
AI AA-84-2369 
Noise Control Characteristics of 
Synchrophasing - An Analytical 
Investigation 
C. R. Fuller, Virginia Polytechnic 
Institute and State Univ., 
Blacksburg, VA 

AIAA/NASA 9th Aeroacoustics Conference 
October 15-1 7, 1984/WiIIiamsburg, Virginia 

-r 
For permission to copy or republish, contact the American Institute of Aeronautics and Astronautics 

1633 Broadway, New York, NY 10019 



NOISE CONTROL CHARACTERISTICS OF SYNCHROPHASING - AN ANALYTICAL INVESTIGATION 
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Blacksburg, V i r g i n i a  24061 

Abstract  
v 

I n  t h i s  paper the  noise cont ro l  character is-  
t i c s  of synchrophasing are  inves t iga ted  using a 
s i m p l i f i e d  model of an a i r c r a f t  fuselage. The 
analys is  presented here inc ludes d i r e c t i v i t y  
effects o f  the noise sources and solves i n  closed 
form t h e  coupled motion between the  i n t e r i o r  and 
e x t e r i o r  acoustic f i e l d s  and the  s h e l l  v i b r a t i o n a l  
response. The v a r i a t i o n  i n  sound pressure l e v e l  a t  
various loca t ions  i n s i d e  the  s h e l l  i s  s tud ied f o r  
var ious synchrophase angles as we l l  as the  s h e l l  
v i b r a t i o n a l  response and input  power f low i n  order 
t o  uncover t h e  p r i n c i p a l  mechanisms behind the  
transmission phenomena. 

Nomenclature 

a s h e l l  mean rad ius 
f l u i d  f r e e  speed of propagation 
s h e l l  f r e e  speed of propagation 

C f  
CI 
E- Young's modulus 
FL f l u i d  loading te rm 
h s h e l l  w a l l  th ickness 

W 

W 

I i n t e n s i t y  
133 (3,3) element of inverse matr ix  

k; 
kns 
KP 
a 
L 

n 
Pex 

rP 
R a  
s 
t 

r a d i a l  wavenumber 
a x i a l  wavenumber 
pressure in tegrand 
source index number 
mat r ix  te rm 
c i rcumferent ia l  mode number 
acoustic pressure of external f i e l d  
acoust ic  pressure of i n t e r i o r  f i e l d  
spect ra l  pressure due t o  monopole source 
pressure amp1 i t u d e  o f  monopole source 
nondimensional acoustic pressure 
acoustic power 
nondimensional acoustic power 
c y l i n d r i c a l  coordinate 
r a d i a l  l o c a t i o n  of monopole source 
r a d i a l  l o c a t i o n  of d i p o l e  source 
component 
mat r ix  source term 
t ime 
s h e l l  displacement vectors 
s h e l l  spect ra l  displacement amplitudes 
nondimensional s h e l l  r a d i a l  displacement 
amp1 i tude 
s h e l l  thickness parameter 
= 2 i f n = O ,  = l i f n > O  
= l i f n = O ,  = 2 i f n > 0  
phase lead of d ipo le  source component 
synchrophase angle 
angular l o c a t i o n  of d ipo le  source 
comnonent 
den;;t; o f  f l u i d  f i e l d  
densi ty  of s h e l l  mater ia l  
f l u i d  loss  f a c t o r  
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s h e l l  loss  f a c t o r  
nondimensional source frequency TIS n 

0 source frequency (rad/sec) 
" Poisson's r a t i o  
(*)  complex conjugate 

In t roduc t ion  

I n  the  l a s t  few years considerable i n t e r e s t  
has ar isen  over t h e  use o f  advanced tu rbo-prope l le r  
(ATP) engines i n  powering passenger a i r c r a f t .  Th is  
i n t e r e s t  i s  mainly due t o  the  p o s s i b i l i t y  of up t o  
25 percent saving i n  fue l  consumption over e x i s t i n g  
turbo- fan engines. However, associated w i t h  the  
use o f  ATP engines are h igh acoustic l e v e l s  a t  t h e  
p r o p e l l e r  loca t ions  due t o  supersonic t i p  speeds. 
There i s  concern t h a t  due t o  these h igh source 
inputs ,  t h e  i n t e r i o r  noise l e v e l s  of ATP powered 
a i r c r a f t  w i l l  be i n  excess of acceptable l i m i t s ,  
p a r t i c u l a r l y  f o r  commercial appl icat ions.  A com- 
pounding problem i s  t h a t  t h e  fundamental harmonic 
o f  the  p r o p e l l e r  no ise i s  t y p i c a l l y  between 100 Hz 
t o  250 Hz and the  lons  wavelenaths a t  these 
frequencies tend t o  render absorpt ive techniques 
ine f fec t i ve .  

