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AN ACOUSTIC EXPERIMENTAL AND THEORETICAL 
INVESTIGATION OF SINGLE DISC PROPELLERS 

Abstract  

E l i zabe th  A. ~umann* 
kenneth D. ~ o r k a n *  

Texas A861 U n i v e r s i t y  
Col lege S ta t ion .  Texas 77U3 

An experimental srudy o f  the  acous t i c  f i e l d  
associated w i t h  two, three, and f o u r  blade 

P 

p r o p e l l e r  c o n f i g u r a t i o n s  k i t h  a blade r o o t  angle 
o f  50' was performed i n  the Texas AW U n i v e r s i t y  

Pa 

5 ft. x  6 f t .  a c o u s t i c a l l y  insu la ted  subsonic 'r e i  

wind tunnel .  A Uaveform Analys is  Package 
IUAVEPAK) was u t i l i z e d  t o  o b t a i n  experimental , 

P ~ k  

. P ~  k  , kous t i cv  t ime  h i s t o r i e s ,  frequency spectra, and 
o v e r a l l  sound pressure l e v e l  (OASPL) and served 
as a bas is  f o r  comparison t o  the t h e o r e t i c a l  
acoust ic  compact source theory of Succi. V a l i d  
fpr subsonic t i p  speeds, the acoust ic  analys is  
rep laced each b lade by an a r ray  o f  s p i r a l i n g  
p o i n t  sources which e x h i b i t e d  a unique f o r c e  
vec to r  and volume. The computer ana lys is  o f  
Succi was modi f ied t o  inc lude  a p r o p e l l e r  
performance s t r i p  ana lys is  which used a NACA 4- 
d i g i t  se r ies  a i r f o i l  aata bank t o  c a l c u l a t e  l i f t  
and drag f o r  each b lade segment g iven the 
geometry and motion of the  p rope l le r .  
Theore t i ca l  OASPL p r e a i c t i o n s  were found t o  
moderately overp red ic t  experimental values f o r  
a1 1 opera t ing  cond i t i ons  and p r o p e l l e r  
c o n f i g u r a t i o n s  studied. 

Nomenclature 

Spzed o f  sourd. 

Chord. 

Equct ion of s o l i d  sur face o f  body i n  

motion. 

tdet f o r c e  o f  blade element on the  

f l u i d .  

Fast Four ie r  Transf crm. 

Equation o f  c o l l a s p i n g  sphere. 

.,-I. 

k r o d y n m i c  fo rce  per  u n i t  area on 

the  f l u i d  a t  a  body surface. 

Aerodynamic f o r c e  per  u n i t  area 

a c t i n g  on t h e  f l u i d  i n  the  rad 'a t ion  

d i r e c t i o n .  

Rotat ion61 Mach number. 

Harmoni c  nunber. 

Graduate Resezrch Assisrznt ,  
Department c f  AeroSpac~ Engineering, 
A I M  Student hember. 

+ Professor, Gepartment or Aerospace 
E n ~ i n e e r i n g ,  AiAA b . s s x i ~ r e  Fellow. 

Subscr ip ts  

r e t  = 

Acoust ic pressure. 

Instantanesus pressure a t  a  po in t .  

Pascel . 
keference pr?ssure (20 ,,Pa). 

Acoust ic pressure due t o  loading. 

Acoust ic pressure due t o  thickness. 

P r o p e l l e r  torque. 

Rddial  coora.1 nate. 

U n i t  vec to r  i n  the  r a d i a t i o n  

d i r e c t i o n .  

Ctserver  t i n e .  

P r o p e l l e r  t h r u s t .  

Ve loc i t y  ionrponent normal t o  the 

oody surf x e  . 
V e l o c i t y  i n  t h i  r a d i a t i o n  d i r e c t i o n .  

Car tes ian x s r d i n a t e s  normal t o  the 

body sur f  ace. 

Gi rac d e l t a  func t ion .  

Free stream densi ty .  

Source tin)*. 

ketarded ti ine. 

