
I ' I  , 
i 

EFFECT OF ANGULAR JNFLOW ON THE VIBRATORY RESPONSE 

OF A COUNTER-ROTATING PROPELLER 

t 

\ 

I ' \  

' ,  

J.E. Turnberg 

,P.G Brown 
\ 

HAMILTON STANDARD DIVISION 
UNITED TECHNOLOGIES CORPORATION 

Prepared For 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Lewis Research Center 
Cleveland, Ohio 441 35 

Con tract NAS3-24222 



NASA CR 174819 

EFFECT OF ANGULAR INFLOW ON THE VIBRATORY RESPONSE 

OF A COUNTER-ROTATING PROPELLER 

by 
J.E. Turnberg 

P.C. Brown 

HAMILTON STANDARD DIVISION 
UNITED TECHNOLOGIES CORPORATION 

Prepared For 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Lewis Research Center 
Cleveland, Ohio 441 35 

Contract NAS3-24222 



-- 

NASA CRl74819 

FOREWORD 

The experimental and analytical effort described in this report was con- 
ducted by the Hamilton Standard Division of the United Technologies Corpora- 
tion under NASA contract N A S 3 - 2 4 2 2 2 .  Mr. Irving E. Sumner of the NASA Lewis 
Research Center was the Technical Monitor for the contract. 

This report was prepared by Mr. Jay E. Turnberg and Mr. Paul C. Brown under 
the direction of Mr. David E. Sladewski, Hamilton Standard Project Manager. 
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1.0 SUMMARY 

The emergence o f  the Prop-Fan as a fue l  conse rva t i ve  compet i to r  to  the  h i g h  
by-pass r a t i o  tu rbo fan  has c rea ted  new i n t e r e s t  i n  p r o p e l l e r  technology de- 
velopment. Both a n a l y t i c a l  s tud ies  and wind tunne l  t e s t s  have shown t h a t  e f -  
f i c i e n c i e s  of  about 80 percent  a re  ach ievab le  a t  f l i g h t  Mach numbers of 0.7 
t o  0.8 for s i n g l e - r o t a t i o n  Prop-Fans. I n  ach iev ing  these h i g h  e f f i c i e n c i e s  
the  s i n g l e - r o t a t i o n  Prop-Fan impar ts  a h i g h  v e l o c i t y  s w i r l  t o  the  flow t h a t  
represents  an energy loss. 
coun te r - ro ta t i ng  Prop-Fan for which e f f i c i e n c i e s  on the  o r d e r  o f  90 percent  
can be achieved. The i n t e n t  o f  t h i s  program i s  t o  p r o v i d e  a p r e l i m i n a r y  as- 
sessment o f  the  e f f e c t  o f  c o u n t e r - r o t a t i o n  on the  s t r u c t u r a l  response of a 
p r o p e l l e r  to  angular i n f l o w .  To assess the  e f f e c t s  o f  c o u n t e r - r o t a t i o n ,  
Hamilton Standard purchased and f l i g h t  t e s t e d  a F a i r e y  Gannet a i r c r a f t  which 
i s  powered by a c o u n t e r - r o t a t i n g  p r o p e l l e r  and has the  unique c a p a b i l i t y  o f  
ope ra t i ng  each p r o p e l l e r  b lade row independent ly .  

The energy i n  the  s w i r l  can be recovered by a 

The r e s u l t s  o f  t he  s t r u c t u r a l  t e s t s  showed t h a t  c o u n t e r - r o t a t i n g  o p e r a t i o n  of 
t he  p r o p e l l e r  has the  e f f e c t  o f  i nc reas ing  the  1P (once per  r e v o l u t i o n )  r e -  
sponse o f  t he  r e a r  p r o p e l l e r  by approx imate ly  25  percent  w h i l e  hav ing  essen- 
t i a l l y  no i n f l uence  on the  1P response o f  the  f r o n t  p r o p e l l e r .  For the  
Gannet i n s t a l l a t i o n  the  h ighe r  o rde r  response was n o t  s i g n i f i c a n t ,  b u t  i n  
general t he  e f fec t  of c o u n t e r - r o t a t i o n  was t o  increase the  response of bo th  
blades. A n a l y t i c a l  p r e d i c t i o n s  o f  the  p r o p e l l e r  response show v a r y i n g  de- 
grees o f  c o r r e l a t i o n ,  w i t h  t e s t  data.  The v a r i a t i o n  i n  the  p r e d i c t e d  r e s u l t s  
i s  a t t r i b u t e d  to  de f i c iences  i n  the  t h e o r e t i c a l  approach, i naccu rac ies  i n  de- 
f i n i n g  the  modeled o p e r a t i n g  c o n d i t i o n s ,  and inaccu rac ies  i n  the  exper imenta l  
process. The d e f i n i t i o n  o f  t he  opera t i ng  c o n d i t i o n  becomes i n c r e a s i n g l y  i m -  
p o r t a n t  as f l i g h t  speed increases because the  response i s  more s e n s i t i v e  t o  
v a r i a t i o n s  i n  p i t c h  and yaw angles a t  h i g h  speed, and fo r  t h i s  i n s t a l l a t i o n  
the  magnitude o f  the response decreases w i t h  inc reased f l i g h t  speed and e x -  
per imenta l  accuracy decreases. Fu r the r  work should be performed to  r e f i n e  
the  a n a l y t i c a l  methodology us ing  the  Fa i rey  Gannet low speed response da ta  
f o r  guidance. 
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2 .O INTRODUCTION 

The emergence o f  the  Prop-Fan as a f u e l  conse rva t i ve  compe t i t o r  to  the  h i g h  
by-pass r a t i o  turbofan has c rea ted  new i n t e r e s t  i n  p r o p e l l e r  technology de- 
velopment. Both the  a n a l y t i c a l  s tud ies  and wind tunne l  t e s t s  have shown t h a t  
e f f i c i e n c i e s  o f  about  80 percent  a re  ach ievab le  a t  f l i g h t  Mach numbers of 0.7 
t o  0.8 where s i n g l e - r o t a t i o n  Prop-Fans (SRP) a re  in tended for  o p e r a t i o n .  A l -  
though the  Prop-Fan i s  l i g h t l y  loaded i n  r e l a t i o n  t o  a h i g h  by-pass r a t i o  
tu rbo fan ,  i t  i s  h i g h l y  loaded i n  r e l a t i o n  to today ' s  t h r e e  and f o u r  b laded 
p r o p e l l e r s  which are  designed f o r  lower f l i g h t  speeds. 
s h a f t  power d iv ided by the  square o f  t he  r o t o r  d iameter  a t  t he  c r u i s e  des ign 
p o i n t  a re  about 2410 K w l m '  (300 h p l f t ' )  for  a 1.60 pressure r a t i o  turbo-  
fan ,  240 K w l d  (30 h p l f t ' )  t o  320 K w l m '  (40 h p l f t ' )  for  Prop-Fans and 
80 Kwlm '  (10  h p l f t ' )  to  120 K w l m '  (15 h p l f t ' )  fo r  low speed a p p l i c a -  
t i o n  th ree  and f o u r  b laded p r o p e l l e r s .  The tu rbo fan  has the  sma l les t  diam- 
e t e r  and imparts the h ighes t  s w i r l  v e l o c i t y  t o  the  a i r s t ream.  The s w i r l  from 
the  tu rbo fan  r o t o r  i s  tu rned t o  the  a x i a l  d i r e c t i o n  by a downstream row of 
s t a t o r  blades. These s t a t o r s  conver t  s w i r l  t o  a s t a t i c  p ressure  r i s e  which 
appears as an inc rease i n  p r o p u l s i v e  t h r u s t  and y i e l d s  a c r u i s e  e f f i c i e n c y  o f  
about 65 percent. The l i g h t l y  loaded th ree  and f o u r  bladed p r o p e l l e r s  used 
i n  low-speed a i r c r a f t  do n o t  impar t  h i g h  s w i r l  v e l o c i t i e s  and, as a r e s u l t ,  
do n o t  have a s i g n i f i c a n t  amount o f  s w i r l - e n e r g y  i n  the  s l i p s t r e a m .  
v e l o c i t i e s  f o r  the  Prop-Fans a re  cons iderab ly  h ighe r  than convent iona l  pro-  
p e l l e r s .  Even w i t h  s w i r l  losses,  Prop-Fan c r u i s e  e f f i c i e n c i e s  o f  about 80% 
can be achieved, thus ,  y i e l d i n g  s i g n i f i c a n t  f u e l  use advantage over  the 
tu rbo fan .  

F u l l  recovery o f  the  s w i r l  energy by employing c o u n t e r - r o t a t i o n  can improve 
the des ign po in t  c r u i s e  e f f i c i e n c y  over  SRP by approx imate ly  8 e f f i c i e n c y  
p o i n t s  y i e l d i n g  about  88% e f f i c i e n c y  a t  c r u i s e  c o n d i t i o n s .  Th is  e f f i c i e n c y  
improvement wi th  coun te r - ro ta t i on  Prop-Fans (CRP) has s u b s t a n t i a l  p o t e n t i a l  
f o r  increased f u e l  savings and reduced DOC fo r  a i r c r a f t .  Resu l ts  o f  a 1982 
NASA study on CRP (Reference 1 )  showed t h a t  for  a 120 passenger commercial 
a i r c r a f t  opera t ing  a t  0 .8  Mach number, a 9% f u e l  sav ings and 3% r e d u c t i o n  i n  
DOC was r e a l i z e d  over  t h e  i d e n t i c a l  op t ima l  SRP powered a i r c r a f t .  

Loadings expressed as - 
. 

S w i r l  

The o b j e c t i v e  o f  t h i s  program was to  p rov ide  an e a r l y  assessment of counter-  
r o t a t i n g  p r o p e l l e r  v i b r a t o r y  response by us ing  Hami l ton  S tandard ' s  F a i r e y  
Gannet a i r c r a f t  as a t e s t  bed fo r  c o l l e c t i n g  counter  and s i n g l e - r o t a t i o n  pro-  
p e l l e r  v i b r a t o r y  response data.  
operate each p r o p e l l e r  independent ly  the  a i r c r a f t  o f f e r s  a d i r e c t  comparison 
between counter and s i n g l e - r o t a t i o n  opera t i on .  The r e s u l t i n g  t e s t  da ta  a l s o  
serves t o  prov ide a da ta  base for the  ref inement  o f  a n a l y t i c a l  methodology 
and t o  prov ide guidance for f u t u r e  c o u n t e r - r o t a t i n g  p r o p e l l e r  research .  

