with the  following 
dimensions and physica l  p rope r t i e r :  

t 
and 2 = .!d = 1.5. 

tc 0.8 

From Figure 1.4 
3 l 

K = 3.0 x 10 =/a f o r  t = 1.0, 
C 

3 t and from Figure 1.6 K = 3.22 x 10 m/r f o r  2 I 
2.0. 

t c  
3 BY l i n e a r  i n t e r p o l a t i o n  f o r  5 - = 3011 lo 

tC 



3  0.8 x 1 0 ' ~  
Hence f  = 0.99 x  3,11 x  10 x  

(200 

= 61.6 Hz. 

The example i l l u s t r a t e s  t h a t  w i t h i n  the l i m i t s  of accuracy  of  the  f requency  p r e d i c t i o n ,  t h e  c a l c u l a -  
t i o n  of  V i s  unnecessary  f o r  boxes c o n s t r u c t e d  from m e t a l s  c o w o n l y  used i n  s t r u c t u r e s ;  i t s  v a l u e  may be 
assumed t o  be 1.0. 

I f  convent iona l  2 -sec t ion  s t r i n g e r s  a r e  r i v e t e d  t o  the  top and bottom s k i n  p l a t e s  p a r a l l e l  t o  the  
box s i d e s  of  l e n g t h  200 mn, a t  a  uniform p i t c h  o f  150 ma, f i n d  the new box f requency  us ing  an e f f e c t i v e  
s k i n  t h i c k n e s s .  

The s t r i n g e r  geomet r ic  and p h y s i c a l  p r o p e r t i e s  a r e  a s  fo l lows:  

- 2  4  
S t  Venant c o n s t a n t  of uniform t o r s i o n ,  JSt ,  e q u a l s  11.7 x 1 0  m  , 
p o l a r  moment of i n e r t i a  of t h e  s t r i n g e r  c r o s s  s e c t i o n  about  a  p o i n t  on the  s k i n  d i r e c t l y  benea th  t h e  

-9 4  
s t r i n g e r  s h e a r  c e n t r e ,  I s t ,  e q u a l s  11.0 x 10 m  , 

warping c o n s t a n t  o f  t h e  s t r i n g e r  c r o s s  s e c t i o n  w i t h  r e s p e c t  t o  t h e  p o i n t  on the  s k i n  d i r e c t l y  benea th  

the s t r i n g e r  s h e a r  c e n t r e ,  rst, e q u a l s  4.93 x 10 
-13 m6 

2  
Young's modulus, E s t  = 70 000 M N / ~  , 

s h e a r  modulus, C s t  = 27 000 MN/m 
2  

and d e n s i t y  pst = 2770 kg/m3, 

The f l e x u r a l  r i g i d i t y  p e r  u n i t  wid th  of the  s k i n  p l a t e  i s  g iven  by 

Using t h e  above v a l u e s  i n  P a r t  I ,  S e c t i o n  3  of  t h i s  ACARDograph t h e  lowes t  n a t u r a l  frequency i s  
found t o  be 212 Hz. 

From P a r t  I ,  S e c t i o n  4  of t h i s  ACARDograph ( o r  Reference  1.5.7) t h e  fundamental  n a t u r a l  frequency 

200 3 
parameter  f o r  the f l a t ,  u n s t i f f e n e d  pane l  of a s p e c t  r a t i o  - = 1.33 is 3.78 x 10 m / s .  

150 

T h e r e f o r e ,  i f  tce i s  t h e  e f f e c t i v e  p l a t e  t h i c k n e s r ,  

which g i v e s  tce = 1.26 w. 

Then & , 1.26 _ 
0.8 

1.58, 
r  

t 
and , l.Z = 0.950 

3  t From Figure  1.4 K 3.02 x 10 m i l  f o r  2 , 1.0 

r 

3  t 
and K = 2 0 7 0 ~ 1 0  m l s f o r  1 2.0 

t r  
t 

3  By l i n e a r  i n t e r p o l a t i o n  f o r  2 = 1-58 ,  K = 2.83 x 10 m / s .  
r 

Hence f requency  f o r  the box w i t h  s t i f f e n e d  s k i n  p l a t e r  

3 1.26 x 10 '~  = 0.99 x 2.83 x 1 0  x 
(200 10-3)2 
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FIGURE 19 COMPARISON OF ESTIMATED AND MEASURED NATURAL FREQUENCIES 



Appendix 1A 

Coaputer Program 

1A.1 General Notea 

The n a t u r a l  frequenciea of a  box a t r u c t u r e ,  nude up from rec t angu la r  c e l l s ,  may be found uaing 
t h i r  c q u t e r  program. The asrumpt ima given i n  paragraph 1.3 a r e  app l i cab le  t o  t h i s  program aa a r e  
the requiremanta f o r  coupling of cover p l a t e a  and i n t e r n a l  s t r u c t u r a l  p l a t e a  diacuaaed i n  paragraph 1.2. 

A l i a t i n g  of i na t ruc t iona  f o r  a  rub-program t o  c a l c u l a t e  n a t u r a l  frequenciea i a  given i n  FORTRAN 
I V  progr-ing language. A main program i a  required  t o  read i n  d a t a  and t o  p r i n t  ou t  ca l cu l a t ed  valuer  
of frequency. A l i a t i n g  of i na t ruc t iona  i a  n o t  given f o r  the main program aa the instructions required  
a r e  dependant on the p a r t i c u l a r  computer uaed. 