In r roduc t  i o n  

As f u e l  p r i c e s  cont inue t o  f l u c t u a t e ,  many 
designers hrc  showing renewed i n r e r e s t  i n  
propel  l e r - a r i v e n  a i  r o r a f t .  Conventional 
p r o p e l l e r  csn i igu ra t ions ,  oue t o  t h e i r  moderately 
low p ropu is id?  ~ f f i c i e n c l e s  a t  h i g h  speeds, were 
unable t o  ccrnpete . r i t h  p ropu ls ion  systems 
oesigned f o r  10": t r anson ic  f l  i g h t  regimes. 
P r o p e l l e r s  t t  subronic c r u i s e  speeds however, 
y i e l d  highel- fue l   if i c i r i c i e s  over 0 t h ~ ~  systems I 

sucn as turbofans and t ~ r - n o j e t s .  As a r e s u l t ,  
the  a i r c r s f c  i n d u s t r j  nzs devoted subs tan t ia l  
resecrch t u ~ a l - d  th?  development * o f  advanced 
p r o p e l l e r  coc f  i g u r a t i o r ' i  cdphble of operat ing 
over a k i d e  I-ar~ge o f  o p e r j r i n g  condi t ions.  

The o b j e c t i v e  o f  th l :  study i s  t o  present a  
t : i e o r e t i c a l  and exper im in ta l  srudy o f  the  
acous t i c  c n a r h c t e r i s t i c s  o f  s i n g l e  r o t a t i o n  
p r o p e l l e r s .  I n  t h i s  s t u s j ,  two, th ree  and f o u r  
b laae s i n g l e  ~ i s k  p r o p e l i e r  con f igu ra t ions  have 
been t e s t e d  a t  a  b lads r o o t  p i t c h  angl? o f  40, 
$5,  and 56' s t  an R P N  rang2 c f  3500 t o  7500 i n  
increments o f  ,350. T t i ~  r e s u l t i n g  experimental 
m t r i x  serves as a t a s i s  f o r  coaparison o f  
numerical ns lse  p r e d i c t i o n s  per Succi (1.2). 
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Experimental Appdra t~S and Procedure 

A coun te r ro ta t ing  p r o p e l l e r  t e s t  r i g  (3)  
(CRPTR) was used t o  study the nearf i e l d  acoust ics 
of var ious s i n g l e  d i s c  p r o p e l l e r  
configurations. Powered by an a i r  turbine, the  
p r o p e l l e r  d i s c  was capable o f  producing a maximum 
o f  55 horsepower a t  10,000 RPH. L im i ta t ions ,  
however, i n  the  a i r  supply al lowed on ly  10 t o  15 
horsepower t o  be u t i l i z e d .  Although capable o f  
opera t ing  i n  a coun te r ro ta t ion  mode, the back 
d i s c  o f  the  CRPTR remained s t a t i o n a r y  w i t h  no 
blades attached f o r  the  s i n g l e  p r o p e l l e r  d i sk  
t e s t i n g .  

With the  use o f  tne  CRPTR, two, three, and 
f o u r  blade con f igu ra t ions  were tested. Patterned 
a f t e r  a  comnerc ia l ly  a v a i l a b l e  a i r c r a f t  
propel  l e r ,  the  twenty i n c h  diameter composite 
blades were mod i f ied  i n  the shank r e g i o n  t o  f o r c e  
the  th ickness t o  chord r a t i o  t o  be representat ive 
o f  a  NACA 4 - d i g i t  a i r f o i l  se r ies  shape w i t h  
maximum camber loca ted  a t  mid-chord. 

Construct i o n  o f  the composite blades (3) 
consis ted o f  twenty f i v e  layers  o f  u n i d i r e c t i o n a l  
woven g raph i te  c l o t h  f o r  thickness, one layer  o f  
b i d i r e c t i o n a l  g raph i te  c l o t h  w i t h  f i b e r s  o r ien ted  
a t  45' t o  t h e  p r o p e l l e r  p i t c h  change ax is  f o r  
t o r s i o n a l  r i g i d i t y ,  and cne l a y e r  o f  f i b e r g l a s s  
c l o t h  f o r  sur face f i n i s h  on both the  p i t c h  and 
camber faces o f  the  p rope l le r .  Experimental 
s t a t i c  t e s t s  o f  the t i ades  i n  pure bending and 
a x i a l  loaalng ind ica ted  f a c t o r s  o f  safety  i n  
excess o f  s i x  f o r  each mode w i t h  no permanent 
deformation dui-ing loading and unloading cycles. 