Because o f  the  a i r c r a f t ' s  capab i l  i t y  t o  

3/4 
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3.0 DISCUSSION 

3.1 Test Bed A i r c r a f t  

Hamilton Standard purchased a Fa i rey  Gannet A.E.W.3 c o u n t e r - r o t a t i n g  p rope l -  
l e r  a i r c r a f t  i n  A p r i l ,  1983. Th is  c a r r i e r  based a i r c r a f t  ( F i g u r e  1 )  was 
b u i l t  by F a i r e y  A v i a t i o n  i n  the  l a t e  1950's and was on a c t i v e  d u t y  u n t i l  
1979. I n  1982 the  a i r c r a f t  was completely r e f u r b i s h e d  accord ing  t o  the  Royal 
Navy's m i l i t a r y  standards and f lown to the  U n i t e d  Sta tes .  I t  i s  one o f  o n l y  
a few known f l y a b l e  Gannet a i r c r a f t  i n  t h e  wor ld  today and the  o n l y  known 
a v a i l a b l e  Gannet i n  the  Un i ted  Sta tes .  This a i r c r a f t  was o f  p a r t i c u l a r  i n -  - 
t e r e s t  to  Hami 1 t o n  Standard n o t  o n l y  f o r  i t s  c o u n t e r - r o t a t i n g  prope l  l e r s  b u t  
a l s o  f o r  the  unique c a p a b i l i t y  o f  the a i r c r a f t  to  opera te  each p r o p e l l e r  row 
independent ly .  The a i r c r a f t  i s  powered by the  Br is to l  S idd ley  Double Mamba 
power p l a n t  c o n s i s t i n g  o f  two gas tu rb ines  p laced s ide  by s ide  each d r i v i n g  
one o f  two coax ia l  coun te r - ro ta t i ng  p r o p e l l e r s .  
dependent, each hav ing i t s  own f u e l ,  l u b r i c a t i o n  and c o n t r o l  system. The 
s ta rboard  engine d r i v e s  the  f r o n t  p r o p e l l e r .  
p r o p e l l e r .  A common a u x i l i a r y  gearbox i s  d r i v e n  by e i t h e r  engine or bo th  
which enables the  p i l o t  t o  s top one o f  the  engines and f e a t h e r  i t s  p r o p e l l e r  
i n  f l i g h t .  Th is  was o r i g i n a l l y  designed i n t o  the  a i r c r a f t  to  reduce f u e l  
consumption and increase s u r v e i l l a n c e  f l i g h t  t i m e .  Th is  c a p a b i l i t y  was t o  be 
u t i l i z e d  t o  i t s  f u l l e s t  advantage i n  the  s t r u c t u r a l  t e s t  program. 

The engines a re  e n t i r e l y  i n -  

The p o r t  engine d r i v e s  the  r e a r  

Hami l ton Standard 's  Gannet was mod i f i ed  i n  June 1983 a t  t he  U n i t e d  Technpl- 
og ies  Corpo ra t i on ' s  experimental hanger i n  p r e p a r a t i o n  fo r  an in-house.funded 
acous t i c  t e s t  program. 
wing j a c k i n g  p o i n t s  (F igu re  2) .  The boom c a n t i l e v e r s  fo rward  t o  the  prope l -  
l e r  plane o f  r o t a t i o n  where yaw and p i t c h  i n s t r u m e n t a t i o n  was a t tached  to 
measure angular  i n f l o w  i n t o  the  p r o p e l l e r s  f o r  t h i s  f l i g h t  t e s t  program. 
S igna l  c o n d i t i o n i n g  and reco rd ing  equipment was secured i n  the  a f t  s e c t i o n  o f  
the  a i r c r a f t  where shock mounted shelves p r e v i o u s l y  secured the  Gannet's 
A i rborne  E a r l y  Warning Radar. The e l e c t r i c a l  supply  fo r  the  i n s t r u m e n t a t i o n  
was a v a i l a b l e  i n  a v a r i e t y  o f  l o c a t i o n s  because of i t s  o r i a  na l  rada r  capa- 
b i  1 i t y .  

A 5.18 meter ( 1 7  f t) b&m was a t tached t o  the  p o r t  

A b r i e f  d e s c r i p t i o n  o f  the  Fa i rey  Gannet a i r c r a f t  cha rac te r  
t he  f o l l o w i n g :  

s t i c s  inc ludes  

Engine C h a r a c t e r i s t i c s  

S idd ley  Double Mamba 2759 KW (3700 SHP), MAX. RPM = 15,000, 0.0874:l gear 
r a t i o ,  1 1  stage a x i a l  compressor @ 5.75:l compression r a t i o ,  19.05 Kg/sec (42 
l b / s e c )  i n l e t  a i r f l o w ,  annular  combustion chambers,.3 stage a x i a l  t u r b i n e  
1397 Kg (3080 l b )  engine weight, d ry .  

5 



NASA CRl74819 

A i  r c r a f  t D i  mens i on s 

Height t o  t o p  o f  f i n  5.11M (16.8 f t) 

Height r e q u i  r e d  fo r  f o l d i n g  w i  ngs 5.41M (17.8 f t )  

Height t o  t o p  o f  f o l d e d  wings 5.08M (16.7 f t )  

Length o v e r a l l  ( i n c l u d i n g  hook) 13.39M (43.9 f t )  

Span 16.64M (54.6 f t )  

Maximum width,  wings f o l d e d  6.10M (20.0 f t )  

Span o f  t a i  1 p lane 5.94M (19.5 f t) 

Performance 

Maximum Speeds 

D iv ing  ( c lean )  

Flaps down 

519 Krn/hr (280 k n t s )  

250 Km/hr (135 k n t s )  

Rais ing and lower ing  l and ing  gear 278 K d h r  (1.50 k n t s )  

F l i g h t  w i t h  l and ing  gear down ’- 296 Km/hr (160 k n t s )  

With drop tanks or s t a r t e r  pod 444 Km/hr (240 k n t s )  

Radome and rada r  antenna removed 370 Km/hr (200 k n t s )  

Weights 

Normal maximum take -o f f  weight  10544 Kg (23,245 l b s )  

Maximum perm iss ib le  t a k e o f f  weight  11794 Kg (26,000 l b s )  

Maximum perm iss ib le  l and ing  weight  11703 Kg (25,800 l b s )  

3.2 Blade D e s c r i p t i o n  and I n s t r u m e n t a t i o n  

3.2.1 Blade Measurements 

To i n v e s t i g a t e  the  v i b r a t o r y  response of t h e  F a i r e y  Gannet 4 x 4 coun- 
t e r - r o t a t i n g  p r o p e l l e r s ,  a d e t a i l e d  d e s c r i p t i o n  o f  the  f r o n t  and r e a r  

6 
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blades was r e q u i r e d .  
p r o p e l l e r  b lades.  
b a r r e l s  which enabled b lade measurements and f requency t e s t s  t o  be performed. 

This  was accomplished by us ing  a spare s e t  o f  Gannet 
The f r o n t  and r e a r  blades were disassembled from t h e  

The blade removal process proved t o  be complex s ince  t h e  blades were threaded 
i n t o  the b a r r e l  w i t h  10,645 N-M (7850 f t - l b s )  o f  to rque.  Specia l  t o o l - i n g  had 
t o  be designed and f a b r i c a t e d  i n  o rde r  t o  s a f e l y  unscrew the  b lades.  
removal of the  b lades,  measurements were made o f  the  b lade s e c t i o n  p r o f i l e s  
so t h a t  app rop r ia te  sec t i on  p r o p e r t i e s  could be developed. 

Upon 

The measurements were ob ta ined a t  25.4 CM (10 i n . )  increments from t h e  b lade 
t i p  except i n  the  reg ions  near the  b lade shank and t i p  where l a r g e  t r a n s i -  
t i o n s  i n  geometry occur red  over  small  r a d i a l  increments. A d d i t i o n a l  measure- 
ments were taken i n  these t r a n s i t i o n  reg ions .  

V isua l  i n s p e c t i o n  o f  the  f r o n t  and r e a r  blades had i n i t i a l l y  i n d i c a t e d  t h a t  
they were ve ry  c lose  to  each o t h e r  i n  geometry. Th is  cu rso ry  e v a l u a t i o n  d i d  
n o t  ho ld  up upon d e t a i l e d  eva lua t i on .  F igure 3 shows the  geometric d i f f e r -  
ences between the  two types of b lades.  The f r o n t  b lade was 3.81 CM ( 1 . 5  i n . )  
longer  than the  r e a r  b lade because the  f r o n t  b a r r e l  was smal le r  i n  d iameter .  
This a l l ows  the  f r o n t  and r e a r  p r o p e l l e r s  to have the  same o v e r a l l  d iameter  

I o f  3.76M (148 i n . ) .  The f r o n t  b lade was g e n e r a l l y  wider  and t h i c k e r .  These 
d i f ferences were g r e a t e s t  over  the  inboard h a l f  of t he  b lades.  F igu re  3 a l s o  
shows a curve rep resen t ing  equ iva len t  16 s e r i e s  a i r f o i l  camber represented  as 
design l i f t  c o e f f i c i e n t ,  Cld. Equiva lent  camber i s  shown because these a i r -  
f o i l s  were n o t  16 s e r i e s  a i r f o i l s .  The t r u e  c o n f i g u r a t i o n  was n o t  determined 
because a 16 s e r i e s  a i r f o i l  w i t h  the  proper camber p rov ided a good represen-  

1 t a t i o n  o f  t he  measured a i r f o i l  shape. F igure  4 shows a comparison between a 
measured Gannet p r o p e l l e r  b lade cross-sect ion and a 16 s e r i e s  a i r f o i l  w i t h  an 
equ iva len t  amount o f  camber. The equ iva len t  16 s e r i e s  r e p r e s e n t a t i o n  was 
g e n e r a l l y  good. Impor tan t  s t r u c t u r a l  f ea tu res  t h a t  were mainta ined w i t h  the  
rep resen ta t i on  were o v e r a l l  mid-chord th ickness and chord length .  Measure- 
ments o f  mid-chord th ickness  and chord l eng th  from the  f l i g h t  t e s t e d  b lades 
were compared to  the  spare b lade measurements t o  c o n f i r m  s i m i l a r i t y  between 
the spare b lades and f l i g h t  t e s t e d  blades. 

From the b lade s e c t i o n  d e s c r i p t i o n s ,  two a n a l y t i c a l  beam models were  gener- 
a ted  fo r  t h e  purpose o f  c a l c u l a t i n g  the  modal and response da ta  r e q u i r e d  for 
the  s e l e c t i o n  o f  s t r a i n  gage l o c a t i o n s  and comparison to t e s t  r e s u l t s .  
Tables I and I1  g i v e  the  beam sec t i on  p roper t y  da ta  developed fo r  the  f r o n t  
and r e a r  b lades.  
frequencies were c a l c u l a t e d  us ing  the  a n a l y t i c a l  models, and a comparison was 
made w i t h  the  measured f requenc ies .  Table I11 shows a comparison between the 
measured and c a l c u l a t e d  f requenc ies .  The comparison i s  g e n e r a l l y  good v e r i -  
f y i n g  t h a t  t he  b lade modeling procedure was sa t !  s f a c t o r y .  

I 

, 
1 
I 

I 
I 
I 

To v e r i f y  t he  rep resen ta t i on  o f  the  blades, s t a t i c  modal 
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The s t a t i c  modal f requency measurements noted i n  Table I11 were ob ta ined  by 
c lamping each b lade i n  a t e s t  f i x t u r e ,  F igu re  5, and shaking the  b lades ove r  
a f requency range t o  determine t h e i r  n a t u r a l  f requenc ies .  The t e s t  set-up i s  
shown by the i n s t a l l a t i o n  photograph, F igu re  6 .  To p r o v i d e  a s o l i d  founda- 
t i on  to  clamp each blade, the  e n t i r e  r e t e n t i o n  area, a t  the  b lade root, was 
p o t t e d  i n  l ead  and clamped i n  the  t e s t  shake f i x t u r e .  T h i s  method of clamp- 
i n g  circumvented the need fo r  spec ia l  f i x t u r e s  and tools t o  remove the  p i t c h  
bear ing  and clamp the  b lade i n  the  t e s t  f i x t u r e .  