The nuin  program m a t  include the COWON ata temeat  which i a  w r i t t e n  i n  the  frequency sub-program. 

1A.2 Frequency Sub-program 

Thia rub -p rog ru  aolvea f o r  n a t u r a l  frequenciea of rec tangular  box a t ruc tu rea .  The mode8 a r e  
defined by tho rode numbers (m,n,q) i n  the t h ree  orthogonal d i r ec t iona .  The mode numbers m,n,q a r e  
a tored  i n  v a r i a b l e s  M,N,Q r e spec t ive ly .  

The panel ddta  t o  be input  f o r  each box s t r u c t u r e  considered a r e  va lues  of the va r i ab l e8  l i s t e d  
i n  Table 1A.I .  The p l a t e  a ide  lengths  and th icknearer  f o r  the nine c e l l  t h e o r e t i c a l  model used a r e  
shorn i n  Figure l A . l o  

TABLE 1A.1 

Any coherent s e t  of un i t a  i n  which time i a  expressed i n  aeconda may be used, the  frequency being 
obtained i n  Hz. I t  ahould be noted t h a t  denai ty  m a t  be expraaaad i n  u n i t a  of t u a a  per  u n i t  volume. 

Variable 

Cover p l a t e  a ide  
length8 

Cover p l a t e  thicknear 

Rib and apar depth 

I n t e r n a l  r i b  
thiclsneaa 

Young's modulua f o r  
cover p l a t e r  

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

C o v e r p l a t a d e n a i t y  

I n t e r n a l  s t r u c t u r e  
dens i ty  

On r e t u r n  t o  tho nuin  p r o g r u  from the  frequency aub-program the  n a t u r a l  frequency i a  s tored  i n  
va r i ab l e  BXFREQ. 

Variable name 

A l ,  AZ, A3 
B l ,  B2, B3 

m11, m 1 2 ,  m13 ,  
m21 ,  lT22, -23, 
-31, lT32, TT33, 
TB11, TB12, TB13, 
TB21, TB22, TB23, 
TB31, TB32, TB33. 

D 

TRl1, TR12, TR13, 
TR21, TR22, TR23, 
TSl1, TS12, TS13, 
TS21, TS22, TS23. 

A 

EC 

ER 

RHOC 

RHOR 



FIGURE IA I PLATE SIDE LENGTHS AND THICKNESSES FOR COMPUTER 
MOOEL FREQUENCY ANALYSIS  



SUBROUTINE FOR BOX STRUCTURE FREQUENCY 

SUBROL I'INF BOXFQ 
COMMON EC,ER,RHOC,RHOR,Al,A2,A~.Bl,B2.B3,D.BXFREQ,M,N,Q, 
lTTll,TT12,TTl3,TT21,TT22,TT23,TT31,TT32,TT33, 
2~~11,TB12,TB13tTB21,TB22,TB23,TB31,TB32,TB33, 
JTR11,TR12,TRl3,TR21,TR2ZtTR23, 
4TSll,TS12,TSl3,TS21,TS22,TS23 

REAL M,N 
PNU-0.3 

C 
C CALCULA% MODAL STIFFNESS m?H SKIN 
C 

,+((~~21**3+TB'21"3 *Bl*(M*Bl/(N*A2)+N*A2/(M*B1))"Z+[TT2)*)+TB23* 
6*3)*B3*(M*B3/(N*A2]+N*A2/(M*B3))**2)/B2+(TT22*,+TB22*3)*(M*BZ/(N 
~*A~)+N*AZ/(M*B~))*~ 

C 
C CALCULATE MODAL STIFFNESS FOR RIBS AN3 SPAElS 

6 

C CALCUWTE MODAL MASS FOR SKIN 
C 

~+A~*BZ*(TT~~+TB~~) 
C 
ChLC MODAL PIASS FOR RIBS AND SPARS 

C SUM TOTAL MODAL MASS AND MODAL STIFFNESS 
C 

B~=(~c*xoc+(xMR+~)*RHoR)/~.o 
XK-2.0294*(~*~)*2/(~2*~2*(1 .o-PNU**~))*(XKC*EX+(XKR+XXS)*ER) 

C 
C CALCULATE BOX FREQUENCY 
C 

B.~FPEQ-O.~~~~~~*SQRT(XX/XM) 
RETLXN 
END 



S e c t i o n  2  

ESTIMATION OF R.H.S. STRESS I N  INTERNAL PLATES OFABOX STRUCTURE 
SUBJECTED TO w w n  ACOUSTIC LOADING 

2.1 Nota t ion  

a  s p a r  p i t c h  

b  r i b  p i t c h  m i n  

d  depth  of  box 

E  young's modulus 

f  n a t u r a l  frequency of  response  Hz CIS 

C p ( f )  a p e c t r a l  d e n s i t y  of  e x t e r n a l  a c o u s t i c  p r e s s u r e  
a t  frequency f  ( N / ~ ~ ) ~ / H Z  ( l b f / i n 2 ) 2 / ( c / s )  