One method of noise cont ro l ,  synchrophasing, 
shows a great deal o f  promise i n  t h a t  sound l e v e l s  
i n  a t e s t  a i r c r a f t  were reduced bv UD t o  8 dB wi th-  
out the  penal ty  of an increase i ( take-o f f  weight 
t h a t  passive means of no ise c o n t r o l  incur .  Syn- 
chrophasing, as a means o f  noise cont ro l ,  invo lves 
s e t t i n g  t h e  r e l a t i v e  r o t a t i o n a l  phase of each pro- 
p e l l e r  u n t i l  the  i n t e r i o r  noise l e v e l s  are a t  a 
mininium. Although i t  has been shown experimen- 
ta l ly ' , '  t h a t  synchrophasing can be ef fect ive,  
there  e x i s t s  no a n a l y t i c a l  model o f  t h e  method and 
consequently very l i t t l e  phys ica l  understanding of 
t h e  suppression mechanism. For instance, one of 
the conclusions of Ref. 1 i s  t h a t  synchrophasing 
provides a s i g n i f i c a n t  reduct ion i n  energy f l u x  a t  
the  fuselage e x t e r i o r  r a t h e r  than a r e d i s t r i b u t i o n  
o f  energy i n  t h e  cabin of a Lockheed P-3C. This 
r e s u l t  i s  s u r p r i s i n g  us ing t h e  simple i n t e r f e r e n c e  
i n t e r p r e t a t i o n  of previous workers. 

The aim of t h i s  paper i s  t o  i n v e s t i g a t e  
a n a l y t i c a l l y  the  c h a r a c t e r i s t i c s  of synchrophasing. 
It i s  shown t h a t  by using a s i m p l i f i e d  model of an 
a i r c r a f t ,  the  p r i n c i p a l  mechanisms behind the  
synchrophasing concept can be uncovered. For t h e  
ana lys is  presented here, the  a i r c r a f t  fuselage i s  
approximated by an i n f i n i t e  c y l i n d r i c a l  s h e l l  w i t h  
t y p i c a l  mater ia l  and proper t ies.  This  model i s  
appropr ia te i n  the  l i g h t  of measurements which show 
t h a t  v i b r a t i o n  l e v e l s  on a t y p i c a l  a i r c r a f t  fuse- 
lage decay w i t h  distance away from t h e  p r o p e l l e r  
plane. The acoustic sources of each p r o p e l l e r  ( i n  
t h i s  case a twin-engine a i r c r a f t )  are modelled by 
d ipo les  located a t  the  source l o c a t i o n s  o f  t y p i c a l  
p rope l le r -d r iven  a i r c r a f t .  The advantage o f  us ing 
d i p o l e  sources i s  t h a t  t h e  d i r e c t i o n a l i t y  and 
s t rength of each source can be adjusted t o  approxi- 
mate actual pressure d i s t r i b u t i o n s  a t  the  fuselage. 



I n  o ther  words, t h i s  arrangement e f f e c t i v e l y  
overcomes the need f o r  complicated prope l le r  
r a d i a t i o n  theory i n  the  analys is .  

e x t e r i o r  f i e l d  o f  t h e  s h e l l  can then be obtained by 
w r i t i n g  the  s h e l l  response i n  spect ra l  form w i t h  
f o r c i n g  funct ions due t o  the  d i p o l e  sources. These 
parameters are examined f o r  various phase d i f f e r -  
ences between the  d ipo le  sources corresponding t o  
the  synchrophasing concept. As 'well as t h i s ,  the  
r a d i a l  i n t e n s i t y  and the  l i n e  power flow i n t o  the  
s h e l l  i s  evaluated a t  the  s h e l l  wa l l .  

The acoust ic  response of the  i n t e r i o r  and 

Analysis 

The c y l i n d r i c a l  coordinate system and the 
geometry employed i n  the  analys is  i s  shown i n  
Fig. 1. Also shown are the  f i r s t  three circum- 
f e r e n t i a l  mode shapes of the s h e l l  response. 

X 

n = O  n = l  n = 2  

Fig. 1. Geometry, coordinate system and 
modal shapes. 

The method o f  analys is  w i l l  be t o  f i r s t  der ive  the  
response of the  system f o r  one monopole source. 
The response of the  complete system w i l l  then be 
obtained, based on l i n e a r  superposit ion, by 
a d d i t i o n  of t h e  response o f  each monopole source 
w i t h  the  appropr ia te phases, amplitudes, and 
1 ocations. 

The Monopole Source 

TO ob ta in  the  v i b r a t i o n a l  resoonre o f  the  
system shown i n  Fig. 1 t o  a monopoie Source located 
a t  r = r , e = 0, and x = 0 i t  i s  convenient t o  
express t l e  s h e l l  displacements as Four ier  t rans-  
forms,' viz., 

and s i m i l a r l y  the  associated i n t e r i o r  acoust ic  
f i e l d  i s ,  

Y exp( ikns - iwt )dkns (2 ) 

The pressure f i e l d  a t  t h e  s h e l l  w a l l ,  
associated w i t h  an e x t e r i o r  monopole source has 
been prev ious ly  der ived by James4 and, w r i t t e n  i n  
spect ra l  form, i s  

r = a ,  

where t h e  monopole a v l i t u d e  po has t h e  u n i t s  $f v 
force per u n i t  length. The r a d i a l  wavenumber kS 
w i l l  be def ined shor t l y .  

S u b s t i t u t i o n  o f  equations ( I ) ,  (2). and (3)  
i n t o  the equations o f  motion of the  f l u i d  loaded 
s h e l l  prev ious ly  der ived i n  Ref. 3 gives the  
spect ra l  equations o f  motion of the forced d i s -  
placement response of t h e  system t o  t h e  monopole 
source, 

where the  elements o f  the  mat r ix  system are, 

2 



and t h e  source term i s  g iven by, 

I n  equations (5) and (6), n i s  nondimen- 
s ional  frequency n = oa/CL and 6 i s  t h e  
thickness parameter given by 6' = h2/12a2. 