The open-return tesc sec t ion  o f  the  subsonic 
wind tunnel  was a c o u s t i c a l l y  insu la ted  t o  ob ta in  
n e a r f i e l d  acoust ic  m5asurements. For easy 
r e s t o r a t i o n  o f  t h e  r u n n t l  a f t e r  tes t ing ,  the  
acoust ic  treatment was fastened t o  a 0.75 inch  
plywood base i n  which cne-quarter inch  diameter 
wooden dowels w i re  g lusd i n  streanwise rods. For 
h igh frequency absorp t io~ , ,  a two inch  layer  o f  
Dow Corning Type 701 f i b e r g l a s s  i n s u l a t i o n  was 
pressed over  the  sharpend  pins. Next, a  one 
inch  sheet o f  f o u r  l b / f r J  po lystyrene mate r ia l  
was i n s r a l  l e d  f o r  low frequency absorpt ion. 
Using s i l  i i o n e  caulk ing.  styrofoam wedges o f  the  
same polystyrene m a t e r i a l  c u t  a t  60" angles were 
fasteneo i n  a streamhis? d i r e c t i o n  as shown i n  
F igure 1. Four f o o t  c o l l e c t i o n  and d i f f u s i o n  
sect ions were s i m i l a r i i ;  const ructed us ing wedges 
ho t -w i red  t o  a 10" slope. Spanning a length o f  
24 fee t ,  the acoust ic  i n s u l a t i o n  mounted t o  the  
wa l l s ,  c e i l i n g ,  and f l a w  of the t e s t  sec t ion  as 
shown i n  F igure 1, a l loued  a m in im iza t ion  o f  the  
r e f l e c t i v e  surroundings f o r  fundamental acoust ic  
measuremenzs. 

Two micrcphones, r n w n  i n  F igure  2 ,  were 
used t o  o t i a i n  the acous t i c  f i e l a  f o r  each blade 
conf i g u r a t  i cn .  The X-microphone, located a t  t h e  
reference plane midivay aerween the  f o r e  and a f t  
p r c p e l l e r  di8l.s i n  the  coun te r ro ta t ing  mode a t  a  
f i x e d  d is tance o f  1.625 inches from the p r o p e l l e r  
t i p ,  vas a ELK. t ype  3134 pressure response 1/2 
inch  microphsne. Located on a x i s  w i t h  the CRPTR 
th ree  incnes from the  spinner, the  Y-microphone 
was a B&K 4133 f r e e  f i e l d  112 i n c h  type. Each 
microphone was connected t o  a %&K t ype  2619 

p r e a m p l i f i e r  wi tr: tne  complete acoust ic  
insr rumentat ion a r rhnrywr r t  shown i n  F igure 3. 
To prov ide the necessary o ias  vo l tage t o  d r i v e  
t h e  microphones. t h e  p redmpl i f i e r  was connected 
t o  d BdrK type 2804 bat re ry -d r i ven  power supply. 
Next, a B&K type 2203 OASPL meter was u t i l i z e d  t o  
o b t a i n  o v e r a l l  sound pressure l e v e l s  f o r  the  
i n d i v i d u a l  channels. F rw,  t h i s ,  the  acoust ic  
s igna ls  from the micrcphoncs were passed i n t o  a 
f i l t e r  box t o  remove t n t  b i a s  cu r ren t  from the 
B&K equipmant. F i n d l l y ,  the d i g i t a l  data 
a c q u i s i t  ion l reduct  i o n  system. UAVEPAK ( 4 ) .  i n  
con junc t ion  k i t h  an 1BH personal computer was 
connected t o  acqui re b o ~ h  frequency and time 
domain acoust ic  i n f ~ r r r ~ i l t i c n .  

I 

The kAVEPAK data a c q u i s i t i o n  program was 
used t o  acquire t h e  acodst ic  t ime h i s t o r y  and . 
hence the spec t ra l  datd from each microphone. 
The t ime h i s t o r y  as w e l l  as a c l e a r  p a t t e r n  o f  up 
t o  s i x  harmonics over the  broadband noise l e v e l  
shown i n  Figure 4, was observed f o r  the  X- 
mi crophone. The Y-micropl~one located forward of 
t h e  spinner prov ided onl )  an i n d i c a t i o n  o f  the 
pr imary harmonic be fo re  being submerged i n  the  
tunne l  broadband noise lege l .  S i m i l a r  spectra 
c h a r a c t e r i s t i c s  f o r  r ne Y-microphone were 
measured f o r  each blade c o n f i g u r a t i o n  tested, 
consequently thzse data have no t  been inc luded i n  
t h i s  study. 