Kn 
bending s t r e s s  parameter  

Kb damping r a t i o  c o r r e c t i o n  f a c t o r  

L ( f )  spectrum l e v e l  o f  a c o u s t i c  p r e a s u r e  a t  frequency f  dB 
Ps 

P  uniform s t a t i c  p r e s s u r e  on p l a t e  N / m 2  

" Kms 
r o o t  mean square  f l u c t u a t i n g  p r e s s u r e  N I ~ '  

Srms 
r o o t  mean square  s t r e s s  due t o  a c o u s t i c  load ing  N / m L  

t p l a t e  t h i c k n e s s  m 

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

b r e f  r e f e r e n c e  damping r a t i o  (= 0.017) 

a ~ 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  

Suf f  i x e s  

n  1-3 d e n o t e s  l o c a t i o n  of p l a t e  s t r e s s  ( s e e  Sketch ( i ) )  

r  d e n o t e s  r i b  

s d e n o t e s  s p a r  

2.2 I n t r o d u c t i o n  

The f i r s t  s t e p  i n  p r e d i c t i n g  t h e  s t r e s s  response  t o  a c o u s t i c  load ing  i s  t o  e s t i m a t e  t h e  predominant 
frequency of  v i b r a t i o n .  For s t r u c t u r e s  i n  which s k i n  and r i b  p l a t e s  a r e  coupled t h i s  may be done us ing  t h e  
procedure o u t l i n e d  i n  S e c t i o n  1. The c o n d i t i o n s  f o r  coupled v i b r a t o r y  response  of  s k i n  and r i b  p l a t e s  a r e  
d i scussed  i n  S e c t i o n  1.2. For s t r u c t u r e s  where s k i n  and r i b  p l a t e s  a r e  u n l i k e l y  t o  be coupled t h e  response  
frequency should be e s t i m a t e d  f o r  each i n d i v i d u a l  p l a t e  of t h e  box s e p a r a t e l y ;  t h e  s t r e s s  response is  then  
es t imated  f o r  each p l a t e  us ing  i t s  own response  frequency.  Es t imates  of p l a t e  n a t u r a l  f r e q u e n c i e s  may be 
ob ta ined  f r m  P a r t  I ,  S e c t i o n  3  or  4 o r ,  P a r t  11, S e c t i o n  2  of t h i s  AGARDograph. 

In  box s t r u c t u r e s  where s k i n  and r i b  p l a t e s  a r e  coupled s k i n  and r i b  r.m.s. s t r e s s e s ,  a t  s i m i l a r  
p l a t e  l o c a t i o n s ,  a r e  of the  same o r d e r .  For uncoupled mode c o n d i t i o n s ,  where r i b s  have r e l a t i v e l y  l e s s  
bending s t i f f n e s s  than s k i n s ,  t h e  c r i t i c a l  s t r e s s  is l i k e l y  t o  be t h a t  i n  t h e  r i b - f l a n g e  r a d i u s ,  and when 
r i b s  a r e  s t i f f e r  than s k i n  p l a t e s  t h e  c r i t i c a l  s t r e s s  is  l i k e l y  t o  be i n  the  s k i n  a t  the  r i b - J o i n t  l o c a t i o n s .  

Methods f o r  e s t i m a t i o n  o f  r.m.s. s t r e s s  i n  s i n g l e  p l a t e s  o r  p a n e l s ,  s u b j e c t e d  t o  a c o u s t i c  l o a d i n g ,  
a r e  presen ted  i n  P a r t  I ,  S e c t i o n  5 and P a r t  111, S e c t i o n  4 of t h i s  AGARDograph. I t  should be no ted  t h a t  f o r  
p l a t e s  t h a t  a r e  p a r t  o f  a  box s t r u c t u r e ,  s u b j e c t e d  t o  a c o u s t i c  load ing  on one s i d e  o n l y ,  the  s t r e s s e s  
p r e d i c t e d  by the  above S e c t i o n s  should be m u l t i p l i e d  by 113. T h i s  f a c t o r  is  t o  a l l o w  f o r  t h e  mechanical  
coupl ing  provided by t h e  r i b s  which r e s u l t s  i n  t h e  e x c i t i n g  energy be ing  absorbed by two v i b r a t i n g  ak ina  and 
i n t e r c o n n e c t i n g  r i b s .  

For box s t r u c t u r e s ,  v i b r a t i n g  i n  a  mode i n  which s k i n  and r i b  p l a t e s  a r e  coupled ,  i t  i s  p o s s i b l e  t o  
o b t a i n  r i b  s t r e s s e s  by apply ing  a  s u i t a b l e  t h e o r e t i c a l  f a c t o r  t o  t h e  s k i n  s t r e s s .  However, i t  has  been found 
t h a t ,  f o r  the  l i m i t e d  t e s t  d a t a  a v a i l a b l e ,  t h e  method suggested i n  t h i s  S e c t i o n  g i v e s  c l o s e r  agreement 
between measured and e s t i m a t e d  s t r e s s e s  than the  coupled response  method. 