3.2.2 S t r a i n  Gage Locat ions  

I n  a d d i t i o n  t o  c a l c u l a t i n g  the modal f requenc ies  fo r  the  f r o n t  and r e a r  
b lades,  s t ress  mode shapes and p r e l i m i n a r y  v i b r a t o r y  response s t resses  were 
determined i n  o rde r  to  l o c a t e  the  s t r a i n  gages. F igures  7 and 8 show normal-  
i z e d  s t r e s s  d i s t r i b u t i o n s  fo r  each b lade,  f r o n t  and r e a r .  The purpose of se- 
l e c t i n g  the s t r a i n  gage l o c a t i o n s  for  these b lades was t o  g i v e  i n f o r m a t i v e  
da ta  concerning the v i b r a t o r y  response o f  the  c o u n t e r - r o t a t i n g  p r o p e l l e r .  
Examination of F igures 7 and 8 shows t h a t  a bending gage a t  t he  50.8 CM (20  
i n . )  s t a t i o n  would respond we l l  t o  1P loads,  t he  f i r s t  bending mode (lF, 
f i r s t  f l a t w i s e  mode), and p o s s i b l y  8P loads.  A bending gage a t  the 129.5 CM 
(51 i n . )  would respond t o  the  second bending mode (2F, second f l a t w i s e  mode), 
and a bending gage a t  t he  160 CM ( 6 3  i n . )  s t a t i o n  would respond t o  the  t h i r d  
bending mode ( l E ,  f i r s t  edgewise mode) and p o s s i b l y  8P loads.  The vee gage 
l o c a t e d  a t  the 129.5 CM ( 5 1  i n . )  s t a t i o n  was p laced t o  respond t o  the  f i r s t  
t o r s i o n  mode. 
p u l l  p a i r s  for the purpose o f  o b t a i n i n g  l P ,  l F ,  and 1 E  shank bending moment 
response. Shank gages were a p p l i e d  to  the  b lade ad jacen t  t o  the  f u l l y  gaged 
b lade i n  bo th  the  f r o n t  and r e a r  b lade rows fo r  the  purpose o f  o b t a i n i n g  re -  
sponse phase r e l a t i o n s h i p s .  The c a l c u l a t e d  d i r e c t i o n  o f  the  1P shank bending 
moment was used t o  o r i e n t  t he  shank gages so t h a t  the  f l a t w i s e  shank gages 
would respond predominant ly  t o  1P loads.  F igures  9 and 10 show the  gage i n -  
s t a l l a t i o n s  f o r  the  inst rumented f r o n t  and r e a r  row blades and Table I V  l i s t s  
gage des ignat ions  and i n s t a l l a t i o n  i n s t r u c t i o n s .  

Four gages were a l s o  i n s t a l l e d  on the  b lade shanks i n  push- 

3.2.3 Ins t rumenta t ion  

The da ta  a c q u i s i t i o n  system fo r  the  F a i r e y  Gannet a i r c r a f t  was designed t o  
r e c o r d  a l l  r e q u i r e d  da ta  and t o  i n t e g r a t e  w i t h  the  e x i s t i n g  a i r c r a f t  hardware 
and e l e c t r o n i c s .  The f o l l o w i n g  measurements, sensors,  and ranges were em- 
p 1 oyed : 

No. Sensor Range - Me as u r emem t 

Blade S t r a i n  ( 1 6 )  S t r a i n  gage - + 2000 p E 

OnceJRev. ( 2) Magnet ic p i ckup  - 

A i r c r a f t  C.G. ( 1 )  Accelerometer - + 29 

A i r c r a f t  P i t c h  ( 1 )  Boom mounted p o t  - + 180" 

A i r c r a f t  Yaw ( 1 )  Boom mounted p o t  - + 180" 
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The 'transmission of data from the rotating to nonrotating reference frame was 
accomplished using the existing propeller de-icing slip rings modified for 
data transmission and rotating electronics. The front propeller has three 
slip rings and the rear propeller has five slip rings. These slip rings were 
utilized as follows: 

Front Slip Ring Utilization 

1 Power Front Prope 1 1 er 

2 Front IP Intra-Propeller Signal 

3 Front Strain Gage Signals 

Rear Slip Ring Utilization 

1 Power Front Prope 1 1 er 

2 Power Rear Propel 1 er 

3 Front 1P Intra-Propeller Signal 

4 Rear 1P Signal 

5 Front & Rear Strain Gage Signals 

Two propel ler mounted FM (frequency modulated) data acquisition systems a s  
shown in Figures 1 1  and 12 were used to obtain strain gage data from the 
front and rear propellers. The use of an FM system allowed all 16 strain 
gage signals to be transmitted over one slip ring. The front propeller's ro- 
tating amplifiers and voltage controlled oscillators (VCO) convert the 8 
front propeller strain gage signals into a frequency spectrum of 8 constant 
bandwidth channels from 14K Hz to 74K Hz which was transmitted across the 
slip ring to the rear propeller where the front blade signal was combined 
with the rear blade strain gage signal. The rear blade strain gage signals 
were similarly converted to an FM signal in the 78K Hz to 138K Hz range. 

In the non-rotating reference frame the FM signal containing all 16 strain 
gage channels was translated into four groups of four strain gage channels 
for recording. These groups contain the same frequency structure. In addi- 
tion to the four groups of strain gage records the following additional in- 
formation was recorded: 

Front propeller 1P intra-propeller-speed-phase-pip 

Rear propeller 1P speed-phase-pip 

Pitch angle of the aircraft 
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Yaw angle of the  a i r c r a f t  

V e r t i c a l  a c c e l e r a t i o n  o f  the  a i r c r a f t  C.G. (Nz) 

Observer ' s vo i ce  

I R I G  B T i m e  Code 

The f o l l o w i n g  i n f o r m a t i o n  was noted i n  a l o g  f o r  s teady-s ta te  c o n d i t i o n s  and 
a t  key po in ts  d u r i n g  t r a n s i e n t  c o n d i t i o n s .  

Run number Rear p r o p e l l e r  power 

F ron t  p rope l  1 e r  speed I n d i c a t e d  a i rspeed 

Rear p r o p e l l e r  speed A 1  t i  tude 

Front  p rope l  1 e r  power 

3.3 Test Cond i t ions  

A s e r i e s  o f  t e s t  c o n d i t i o n s  were  e s t a b l i s h e d  f o r  the  Gannet i n s t a l l a t i o n  t o  
assess the e f f e c t  o f  angular  i n f l o w  on the  response o f  a c o u n t e r - r o t a t i n g  
p r o p e l l e r .  The t e s t  c o n d i t i o n s  i nc luded  ground opera t i on ,  s t a b i l i z e d  f l i g h t ,  
and m i l d  maneuvers over  a range o f  power, a i rspeed,  and p r o p e l l e r  speed. The 
ground opera t ion  cond i t i ons  were s p e c i f i e d  i n  the  t e s t  p l a n  fo r  the  purpose 
of r e f i n i n g  the  s t r u c t u r a l  model. Random aerodynamic tu rbu lence  on the  
ground tends to  e x c i t e  n a t u r a l  b lade modes t h a t  can then be i d e n t i f i e d  and 
compared w i t h  a n a l y t i c a l  b lade p r e d i c t i o n s .  

The s t a b i l i z e d  f l i g h t  c o n d i t i o n s  which comprised the  m a j o r i t y  of the  t e s t  
p rov ided the pr imary  data used t o  assess the  d i f f e r e n c e  between counter  and 
s i n g l e - r o t a t i o n  o p e r a t i o n .  
p r o p e l l e r  i nvo l ved  s h u t t i n g  down o p e r a t i o n  o f  the o t h e r  p r o p e l l e r  and fea- 
t h e r i n g  i t .  Coun te r - ro ta t i on  o p e r a t i o n  o f  bo th  p r o p e l l e r s  i n v o l v e d  the  use 
o f  bo th  p r o p e l l e r s  a t  the same speed and w i t h  e i t h e r  the same or v a r y i n g  
amounts of power app l i ed  t o  each. 
f l i g h t  cond i t i ons .  A t  each s t a b i l i z e d  f l i g h t  a i rspeed the  a i r c r a f t  was 
e i t h e r  i n  a d i v e ,  c l imb ,  or l e v e l  f l i g h t  c o n d i t i o n  t o  achieve the  r e q u i r e d  
a i rspeed.  Also, each a i rspeed was assoc ia ted  w i t h  a s p e c i f i c  p i t c h  of the  
a i r c r a f t  because the a i r c r a f t  gross weight  was n o t  changed d u r i n g  the  t e s t .  

To change the  a i r c r a f t  p i t c h  a t  a p a r t i c u l a r  a i rspeed,  the  gross we igh t  must 
be changed. A gross weight  change was s imu la ted  w i t h  r o l l e r  coas ter  maneu- 
vers  where the  r e l a t i v e  g - leve l  was changed d u r i n g  p u l l o u t  and pushover ma- 
neuvers. Table V I  shows a summary o f  the  r o l l e r  coas ter  maneuvers. The 

S i n g l e - r o t a t i o n  o p e r a t i o n  o f  e i t h e r  f r o n t  or r e a r  

Table V conta ins  t h e  l o g  o f  the  s t a b i l i z e d  
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i n f l o w  t o  the  p r o p e l l e r s  was a l s o  a l t e r e d  by s i d e - s l i p  maneuvers i n  which the  
yaw o f  the  a i r c r a f t  w i t h  respec t  to  the f l i g h t  d i r e c t i o n  was v a r i e d .  Table 
VI1 shows a summary o f  the  s i d e - s l i p  maneuvers performed. The t e s t  r e s u l t s  
from the  f l i g h t  t e s t  w i l l  be d iscussed i n  t he  nex t  s e c t i o n .  

3.4 Exper imental  Resu l ts  

3.4.1 S t a b i l i z e d  F l i g h t  

3.4.1.1 Counter-Rotat ion vs Sing le-Rotat ion - S t a b i l i z e d  f l i g h t  da ta  for the  - 
Gannet c o u n t e r - r o t a t i n g  p r o p e l l e r  i n s t a l l a t i o n  showed t h a t  c o u n t e r - r o t a t i o n  
adverse ly  a f f e c t e d  the response o f  the  rear  b lade due t o  angu lar  i n f l ow .  
F igures 13 and 14 show a comparison o f  t o t a l  f l a t w i s e  b lade shank moments be- 
tween c o u n t e r - r o t a t i o n  and s i n g l e - r o t a t i o n  p r o p e l l e r  ope ra t i on .  F igu re  13 
shows t h a t  d i f ferences between counter  and s i n g l e - r o t a t i o n  response of the  
F r o n t  b lade was w i t h i n  the  s c a t t e r  o f  the t e s t  da ta  whereas F igu re  14 shows 
t h a t  the f l a t w i s e  moment o f  the  r e a r  blade was s i g n i f i c a n t l y  r a i s e d  by 
coun te r - ro ta t i on  opera t i on .  This f r o n t  and r e a r  b lade response t r e n d  was a l -  
so e x h i b i t e d  by b lade 2 o f  the  p r o p e l l e r s  f u r t h e r  suppor t i ng  the  r e s u l t s  f rom 
the b lade 1 da ta .  The b lade 2 r e s u l t s  are shown by F igures  15 and 16. 

Spec t ra l  a n a l y s i s  o f  the  s i g n a l s  f o r  the low speed 222 Km/hr (120 k n t s )  and 
h i g h  speed 370 Km/hr (200 k n t s )  s i n g l e  and c o u n t e r - r o t a t i n g  da ta  uncovered 
the  f o l l o w i n g  t rends  i n  the  response. On the  f ront  b lade c o u n t e r - r o t a t i o n  
d i d  no t  r a i s e  the  1P shank moment b u t  s i g n i f i c a n t l y  r a i s e d  the 2P shank mo- 
ment response as shown by F igures 17 and 18. This  t r e n d  i n d i c a t e s  t h a t  the  
r e a r  p r o p e l l e r  has l i t t l e  e f f e c t  on mod i fy ing  the  angu lar  i n f l o w  to  the f r o n t  
p r o p e l l e r  caus ing 1P response. However, the  r e a r  p r o p e l l e r  does produce a 2P 
d is tu rbance i n  the  f low f i e l d  t h a t  increases the f r o n t  b lade 2P response. 