The f l u i d  loading term due t o  the normal mode 
response of the  contained f l u i d  and the  correspond- 
i n g  normal mode r a d i a t i o n  pressure load i s ,  

S i m i l a r l y  t h e  inverse t ransform o f  equa- 
t i o n  ( 2 )  provides the  i n t e r i o r  acoust ic  pressure, 

2 2 
pi(r/a,x/a,e) = p0(n /"pshaw )Pfwa 

Likewise the  inverse transform of equation (3 )  
provides the  e x t e r i o r  acoust ic  pressure 

D1 

pex(r/a,x/a,e) = -po( l /na)  1 cos(ne) The nondimensional r a d i a l  wavenumber can be 
obtained from the  wavenumber vector re la t ionsh ip ,  

n=O 

x exp[i(knSa)(x/a)]d(knsa) 

+ (pf/PS)n2(h/a)" 1 E,, cos(ne) 

Applying matr ix  theory t o  solve the  system of 
equations (4)  enables the  spect ra l  rad ia l  d isp lace-  
ment amplitude t o  be w r i t t e n  as, m 

n=O 

App l ica t ion  o f  the  inverse transform of equa- To inves t iga te  the  c h a r a c t e r i s t i c s  of synchro- 
t i o n  ( I C )  gives the  r a d i a l  displacement as, phasing, the  acoustic source a t  each p r o p e l l e r  i s  

modelled by a d ipo le.  
corresponds t o  the  phase d i f ference between the  

The synchrophase angle then 

3 



d ipo le  sources. 
two monopole sources located a small d is tance 
apart,  
Fig. 1. 

The response o f  the  system, based on l i n e a r -  
i t y ,  can then be considered as a superposit ion of 
t h e  resoonse o f  t h e  svstem t o  each monooole source. 

The d ipo les  are constructed from 

The conplete arrangement i s  shown i n  

Thus the  t o t a l  i n t e r i ' b r  acoustic pressuke f o r  the  
system shown i n  Fig. 1 i s ,  

OD m 

where the  pressure in tegrand i s ,  

Kp(x/a,rp,r) = [Hn(kSrp)/H;(k:a)kga] r 

x [Jn(k:r)/J;(kLa)k:a]133 

x e x p [ i  (knsa) (x /a ) ]  (15) 

I n  equation (14) the  monopole sources numbered 
1, 2, 3, and 4 are located a t  (Rl,al), ( R 2 , a 2 ) .  
(R3,e3), and (R4,a4), respect ive ly ,  as shown i n  
Fig. 1. The sources a lso v i b r a t e  w i t h  an amplitude 
r a t i o  ( respect ive t o  source 1) o f  po2/po1, 
pO3/po1, and po4/po1 and phase angle leads of 
+1, 42, $3, and m4, respect ive ly ,  where the  
subscr ip ts  re fe r  t o  source number. As the  theory 
developed prev ious ly  i s  f o r  a monopole source 
located a t  8 = 0, i n  order t o  ob ta in  equa- 
t i o n  (14), i t  i s  necessary t o  apply an angular 
coordinate transformation t o  each i n d i v i d u a l  
source response funct ion.  

Thus the  synchrophase angle 4, i s  the  phase 
d i f fe rence between the d ipo les and i s  spec i f ied  by, 

S imi la r  re la t ionsh ips  can be derived fo r  the  
t o t a l  e x t e r i o r  acoust ic  f i e l d  and s h e l l  v i b r a t i o n a l  
resoonse. 

v 
Results 

I n  order t o  evaluate t h e  s h e l l  response, t h e  
i n t e r i o r  and e x t e r i o r  acoust ic  f i e l d s ,  and r e l a t e d  
var iab les  i t  i s  necessary t o  evaluate i n t e g r a l s  
s i m i l a r  t o  those i n  equation (14). The integrands 
i n  t h i s  equation are transcendental funct ions w i t h  
poles and branch po in ts  e i t h e r  on o r  very c lose t o  
t h e  rea l  ax is  o f  the  complex knsa plane. The 
most convenient method o f  s o l u t i o n  i s  t o  numeri- 
c a l l y  evaluate t h e  inverse t ransform i n t e g r a l s  
along the  rea l  ax is .  To avoid the  s i n g u l a r i t i e s  
located on t h e  i n t e a r a l  oath. damoina i s  introduced 
both i n t o  the  shel l -matehal 'and t h e - f l u i d  f i e l d .  
Th is  has the  e f f e c t  o f  s h i f t i n g  t h e  poles and 
branch po in ts  of the rea l  axis. S t ruc tura l  dampinq . .  
i s  introduced by rep lac ing t h e  Young's modulus 
by E ( l  - ins )  where ns i s  the loss f a c t o r  o f  
the  s h e l l  mater ia l .  F l u i d  damping i s  introduced by 
changing the  f r e e  speed of propagation C f  of t h e  
f l u i d  t o  C f ( l  - i n f )  where q f  i s  the  f l u i d  loss  
fac to r .  Small values o f  loss  f a c t o r  were chosen 
( t y p i c a l l y  qs = 0.02 and q f  = 0.001) and found 
t o  have an i n s i g n i f i c a n t  e f fect  on the  f i n a l  
r e s u l t ,  t h e i r  presence e s s e n t i a l l y  condi t ions the  
integrands f o r  numerical evaluat ion.  The i n t e g r a l  
was evaluated by using Simpson's r u l e  on a CYBER 
computer located a t  NASA Langley Research Center. 
The mesh s ize  was chosen t o  be f i n e  ( t y p i c a l l y  
Aknsa = 0.001) i n  order t o  accurate ly  evaluate t h e  
in tegrand func t ion  near the  s i n g u l a r i t i e s .  
i n t e g r a l  was a lso  truncated a t  a f i n i t e  value of 
+knsa determined so as t o  inc lude a l l  t h e  poles 
and branch po in ts  and such t h a t  the  in tegrand con- 
t r i b u t i o n  a f t e r  the  t runcat ion  po in t  i s  small. 
This method o f  evaluat ion of the  s h e l l  response 
i n t e g r a l  i s  s i m i l a r  t o  t h a t  used by Y. N. Liu.' 