2.3.1 Data prerented 

This Sect ion  g ives  a  method of ertimcrting r.m.8. bending a t r e r r e r  i n  i n t e r n a l  p l a t e s  of box 
s t r u c t u r e s  under the ac t ion  of random acous t i c  loading. The boxer a r e  assumed t o  be const ructed  
from f l a t  panela t h a t  a r e  i n i t i a l l y  unr t resred .  The locat ion8 a t  which r.m.8. r t r e s r e s  a r e  
predic ted  a re  the r i b  and rpar  c e n t r a r ,  and the edger and f langes  adjoin ing the skin  p l a t e r .  The 
r i b  edge and flange r t r e r r e r  a r e  a t  the middle of the p l a t e  r i de  adjoin ing the rk in  and f o r  t he re  
r t r e s r e r  i t  is  imp l i c i t  t h a t  the adjoin ing sk in  and r i b  p l a t e s  a r e  v i b r a t i n g  i n  r  coupled rerponre 
frequency. The loca t ions  and d i r ec t ion8  i n  which r.m.8. r t r e r s e s  a r e  presented a r e  shown i n  
Sketch (1) .  

The r.m.8. s t r e s s e r  f o r  r i b  and rpar-web p l a t e s  of a  box s t r u c t u r e  t h a t  i$ subjected t o  
random acous t i c  loading on one r i d e  a r e  given approximately by the expresr ion  

when only one n a t u r a l  frequency is  exc i t ed  by the  noi re .  

In  Figure 2.1 values  of Kn, the bending s t r e r r  paruneter ,  a r e  p lo t t ed  a g r i n s t  a/d and 

b/d. For r i b  r t r e r r e s ,  va luer  of Kn a r e  read corresponding t o  the r i b  a r p e c t  r a t i o ,  a /d ,  and 

f o r  spar r t r e s r e r  values of Kn a r e  read f o r  the aspect  r a t i o ,  b/d. 

Figurer 2.2 and 2.3 give nomographs f o r  Smso 
Figure 2.3 i a  an extens ion of the r.m.6. 

s t r e s s  range of Figure 2.2. The s t r e r r  nomograph8 a r e  d r a m  f o r  the  reference  dunping r a t i o ,  
bref = 0.017; 

'mr  
f o r  o the r  va luer  of b  is obtained by mul t ip ly ing the value er t imated  using 

bref by % which i s  p lo t t ed  aga ins t  b  i n  Figure 2.4. Guidance on valuer  of b f o r  t yp i ca l  

a i r c r a f t  r t r u c t u r e r  m y  be found i n  P a r t  111, Sect ion  2  of t h i s  ACARDograph. 

2.3.2 Assumptions i n  the  a n a l y r i r  

It is  arrumed t h a t  each of the i n t e r n a l  p l a t e s  of 8 box r t r u c t u r e  may by considered i n  
i s o l a t i o n  under the ac t ion  of the acous t i c  loading applied t o  the sk in  p l a t e  adjoin ing the i n t e r n a l  
p l a t e  under considera t ion .  

In the de r iva t ion  of the nomograph i t  i r  asrumed t h a t  the  p l a t e  bending s t r e s s  is  wi th in  the 
l i n e a r  region where i t  i s  d i r e c t l y  propor t ional  t o  the  normal p re r ru re ,  t h a t  i r  p/E l e s s  than 

4 about 2O(t/d) (see  Reference 2.6.8). In  ca l cu l a t ing  Kn the value  of a war asauoed t o  be 0.31 

use of t h i r  value g iver  a  s u f f i c i e n t l y  accura te  r t r e r r  f o r  a11 c-on s t r u c t u r a l  m e t a l l i c  mater ia ls .  

The pressure  i r  arrumed t o  be uniform and in-phare over the whole of each individual  akin  
p l a t e  and the rpectrum l eve l  of acour t i c  p re r ru re  i r  arrumed t o  be constant  over the range of 

f requencies  c lo se  t o  the n a t u r a l  frequency of rerponre of the box r t r u c t u r e .  I f  the  response 
frequency of the s t r u c t u r e  is  no t  known, f o r  conventional a i r c r a f t  r t r u c t u r e r  without spec i a l  damping 
treatment the f i r s t  n a t u r a l  frequency obtained from Sect ion  1  of t h i r  ACARDograph should be used. 

&en box a t r u c t u r e r  do not  v i b r a t e  i n  a  mode i n  which rk in  and r i b  p l a t e r  a r e  coupled, the 
response f requencier  of the r i b  and sk in  p l a t e r  m y  be ruch t h a t  there  i s  a  s i g n i f i c a n t  d i f f e r ence  
between the s p e c t r a l  d e n r i t i e r  of acous t i c  p re r ru re  a t  the  two f requencier .  Thir  condi t ion  may 
occur,  f o r  example, i n  boxer wi th  deep r ib s .  Ertimated r.m.s. r t r e r r e s ,  f o r  ruch c a r e r ,  should be 
ured with caut ion  when p red ic t ing  f a t i gue  l i f e .  There a r e  i n s u f f i c i e n t  t e a t  da t a  fo r  t h i r  type of 
box r t r u c t u r e  t o  provide guidance f o r  there  carer .  