Theoret ic61 Prscedure 

L i k e  orhsr  thecrer  i c a l  p r o p e l l e r  acoust ic  
formulat ions developed a f t e r  the  1970's. the 
s t a r t i n g  p o i n t  f o r  the acoust ic compact source 
theory  by Succi whs the Ffwocs-Will iams and 
Hawkings ( S j  (F-WH) equat ion wi thout  the 
quadrupole t e r m  expressed as: 

Succi suodivided . p r o p e l l e r  i n t o  srnzll 
Chordwise and spanwise sect ions. Summing the  
pressure of eiich s e c t i o n  labeled by the subscr ip t  
k ,  t h e  acous t i c  pressure has been de f ined  as: 

where: 

r e p r e s e n t i  rne pre>zure due t o  loading noise La pTk denotes t n s  j ressure due t o  th ickness 
noise. Assunis zhat t l i e  pressure forces on the 
i n t e r i o r  s u r f a i i s  o f  E segasnt are zero o r  cancel 
w i t h  t h s i r  i f l m € d i a ~ €  w ighoors .  For small 
segnisnts hria t h i n  Bi=~; t : ,  the i n t e g r a l s  i n  
Equations (3; and (:) c d n  o i  evaluated 5s i f  the 
suDs?ctians &re  a i;m;cit o r  p o i n t  source. 
kssuming tnar  the  pressur? and speed o f  an 
element k are  n c a r l y  con i ran t  zis the sphere (g=0) 
moves across the seczioriz, and i f  the maximum 



dimension of tne  elerratnr is  small r e l a t i v e  t o  the  
d i s tance  i rm the  CDsei-v?r, t h e  loading noise 
component i s  w r i t t e n  a s : _  

1 
4 n  PL(x , t )  = i 

r(1-Mr) - 
1 

where: 

Fi  i s  the  net  f o r c e  exerred on t h e  medium due t o  
t h e  pressure cn t h e  sur face  S .  Equation (5) is 
i d e n t i c a l  t o  the  Lowson (6)  r e s u l t  f o r  sound 
r a d i a t i o n  froln a moving point  source. The 
thickness  noise Component i s  developed from the  
volume associated w i t h  each segment. Define F as  
t h e  i n t e r s e c t i o n  O f  tne  sphere with the body 
surface.  I f  t h e  source i s  compact, then t h e  
r e l a t i v e  ve lac i ty  with respect  t o  the  cbserver  i s  
the  same f o r  a l l  segments. The e f f e c t i v e  
volume, ,, 1s tnere fore  r e l a t e d  t o  the actual 
volum?. t, the  r e l z r  ion: 

khere d l  = I 1-l.lr(dr arw i: an increment of length 
i n  a coordlna:= sjster,i ii,ied t o  t h e  body. The 
effective volume i s  encizsed by F which changes 
with time aLc. r o  t h e  nisrion of t h e  body. The 
thickness  noise Component i s  w r i t t e n  as: 

wnere, 

Both m e  loading i rd  thickness  noise as  
expressed in Equations ( 5 )  irrid (6)  were placed 
i n t o  t h e  nunterical ans lys l s  of Succi.  Ths  
aerodynamic performance cnaras te r i  s t  i c s  of t h e  
blades however, were r t d  from an input d a t a  f i i e  
obtained by t h e  separdl?  propel l z r  performance 
cod?. 

The prop21 l e r  s t r ? p  ~ n b l y s i s  method used t o  
est imare t h e  aerodynard:: f crces along tne  blaoe 
span was asveloped b j  ;asper ( 7 ) .  Performance 
c a l c u l a t i o n s  a r e  . f o r  subsonic t i p  
v e l o c i t i e s  and 3dVanCt r i t i o s  of approximately 
eight- tsntP>s o r  g r e a t e r  f o r  s ing le  ro taz ion  
prope l ie r s  u s i n g  t h i s  anc lys i s .  L i f t  and drag 

c o e f f i c i e n t s  hs functions c f  r a d i a l  loca t ion  were 
calculated iron1 a NAC: 4-d ig i t  s e r i e s  a i r f o i l  
data  bank ( S j  r o  obtalr ,  tn rus t  and torque forces  
along t h e  blade. The aerodynamic forces ,  a s  well 
a s  the chord, rhickne:s/chord r a t i o ,  and blade 
angle d i s t r i b u t i o n  wert transformed i n t o  n in th  
order  polymmi?ls ( 5 i  t o  allow t h e  user 
f l e x i b i l i t y  ifi the h c t ~ s ~ i c  c a l c u l a t i o n s  with 
regard t o  g r id  variation:. The polynomials were 
wr i t t en  in  the form: 