The fo l low ing  r e s u l t s  were ca lcu la ted  f o r  
a representat ive a i r c r a f t  s i t u a t i o n  s i m i l a r  t o  
t h a t  inves t iga ted  by Mixson e t  a1.6 The s h e l l  
mater ia l  was taken t o  be aluminum w i t h  a non- 
dimensional wa l l  thickness o f  h/a = 0.001. 
The propagation medium was assumed t o  be a i r .  
Mater ia l  p roper t ies  are given i n  Table 1. 

E 

The 

Table 1 Mater ia l  Proper t ies 

Free 
Young's wave 
moduJus, Poisson's Densi 

Mater ia l  N/m r a t i o  kg/m 

Aluminum 7.1 x 10" 0.33 2700 5150 

A i r  --_ --_ 1.2 343 

U 

L 



The sources a t  each p r o p e l l e r  l o c a t i o n  were set  as 
pure dipoles, thus 
loca ted  such t h a t  e1 = e2 = 0 and e 3  = e4 = li 

a t  a nondimensional r a d i a l  d is tance of 
Rl/a = R3/a = 3.0 and R2/a = R4/a = 3.1. The 
nondimensional freauencies inves t iaa ted  were chosen 

$2 - 41 = m 3  - $ 4  = II and were 

- t o  be R = 0.2 and '0.14 which, fo; example, 
corresponds t o  frequencies of 219 Hz and 153 Hz i n  
a fuselage of diameter 150 cm. It i s  i n  t h i s  range 

W 

o f  frequencies t h a t  the  f i r s t  o rope l le r  harmonic 
usua l ly  occurs. 

Sound Pressure Level Reduction 

Fig. 2 shows the  nondimensional e x t e r i o r  
acoust ic  pressure, 

ca lcu la ted  along an a x i a l  l i n e  on t h e  e x t e r i o r  
surface o f  the s h e l l  such t h a t  e = 0. The r e s u l t s  
o f  Fig. 2 are ca lcu la ted  f o r  n = 0.2 and two 

120 r 

0 1 2 3 4 5 
Nondimensional ax ia l  distance, x l a  

Fig. 2. Ax ia l  external  pressure d i s t r i b u t i o n ,  
r / a  = 1, e = 0, and n = 0.2. 

d i f f e r e n t  synchrophase angles. The general shape 
o f  the  a x i a l  pressure d i s t r i b u t i o n  i s  very s i m i l a r  
t o  t h a t  measur d on a t y p i c a l  a i r c r a f t  fuselage by 
Mixson e t  al.,' w i t h  high l e v e l s  i n  the  p r o p e l l e r  
plane where x/a = 0. This r e s u l t  suggests t h a t  
t h e  source d i r e c t i v i t y  e f fects  introduced by using 
d ipo les provides a reasonable model of actual pro- 
p e l l e r  sources. Changing the  synchrophase angle 
has l i t t l e  e f f e c t  on the  a x i a l  pressure d i s t r i b u -  
t i o n  and t h i s  r e s u l t  imp l ies  t h a t  the  surface pres- 
sure f i e l d  on each s ide of the  s h e l l  i s  l a r g e l y  
unaffected by the  source on the  opposite o f  the  
s h e l l .  The e f f e c t  i s  most l i k e l y  due t o  the  acous- 
t i c  shadowing of the  s h e l l  surface and the  d i rec-  
t i o n a l  nature of the source. 