Due t o  mechanical  coupl ing  between s k i n  p l a t e s ,  provided by t h e  r i b s  and s p a r s ,  i t  h a s  
g e n e r a l l y  been found t h a t ,  f o r  box s t r u c t u r e s  s u b j e c t e d  t o  n o i s e  on one s i d e  on ly ,  the  r.m.6. s t r e s s  
response on the  i n t e r n a l  p l a t e  edge and f l a n g e  a d j o i n i n g  t h e  s k i n  p l a t e  remote from t h e  e x c i t a t i o n  
a g r e e s  c l o s e l y  wi th  t h a t  ob ta ined  froln those  a d j o i n i n g  t h e  s k i n  p l a t e  d i r e c t l y  e x c i t e d  by the  n o i s e .  
For box s t r u c t u r e s  s u b j e c t e d  t o  n o i s e  on both s k i n  p l a t e s ,  such a s  a i r c r a f t  f i n  boxes,  i t  i s  
recomnended t h a t  t h e  c a l c u l a t e d  v a l u e  of 

Sms, 
ob ta ined  from t h i s  d a t a  s h e e t ,  should be m u l t i p l i e d  

by 1.4. 

The r i b ,  o r  s p a r ,  edge s t r e s s e s  ob ta ined  from t h i s  S e c t i o n  a r e  nominal v a l u e s  i n  t h e  p l a i n  
m a t e r i a l  a d j a c e n t  t o  the  bend-radius o r  j o i n t .  The a p p r o p r i a t e  s t r e s s  t o  be used i n  e s t i m a t i n g  
f a t i g u e  l i f e ,  from P a r t  I1 S e c t i o n  1  o r  P a r t  I V  S e c t i o n  3 of  t h i s  ACARDograph ( o r  o t h e r  endurance 
d a t a ) ,  i s  dependent  on the d e t a i l  d e s i g n  of  the j o i n t  used. T y p i c a l  r i v e t e d  s k i n / r i b  j o i n t s ,  wi thout  
j o i n t i n g  compound, a r e  shown i n  Ske tch  ( i i ) .  L ike ly  c r i t i c a l  r e g i o n s  on the  r i b s  f o r  t h e s e  j o i n t s  
under a c o u s t i c  load ing  a r e  S e c t i o n  XX f o r  a ,  the r i v e t  h o l e s  f o r  b  and d  and the r i b  f l a n g e  bend 
r a d i u s  f o r  c  and e .  

S k e t c h  (;i) 

This  d a t a  s h e e t  may be used t o  o b t a i n  f i r s t  approximat ions  t o  the  r.m.s. s t r e s s e s  i n  box 
s t r u c t u r e s  wi th  s t i f f e n e d  s k i n  p l a t e s .  I n  t h e s e  c a s e s  an  e f f e c t i v e  t h i c k n e s s  i s  used which should be 
t h a t  necessary  t o  g ive  the  same frequency a s  t h a t  of the s t i f f e n e d  p l a t e .  

2.4 C a l c u l a t i o n  Procedure 

2.4.1 -w 

( i )  I f  the  response frequency is  n o t  known, e s t i m a t e  the lowest  n a t u r a l  frequency of the  box 
u s i n g  S e c t i o n  1. 

( i i )  Obtain the v a l u e  of  spectrum l e v e l  of a c o u s t i c  p reaaure  L  ( f )  a t  the  response frequency.  
PS 

I f  on ly  the band p r e s s u r e  l e v e l  is  known, i t  is  f i r s t  c o r r e c t e d  t o  p r e s s u r e  spectrum l e v e l  

( u n i t  bandwidth) u s i n g  Reference 2.6.6. 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 )  For each r i b  p l a t e  t o  be cons idered  c a l c u l a t e  the parameters  a / d  and b/d r e s p e c t i v e l y  
and ,  from Figure  2.1, read the  a p p r o p r i a t e  v a l u e s  of  

Kn. 

( i v )  C a l c u l a t e  .the p l a t e  parameters  d / t r  and d / t s  and ,  f o r  each  p l a t e  l o c a t i o n  and s t r e s s  

d i r e c t i o n ,  read  the  v a l u e s  of  Sms from F i g u r e s  2.2 o r  2.3. The nomograph8 a r e  e n t e r e d  

a t  a  v a l u e  of  L p s ( f ) ,  each quadran t  be ing  used i n  t u r n  i n  the  d i r e c t i o n  i n d i c a t e d  through 

range8 of d / t ,  Kn and f .  

(v )  For v a l u e s  of  b o t h e r  than 0.017, f a c t o r  t h e  e s t i m a t e d  v a l u e  of 
Srms 

by % obta ined  

from Figure  2.4. 

2.4.2 The l o a d i n g  

Within t h e  nomograph the  spectrum sound p r e s s u r e  l e v e l  i s  conver ted  i n t o  the  s p e c t r a l  
d e n s i t y  of a c o u s t i c  p r e s s u r e .  The spectrum sound p r e s s u r e  l e v e l  i s  converted i n t o  the  r o o t  mean 

2  
square  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/m )/Hz ( s e e  e x p r e s s i o n  below o r  Reference 2.6.7) and then 

2 2  2  
squared g i v i n g  a  va lue  i n  u n i t s  o f  (N/m ) /Hz . Since  u n i t  bandwidth i s  used t h i s  i s  numer ica l ly  

equa l  t o  t h e  s p e c t r a l  d e n s i t y  of a c o u s t i c  p r e s s u r e  G ( f )  i n  u n i t s  o f  ( ~ / m ~ ) ~ / H z .  
P  

Using S I  u n i t s ,  

Lps( f )  = 2 0 ( l o g 1 0 ~ m s  + 4.70). 