where (d~/d(*)  ) /T reprssen ls  t h e  radi  a1 t h r u s t  
d i s t r i b u t i o n C  and (dQr!a(-)) /OF i s  the  torque 
r a d i a l  d i s t r i o u t  ion carr6sponding t o  a r a d i a l  
value of x/c. The numsrical ana lys i s  developed 
i n  t h i s  study incorpor6ted rhe s t r i p  ana lys i s  t o  
c a l c u l a t e  p rcpe l le r  perfcrmance values and was 
u t i l i z e d  d i r e c t l y  in  tne Succi compact acous t ic  
source method predict ions.  

A source m y  be ccrtsidered compact i f  the 
d i f fe rences  In path i?ngtc from a l l  po in t s  along 
the  blads t o  art observsr  *re  small compared t o  a 
typ lca l  wavelength of rr,; sound Generated. To 
ensure t h a t  i s  assumption had not been 
v io la ted ,  several  mesh s i z e s  were examined (10) 
f o r  the  twenty inch cl imeter  p rope l le r  under 
study. Chord,dise and spanwise var ia t ions  along 
t h e  blade renged from a course g r id  cons i s t ing  of 
5 po in t s  frcm hub t o  t i p  t o  a f i n e  mesh s i z e  of 
100 poinzs. The frequencies ~ S s o c i a t e d  with each 
blade configurat ion r a n ~ i d  from 200 t o  7024 Hz. 
A1 though the  blaaes ;/ere modeled d i r f e r e n t l y ,  
each gr id  exanined sa r  i s f i e d  the  compact source 
assumption. 

Performance c a l c u i j t i o n s  f o r  an RPM range 
between 400 and 7500 yielded acceprable 
performance values f o r  the  experimental composite 
p r o p e l l e r  design. For example, the two blade 50" 
blade s e t  c o n f i g u r a ~ i o n  resu l ted  i n  p rope l le r  
e f f i c i e n c i e s  iron1 0.72 r c  0.84. For a range of 
advance r a t i o s  between 0.71 and 1.01, t o t a l  
p r o p e l l e r  t h r c s t  v a l u i s  s f  9 t o  25 lbs  with 
correspondins rorque \*i ides  of 4 t o  8 f r . - lbs .  
were computid ( 1 0 ) .  

Compari scn be t ,kc~n  theore t ica l  and 
experimental d c i ~ e s  of GASPL f o r  the  two blade 
configuratiol:  s h o w  i n  Figure 5, val idated t h e  
compact s o u r i i  assumptio:~. The pred ic t ion  values 
by Succi a p ~ e j r s  i o  be ? in iGr ,  h o ~ e v e r  a s imi la r  
t rEnJ w;ls a156 i n a i c j r a  b j  t h e  experimental 
d d i h .  b ~ r ~ e r  : o n p l i a n c ~  c=tween experimental and 
t h ~ c r e t i c a l  vdiues w c ~ . ! d  be indicated using a 
c o n s e r i a r i v t  ai:; e r r o r  uand of 22.5:. kcousric 
comparisons i n  t h e  i: '~quency dcmain wers 
e u a i u a r e j  i s c  c h ~  fi:*:r i i f t e e n  h2rmonics as 
shov!r, i n  i igiia-2s C GII:I 7. Experimer~tal S P L  



values were cd icu la ted  from tne root-mean-square 
voltages obta ined front r t ~ e  UAVEPAK FFT spectra l  , 

ana lys is  program us ing  tne expression: 

The measured pressure of the  sound wave, P, was 
obta ined by d i v i d i n g  the spec t ra l  analys is  
vo l tage  values by t h =  microphone s e n s i t i v i t y  
value taken ds 0.116 V!?a f o r  the X-microphone. 
An e r r o r  of 23 Hz f rom the  blade passing 
frequency was accepted f o r  each harmonic. The 
OASPL was ca lcu la ted  D, sunning each harmonic 
u n t i l  no no t i ceab le  d i i r t r e n c e  occurred i n  the 
OASPL value, i -e . ,  t c  m e  f o u r t h  decimal place. 
Only the f i r s t  fou r  harmonics were found t o  
e f f e c t  the  magnitude of t f ie  OfiSPL value. S i m i l a r  
t o  the experirnenta 1 merhod, t h e o r e t i c a l  SPL 
values were ca lcu la ted  from a Four ie r  analys is  o f  
the  pressure t ime h i s r o r i e s  as p red ic ted  by 
Succi . 