The corresponding i n t e r n a l  pressure d i s t r i b u -  
t i o n  ca lcu la ted  a t  r = a, e = 0 i s  p l o t t e d  i n  
Fig. 3. Un l i ke  the  external  pressure d i s t r i b u t i o n ,  
the i n t e r n a l  pressure f i e l d  i s  very sens i t i ve  t o  
the  synchrophase angle and F a l l s  markedly when 
$, = 180'. This behavior i l l u s t r a t e s  t h a t  the  
i n t e r i o r  sound F i e l d  i s  d i r e c t l y  coupled t o  the  

Nondimensional 
nd pressure, p 

30 r 

0 1 2 3 4 5 

Nondimensional ax ia l  distance, x l a  

Fig. 3. Ax ia l  i n t e r n a l  pressure d i s t r i b u t i o n ,  
r / a  = 1, e = 0, and n = 0.2. 

s h e l l  v i b r a t i o n a l  motion and i s  thus markedly 
a f fec ted  by synchrophase angle. 
loss  presented by the  s h e l l  w a l l  can be d i r e c t l y  
obtained From the r e s u l t s  of Figs. 2 and 3 and i s  
p l o t t e d  i n  Fig. 4. 
can be seen t o  cause a la rge  change i n  the calcu- 
l a t e d  i n s e r t i o n  loss.  I n  e f fec t ,  when 4, = 180' 
the  i n s e r t i o n  loss  of the  s h e l l  wa l l  i s  o v e r e s t i -  
mated due t o  t h e  i n c l u s i o n  o f  synchrophasing 
effects. Thus care must be taken when measuring 
i n s e r t i o n  losses on actual a i r c r a f t  t o  a t  l e a s t  
synchrophase the  prope l le rs .  

The i n s e r t i o n  

Changing t h e  synchrophase angle 

0 = 180 
Insertion loss, 

dB 

L I I I I I 
0 1 2 3 s  4 5 

Non-dimensional axial distance, x l a  

Fig. 4 Ax ia l  s h e l l  i n s e r t i o n  loss ,  
e = 0 and n = 0.2. 

Figs. 5, 6, and 7 show the  pred ic ted  amount o f  
reduct ion i n  sound pressure l e v e l s  a t  var ious 
i n t e r i o r  loca t ions  For d i f f e r i n g  synchrophase 
angles between the  d i p o l e  sources. The r e s u l t s  
were der ived us ing equation (14) and are presented 
so as t o  be normalized t o  the  maximum sound pres- 
sure l e v e l  obtained i n  each Figure. As the  sound 
pressure l e v e l s  f o r  r / a  = 0 are Far less  than 
For r l a  = 1.0 and 0.5, the  values on the  center- 
l i n e  are p l o t t e d  w i t h  a +30 dB o f f s e t  i n  order t o  
keep the  Figures compact. 

The r e s u l t s  o f  Fig. 5 are f o r  x/a = 0, 
e = 0, n = 0.2, and three d i f f e r e n t  r a d i a l  p o i n t s  
and thus represent sound pressure l e v e l s  i n  the 
"p rope l le r  plane" o f  the i n t e r i o r .  It can be seen 
t h a t  the sound l e v e l s  a t  each p o i n t  can be s i g n i f i -  
cant ly  reduced if the cor rec t  synchrophase angle i s  

W 
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F i g .  6. Sound l e v e l  reduction, x la  = 10, 
Fig. 5. Sound l e v e l  reduction, x la  = 0, e = 0, and n = 0.2. 

e = 0, and n = 0.2. 

chosen consis tent  w i t h  previous r e s u l t s  obtained i n  
practice. '  It i s  a lso apparent t h a t  as the  obser- 
va t ion  p o i n t  moves toward t h e  s h e l l  wal l ,  t h a t  the 
optimum synchrophase angle and the  degree of a t ten-  
ua t ion  changes. This behavior can be understood by 
consider ing the r a d i a l  response o f  the  s h e l l  wa l l .  
Each d i p o l e  source exc i tes  a ser ies  o f  circumfer- 
e n t i a l  modes i n  the s h e l l  which i n  turn,  couple, 
v i a  t h e  momentum boundary condit ion, t o  t h e  
i n t e r i o r  acoustic f i e l d .  The acoustic pressure a t  
p o i n t s  i n s i d e  t h e  s h e l l  thus consis ts  o f  a vary ing 
( w i t h  c y l i n d r i c a l  coordinate) superposi t ion o f  
c i rcumferent ia l  modes due t o  the  s p a t i a l  v a r i a t i o n  
i n  amolitude o f  each mode. I f  one considers the  

be due t o  the  acoust ic  modes having an a x i a l  v a r i -  
a t i o n  i n  phase (due t o  d i f f e r i n g  phase v e l o c i t i e s )  
as we l l  as a s p a t i a l  v a r i a t i o n  i n  amplitude. This  
increases the number of parameters t o  be optimized 
f o r  sound reduct ion and consequently reduces the  
degree t o  which the  sound l e v e l s  can be minimized. 

When t h e  source frequency i s  changed t o  
n = 0.14 
presented i n  Fig. 7 are markedly d i f f e r e n t ,  except 

the  synchrophase a t tenuat ion  curves 

r l a =  1 

rla = 0 !+3CdB) r la = 0.5 
-30 

d i p o l e  sources i n  phase ( i  .e., zero synchrophase 
angle) then a l l  odd c i rcumferent ia l  modes w i l l  be 
suppressed, wh i le  i f  the  d ipo le  sources are 180' 
O I ~ L  of phase then a l l  even modes are suppressed. 
For the  r e s u l t s  of Fig. 5, t h e  dominant acoustic 
mode exc i ted  by one d i p o l e  source i s  the  n = 2 
mode w i t h  a s i g n i f i c a n t  c o n t r i b u t i o n  from e i t h e r  
the  n = 1 o r  n = 3 mode depending upon r a d i a l  
loca t ion .  Hence, the  optimum synchrophase angle 
w i l l  be c lose t o  180" but w i l l  varv w i t h  l o c a t i o n  