I f  L  ( f )  i s  r e q u i r e d  i n  B r i t i s h  u n i t s  of ( ~ b f / i n ~ ) ~ l ( c / r )  i t  1 s  given by 
P  6 

L ( f )  20(log10pms + 8.54). 
Pa 



2.5 Comparison w i t h  Measured Data 

F igure  2.5 shows a comparison of e s t i m a t e d  and measured r.m.s. s t r e s s e s  i n  i n t e r n a l  p l a t e s  of box 
s t r u c t u r e s  u s i n g  the  lowes t  n a t u r a l  frequency f o r  each box c a l c u l a t e d  by the method presen ted  i n  S e c t i o n  1 
of t h i s  AGARDograph. In  c a l c u l a t i n g  t h e s e  s t r e s s e s  the  damping r a t i o  was assumed t o  be bref  (= 0.017). 

In  F igure  2.6 a s i m i l a r  comparison of e s t i m a t e d  and measured s t r e s s e s  i s  p r e s e n t e d ,  the  e s t i m a t e d  s t r e s s  
being obta ined  us ing  the  measured p l a t e  response frequency and, where a v a i l a b l e ,  t h e  measured damping r a t i o  
f o r  the box s t r u c t u r e s .  A l l  boxes cons idered  a r e  i d e a l i s e d  s t r u c t u r e s ,  i . e .  wi thout  c u t - o u t s  o r  
s t i f f e n e r s  between r i b s  and s p a r s ,  

D e r i v a t i o n  

2.6.1 Timoshenko, S. Theory of p l a t e s  and s h e l l s .  Second E d i t i o n ,  McGraw H i l l ,  
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2.6.2 Clarkson ,  B.L. 
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2.7 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  edge and f l a n g e  s t r e s s e s  on the r i b  and s p a r ,  a t  the  midpos i t ion  
between s p a r s  and r i b s  r e s p e c t i v e l y ,  and the  r i b  and s p a r  c e n t r e  s t r e s s e s  f o r  t h e  box s t r u c t u r e  shown i n  
Sketch ( i i i ) .  The s t r u c t u r e  i s  exposed t o  j e t  n o i s e  on the  upper s i d e  only.  

'P IC  
r rmo  * 

The v a r i a t i o n  o f  sound p r e s s u r e  l e v e l  over  a  range of  f r e q u e n c i e s  is  g 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  be ing  1 / 3  o c t a v e  band l e v e l s .  

aound p r e s s u r e  

frequency 100 200 300 



Dimensions o f  t h e  box s t r u c t u r e  a r e  g iven  i n  Sketch ( i i ) .  M a t e r i a l  p r o p e r t i e s  a r e  a s  fo l lows:  

E r  3 Es = 70 000 Ut4/m2,  o = 0.3, b = 0.019. 

The frequency of  response  of  t h e  box s t r u c t u r e  i s  92 Hz and t h i s  v i b r a t i o n  mode is  one i n  which 
t h e  s k i n  p l a t e s  and i n t e r n a l  p l a t e s  a r e  coupled. 

By i n t e r p o l a t i o n  from t h e  t a b l e  t h e  1 / 3  oc tave  band p r e s s u r e  l e v e l  a t  92 Hz is  135 dB. 

From Reference 2.6.6, Lps( f )  = 135 - 13.4 = 122 dB. 

Now 
a  600 - m -  
d  250 

= 2.4 

and 

Using t h e s e  r a t i o s  t h e  v a l u e s  of  
Kn 

l i s t e d  i n  the  t a b l e  a r e  found from Figure  2.1. 

For a11 l o c a t i o n s  on t h e  r i b  d  2  50 - E l -  

t 
= 250. 

1.0 

d  2  50 For the  s p a r  c e n t r e  and edge a t r e r s a r  - = - 
t 

= 250, 
1.0 

and f o r  t h e  s p a r  f l a n g e  
d  2  50 - i -  

t 
= 125. 

2  .o 

From Figure  2.2, e n t e r i n g  t h e  nomograph a t  122 dB t h e  v a l u e s  of  
'ma  

f o r  t h e  r e f e r e n c e  damping 
r a t i o  a r e  found. 

From Figure  2.4 f o r  b = 0.019 5 = 0.95. 

Hence the  r e q u i r e d  v a l u e s  o f  
Sma 

a r e  a s  l i s t e d  i n  t h e  t a b l e .  