Comparisons i n  the  frequency domain f o r  a  
low and h igh  advance r a t i o ,  shown i n  Figures 6 
and 7, i n d i c a t e  a l a r g e r  disagreement between 
experimental and t h e o r e t i c a l  values a t  the lower 
RPM. Also presented ir ,  these Figures are the 
t h e o r e t i c a l  acous t i c  t i n l i  h i s t o r i e s  as p red ic ted  
by the S u x i  ana lys is  i n  terms o f  loading, 
thickness, and t o t a l  n c i s i  components f o r  each 
t e s t  c o n d i t i o r ~ .  The a c c u s t i i  analys is  ind icates 
t h a t  the o l d d t  i s  loading noise dominant i n  
comparison t c  the rilcgnitude o f  the thickness 
noise conrrir.utior,. Therefore, the  t o t a l  
a c ~ u s t i c  t i s t i  i i istsr-;  i s  d r i v e n  by the loading 
acoust ic  t ime  t#istor). .  

To i n v e s t i g a t e  tne : ,dr id t ion of each o f  the 
compments of rne a m u s t i c s  associated w i t h  the 
Succi ana lys is ,  a  range o f  advance r a t i o s  was 
used t o  p r e d i c t  the azousric t imc h i s t o r i e s  f o r  
thickness, loading, anJ L o t a l  no ise components. 
The loading scous t l c  con,,xn?nt shown i n  F igure 8, 
increased aranat i i a l l ,  by a f a c t o r  o f  
appvoximately four as tni- advance r a t i t  went from 
1.30 t o  0.91, i .e.. hs RPM increased. The 
acoust ic  t i w  h i S t O r i ? j  f o r  a l l  advance r a t i o  
values, however, )*I?rE OT tne same form. The 
magnitude o f  rni- t h i c k ~ 1 t . 5 ~  noise v a r i a t i o n  shown 
i n  F igure 9, i n  comparison t o  the loading noise 
rea f f i rmed t h a r  the  p r o p c i l e r  c o n f i g u r a t i o n  was 
loading noise aoninani.  Since the  acoust ic 
ana lys is  i n  F i j u r e s  8 i n d  5 had ind ica ted  t h a t  
t h i s  p r o p e l l e r  c o n f i g u r a t i o n  was loading noise 
dominant, ;h2 Lot61 i icoust ic  waveform shown i n  
F igure 10 w a r  s i m i l a r  ;s the i n d i v i d u a l  loading 
noise acouszir: r ims  h1s~or,,. 

1heoreri:al and e ~ p e r i r e n t a l  ccmparisons o f  
OF.SPL vhluss f o r  a  t n r e i  b l a ~ e  p r o p e l l e r  
c o n f i g u r a t i o n  shown i n  t i s u r e  11, r ~ s u l t e d  i n  
overpredic t i  01, o f  Lhc ismpact source rneory . 
However when i o n s i d ~ r i r ~ g  the  22.5% daLa e r r o r  
band f o r  e ~ p e r i r . ~ ? n r e l  vdlues, b e t t e r  agreement 
between r h e o r z r i c a l  ard experimental OhSPL values 
would e x i s t .  Siri:;=r 10 the two blade 
con f igu ra t ion ,  rhe tne~r?;: ca l  p r e d i c t  i o n  values 
appear t o  oe 1 'nesr. 

D i f f e w n c e s  i n  L l ic  OGPL values f o r  the 
theore t i c61  and e x p e r i x m ~ a l  methods can be 

. t t r ibuted t o  d iscrepencles found i n  the  
frequency donialn as ShSr:n I n  Figures 12 and 13. 
Recal l  t h a t  the magnitude of the OASPL depends on 
a t  l e a s t  thi. f i l ' s t  fou r  harmonics where l a r g e  SPL 
d i f fe rences  t x i s t .  S i m i l a r  t o  the  two b lade 
case. the three blade c o n f i g u r a t i o n  ind ica ted  
loading noise amrinance. An i n v e s t i g a t i o n  of the  
loading, thickness, and l o t a l  acous t i c  cowonents 
as s h w n  i n  Figures 14 chrough 16 i nd ica ted  t h a t  
again the t o t a l  no ise :cn~ponent o f  the acoust ic  
t ime h i s t o r i t s  has d r i i e n  by the loading acoust ic  
t ime h i s t o r i e s .  