The e f f e c t  o f  c o u n t e r - r o t a t i o n  on the r e a r  b lade was d i f f e r e n t  than on the 
f r o n t  b lade.  Coun te r - ro ta t i on  increased the  1 P  response o f  the  r e a r  b lade 
wh i l e  i t  d i d  n o t  change the  2P blade response as shown i n  F igures  17 and 18. 
The h ighe r  1P o f  the r e a r  b lade d u r i n g  c o u n t e r - r o t a t i n g  o p e r a t i o n  i n d i c a t e d  
t h a t  the  f r o n t  p r o p e l l e r  s i g n i f i c a n t l y  d i s t u r b s  the  angu lar  i n f l o w  i n t o  the 
r e a r  p r o p e l l e r  such t h a t  the  1P aerodynamic loads inc rease.  The l a c k  of 
change of r e a r  b lade 2P response imp l i es  t h a t  the  i n f l u e n c e  o f  a i r c r a f t  asym- 
metry  was the  f a c t o r  i n  de termin ing  the  2P response, n o t  the  i n f l u e n c e  of the  
f r o n t  p r o p e l l e r .  The o n l y  s i g n i f i c a n t  f l a t w i s e  b lade shank moment e x i s t i n g  
a t  a frequency g rea te r  then 2P occurred on the  r e a r  b lade i n  h i g h  speed 
f l i g h t  when the f r o n t  b lade was feathered and n o t  r o t a t i n g .  When the  f r o n t  
b lade was stopped i t  became a s t a t o r  and caused a 4P e x c i t a t i o n  on the  r e a r  
p r o p e l l e r .  Th is  e f f e c t  i s  d isp layed i n  F igure  18. 

The f r o n t  b lade s t a t o r  e f f e c t  p u t  a b ias  i n  the  t o t a l  v i b r a t o r y  moment f o r  
the  r e a r  b lade as r e s u l t s  shown i n  Figures 14 and 16. There fore ,  the t e s t  
da ta  was band-pass f i l t e r e d  a t  1P so tha t  t he  e f fec t  of c o u n t e r - r o t a t i o n  on 
1P response cou ld  be assessed on an equ iva len t  s i n g l e  and c o u n t e r - r o t a t i o n  
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bas is .  
below l P ,  was ev iden t  i n  a l l  the  da ta .  The exac t  na tu re  o f  the  no ise  i s  n o t  
known bu t  i t  was assumed t o  be due t o  the  onboard a i r c r a f t  e l e c t r o n i c s .  The 
1P moment da ta  for the f ron t  and r e a r  b lade i s  shown i n  F igures  19 and 20. 
Band pass f i l t e r i n g  the  da ta  a t  1P  had t h e  e f f e c t  o f  l ower ing  the  s ing le - ro -  
t a t i o n  response of  the r e a r  b lade a t  h i g h  speeds which r e s u l t e d  i n  a l a r g e r  
separat ion between the counter  and s i n g l e - r o t a t i o n  data.  

I t  should a l s o  be noted t h a t  some p e r s i s t e n t  lower f requency no ise ,  

I n  a d d i t i o n  t o  the  b lade o n / o f f  o p e r a t i o n  i n  s t a b i l i z e d  f l i g h t ,  the  power was 
changed i n  each b lade row so t h a t  t he  e f f e c t  o f  m ismatched  power c o u l d  be . 

assessed. The mis-matched power r e s u l t s  a re  shown i n  F igures  21 and 22 for - 
the  cases where the f r o n t  b lade power was h e l d  cons tan t  w h i l e  the r e a r  b lade 
power was v a r i e d  and where the  r e a r  b lade power was he ld  cons tan t  w h i l e  the  
f r o n t  blade power was v a r i e d .  The r e s u l t s  show t h a t  the r e a r  b lade shank mo- 
ment was a f fec ted  by changes i n  f r o n t  b lade power more than the  f r o n t  b lade 
was affected by the r e a r  b lade power. Th is  r e s u l t  suppor ts  the  e a r l i e r  ob- 
se rva t i on  t h a t  the r e a r  b lade was more a f f e c t e d  by c o u n t e r - r o t a t i o n  o p e r a t i o n  
than the  f r o n t  b lade.  

Blade edgewise response was a l s o  recorded d u r i n g  t e s t i n g  w i t h  the  shank edge- 
wise bending gages on the  f r o n t  and r e a r  p r o p e l l e r s .  The edgewise response 
was s i g n i f i c a n t l y  lower than the b lade f l a t w i s e  response as shown i n  F igu res  
23 and 24. I n  a l l  cases, except  for s i n g l e - r o t a t i o n  o p e r a t i o n  on the  f r o n t  
p r o p e l l e r ,  the.2P edgewise response was the  l a r g e s t  component o f  the  t o t a l  
edgewise v i b r a t o r y  response. Since the  edgewise response was low no f u r t h e r  
d iscuss ion  w i l l  be made concern ing the  d e t a i l s  o f  the  edgewise response. 

3.4.1.2 Blade St ress  D i s t r i b u t i o n  - The Gannet b lade bending s t resses  were 
recorded by the th ree  bending gages a t  t he  50.8CM (20 i n . ) ,  129.5CM (50  i n . )  
and 160CM 163 i n . )  s t a t i o n s  ( inboard ,  mid-blade, and t i p  bending gages).  
the  h i g h  and low speed c o n d i t i o n s  the  recorded da ta  was s p e c t r a l  analyzed to  
assess t h e  f requency con ten t  o f  the  s t resses  i n  counter  and s i n g l e - r o t a t i o n  
conf igura t ions .  F igures 25 t h r u  30 show the  bending s t r e s s  s p e c t r a l  p l o t s  
for the  cases; 

For 

Low Speed 222 Km/hr (120 Knts)  High Speed 370 Km/hr (200 Knts )  

CRP Fron t  Run 1 CRP F ron t  Run 8 

SRP F ron t  Run 13 SRP Fron t  Run 17 

CRP Rear Run 9 CRP Rear Run 8 

SRP Rear Run 1 SRP Rear Run 8 
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B r i e f  y ,  t h e  inboard bending gages show r e s u l t s  t h a t  a re  s i m i l a r  t o  t h e  b lade 
shank gages. The response was dominated by the  1P harmonic, and the  r e a r  
b lade 1P response was adverse ly  a f f e c t e d  by c o u n t e r - r o t a t i o n  whereas the  
f r o n t  b lade 1P response was r e l a t i v e l y  unaf fec ted  by c o u n t e r - r o t a t i o n .  Also, 
throughout  the  s i n g l e - r o t a t i o n  da ta  the  4P was b iased by the  e f fec t  of the  
f r o n t  or r e a r  non - ro ta t i ng  b lade a c t i n g  as  a s t a t o r  and i n c r e a s i n g  the  4P 
b lade e x c i t a t i o n .  The b lade response a t  t he  mid-blade gage and t i p  gage 
showed i n c r e a s i n g l y  h ighe r  P o rde r  response r e l a t i v e  t o  the  1 P .  Th is  i n -  
crease i n  h ighe r  o rde r  response towards the b lade t i p  i s  normal for p r o p e l l e r  
response. The ampl i tude o f  the  l P ,  2P, and 8P response has been p l o t t e d  as a - 
f u n c t i o n  o f  a i rspeed i n  F igures 31 t h r u  33 so t h a t  t rends  w i t h  a i rspeed,  
r a d i a l  l o c a t i o n  and s i n g l e  v s  coun te r - ro ta t i on  can be assessed. F igu re  31 
shows t h a t  1P decreased w i t h  a i rspeed for a l l  gages and modes o f  o p e r a t i o n .  
Also the  1P s t r e s s  decreased r a d i a l l y  towards the  b lade t i p .  
i l l u s t r a t e s  the  e f fec t  t h a t  coun te r - ro ta t i on  has on the r e a r  b lade and the  
l a c k  o f  e f f e c t  on the f r o n t  b lade.  

The f i g u r e  a l s o  

For t h i s  i n s t a l l a t i o n  the 2P response genera l l y  increases w i t h  a i rspeed.  I n  
most cases the 2P response was h igher  f o r  the  c o u n t e r - r o t a t i n g  c o n f i g u r a t i o n  
on both  f r o n t  and r e a r  blades as shown i n  F igu re  32. 

1 F igu re  33 shows the 8P response which was h ighe r  f o r  a l l  c o u n t e r - r o t a t i n g  
cases examined on bo th  f r o n t  and r e a r  blades. Also, the  8P response tends t o  
inc rease toward the  b lade t i p .  The h i g h  f requency modes of the  b lade were 
e x c i t e d  by 8P and showed more response a t  the  b lade t i p .  Whereas the  low 
f requency modes were e x c i t e d  by 1P showed more response a t  t h e  b lade root.  

3.4.1.3 To rs iona l  Response - The h ighes t  response t o  the  8P b lade passage 
f requency was e x h i b i t e d  by the tors ion modes o f  the  b lade.  The r e a r  b lade 
had a t o r s i o n a l  n a t u r a l  f requency o f  160 Hz and the  f r o n t  b lade had a tor -  
s iona l  n a t u r a l  f requency o f  182 Hz where the  8P e x c i t a t i o n  f requency was i n -  
between a t  175 Hz. F igures  34 and 35 show the  comparison between 8P for the 
counter  and s i n g l e - r o t a t i o n  con f igu ra t i ons .  For the  c o u n t e r - r o t a t i n g  conf ig-  
u r a t i o n  t h e  8P response i n  t o r s i o n  was the l a r g e s t  component compr is ing the 
t o r s i o n a l  response. The one p e c u l i a r  aspect o f  da ta  was the  appearance of an 
8P e x c i t a t i o n  i n  the r e a r  b lade o f  t h e  s i n g l e - r o t a t i o n  i n s t a l l a t i o n .  The 8P 
response may have been a harmonic of  the 4P impu ls ive  wake load ing  due t o  the 
non- ro ta t i ng  f r o n t  b lade a c t i n g  l i k e  an upstream s t a t o r .  

I 

3.4.2 Yaw Maneuvers 

Two yaw maneuvers were performed d u r i n g  f l i g h t  t e s t i n g ,  the  f i r s t  a low speed 
259 Km/hr (140 k n t )  and the  second a h igh speed 333 Km/hr (180 k n t )  r u n .  
Each yaw maneuver had two events,  a yaw l e f t  and a yaw r i g h t  where each t u r n  
was v a r i e d  from 0 to  10 degrees'. Both low speed and h i g h  speed maneuvers 
were performed w i t h  Gannet p r o p e l l e r s  coun te r - ro ta t i ng  w i t h  bo th  f r o n t  and 
r e a r  p r o p e l l e r s  o p e r a t i n g  a t  1300 RPM. 
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F igu re  36 i s  a p l o t  of  t o t a l  v i b r a t o r y  f l a t w i s e  shank moment versus yaw ang le  
fo r  the  low speed case, F igure  37 i s  t he  same p l o t  for the  h i g h  speed case. 
Both f i g u r e s  show t h a t  v i b r a t o r y  shank moment was a h y p e r b o l i c  f u n c t i o n  o f  
yaw angle. 

Two po in ts  a b o u t ~ t h e  r e l a t i o n s h i p  between the  f r o n t  and r e a r  v i b r a t o r y  shank 
moments can be made a f t e r  s tudy ing  these yaw maneuver p l o t s .  One, the  r e a r  
b lade experiences h ighe r  moments over  t h e  range o f  yaw angles t e s t e d  (omit- 
t i n g  the  e f f e c t  of  h o r i z o n t a l  o f f se t ) .  
o f  the  rear  b lade curve represented some unexpla ined f low d i s tu rbance ,  expe- 
r i enced  by the  r e a r  b lade row. 

