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SUMMARY 

Fundamental exper iments were performed i n  t h e  NASA Lewis Transonic  O s c i l -  
l a t i n g  Cascade Faci  1 i t y  to  i n v e s t i g a t e  and q u a n t i f y  t h e  unsteady aerodynamics 
o f  a cascade o f  biconvex a i r f o i l s  e x e c u t i n g  torsion-mode o s c i l l a t i o n s  a t  r e a l -  
i s t i c  reduced f requenc ies .  Flush-mounted, high-response m i n i a t u r e  p ressu re  
t ransducers  were used t o  measure the  unsteady a i r f o i  1 surface p ressu res .  The 
pressures were measured for t h r e e  i n t e r b l a d e  phase angles a t  two i n l e t  Mach 
numbers, 0.65 and 0.80, and two inc idence  angles,  Oo and 7O. The t i m e - v a r i a n t  
pressures were  analyzed by means o f  d i s c r e t e  F o u r i e r  t r a n s f o r m  techniques,  and 
these unique d a t a  were then compared w i t h  p r e d i c t i o n s  from a l i n e a r i z e d  
unsteady cascade model. The exper imenta l  r e s u l t s  i n d  c a t e  t h a t  t h e  n t e r b l a d e  
phase ang le  had a major e f f e c t  on t h e  chordwise d i s t r  b u t i o n s  o f  t h e  a i r f o i l  
s u r f a c e  unsteady pressure,  and t h a t  reduced f requency i nc idence  ang e ,  and 
Mach number had a somewhat l e s s  s i g n i f i c a n t  e f f e c t .  
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SYMBOLS 

a i  r f o i  1 chord 

unsteady moment c o e f f i c i e n t  about midchord,  

unsteady pressure c o e f f i c i e n t ,  p i  IXpV2, 

lower su r face  unsteady p ressu re  c o e f f i c i e n t  

upper su r face  unsteady pressure c o e f f i c i e n t  

Cpl - cpu 

o s c i l l a t i o n  f requency, H e r t z  or c y c l e s l s e c  
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reduced frequency, wC/2V 

free-stream Mach number 

time-variant static pressure 

first harmonic of unsteady static pressure 

airfoil spacing 

time 

free-stream velocity 

chordwise coordinate 

mean flow incidence angle 

torsional osci 1 lation amp1 i tude 

stagger angle 

free-stream density 

interblade phase angle (positive when airfoil n leads airfoil 
n + 1) 

maximum ai rfoi 1 thickness 

phase lead relative to airfoil motion 

oscillation frequency, radians/sec 

INTRODUCTION 

In the rotating blade rows of turbomachines and turboprops, the severe 
I flow conditions associated with off-design, positive-incidence operation cause 

continual concern about the possibility of flutter. Flutter prediction and, 
in particular, the modeling o f  nonzero-incidence-angle, unsteady cascade aero- 
dynamics, have not kept pace with the overall advances and new requirements of 
turbomachine and turboprop designs. A s  a result, current semi-empirical flut- 
ter design systems are often unreliable. 