The sane trends f ~ r  dASPL as those seen f o r  
the  two end I n r e ?  bl5oe c m f i g u r a t i o n s  are shown 
i n  F igure 17 f o r  the i o u r  blade con f igu ra t ion .  
Comparisons between 2 ,  3, and 4 blade 
con f igu ra t ions  has Shot,~i tha t  as th2  number o f  
b l  eoes increased, tr,e LIASPL oecreased. The 
frequency spectra f o r  io,. and h i g h  advance r a t i o s  
f o r  the fou r  biade propel  l e r  c o n f i g u r a t i o n  shown 
i n  Figures 18 and 19. i nd ica ted  discrepancies 
between t h e o r e t i c a l  p r e d i c t i o n s  and experimental 
values a t  the f i r s t  f o u r  tdrmonics. The acoust ic  
t ime  h i s t o r i e s  associated w i t h  each t e s t  
c o n a i t i o n  s i m i l a r  Kc rhe  other  blade 
arrangements, i nd ica ted  t h a t  t h i s  c o n f i g u r a t i o n  
was loading dominant. Comparison o f  the 
magnitudes c i  the acoustic t ime h i s t o r i e s  f o r  
thickness, locding, ar43 t o t a l  no ise components 
shown i n  Figures 2G t l i r ~ u g n  22 rea f f i rmed the 
magnitude and in f luence  s f  the loading noise 
c o n t r i b u t i o n .  

A study o f  tne  6 i u ~ s t i c  f i e l a  associated 
w i t h  s i n g l e  o l s c  p r c y r i t e r s  has been presented. 
Two, three, ~ n d  ~ L C I -  :. 12.12 con f igu ra t ions  a t  a  
b lade r o o t  p i t c h  angle s f  fPc were examined f o r  a  
RPM range between 3536 6r1d 7000 i n  increments of 
250 and compared w i rb  r h e o r e t i c d l  p r e d i c t  ions o f  
the  Succi numerical x o u s t i c  analys is .  An 
a c o u s t i c a l l y  insu ia ted  S C D S O ~ ~ C  wind runnel wzs 
used t o  o b t t i n  experimental acoust ic  data f o r  a 
microphone iocated i n  tne  p r o p e l l e r  d i s c  plane. 
T i m  and frequency oomaic in fo rmat ion  Mas then 
found through the  use o f  a  d i g i t a l  data 
a c q u i s i t i o n  system kncwn as WAVEPAK. Used i n  
con junc t ion  w i t h  an IBM P i ,  the  UAVEPAK system 
prov ided a two channel osc i l loscope and F F i  
analyzer . 

Theore t i ch l  acoust 1; f i e l d s  were modeled as 
an a r ray  o f  s p i r a l i n g  po in r  sources. Each p o i n t  
was developed by subdiv ia ing the blades i n  both 
t h e  chordwi se and s-,anh,i se d i r e c t i o n s .  Thrust 
and torque forces associated w i t h  each segment 
were t h e o r e t i c a l l y  ca lcu ia ted  from a p r o p e l l e r  
performance s t r i p  ana lys i  j incorporated i n t o  the  
num2rical acoust ic  p r e d l i r i o n  tecnnique. A NACA 
& d i g i t  se r ies  a i r f o i l  data bank' was used t o  
o b t a i n  the l i f t  ana o:-ig r a d i a l  d i s t r i D u t i o n s  
along t h ?  o l  ad?. 

T h i  r h i - : r ~ r i c a l  m?rr~;d o f  acoust ic  compact 
sources, 3s 3 2 j i t i b e d  ir. t h i s  study, provided 
ressonaole r 2 s ~ l : s .  l n ? i r ? ~ i c a l  OASPL values 
o v e r p r e d i c ~ e ~  ~xperims~;;d: vhlues f o r  d l 1  blade 
con f igu ra t i c r , s  rested.  S i f ierences,  how?v?r, i n  
t h e  freqdenci sp2ctr3 f.h. spprox im5t f ly  the  f i r s t  
f i v e  narmonicc a i d  2 , ; s ~ .  S i m i l a r  conclusions 



were found or bun~ann (IOj er  blade r o o t  angles o f  
40 and 45'. The lower t h e o r e t i c a l  values o f  SPL 
a t  t h e  h igher  frequencies were associated w i t h  
t h e  i n t r u s i o n  o f  tunnel  background o r  p r o p e l l e r  
t e s t  r i g  no ise r a t h e r  than t r u e  p r o p e l l e r  
noise. Examination o f  the  acous t l c  t ime 
h i s t o r i e s  revealed t h a t  each blade c o n f i g u r a t i o n  
was load ing  noise dominant. 