Sound level 
reduction. dB 

depending upon the  modal compositibn o f  the  
acoust ic  f i e l d  a t  t h a t  po in t .  A t  r l a  = 0 only 
t h e  m = 0 mode i s  present; thus t h e  optimum 
synchrophase angle i s  exac t ly  180' and the degree 
o f  obta inable at tenuat ion i n  decibels is, theo- 
r e t i c a l l y  i n f i n i t e  a t  t h i s  loca t ion .  A t  other 
r a d i a l  loca t ions  the  degree o f  a t tenuat ion obtained 
i s  f i n i t e  f o r  s i m i l a r  reasons as j u s t  discussed. 

Fig. 6 presents synchrophase at tenuat ion 
curves f o r  x la  = 10, e = 0, and n = 0.2 and are 
thus a t  loca t ions  we l l  out  of the  p r o p e l l e r  plane 
and the  associated n e a r - f i e l d  o f  the  sources. 
Again a t  r l a  = 0 the  optimum synchrophase angle 
i s  180". For d i f f e r i n g  r a d i a l  loca t ions  t h e  
optimum synchrophase angle var ies markedly, more so  
than a t  x l a  = 0. S imi la r lv .  the  dewee of a t ten-  
u a t i o n  a v a i l a b l e  i n  the  f a r - i i e l d  a t - d i f f e r i n g  
r a d i a l  loca t ions  can be seen t o  be fa r  less than 
t h a t  obtained i n  the  prope l le r  plane, presented i n  
Fig. 5.  Simi la r  behavior was observed i n  synchro- 
phasing experiments performed i n  a Lockheed P3-C 
discussed i n  Ref. 1. The behavior was thought t o  

-40 
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Fig. 7. Sound leve l  reduction, x la  = 0, 
e = 0, and n = 0.14. 

f o r  r l a  = 0. The optimum synchrophase angle i n  
t h i s  case i s  c lose t o  Oo, however i t s  actual value 
again var ies w i t h  r a d i a l  loca t ion .  A t  a frequency 
o f  n = 0.14, t h e  n = 1 ci rcumferent ia l  mode 
dominates the  i n t e r i o r  acoustic f i e l d  and thus 
t h e  optimum synchrophase angle i s  c lose t o  0'. 
Hence, optimum synchrophase angle a lso var ies w i t h  
frequency due t o  the  changing modal response ( o r  
inpu t  mode impedance) of the  system w i t h  frequency. 

The r e s u l t s  of Figs. 5 ,  6, and 7 also show the  
r e l a t i v e  r a d i a l  v a r i a t i o n  i n  sound l e v e l  i n  each 
case f o r  a constant synchrophase angle. It i s  
apparent t h a t  the  highest l e v e l s  obtained i n  a l l  
s i t u a t i o n s  occur very c lose t o  the  s h e l l  wal l .  

L/ 
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Hence t h i s  l o c a t i o n  would b e n e f i t  the  most from the  
app l ica t ion  of synchrophasing. The leve ls  calcu- 
l a t e d  a t  t h e  c e n t e r l i n e  are f a r  lower than any of 
the other regions when 
dominant e x c i t a t i o n  o f  t h e  n = 2 mode which has a 
n u l l  a t  r / a  = 0. S i m i l a r l y  the  resu l ts  o f  Fig. 3 
show t h a t  t h e  i n t e r n a l  acoust ic  pressure a t  r = a 

'w f a l l s  q u i c k l y  wi th x/a. Thus app l ica t ion  of syn- 
chrophasing nust  a lso  take i n t o  account the  
r e l a t i v e  ampli tude v a r i a t i o n  throughout the  
fuselage. 

.+, w 0, due t o  the pre-  

Radial I n t e n s i t y  and Power Flow a t  the  
She l l  W a l l  

The r a d i a l  i n t e n s i t y  was ca lcu la ted  using t h e  
t ime averaged i n t e n s i t y  equation, 

The r a d i a l  i n t e n s i t y  vectors ca lcu la ted  a t  t h e  
s h e l l  wa l l  are presented i n  F ig .  8 where x/a = 0, 
o = 0.2 and t h e  SvnchroDhase anale i s  0. i.e.. the  

I ~ .  - . . , .~~ , ~~~ ~ 
. . ~  

dipo le  sources are" in  phase. 
i n t e n s i t y  vector i s  normalized t o  the  maximum value 

The magnitude o f  t h e  

ca lcu lated.  The i n t e n s i t y  vectors demonstrate 
t h a t ,  i n  t h e  p r o p e l l e r  plane when 4, = 0, most 
of the  acoust ic  energy enters through the  s h e l l  i n  
l o c a l i z e d  "hot spots" c lose t o  each source. 
behavior i s  most l i k e l y  due t o  the  d i r e c t i o n a l  
nature of t h e  sources. What i s  s u r p r i s i n g  i s  t h a t  
there  are regions where acoust ic  energy -the 
s h e l l  near e = d 2  and 3 ~ 1 2 .  

This  

Fig. 8. Normalized r a d i a l  i n t e n s i t y  a t  
s h e l l  wa l l ,  x/a = 0, 6, = 0, 

. >  and n = 0.2. 