There were a l s o  two d i f f e r e n c e s  observed between the  low speed and h i g h  speed 
maneuvers. F i r s t ,  the  low speed f r o n t  and r e a r  b lade minimum shank moments 
were grea ter  i n  magnitude than the  h i g h  speed minimum. Th is  was exp la ined  by 
the  f a c t  t h a t  the  a i r c r a f t  was p i t c h e d  up more a t  low speed f l i g h t  t o  o b t a i n  
enough l i f t  fo r  s t a b i l i z e d  f l i g h t .  Second, the  h i g h  speed maneuver showed 
f r o n t  and r e a r  hyperbolas w i t h  l a r g e r  s lopes than the  low speed case, h igh-  
l i g h t i n g  the increased moment s e n s i t i v i t y  to  yaw ang le  as a i r c r a f t  a i rspeed 
increased. 

Two, t h e  h o r i z o n t a l  o f f s e t  or skewing 

A 1P band pass f i l t e r  was used t o  o b t a i n  a p layback o f  1P v i b r a t o r y  shank mo- 
ments for  the  h i g h  and low speed maneuvers. F igures  38 and 39 i l l u s t r a t e  the  
p l o t t e d  1P data.  Rear b lade 1P moments were c lose  t o  the  t o t a l  moment va lues  
f o r  a l l  yaw angles.  Thi-s suggests t h a t  the  r e a r  b lade response was a lmost  
t o t a l l y  1 P .  F ron t  b lade 1P da ta  showed more d i f f e r e n t i a t i o n  f rom t o t a l  mo- 
ments a t  the lower yaw angles.  The t o t a l  moments were s u b s t a n t i a l l y  g r e a t -  . e r .  This d i f f e r e n c e  i n  t o t a l  and v i b r a t o r y  da ta  occur red  because the f r o n t  
b lade experiences a h ighe r  p o r t i o n  o f  2P response than the  r e a r  b lade d u r i n g  
coun te r - ro ta t i ng  opera t i on .  

A computer program was used t o  curve f i t  yaw maneuver da ta  t o  the  equat ion :  

M 

K 

M = K , / z ( q  - %l2 
= V i b r a t o r y  f l a t w i s e  shank moment, N-m ( f t - l b ) .  

= S e n s i t i v i t y  per  degree o f  i n f l o w  change, N-mldeg 
( f t - l b / d e g > .  

= P i t c h  o f f s e t  ( v e r t i c a l  o f f s e t ) ,  or yaw o f f s e t  i n  the  case 
o f  a p i t c h  maneuver, deg. 

= Yaw angle,  or p i t c h  ang le  i n  the  case o f  a p i t c h  maneuver, 
deg . 

= Yaw o f f se t  ( h o r i z o n t a l  o f f se t )  or p i t c h  o f f se t  i n  the  case 
of a p i t c h  maneuver, deg. 
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Figures 40 and 41 show the  r e s u l t i n g  curve f i t  fo r  the  low and h i g h  speed 
cases. 

The curve f i t  to low speed da ta  r e s u l t e d  i n  a s e n s i t i v i t y  (K)  o f  96 
N-midegree (71 f t - l b / d e g )  f o r  the  f r o n t  and 116 N-M/degree (86 f t - l b / d e g )  fo r  
the  r e a r  b lades.  The low speed p i t c h  o f f s e t  (a") (minimum moment d i v i d e d  
by the  s e n s i t i v i t y )  was c a l c u l a t e d  as 5.1' f o r  the  f r o n t  and 6.6" for the  
r e a r  b lades.  The measured p i t c h  o f  t h e  lowspeed maneuver was 6" .  Th is  sub- 
s t a n t i a t e s  t h a t  t he  above equat ion  co r re la tes  w e l l  w i t h  t e s t  data.  

The corresponding curve f i t  t o  the  h i g h  speed da ta  r e s u l t e d  i n  a s e n s i t i v i t y  
(K)  o f  148 N-M/degree (109 f t - l b / d e g >  f o r  t he  f r o n t  and 165 N-Midegree (122 
f t - l b / d e g >  fo r  t h e  r e a r  blades. The s e n s i t i v i t y  o f  moment t o  yaw ang le  i n -  
creased w i t h  a i rspeed.  
and 3.1" f o r  the r e a r  blades. 
a b l y  w e l l  w i t h  the  measured p i t c h  angle o f  1" .  The r e a r  b lade p i t c h  o f fse t  
does n o t  show the  same degree o f  c o r r e l a t i o n  as the  f r o n t  b lade.  
p i t c h  o f f s e t  o f  t h e  r e a r  b lade was a l s o  e x h i b i t e d  d u r i n g  t h e  low speed yaw 
maneuver, b u t  to  a l e s s e r  e x t e n t .  Both yaw maneuvers show l i t t l e  yaw h o r i -  
zon ta l  o f f s e t  (9") o f  the  f r o n t  blade but a s u b s t a n t i a l  h o r i z o n t a l  o f f se t  
o f  the  r e a r  b lade,  e s p e c i a l l y  a t  h igh  speed. The yaw o f f s e t  exper ienced by 
the  r e a r  b lade must be due to  the  i n t e r a c t i o n  between the  f r o n t  and r e a r  pro-  
pe l  l e r s  because o f  coun te r - ro ta t i on .  

- 

The c a l c u l a t e d  p i t c h  o f f s e t  was 1.6" for the  f r o n t  
The f r o n t  b lade p i t c h  o f f s e t  compares reason- 

The g r e a t e r  

3.4.3 P i t c h  Maneuvers 

I As i n  the  yaw maneuvers, t he re  were two p i t c h  maneuvers ( a l s o  c a l l e d  r o l l e r -  
coas ter  maneuvers), one a t  a low speed 259 Km/hr (140 k n t s )  c o n d i t i o n  and the  
o t h e r  a t  a h i g h  speed 333 Km/hr (180 k n t )  c o n d i t i o n .  The p i t c h  maneuver con- 
s i s t e d  o f  a p u l l - u p  producing a h igh  g loading and a subsequent push-over 
producing a low g load ing .  
changed d u r i n g  t h i s  type  o f  maneuver causing a change i n  a i r c r a f t  p i t c h .  
Dur ing  h i g h  and low speed maneuvers t h e  p i t c h  angle o f  t he  p r o p e l l e r  a x i s  
(boom) always remained p o s i t i v e ,  meaning a t  no t ime d i d  the  a i r c r a f t  ach ieve 
a nose down p o s i t i o n .  Therefore,  the  p i t c h  da ta  was n o t  as complete as yaw 
da ta  due t o  a l a c k  of  negat ive  p i t c h  angles. Also, the  p i t c h  maneuvers were 
n o t  smooth t r a n s i t i o n s  as were the yaw maneuvers. Th is  caused the r e s u l t i n g  
p i t c h  angle and moment da ta  to  have m o r e  s c a t t e r  than the  yaw maneuver da ta .  
Therefore,  t he  p i t c h  r e s u l t s  p r i m a r i l y  serve the  purpose o f  con f i rm ing  t rends 
t h a t  were e s t a b l i s h e d  w i t h  the  yaw maneuvers. 

The t o t a l  v i b r a t o r y  shank moments were p l o t t e d  versus t h e  p i t c h  angle for  
h i g h  and low speed c o n d i t i o n s  ( s e e  Figures 42 and 43). The p l o t s  show h a l f  a 
h y p e r b o l i c  f u n c t i o n  i n  the  p o s i t i v e  p i t c h  angle range o f  0' - 10". 

Some p i t c h  maneuver r e s u l t s  can be compared t o  the  yaw maneuvers. Rear b lade 
moments were h ighe r  i n  bo th  cases, and the p i t c h  s e n s i t i v i t y  was g r e a t e r  fo r  
the  h i g h  speed maneuver than for the low speed maneuver. Th is  i s  c o n s i s t e n t  
w i t h  the  f a c t  t h a t  moment s e n s i t i v i t y  increases w i t h  a i rspeed.  

The e f f e c t i v e  gross we igh t  o f  t h e  a i r c r a f t  was 

15 



NASA CR174819 

A 1P band pass f i l t e r  was a l s o  used t o  p l a y  back the  p i t c h  maneuvers (see 
F igures  44 and 45). Both low speed and h i g h  speed p i t c h  maneuvers showed the  
same trends as the  1P yaw maneuvers. The r e a r  b lade t o t a l  and 1P moments 
were equal suggest ing t h a t  the  r e a r  b lade was e x c i t e d  e x c l u s i v e l y  by 1P e x c i -  
t a t i o n .  
than the  t o t a l  shank moment curves.  

F ron t  b lade 1P moments were aga in  s i g n i f i c a n t l y  lower  i n  magnitude 

P i t c h  maneuver da ta  was a l s o  curve f i t t e d  (see F igures  46 and 47) t o  e x t r a c t  
i n fo rma t ion  about t h e  moment s e n s i t i v i t y  ( K ) ,  yaw o f f s e t  ( a r e ) ,  and p i t c h  
o f f s e t  ( q o )  t h a t  cou ld  n o t  be ob ta ined  by v i s u a l  i n s p e c t i o n  o f  the  d a t a  
because o f  t he  l i m i t e d  p i t c h  range and s c a t t e r  i n  the  data.  The same equa- - 
t i o n  was used w i t h  the  p i t c h  da ta  as w i t h  t h e  yaw data,  b u t  much more error 
was in t roduced i n  t h e  curve f i t .  
cab le  f o r  d i r e c t  comparison t o  the  yaw r e s u l t s .  
r e s u l t s  t o  t h e  yaw r e s u l t s ,  F igures  40 and 41 to  F igures  46 and 47 show t h e  
f o l l o w i n g  s i m i l a r i t i e s .  
for t h e  h igh speed case was g r e a t e r  than a t  low speed, and the  r e a r  b lade r e -  
sponse showed a s i m i l a r  h o r i z o n t a l  i n f l o w  o f f s e t  (0.1 as occur red  w i t h  
a i r c r a f t  yaw. 

Only  t h e  t rends  i n  the  r e s u l t s  were a p p l i -  

The moment s e n s i t i v i t y  per  degree o f  angu lar  i n f l o w  

A comparison o f  the  p i t c h  

3.4.4 Campbell P l o t s  

Campbell p l o t s  were cons t ruc ted  from beam analyses fo r  the  f r o n t  and r e a r  
p rope l l e rs .  Spec t ra l  da ta  ob ta ined  d u r i n g  ground runn ing  and s t a b i l i z e d  
f l i g h t  t e s t i n g  was reduced and analyzed. 
c l e a r l y  i d e n t i f y  b lade n a t u r a l  f requenc ies .  Na tu ra l  b lade modes were n o t  
e x c i t e d  t o  h i g h  s t r e s s  l e v e l s ,  and the  spec t ra l ’ - p lo t s  revea led  no ise  sp ikes  
a t  low leve l  s t resses  masking the  n a t u r a l  b lade response. The da ta  p o i n t s  
t h a t  were p l o t t e d  were se lec ted  on the  b a s i s  o f  r e p e a t a b i l i t y  of peaks on 
d i f f e r e n t  s t r a i n  gages. A l though the  f requency da ta  was sparse some compar- 
i son  of the measured modal f requenc ies  w i t h  the  p r e d i c t e d  va lues was ob- 
ta ined .  F igures  48 and 49 i l l u s t r a t e  t h e  r e s u l t s  o f  t h e  s p e c t r a l  da ta  reduc- 
t i o n  superimposed on p r e d i c t e d  Campbell p l o t s  for the  f r o n t  and r e a r  b lades .  
The t o r s i o n  mode was p r e d i c t e d  ve ry  s u c c e s s f u l l y  when compared w i t h  s p e c t r a l  
data.  Spect ra l  da ta  showed a t o r s i o n a l  c r i t i c a l  speed on bo th  b lade shear 
gages a t  an i n t e r b l a d e  f o r c i n g  f requency of  4P f r o n t  added to  4P r e a r .  Whi le  
the  f r o n t  and r e a r  p r o p e l l e r s  were r o t a t l n g  a t  1330 and 1070 RPM r e s p e c t i v e l y  
the  e x c i t a t i o n  f requency was 160 Hz which was the  r e a r  b lade t o r s i o n a l  f r e -  
quency. F igure  50 i s  a v i s i c o r d e r  p layback a t  these c o n d i t i o n s  i l l u s t r a t i n g  
the 4P p lus 4P f o r c e d  response o f  the  r e a r  b lade a t  t h e  t o r s i o n a l  frequency 
shear gage 14v(R). Note the  ve ry  low response of  the  f r o n t  b lade shear gage 
14v(F). 