Spar 

edge 

f l a n g e  

c e n t r e  i n  
y - d i r e c t i o n  

c e n t r e  i n  
z - d i r e c t i o n  

0.214 

0.214 

0.186 

0.140 

250 

125 

250 

250 

7.3 

1.8 

6.4 

4.8 

7.0 

1.7 

6.0 

4.6 



FIGURE 2.1 BENDING STRESS PARAMETER FOR RIB AND SPAR STRESSES 
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FIGURE 2.2 STRESS NOMOGRAPH 



FIGURE 2.3 STRESS NOMOGRAPH 



FIGURE 2.4 DAMPING RATIO CORRECTION FACTOR 
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FIGURE 2.5 COMPARISON OF ESTIMATED AND MEASURED STRESS USING CALCULATED 
FREQUENCY AND 8=0.017 FOR STRESS ESTIMATION 
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FIGURE 2 6 COMPARISON OF ESTIMATED AND MEASURED STRESS USING MEASURED 

FREQUENCY AND DAMPING RATIO FOR STRESS ESTIMATION 



Section 3 

ESTIMATION OF SOUND PRESSURE LEVELS DUE TO BUZZ-SAW NOISE WITHIN THE INTAKE 
DUCT OF A SUPERSONIC FAN OR COMPRESSOR 

3.1 Introduction 

Buzz-saw tones (also known as combination tones) are generated in a fan or compressor when the rotor 
blade Mach number relative to the incident airstream exceeds unity. In a practical rotor the resulting 
shock waves propagate from the rotor face with differing intensities, spacing and angles because of 
geometric and aeroelastic differences between individual blades. (See Figure 1) These variations can 
give rise to tones at low frequencies that are integral multiples of shaft frequency, as well as at blade 
passing frequency, which can be sufficiently intense to cause acoustic fatigue damage within the intake 
duct . 
3.2 Notation 

B number of fan or compressor blades 

E shaft rotational frequency 

f frequency of buzz-saw tone 

K shaft order number, f/E 

Kco 
shaft order number at cut-off 

4< average sound pressure level of tone of shaft order K in intake 
duct at distance x from compressor face, L + 41 + LB + 

$6 
dB 

LB component of $ dependant upon the number of blades and surviving shocks 
dB 

component of $ dependant on shaft order number and standard 
deviations of s ock spacing and amplitude 

41 component of LK dependant upon Mach Number of incident flow 
on the blades 

Lx component of L dependant upon x/R 
K 

dB 

MA 
intake axial flow Mach number 

% tangential Mach number at blade tip 

N number of shock waves per shaft revolution surviving at duct 
plane under consideration 

po static pressure in intake duct 

pref reference pressure for decibel scale, taken as 

2 
20+N/m (0.42~10-~ lbf/ft2) 

R tip radius of fan or compressor 

x axial distance upstream of compressor face 

Y ratio of specific heats for air (taken as 1.4) 

bA 
standard deviation of normalised shockwave amplitude 

bE 
standard deviation of normalised shockwave spacing. 

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

3.3.1 Sumnary of Method 

The sound pressure level at the duct wall at distance x from the compressor face for any 
buzz-saw tone is estimated from the sum $ = L X + $ + L B +  %- 
The components Lx, 41 and LB are plotted in Figures 3,2, 3.3 and 3.4 agalnst the appropriate 

engine parameters. These components are constant at a given station in the duct for a given fan and 
running conditions. The component is plotted in Figures 3.5 and 3.6. This component defines 

the shape of the envelope of the peaks of the buzz-saw tone spectrum and must be evaluated for each 
tone required. Figure 3.5 relates to tones at integer multiples, K, of shaft frequency and Figure 
3.6 to tones at integer multiples of blade passage frequency. 



Tones below a critical cut-off frequency do not propagate efficiently along the duct. Figure 3.7 
gives the value of the shaft-order Kco at this cut-off. Except very close to the compressor face, 

the sound pressure levels at frequencies less than 
Kco 

may be expected to be much lower than 

calculated. 

It is assumed that values of B, K, MA, 5, po, R and x are known or have been chosen, The 

remaining parameters required to estimate 4( are the standard deviations of shock-wave amplitude 

and spacing, aA and aE, and the number of surviving shockwaves N. The values of these 

parameters for a given fan are not always available. Guidance on their estimation is given in 
Section 3.3,3. 

3,3,2 Assumptions and limitations 

No allowance is made for the effect of any acoustic lining of the duct, It is assumed that 
the inlet flow is axial and uniform across the intake duct, which has parallel walls and no intake 
guide vanes. The data apply at values of x greater than about one blade spacing. Closer to the 
rotor face the sound energy is concentrated at blade-paaaage frequency and tends to a value 
dependant on the initial shock strength at the rotor face, 

The estimation method shows good agreement with experimental results measured within the duct within 
a few blade spacings of the compressor face. For fans with short ducts (duct length less than fan 
diameter) measurements in the far-field, outside the duct, are also consistent with estimations. 
There are indications that for certain fans with intake ducts longer than the fan diameter the 
attenuation in the duct may be greater than predicted by this method. 

In Figure 3.6, a value of aA = 0,l has been assumed. Departures from this value have a negligible 

effect on the value of ha for integral values of K/N. It is assumed that the distributions of 

shock spacing and amplitude are statistically normal. 

Because the noise at shaft-order frequencies is caused by small differences between individual rotor 
blades, each rotor has its own unique apectrum of buzz-saw levels. The method can therefore give 
only typical levels and should not be expected to produce precise agreement with any one set of 
measured results. 

3,3.3 Statistical parameters of shock-waves 

As buzz-saw tones are dependant on geometric and aeroelartic differences between individual 
blades, this data sheet is based on a statistical, theoretical treatment incorporating the 
statistical characteristics aA, aE and N of the shock-waves of a particular fan. 