When t h e  synchrophase angle i s  changed t o  
+s = 180' the  associated i n t e n s i t y  vectors change 
dramat ica l l v  as shown i n  Fia. 9. Now i t  can be 
seen t h a t  t i e  acoustic ener& enters the  s h e l l  i n  
regions c lose t o  e = ~ 1 4 ,  3.14, % / 4 ,  and 7.14, 
and subsequently flows out o f  the  s h e l l  i n  regions 
c lose t o  each source. 
t h e  s h e l l  i s  s t i l l  pos i t i ve .  To understand t h e  
physics of Fig. 9 i s  i s  necessary t o  remember 
t h a t  t h e  i n t e n s i t y  i s  t ime averaged and thus i n  
rea l  t ime the  vectors o s c i l l a t e  i n  magnitude. 

The net power flow i n t o  

Fig. 9. Normalized r a d i a l  i n t e n s i t y  a t  s h e l l  
w a l l ,  x/a = 0, 4, = 180, and a = 0.2. 

Thus, a t  t h e  beginning o f  t h e  harmonic cyc le  t h e  
energy f lows from one d i p o l e  source, say a t  e = 0, 
through regions of the  s h e l l  c lose t o  e = d 4  
and 7 d 4  i n t o  t h e  i n t e r i o r .  Now as the  other  
source i s  180' out  o f  phase i t  acts as an acoust ic  
s ink and t h e  acoust ic  energy then f lows % o f  t h e  
s h e l l  c lose t o  e = II. AS the  harmonic cyc le  
progresses t h e  s i t u a t i o n  reverses and t h e  energy 
flows i n  the  opposite d i r e c t i o n .  I n  o ther  words, 
t h e  presence o f  the  d i p o l e  w i t h  a synchrophase 
angle of 180" causes the s h e l l  wa l l  impedance i n  
t h e  source n e a r - f i e l d  t o  f a l l  markedly and thus 
sound can e a s i l y  t ransmi t  through the  wa l l  i n  t h i s  
region. 

per u n i t  leng th  of s h e l l )  i n t o  t h e  i n t e r i o r  of t h e  
s h e l l  can be obtained by i n t e g r a t i n g  t h e  r a d i a l  
i n t e n s i t y  a t  t h e  s h e l l  wa l l  w i t h  respect t o  
Fig. 10 presents the  nondimensinal l i n e  acoust ic  
power such t h a t  

The l i n e  acoust ic  power f low (i.e., power f low 

ade. 

a t  d i f f e r e n t  loca t ions  along the  shel1,axis f o r  a 
synchrophase angle of ms = 0, and R = 0.2. 

loo r 
50 n 

I \  Non-dimensional 
line power 

-50 
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Fig. 10. Nondimensional l i n e  power f low a t  
s h e l l  w a l l ,  4s = 0, and R = 0.2. 



The most i n t e r e s t i n g  r e s u l t  of Fig. 10 i s  t ha t  i t  
demonstrates t h a t  most o f  the  acoust ic energy ( f o r  
one d i r e c t i o n  of propagation) enters the she l l  i n  a 
length equal t o  one she l l  diameter from the  pro- 
p e l l e r  plane. This l oca l i zed  f low o f  energy i s  due 
t o  the region of the she l l  surface being i n  the  
major lobe of the  source rad ia t i on  pa t te rn  where 
the  fo rc ing  pressures are very high. It i s  a lso  
s u r p r i s i n g  t o  see t h a t  there i s  a length o f  she l l  
immediately a f t e r  the  i n - f l o w  region where a s ig -  
n i f i c a n t  amount of energy flows out of the  she l l .  
No reason f o r  t h i s  behavior has been put forward so 
f a r  but i t  was thought t o  be most l i k e l y  due t o  
r a d i a t i o n  from t h a t  pa r t  of the she l l  v i b ra t i ona l  
nea r - f i e ld  t h a t  has long wavelengths. 

t h e  l i n e  power f low i s  w c h  less  but s t i l l  out o f  
the she l l .  
s h e l l  i n  a l o c a l i z e d  area centered on the  p rope l l e r  
plane and then propagates as duct modes t o  loca-  
t i o n s  away from the  p rope l l e r  plane. 
has a h igh impedance r e l a t i v e  t o  a i r  these duct 
modes propagate w i t h  only s l i g h t  at tenuat ion.  
However, a t  l a rge  values of x l a  the e x t e r i o r  
acoust ic f i e l d  due t o  d i r e c t  rad ia t i on  from the 
d ipo le  sources i s  small and thus the  i n t e r i o r  
acoust ic f i e l d  energy rad iates out t o  t h e  external  
f i e l d  v i a  s h e l l  coupled motion. 

l i n e  power a t  t h e  p rope l l e r  plane f o r  var ious 
synchrophasing angles f o r  two frequencies, 
and 0.14. The optimum synchrophase angle f o r  
minimum inpu t  power f low f o r  n = 0.2 
180" i n d i c a t i n g  most o f  the power i s  ca r r i ed  by 
s h e l l  v' ibration i n  even c i rcumferent ia l  modes. 
When the  source frequency i s  changed t o  n = 0.14 
t h e  optimum synchrophase angle i s  c lose t o  0' 
because of the  h igh  response of the  n = 3 mode. 
However, i n  t h i s  case the  net l i n e  power flow and 
the  ava i l ab le  reduct ion i n  l i n e  power i s  f a r  less  
than f o r  n = 0.2. 