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

Modes 1-4 s t a t i c  f requency p r e d i c t i o n  was a l s o  s u b s t a n t i a t e d  w e l l  a t  s t a t i c  
cond i t i ons  when a p r o p e l l e r ,  e i t h e r  f r o n t  or  r e a r ,  was fea the red  d u r i n g  
s i n g l e - r o t a t i o n  f l i g h t  t e s t .  
were n o t  c l e a r .  F igures  48 and 49 show s c a t t e r e d  r e s u l t s  ob ta ined  from the  

The bending mode r e s u l t s  d u r i n g  b lade r o t a t i o n  
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data. 
spond well in its natural modes during flight or ground operation. There- 
fore, the rotating natural frequencies were not substantiated well for this 
installation so analytical predictions were based on blade models that could 
not be completely verified. The blade models appeared to be quite satis- 
factory for all conditions where correlation to data could be made. 

3.5 Analytical Predictions 

Only blade P-order frequencies were prevalent. The blade d i d  not re- 

3.5.1 Conditions Examined 

Analytical predictions of the blade stresses were made for the Gannet propel- 
lers for the comparison with the measured data t o  verify existing counter-ro- 
tation methodology. 
that will be reviewed in the following discussions. The first calculation 
procedure used a consistent set of pitch and yaw angles for both counter and 
single-rotation predictions. This consistent set of angles allowed a direct 
comparison between single and counter-rotation analytical results. The pitch 
and yaw angles for this comparison were established from the counter-rotation 
test conditions shown in Table VIII. The Gannet aircraft was modeled i n  a 
flow-field analysis, and the pitch and yaw angles were calculated. A compar- 
ison between the experimental and calculated angles is also shown in Table - 
VIII. It should be noted that the aircraft was shown by analysis to induce a 
0.4 degree yaw at the boom where pitch and yaw measurements were taken. This 
error was accounted for in the calculations by reducing the measured yaw 
angle. The comparison was generally good for the modeled configuration over 
the range o f  airspeed from 222 to 370 Km/hr (120 to 200 knts). The corre- 
sponding single-rotation test conditions showed somewhat higher measured an- 
gles than the counter-rotation test conditions even though the test pilot at- 
tempted t o  match the single and counter-rotation conditions for comparison 
purposes. 

The calculations were performed using two procedures 

Once the aircraft flow-field was established, the effect of the propeller was 
superimposed on the aircraft flow field so the harmonic blade loads could be 
calculated for subsequent stress predictions. The superposition of the air- 
craft flow-field on the propeller induced flow accounted for the effects of 
single or counter-rotation for the subsequent response calculations. 
load calculations were performed t o  cover the analytical comparison of single 
t o  counter-rotation and the comparison of analysis to test data. The cases 
compared are summarized in Table IX for combinations of high airspeed, low 
airspeed, single rotation, and counter-rotation. The blade response for 
these six cases were determined by combining the harmonic blade loads with 
the blade structure using a modal response analysis program. The response 
analysis used for this study was a beam analysis that was limited to bending 
modes. 

Six 

Therefore the 8P response of the blades in torsion was not modeled. 
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3.5.2 Counter-Rotation Anal ysi s 

The ca l cu la ted  b lade response was dominated by t h e  1P harmonic as occu r red  
w i t h  the  t e s t  data.  f i g u r e s  51 and 52 show the  comparison o f  t h e  counter- ro-  
t a t i o n  1P p r e d i c t i o n s  t o  the  t e s t  data.  
s i d e r i n g  the low l e v e l  o f  measured b lade s t r e s s  except  a t  t he  i nboard  bending 
gage, 50.8 cm (20 i n . )  s t a t i o n ,  where a r a t h e r  l a r g e  d isc repancy  e x i s t s  be- 
tween the t e s t  da ta  and a n a l y t i c a l  p r e d i c t i o n s  for t h e  r e a r  p r o p e l l e r .  The 
d i f f e r e n c e  between measurement and c a l c u l a t i o n  a t  t he  50.8 cm (20  i n . )  s ta -  
t i o n  was i n c o n s i s t e n t  w i t h  the  r e s u l t s  a t  t he  b lade shank and mid-blade re -  
g ions.  

3.5.3 Counter-Rotation vs S i  ng l  e -Rota t ion  

F igures  53 through 56 show a comparison o f  c o u n t e r - r o t a t i o n  p r e d i c t i o n s  to  
s i n g l e - r o t a t i o n  p r e d i c t i o n s .  The a n a l y t i c a l  p r e d i c t i o n s  showed t h a t  coun- 
t e r - r o t a t i o n  always had an adverse e f f e c t  on the  1P s t r e s s i n g  o f  t he  p rope l -  
l e r  and t h a t  the  adverse e f f e c t  was e v i d e n t  on bo th  the  f r o n t  and r e a r  b lade 
rows. A t  low speed the  p r e d i c t i o n s  showed t h a t  c o u n t e r - r o t a t i o n  inc reased 
the  stresses on the  f r o n t  b lade s l i g h t l y  more than the  r e a r  b lade because of 
the  in f luence o f  induced flow f rom the  r e a r  b lade on the  f r o n t  b lades .  A t  
h i g h  speed the  a n a l y s i s  showed t h a t  t he  r e a r  b lade was s t r o n g l y  a f f e c t e d  by 
coun te r - ro ta t i on  w h i l e  the  f r o n t  b lade was a f f e c t e d  o n l y  t o  a smal l  degree. 
These r e s u l t s  a re  somewhat c o n t r a r y  to  t h e  conc lus ions  drawn from t h e  exper i -  
mental r e s u l t s  i n  s e c t i o n  3.4 where t h e  t e s t  da ta  showed t h a t  t he  f r o n t  b lade 
was unaffected by c o u n t e r - r o t a t i o n  a t  bo th  h i g h  and low speed c o n d i t i o n s  and 
t h a t  t he  r e a r  b lade was adverse ly  a f f e c t e d  by c o u n t e r - r o t a t i o n  a t  b o t h  h i g h  
and low speed c o n d i t i o n s .  A summary of t h e  comparison between t h e  a n a l y s i s  
and t e s t  da ta  i s  g i ven  i n  Table X for  b lade shank bending moments. The sum- 
mary i s  i n  terms o f  abso lu te  values and r a t i o s  o f  t h e  r e s u l t s .  
from the  t a b l e  t h a t  t he  s e n s i t i v i t y  o f  t h e  h i g h  speed r e s u l t s  causes poor 
c o r r e l a t i o n  whereas the  low speed r e s u l t s  g e n e r a l l y  show good c o r r e l a t i o n .  

O v e r a l l  t h e  agreement was good con- 

This d iscrepancy cou ld  n o t  be reso lved  w i t h  t h e  a v a i l a b l e  i n f o r m a t i o n . -  

I t  i s  e v i d e n t  

These d i f f e r e n c e s  a t  h i g h  speed were i n  p a r t  due t o  the  s e n s i t i v i t y  of the  
a n a l y s i s  to d isc repanc ies  i n  p i t c h  and yaw angle.  
sured and c a l c u l a t e d  s t resses  a t  h i g h  speed were smal l .  There fore  a s l i g h t  
d i f f e rence  i n  angu lar  i n f l o w  w i l l  r e s u l t  i n  a poor comparison o f  t e s t  t o  
a n a l y s i s .  I n  a d d i t i o n ,  the  values o f  t h e  measured s t resses  were smal l  and 
may be sub jec t  to a r e l a t i v e l y  l a r g e  exper imenta l  e r r o r .  The comparison o f  
a n a l y s i s  to t e s t  data,  p a r t i c u l a r l y  a t  h i g h  speed, was more o f  a comparison 
of one small number t o  another  small  number, and t h e r e f o r e  was n o t  a good 
check on the a b i l i t y  o f  the  a n a l y s i s  to  p r e d i c t  exper imenta l  r e s u l t s .  

The magnitude of t h e  mea- 

18 
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3.5.4 S ina le -Rota t ion  Ana lys is  

To i l l u s t r a t e  the  s e n s i t i v i t y  o f  the  ana lys i s  t o  p i t c h  and yaw angles a sec- 
ond c a l c u l a t i o n  procedure was u t i l i z e d  t o  make p r e d i c t i o n s  f o r  s ing le - ro ta -  
t i o n  o p e r a t i o n  us ing  the  measured i n f l o w  angles shown i n  Table XI. These r e -  
s u l t s  a re  shown i n  F igures  57 through 60. When the  measured angles were used 
i n  the  a n a l y s i s  the  agreement between t e s t  and c a l c u l a t i o n  was b e t t e r  over 
the  e n t i r e  b lade for bo th  f r o n t  and r e a r  p r o p e l l e r s .  A comparison o f  the  
h i g h  speed r e s u l t s  shown i n  F igures 59 and 60 w i t h  the  prev ious  h i g h  speed 
s i n g l e - r o t a t i o n  r e s u l t s  from f i g u r e s  55 and 56 shows t h e  s e n s i t i v i t y  of the  
p r e d i c t e d  s t r e s s  t o  i n f l o w  angle a t  h i g h  speed f l i g h t  c o n d i t i o n s .  Th is  sen- 
s i t i v i t y  was a l s o  d i sp layed  i n  the  259 Km/hr (140 k n t )  and 333 Km/hr (180 
k n t )  yaw and p i t c h  maneuver da ta  i n  Sect ion 3.4. 

- 
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4.0 CONCLUSIONS 

The r e s u l t s  from the  f l i g h t  s t ress  survey on the  F a i r e y  Gannet a i r c r a f t  have 
shown t h a t  c o u n t e r - r o t a t i o n  can have a s i g n i f i c a n t  e f f e c t  on the  response o f  
a p r o p e l l e r  t o  angular  i n f l o w .  
once-per- revolut ion (1P) fo rced  e x c i t a t i o n  on the  r e a r  p r o p e l l e r  o f  a coun- 
t e r - r o t a t i n g  i n s t a l  l a t i o n  was adverse ly  a f f e c t e d  by t h e  i n f l u e n c e  o f  t h e  
f r o n t  p r o p e l l e r .  The f r o n t  p r o p e l l e r  was n o t  s i g n i f i c a n t l y  a f f e c t e d  by the  
r e a r  p r o p e l l e r .  Coun te r - ro ta t i on  increased the  f l a t w i  se b lade v i b r a t o r y  
shank bending moment o f  the  r e a r  p r o p e l l e r  by approx imate ly  25% over  the  same . 

p r o p e l l e r  o p e r a t i n g  i n  a s i n g l e - r o t a t i o n  c o n f i g u r a t i o n .  