The numerical acous t i c  p r e d i c t i o n  analys is  
by Succi i s  general and can be app l ied  t o  any 
p r o p e l l e r  geometry and subsonic h e l i c a l  t i p  Mach 
number opera t ing  cond i t i on .  Consequently. t h e  
acous t i c  r a d i a t i o n  f i e l d  associated w i t h  s i n g l e  
d i s c  p r o p e l l e r s  can be e a s i l y  p red ic ted  g iven  
o n l y  t h e  shape and mot ion of the p rope l le r .  
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F i g u r e  1. A c o u s t i c a l l y  I n s u l a t e d  Wind Tunnel. 
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Figure 2. Microphone Location. 
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Figure 3. Schematic of Experimental Sctup. 



Figure 4 .  Experimental Acoustic Time History and Frequency 
Spectra (r/R = 1 .081 ,  4 Blade, d i s c  plane) .  

Figure 5 .  OASPL a s  a  F u n c t i o n  o f  Advance I:atio f o r  
a  Two Dlade 53" P r o p e l l e r  C o n f i g u r a t i o n .  
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Figure 8 .  Loading Acoust ic  T i s ~ e  Ilis to ry  Component f o r  
a Two Dlade 50' P r o p e l l e r  Configurat ion.  

Figure 9 .  Thickness Acoust ic  Time llis to ry  Component 
f o r  a  Two Dlade 50' P r o p e l l e r  Conf.iguration. 
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Figure 10. Total Acoustic Tinnc llistory Component for 
a Two Blade 50' Propeller Configuration. 

Figure 11. OASPL a s  a Function of /\chance Ratio for a 
Tl~ree Dladc 50" Propeller Configuration. 
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Figure  12.  Three dlade 50" P r o p e l l e r  Conf igura t ion  a t  a n  Advance Rat io  of 0.9716. 
a )  Freouen y Spec t ra  Comparisons 

cal  Acoust ic  Time l l i s t o r i e s  

F igure  1 2 .  Three Clade 50" Propc1:er Conf igura t ion  a t  an lidvancc Rat io of 1.2936. 
a )  Frequency Spec tr-a Compari sons 
b )  Theore t ica l  Acoust ic  Tirl~c Ilis tot-ics 



Figure 14. Loading Acoust ic  Time llis to ry  Co~liponent f o r  
a Three Dlade 50" Propel l  e r  Conf igura t i o n .  

1.00 1 

Figure 15. Thickness  Acoust ic  Time l l i s t o r g  Component f o r  
a Three Dlade 50" P r o p e l l e r  Configurat ion.  



Figure 16. Total  Acoust ic  Time Ilis tory Con~ponent f o r  
a Three Blade 50" Propel l  c r  C o ~ l f i g u r z t i o n .  

Figure 17 .  OliSPL 2s a Function of hdvancc Rat io f o r  a 
Four Ill a d c  50" P r o p e l l e r  Corlf i g u r a t i o ~ ) .  



Figure  18. ' F O U ~  Blade 50". P r o p e l l e r  Configurat ion a t  an Advance Rat io of 1.1916. 
a )  Frequency Spec t ra  Co~nparisons 
b )  ?heore t ica l  Acoust ic  Tiiw l l i s t o r i c s  

F igure  19. Four Blade 5"u P r o p e l l c r  Conf igura t ion  a t  a n  lidvance R a t i o  of !.3104. 
a )  Frequency Spc-c?ra Comparisons 
b )  Theoret ic? ' i  i.:oustic Tirue l l i s t o r i c s  
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Figure 20.  Tliickncss licousl.ic Time IlisLory Component 
for- a Four Blade 50" Propeller Configurat ion.  

Figure 2;. Losrtiing k o u s t i c  Tirw l i i  s t o r y  Component f o r  
a Four Dladc 59" Pr-ope1 l e r  Conf i g p r a t i o ~ i .  
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F i g u r e  22 .  ToLal Acoust ic  Time I l i  s to ry  Component f o r  
a Four Dl ade  50" Propel l c r  Configurat ion.  