A t  l a rge  distances from the  p rope l l e r  plane 

Thus the acoust ic energy enters the  

As the  she l l  

Fig.  11 shows the  ca lcu lated reduct ion i n  

n = 0.2 

i s  c lose t o  

system exc i ted  by two d ipo le  sources can be 
obtained i n  a closed-form so lu t i on .  The arrange- 
ment i s  representat ive of a propel ler -dr iven a i r -  
c ra f t .  
d i s t r i b u t i o n ,  s h e l l  r a d i a l  displacement amplitude, 
and energy f l ow  i n t o  the i n t e r i o r  have been 
evaluated f o r  d i f f e r i n g  phase angles (i.e., t h e  
synchrophase e f f e c t )  between the  d ipo le  sources. 
The r e s u l t s  obtained have been used t o  i nves t i ga te  
and expla in  the  mechanisms behind the  synchrophase 
e f f e c t .  
been obtained as fo l lows:  

The parameters of sound pressure l e v e l  

L/ 

A number of important conclusions have 

1. SvnchroDhasinu has been shown t o  theo- 
r e t i c a l l y  prov ide s i g n i f i c a n t  sound l e v e l  and s h e l l  
v i b r a t i o n  reduction. 

2. The optirmm synchrophase angle changes 
w i t h  i n t e r i o r  l oca t i on  and frequency and may be 
d i f f e ren t  f o r  suppression of the  i n t e r i o r  acoust ic 
f i e l d  than suppression of the  she l l  response o r  
acoust ic power f l o w  i n t o  the  she l l .  
the  optimum synchrophase angle w i l l  u l t i m a t e l y  
depend upon a choice of one of the  above c r i t e r i a  
o r  a compromise between a l l  of them. 

The maximum achievable amount of attenu- 
a t i on  o f  the i n t e r i o r  acoust ic f i e l d  changes w i t h  
l oca t i on  and frequency; however, i t  i s  greatest  i n  
the  "propel ler  plane." 

4. Conclusions 1 t o  3 are very s i m i l a r  t o  
resu l t s  ac tua l l y  measured i n  Lockheed P3-C1 and 
thus serve t o  va l i da te  the  model and i t s  associated 
approximations presented i n  t h i s  paper. 

5. Acoustic energy enters and leaves t h e  
she l l  i n  l o c a l i z e d  areas o r  "hot spots." The 
loca t i on  of t h e  hot spots changes dramat ica l ly  w i t h  
the synchrophase angle. This r e s u l t  tends t o  
suggest the  l o c a l i z e d  use o f  e i t h e r  acoust ic o r  
v ib ra t i ona l  a c t i v e  cont ro l  appl ied a t  the  s h e l l  
w a l l  t o  obta in  even greater sound o r  s t r u c t u r a l  
v i b r a t i o n  at tenuat ion.  An a l t e r n a t i v e  t o  a c t i v e  
cont ro l  may be t h e  l oca l i zed  use of passive con t ro l  
methods. However, care must be taken t o  apply t h i s  
only where energy enters the  she l l .  Appl icat ion i n  
other areas may reduce sound at tenuat ion.  

Thus choice o f  

3. 

6 .  The great ma jo r i t y  of the  acoust ic energy 
enters the  i n t e r i o r  of the  s h e l l  i n  a length  o f  one 
s h e l l  diameter ( f o r  one d i r e c t i o n  o f  propagation) 
and propagates t o  other  l oca t i ons  as i n t e r i o r  duct 
modes. 
noise cont ro l  should onlv be a m l i e d  i n  a fuselaae 

This impl ies t h a t  any form of addi t ional  
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Fig.  11. Line power reduct ion a t  s h e l l  wa l l ,  
x l a  = 0. 

Conclusions 

An analys is  has been presented by which the 
acoust ic and s t r u c t u r a l  response o f  a s h e l l - f l u i d  

diameter e i t h e r  s ide  o f  t h e  p rope l l e r  plane. 
substant ia l  amount of energy was found t o  f low out 
of the  she l l  i n  a region located greater than one 
diameter from the p rope l l e r  plane. 
possible t o  enhance t h i s  e f f e c t  f o r  i n t e r i o r  sound 
cont ro l  away from the  p rope l l e r  plane. 

A 

It may be 

7. The s h e l l  response i s  fundamental t o  t h e  
transmission mechanism due t o  i t s  c i rcumferent ia l  
standing wave response and associated coupl ing 
behavior w i t h  the  contained acoust ic f i e ld .  Thus, 
models fo r  noise transmission i n t o  a i r c r a f t  fuse- 
lages based on f l a t  o r  f i n i t e  curved p la tes  are 
inadequate f o r  low frequencies. S im i la r l y ,  models 
based on random o r  plane wave incidence o f  sound i n  
which there a re  no Source d i r e c t i v i t y  character- 
i s t i c s  (i.e., s i m i l a r  t o  a rch i tec tu ra l  acoust ics) 
are very l i k e l y  t o  lead t o  spurious resu l t s .  

W 
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