The s t a b i l i z e d  f l i g h t  da ta  showed t h a t  t h e  

For t h i s  i n s t a l l a t i o n  the  response a t  harmonics h ighe r  than 1P was n o t  s i g n i -  
f i c a n t .  However, t he  h ighe r  o rder  response o f  t he  f r o n t  and r e a r  p r o p e l l e r s  
was general l y  g rea te r  fo r  coun te r - ro ta t i on  o p e r a t i o n  than f o r  s i  ng l  e - r o t a t i o n  
opera t i on .  
p r o p e l l e r  was ev iden t  i n  the  data b u t  the r e s u l t i n g  s t r e s s  and moment l e v e l s  
were low. The o n l y  case where s i g n i f i c a n t  b lade passage e x c i t a t i o n  was e v i -  
dent  occur red  d u r i n g  mismatched p r o p e l l e r  RPM o p e r a t i o n  on the  ground when a 
c r i t i c a l  speed was encountered. I f  the  c r i t i c a l  speeds assoc ia ted  w i t h  the  
b lade passage e x c i t a t i o n  were av,oided, no s i g n i f i c a n t  response was e v i d e n t .  
The yaw and p i t c h  maneuver da ta  a l s o  showed the  e f f e c t s  o f  c o u n t e r - r o t a t i o n .  
The r e s u l t i n g  response o f  the  r e a r  b lade to a yaw maneuver i n d i c a t e d  t h a t  the  
f r o n t  p r o p e l l e r  impar ted an i n f l o w  t h a t  had the  e f f e c t  o f  a b u i l t - i n  i n f l o w  
angle on the  r e a r  p r o p e l l e r .  I n  o t h e r  words, t he  r e a r  p r o p e l l e r  was n o t  a t  
t h e  lowest  l e v e l  o f  response a t  ze ro  degrees i n f l o w  angle w h i l e  the  f r o n t  

The b lade passage frequency e x c i t a t i o n  o f  the c o u n t e r - r o t a t i n g  

I p r o p e l l e r  was e s s e n t i a l l y  a t  the lowest  response a t  ze ro  i n f l o w  angle.  

The methodology used t o  c a l c u l a t e  the  response of the  F a i r e y  Gannet coun- 
t e r - r o t a t i n g  p r o p e l l e r  showed a v a r i n g  degree o f  c o r r e l a t i o n  w i t h  t h e  t e s t  
data.  The coun- 
t e r - r o t a t i n g  p r e d i c t i o n s  showed an increased s t r e s s  over  s i n g l e - r o t a t i o n  
opera t i on .  However t h e  ana lys i s  d i d  n o t  show the  r e a r  p r o p e l l e r  response i n -  
crease to  the  e x t e n t  t h a t  was es tab l i shed f rom t e s t  r e s u l t s .  There were  d i s -  
crepancies i n  c o r r e l a t i o n  between ana lys is  and t e s t  a t  h i g h  speed due t o  the 
s e n s i t i v i t y  o f  the  h i g h  speed r e s u l t s  t o  small  changes i n  i n f l o w  angle and 
t h e  r e l a t i v e l y  small  va lues of  measured s t ress .  Therefore,  t he  h i g h  speed 
r e s u l t s  were n o t  a good check o f  the methodology. 

The c o r r e l a t i o n  a t  low speed f l i g h t  was g e n e r a l l y  good. 

Overa l l  t h e  t e s t  r e s u l t s  f rom the Fa i rey  Gannet a i r c r a f t  w i l l  be u s e f u l  i n  
r e f i n i n g  the  methodology requ i red  t o  p r e d i c t  the aerodynamic i n t e r a c t i o n  be- 
tween the  p r o p e l l e r s  o f  c o u n t e r - r o t a t i n g  i n s t a l l a t i o n s .  The i n t e r a c t i o n  e f -  
f ec ts  t h a t  were d i sp layed  i n  the f l i g h t  da ta  were produced by t h e  same aero- 
dynamic loads t h a t  a f f e c t  p r o p e l l e r  noise and performance. Therefore, the  
use o f  t h i s  data t o  r e f i n e  f u t u r e  response analyses w i l l  r e s u l t  i n  t h e  i m -  
provement of  no ise  and performance c a l c u l a t i o n .  
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5.0 Recommendat i ons 

Results from the Fairey Gannet Aircraft structural tests revealed a number of 
presently unknown and unpredicted characteristics concerning the response of 
a counter-rotating propeller in angular inflow. These results point out 
areas of study required to advance the present state-of-the-art counter-ro- 
tating propeller technology. Both the empirical data base and analytical 
methodologies for counter-rotating structural response studies are in need of 
enhancement. 

The empirical data base should be expanded initially in the model scale with 
a controlled wind tunnel environment to Mach numbers up t o  0.8. Structural 
testing of the CRP-X1 counter-rotating Prop-Fan model is being performed by 
Hamilton Standard to provide an expanded data base for counter-rotating anal- 
ysis methodology. In addition to the structural response data, further ef- 
forts should be expended to measure the flow field encountered by both the 
front and rear stages of a counter-rotating propeller or Prop-Fan. 

Direct measurements of the flow environment under wind tunnel conditions 
would be useful for confirming counter-rotating aerodynamic analyses. With- 
out flow field measurements the aerodynamic analyses are confirmed from sec- 
ondary results of performance and structural response. 

In addition to the expansion of  the empirical data base the counter-rotation 
analytical methods need re-evaluation because of the differences displayed 
between predicted and measured response on the Gannet propellers. Deficien- 
cies in the present methodology should be identffied and rectified. Also, 
new analytical methods should be identified o r  developed for future counter- 
rotating structural analysis. 
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TABLE I FAIREY GANNET FRONT PROPELLER BLADE 

18.51 
M.32 
22.88 
27.94 
33.02 
38.10 
50.80 
83.50 
78.74 
88.90 
lQ4.1 
114.3 
129.5 
139.70 
154.9 
185.1 
177.8 
185.4 
190.5 

BEAM PROPERTIES 

154.4 
127.5 
153.7 
117.8 
1Q4. 

98.84 
83.88 
77.35 
61.85 
56.91 
47.15 
40.68 
33.74 
33.02 
20.54 
14.80 
8.7 
8.4 
.60 

Statlon - 
- 

1 
2 
3 
4 
5 
8 
7 
8 
9 
10 
11 
12 
13 
14 
15 
18 
17 
18 
19 - 

1-Minor 

cm4 

- 
- 

2149. 
1704. 
2582 
81 7.7 
332.1 
220.6 
11 3.8 
77.54 
39.36 
31.98 
17.95 
11.88 
7.34 
5.60 
225 
1 .od 
.32 
.19 
.ooo3 

I-MaJor - 
C d  - 

2149. 
1704. 
2582. 
1999. 
2223 
2450 
2789. 
2822. 
2437. 
2287. 
1853. 
1548. 
1185. 
9423 
487. 
257. 

8254 
34.07 , 
.Qa - 

I-Polar - 
cm4 - 
4298 
3409. 
51 65. 
2817. 
2555 
2878. 
2903. 
3M5. 
2621. 
2441 
2005 
1890. 
1289. 
1051. 
583. 
307.7 
107.4 
46.8 
.192 - 

Radlua of 
Gyratlon 

cm2 

27.83 
26.74 
33.80 
22.21 
24.56 
27.68 
34.69 
38.08 
40.90 
41.17 
40.57 
39.39 
35.87 
32.71 
25.07 
18.88 
10.78 
8.27 
.37 
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TABLE II FAIREY GANNET REAR PROPELLER BLADE 
BEAM PROPERTIES 

; Strtlon_ 

1 
2 
3 
4 
5 
8 
7 
8 
9 
10 
11 
12 
13 
14 
15 
18 
17 
18 
19 

I.Major 

cm4 

2149 
17M 
1211 
1620 
1101. 
1270 
1812 
21 71 
2201 
2040 
1 0 5  
1407 
997.3 
829.1 
379.6 
215.8 
03.81 
7.15 
.ll -* 

Radlua 

cm 

I-Polar 

cm4 

4296 
3409 
2423 
2432 
1324. 
1411 
la00 
2344 
2369 
2199 
1033 
1553 
1117 
931.1 
447.4 
203.8 
85.33 
11.11 
.22 

26 

cm2 

154.4 
127.5 
96.00 
119.81 
79.81 
72.77 
07.40 
03.12 
54.70 
49.32 
41.44 
30.58 
29.05 
20.74 
10.97 
*us 
7.38 
2.61 
.06 

2Q.32 
22.88 
25.40 
27.94 
33.02 
38.10 
50.80 
03.50 
78.74 
88.90 
lM.l 
11 4.3 
129.5 
139.70 
154.9 
166.1 
177.8 
18S.4 
190.5 

cm4 

2149 
1704 
1211 
8125 
222.8 
140.7 
74.05 
44.02 
28.02 
19.01 
11.82 
8.4 
4.61 
3.98 
1.29 
.88 
20 
.02 

.ooOS 

I Sadlur of 
Qyratlon 

C m 2  

27.83 
20.74 
24.73 
20.30 
18.59 
19.38 
27.98 
35.74 
41.57 
4288 
4201 
39.92 
35.74 
3237 
23.82 
18.44 
9.98 
3.35 
.37 
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~ ~~ ~ 

1st flatwise 19.8 19.73 17.3 17.6 
2nd flatwise 51.9 51.90 49.5 49.5 
1 st edgewise - 79.14 - 78.5 
3rd flatwise - 125.83 11 3.4 115.7 
1st torsion i7a9 183.69 163.2 160.8 

J 

TABLE 111. COMPARISON OF MEASURED AND PREDICTED MODAL 
FREQUENCIES FOR THE FAIREY GANNET PROPELLER BLADES. 

I Modal Frequency, Hz 1 
1 -  Front Blade I Rear Blade 1 

I Mode I Measured I Predicted I Measured I Predlcted I 
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TABLE IV FAIREY GANNET STRAIN GAGE INSTALLATION 

Qago Numbor' 

1SFF 
2SFF 
1SEF 
2SEF 
1SFR 
2SFR 
1 SER 
2SER 
1lF 
1 l R  

12F 
12R 
13F 
13R 

14VF 
14VR - 

Not.: 

Shank flatwlu front row blado 1 
Shank flatwiro front row blado 2 
Shank odgowlao front row blado 1 
Shank odgowlw front row blado 2 
Shank flatwlro roar row blado 1 
Shank flatwlu roar row blado 2 
Shank odgowlu nor row blado 1 
Shank odgowlro roar row blado 2 

Front row 50.8 cm rtatlon bondlng at tho 50% chord 
Roar row 50.8 cm rtatlon bondlng at tho 50% chord 

Front row 129.5 cm rtatlon bondlng at tho 50% chord 
Roar tow 129.5 cm rtatlon bondlng at the 50% chord 
Front row 160 cm rtatlon bondlng at the 50% chord 
Roar row 160 cm station bondlng at tho 50% chord 
Front row 129.5 cm rtatlon VI. at tho 50% chord 
Roar row 129.5 cm rtatlon Voo at tho 50% chord 

Shank gagor a n  appllod In pushpull pain, as shown 
In tho Flgunr 9 and 10 on tho clrcular blado station outboard 
of tho rmtod roglon This Is about tho 22.9 cm station 
for HH front blado and about tho 25.4 cm rtatlon for 
tho mar blado. 

All 0th.r gagr  at'@ Inatallod on th. cambw rid. of blade 1. 
B d l n g  gagr  am allgnod radially ~ n d  u90 g a m  m 
pushpull poln allgnod f 45. from radial. 

Tho Shank g a g r  on uch blado row a n  to bo callbratod 
against known loadr to detormlno mmnt l r t ra ln  nlatlonrhlpr. 