It is reconnnended that, if possible, values of these parameters should be inferred from test data. 
The following guidance can be given. The exact value of 

aA 
has relatively little effect on the 

sound pressure level of the buzz-saw tones except at low shaft orders, or when 
aE 

is small. 

(See Figure 3.5). The value of aA increases from a very small value close to the rotor face 

typically up to value of 0.15 to 0.2 at large values of x. In the absence of test data it is 
reconnnended that aA should be aasrrmed equal to 0.1, unless tones at low multiples of shaft 

frequency are likely to be particularly critical as a source of acoustic fatigue damage, when it is 
safer to allow for a value of aA up to 0.2. 

The value of aE increases from a s m l l  value close to the rotor face up to a value typically 

between 0.2 and 0.3 at the duct exit, 

For purposes of estimating N it is recornended that the following values are taken (Derivation 
3.3):- 

B 
rtraight or slightly concave entrance region blades N = - 

2 '  

convex entrance regions blade. N = B. (See sketch (i) ). 



304 Derivation 

The Figures are based on the following expressions, 

Figure 2. 

Figure 3. 

Figure 4. 

Figure 5. 

2 L Kc = 10 log ? l l 2  + 2 (1 - ros 7 )  - 2 ?sinrl] (1 + 6oE2) [I + oA - exp(-0: 12]. 

7 
where 9 = 2n K/N. 

Figure h .  

3.4.1 Morfey, C.L. 
Fisher, M.J. 

y 2  + 2 (1 - C O S ~ )  - 2lsinl](l + 1 + o A 2 +  (8-1)exp lio 

i -  0; 72)] where 7 = 271 KIN. 

3.4.2 Philpot. PI,G, 

3.4.3 Burdsall, E,A. 
Ilrban, R , H ,  

3.4,4 Pickett, G , F ,  

Shock wave radiation from a supersonic ducted rotor. 
Aeronaut. J. Vo1.74, No.715, July 1970. 

The buzz-saw noise generated by a high duty transonic 
compressor, 
Journal of Engineering for Power, January 1971, 

Fan-compressor noise: prediction, research, and 
reduction studies, 
FAA-RD-71-73. February 1971. 

The prediction of the spectral content of combination 
tone noise, 
AIAAISAE 7th Propulsion Joint Specialist Conference 
A I M  paper No. 71-730, June 1971. 

1 , 5  txample 

Determine the spectrum of buzz-saw tones up to 10 kHz for a fan with convex blades in the entrance 
r e z i o n  having the following dimensions and running conditions. 



% = 1.1 rJA = 0.1 

po = 1900 l b f / f t 2  a = 0.2 
E 

2  
From Pigure  3.2, f o r  x/R = 1.14 and po = 1900 l b f l f t  , 

Lx = 194.4 dB. 

From Pigure  3.3, f o r  MA = 0.45 and % = 1.1, 

L,, = 7.5 dB. 

From P i g u r e  3.4, f o r  BIN = 1  ( a p p r o p r i a t e  t o  convex b l a d e s  i n  t h e  e n t r a n c e  r e g i o n ,  accord ing  t o  
S e c t i o n  3.3.3) and B = 35 

LB = -46.3 dB. 

Then Lx + L,, + LB - 194.4 - 7.5 - 46.3 = 140.6 dB. 

R e f e r r i n g  t o  F i g u r e  3.5, a  range  o f  v a l u e s  of  K i s  chosen.  

To o b t a i n  buzz-saw f r e q u e n c i e s  up t o  f  = 10  kHz i t  i s  n e c e s s a r y  t o  t a k e  a  range o f  K up t o  about  
10 kHz - 10 kHz a laom - -  

E 56 Hz 

Prom Figure  3.5 t h e  fo l lowing  t a b l e  i s  c o n s t r o c t e d ,  u s i n g  v a l u e s  o f  aA = 0.1,  0 E = 0.2 and N = B = 35. 

The v a l u e  o f  4( i s  t h e n  o b t a i n e d  from 4( = Lx + L,, + LB + ha = 140.6 + ka. 

X ha 
1  0,0286 -18.5 122.1 

2  0.0571 -17.3 123.3 

3  0.0857 -15.8 124.8 

5  0.143 -13.1 127.5 

10 0.286 -8.7 131.9 

20 0.571 -6.1 134.5 

30 0.857 -8.0 132.6 

140 4.00 S i n c e  K I N  i s  an  i n t e g e r ,  s e e  P igure  3.6. 

180 5.14 -23.4 117.2 

From Figure  3.6, t h e  fo l lowing  v a l u e s  a r e  o b t a i n e d .  

Prom Figure  3.7, f o r  MA = 0.45 and P+ = 1.1, 

Kco = 6,8. 



The f o l l o w i n g  enve lope  o f  buzz-saw t o n e s  i s  drawn from t h e  above t a b l e s ,  i g n o r i n g  t h e  t o n e s  f o r  K 
l e s s  than  K . 

C 0 



Shock wove pattern from a reol fan 
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IOE 2OE 3OE 

Frequency 

X = Distance upstreom from rotor 
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E = Rotor shaft speed 

l m e  for one revolution 

FIGURE 3.1 'BUZZ - SAW' CHARACTERISTICS 
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