' Bladw 1 and 2 a n  any rdjacont blador In a blado row. 
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TABLE V STABILIZED FLIGHT 

Run 
No. 

1 
2 
3 
4 
5 
0 
7 
8 
9 
10 
11 
12 
13 
14 
15 
10 
17 
18 

% P o w r  

Front 
- 
Rear 

80 
82 
82 
82 
30 
84 
84 
85 - - - - 
80 
80 
82 
83 
83 - - 

% RPM 

Front 

99.5 
99.5 
99.5 
99.5 
99.5 
99.5 
99.5 
99.0 
99.8 
99.3 
99.4 
99.6 - - - - - 
99.7 

- 
Rear 

100 
100 
100 
100 
100 
100 
100 
100 - - - - 
100 
100 
100 
100 

100.5 - - 

TEST CONDITIONS 

Indlcrrted. 
Aimpod 
Kdhr 

222 
259 
259 
259 
259 
296 
333 
370 
222 
259 
296 
333 
222 
259 
296 
333 
370 
370 

100% Power = 1380Kw (1850 SHP) 

100% RPM = 1310 RPM 

Altltude- m 

Start 

28911 
2896 
2896 
2896 
2896 
2885 
3048 
31 39 
3078 
3200 
31 70 
31 39 
3048 
3048 
3078 
3231 
3353 
3353 

Flnlrh 

3505 
3353 
3200 
3078 
3048 
2957 
31 70 
3048 
301 8 
3200 
301 8 
2774 
31 09 
301 8 
2896 
301 8 
301 8 
2987 
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TABLE VI ROLLER COASTER FLIGHT MANEUVER TEST CONDITIONS 

30 
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% P o w r  % RPM lndlcatod 
1 Almp..d - Run 

NO. Front Rear Front Rear K d h r  
: 

TABLE VI1 SIDE SLIP FLIGHT MANEUVER TEST CONDITIONS 

21 A 82 83 
21 8 82 83 
21 c 82 83 
21 0 82 83 

22A 83 84 
228 83 84 
22C 83 84 
220 83 84 

90.5 100 259 
98.5 100 259 
90.5 100 259 
a9.5 100 259 

98.5 100 333 
90.5 100 333 
98.5 100 333 
98.5 100 333 

~ Altitude-m 

2743 I 
1 3292 

Maneuver 

Centw 
Yawieft 

Yaw Rlght 

Yaw Left 
Yaw Rlght 

Center 
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Run Alrspood 

1 222 
2 259 
0 298 
7 333 
8 370 

Numbor Kmlhr 

Moasurod Calculated 

Pitch Yaw Pitch Yaw' 
D.g. wa. Dog. Dog. 

8 .5 8.4 .l 

0.5 0 4.8 - .4 

3 .5 2 8  .1 

1 1 .o 1.1 .0 

0 1.5 .05 1.1 

Calculated yaw anglr  a n  tho momumd nsults mlnus tho calculated .4 dogrw lnducd 
anglo at tho boom. 
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Case 

1 

2 

I 3 1  222 

Airspeed 
km/hr 

222 

222 

1 4 1  370 

I s 1  370 

370 

NASA CR 

CALCULATED TEST CASES 

Mode of operation 

Counter rotating I 
Single rotation front I 
Single rotation rear 

Counter rotating 

Single rotation front 

Single rotation rear 

17481 9 
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Mode 
Airspeed Blade of 
Km/hr row oneration 

TABLE X COMPARISON OF MEASURED AND CALCULATED 1P SHANK 
BENDING MOMENTS FOR THE GANNET AIRCRAFT DURING 
COUNTER AND SINGLE ROTATION OPERATION 

Measured Calculated Comparison 

Moment Ratio Moment Ratio Measured 
N-m CR/SR N-m CR/SR Calculated 

- . 

79 1 914 0.87 

988 1.03 

678 905 0.75 

U l I I & I U n  

rotation 
Counter 1017 
rotation 
Single 

rotation 

1.29 1.08 

Lowspeed 
222 Km/hr 

High speed 
370 Km/hr 

565 I ---.. --. I rotation I 
226 238 0.95 

Single 
rotation 

226 285 0.79 Counter 
rotation - 

Front 1 .o' 1.20 
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TABLE XI MEASURED PITCH AND YAW ANGLES FOR THE FAIREY 
GAN N ET D U R I N G S I N G LE - R OTATl 0 N 0 P E RAT ION 

Run 
N u m b  

13 
14 

15 

10 
17 

9 

10 

11 

12 

18 

Aimpod 
Kdhr 

222 

259 

298 

333 
370 
222 
259 

296 

333 

370 

Propliar 
Opontlng 

Front 
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FIGURE 1. FAIREY GANNET AIRCRAFT 
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FIGURE 2. FAIREY GANNET AIRCRAFT W I T H  ACOUSTIC TEST BOOM 
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FIGURE 3. FAIREY GANNET PROPELLER BLADE GEOMETRY 
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GANNET REAR BLADE, 88.9 CM STATION 
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FIGURE 5. FREQUENCY TEST SET-UP 
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FIGURE 6. GANNET REAR BLADE FREQUENCY TEST SET-UP 
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FIGURE 7. PRELIMINARY FLATWISE STRESS DISTRIBUTIONS FOR 
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FIGURE 8. PRELIMINARY FLATWISE STRESS DISTRIBUTIONS FOR THE GANNET 
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FIGURE 9. FAIREY GANNET PROPELLER FRONT BLADE STRAIN GAGE LOCATIONS 
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FIGURE 10. FAIREY GANNET PROPELLER REAR BLADE STRAIN GAGE LOCATIONS 
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FIGURE 11. FAlREY GANNET FM SYSTEM INSTALLATION 
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FIGURE 15. GANNET STABILIZED FLIGHT FRONT BLADE 2 FLATWISE TOTAL 
VIBRATORY SHANK MOMENT COMPARISON 
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FIGURE 18. GANNET STABILIZED FLIGHT REAR BLADE 2 FLATWISE TOTAL 
VIBRATORY SHANK MOMENT COMPARISON 
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FIGURE 23. EDGEWISE SHANK BENDING MOMENT COMPONENTS FOR GANNET 
LOW SPEED FLIGHT 222 KM/HR . 
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FIGURE 24. EDGEWISE SHANK BENDING MOMENT COMPONENTS FOR GANNET 
HIGH SPEED FLIGHT 370 KM/HR 
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FIGURE 29. TIP BENDING GAGE STRESS COMPONENTS FOR GANNET LOW SPEED 
FLIGHT 222 KM/HR 
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FLIGHT 370 KM/HR 

55 



NASA CR 17481 9 

50.8 cm station 
3 x  lo7  F;l 01 

E 2 2x107 a- 

8 1x107 

t 
ob 
ob 

v) 

0 
200 250 300 350 

3 x 1 0 7 r  

O U  
200 250 3 

cy 
E 
t 

e 
3i 

I 
m 
ob 

129.5 cm station 160 cm station 
3x107 

2 x ~ ~ 7 B l  , 

1 x 107 

SRF-' - 0 
200 250 300 350 200 250 300 350 I 

Indicated airspeed - kmlhr 

3 x lo7 

2 x ~ ~ 7 B l  

1 x 107 

0 
200 250 300 350 200 250 300 3 

Indicated airspeed - kmlhr 

FIGURE 31. GANNET 1P BLADE VIBRATORY STRESS VARIATION WITH AIRSPEED 
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FIGURE 33. GANNET 8P BLADE VIBRATORY STRESS VARIATION WITH AIRSPEED 
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FIGURE 37. TOTAL FLATWISE VIBRATORY SHANK MOMENT FOR A HIGH SPEED 
YAW MANEUVER ON THE GANNET AIRCRAFT 
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FIGURE 39. 1P FLATWISE VIBRATORY SHANK MOMENT FOR A HIGH SPEED YAW 
MANEUVER ON THE GANNET AIRCRAFT 
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FIGURE 40. HYPERBOLIC CURVE FIT TO THE 1P FLATWISE VIBRATORY SHANK 
MOMENT FOR A LOW SPEED YAW MANEUVER ON THE GANNET AIRCRAFT 
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FIGURE 41. HYPERBOLIC CURVE FIT TO THE 1P FLATWISE VIBRATORY SHANK 
MOMENT FOR A HIGH SPEED YAW MANEUVER ON THE GANNET AIRCRAFT 
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FIGURE 42. TOTAL FLATWISE VIBRATORY SHANK MOMENT FOR A LOW SPEED 
PITCH MANEUVER ON THE GANNET AIRCRAFT 
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FIGURE 43. TOTAL FLATWISE VIBRATORY SHANK MOMENT FOR A HIGH SPEED 
PITCH MANEUVER ON THE GANNET AIRCRAFT 
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FIGURE 44. 1P FLATWISE VIBRATORY SHANK MOMENT FOR A LOW SPEED 
PITCH MANEUVER ON THE GANNET AIRCRAFT 
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FIGURE 45. 1P FLATWISE VIBRATORY SHANK MOMENT FOR A HIGH SPEED PITCH 
MANEUVER ON THE GANNET AIRCRAFT 
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FIGURE 47. HYPERBOLIC CURVE FIT TO THE 1P FLATWISE VIBRATORY SHANK 
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FIGURE 51. COMPARISON OF GANNET COUNTER ROTATION 1P TEST DATA TO 
THEORETICAL RESULTS FOR LOW SPEED STABILIZED FLIGHT 
222 KM/HR 
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FIGURE 52. COMPARISON OF GANNET COUNTER ROTATION 1P TEST DATA TO 
THEORETICAL RESULTS FOR HIGH SPEED STABILIZED FLIGHT 
370 KM/HR 
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FIGURE 53. COMPARISON OF GANNET FRONT BLADE 1P TEST DATA TO THEORETICAL 
STRESS DISTRIBUTIONS FOR BOTH SINGLE AND COUNTER 
ROTATION OPERATION DURING LOW SPEED FLIGHT 222 KM/HR 

' 2.0 x 

2 - 1 . 5 ~  

u) 
u) 

0 

P s 1.ox 

P * 5.0 x 

0 L 

a 
r 

0 25 50 75 100 125 150 175 200 
Radius - cm 

FIGURE 54. COMPARISON OF GANNET REAR BL-ADE 1P TEST DATA TO THEORETICAL 
STRESS DISTRIBUTIONS FOR BOTH SINGLE AND COUNTER 
ROTATION OPERATION DURING LOW SPEED FLIGHT 222 KM/HR 
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FIGURE 56. COMPARISON OF GANNET REAR BLADE 1P TEST DATA TO THEORETICAL 
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OPERATION DURING HIGH SPEED FLIGHT 370 KM/HR 
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FIGURE 57. COMPARISON OF GANNET FRONT BLADE SINGLE ROTATION 1P TEST 
DATA TO THEORETICAL RESULTS FOR LOW SPEED STABILIZED 
FLIGHT 222 KM/HR 
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FIGURE 58. COMPARISON OF GANNET REAR BLADE SINGLE ROTATION 1P TEST 
DATA TO THEORETICAL RESULTS FOR LOW SPEED STABILIZED 
FLIGHT 222 KM/HR 
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FIGURE 59. COMPARISON OF GANNET FRONT BLADE SINGLE ROTATION 1P TEST 
DATA TO THEORETICAL RESULTS FOR HIGH SPEED STABILIZED 
FLIGHT 370 KM/HR 
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FIGURE 60. COMPARISON OF GANNET REAR BLADE SINGLE ROTATION 1P TEST 
DATA TO THEORETICAL RESULTS FOR HIGH SPEED STABILIZED 
FLIGHT 370 KM/HR 
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