The development of analyses to predict oscillating cascade aerodynamics 
is an item of fundamental research interest at both zero and nonzero incidence 
angles. Classical unsteady aerodynamic models are based on linearized theory, 
with the unsteady flow assumed to be a small perturbation of a uniform steady 
flow. The problem is reduced simply to analyzing the unsteady aerodynamics of 
a cascade of flat plates operating at zero mean incidence (refs. 1 and 2). A s  
a result, the unsteady aerodynamics effects that are caused by the interaction 
between the steady and unsteady flow fields (i.e., the effects of blade geome- 
try and nonzero incidence angle, or steady loading) are not considered. To 
overcome these limitations, models are being developed (refs. 3 to 8) in which 
the unsteady flow is coupled to a nonuniform steady flow field. 
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Data from o s c i l l a t i n g  cascade exper iments a r e  needed, p a r t i c u l a r l y  i n  t h e  
h i g h  subsonic and t r a n s o n i c  flow regimes, i n  o r d e r  t o  d i r e c t  t h e  development 
and e v a l u a t i o n  o f  advanced unsteady aerodynamic models as w e l l  as t o  e v a l u a t e  
e x i s t i n g  analyses.  These f low regimes, however, a r e  r e l a t i v e l y  unexplored.  
Unsteady pressure d a t a  have been o b t a i n e d  i n  a t r a n s o n i c  l i n e a r  cascade i n  
which o n l y  t h e  i ns t rumen ted  a i r f o i l  was f o r c e d  t o  o s c i l l a t e  h a r m o n i c a l l y  
( r e f .  9 ) .  I n  the  subsonic compress ib le  th rough  supersonic  f low regimes, an 
annular  cascade has been used to  o b t a i n  unsteady moment d a t a  from s t r a i n  gages 
( r e f .  10).  Unsteady p ressu re  measurements have been made a t  t h e  NASA Lewis 
Research Center on a b iconvex a i r f o i l  i n  a t r a n s o n i c  o s c i l l a t i n g  cascade 
( r e f .  1 1 ) .  Some anomal ies e x i s t  i n  these unsteady d a t a  as w e l l  as i n  t h e  
steady a i r f o i l - s u r f a c e  s t a t i c  p ressu re  da ta .  These a re  a s s o c i a t e d  w i t h  ( 1 )  
f a i l u r e  t o  m a i n t a i n  t h e  p r o f i l e  o f  t h e  a i r f o i l  i ns t rumen ted  w i t h  s t a t i c  pres-  
sure taps,  (2 )  an u n r e l i a b l e  a i r f o i l  mo t ion  s i g n a l ,  and ( 3 )  t h e  m i s i n t e r p r e t a -  
t i o n  o f  t h e  s c h l i e r e n  flow v i s u a l i z a t i o n .  

The NASA Lewis Transonic  O s c i l l a t i n g  Cascade F a c i l i t y  was used t o  i n v e s t i -  
gate and q u a n t i f y  t h e  unsteady aerodynamics o f  a cascade o f  b iconvex a i r f o i l s  
e x e c u t i n g  torsion-mode o s c i l l a t i o n s  a t  r e a l i s t i c  reduced f r e q u e n c i e s .  Unsteady 
d a t a  a n a l y s i s  anomalies were e l i m i n a t e d  and a d d i t i o n a l  new unsteady aerodynamic 
d a t a  were analyzed. I n  p a r t i c u l a r ,  f lush-mounted, high-response m i n i a t u r e  
pressure t ransducers w e r e  used t o  measure t h e  unsteady a i r f o i l  s u r f a c e  pres-  
sures f o r  t h r e e  i n t e r b l a d e  phase angles a t  i n l e t  Mach numbers o f  0.65 and 0.80 
and inc idence  angles of Oo and 7O. The t i m e - v a r i a n t  pressures on t h e  su r faces  
o f  the  o s c i l l a t i n g  cascaded a i r f o i l s  were then analyzed w i t h  d i s c r e t e  F o u r i e r  
t r a n s f o r m  techniques.  

OSCILLATING CASCADE FACILITY 

The NASA Lewis Transonic  O s c i l l a t i n g  Cascade F a c i l i t y  ( f i g .  1 )  i s  a l i n -  
ea r  cascade wind tunne l  capable o f  t e s t  s e c t i o n  Mach numbers approaching u n i t y .  
A i r  drawn from the  atmosphere passes through a smoothly c o n t r a c t i n g  i n l e t  sec- 
t i o n  i n t o  a constant -area 9.78- by 19.21-cm t e s t  s e c t i o n  and then through a 
d i f f u s e r  and exhaust header t h a t  has a nominal p ressu re  o f  3.0 N/cm2. The 
f low r a t e  i s  c o n t r o l l e d  by  two v a l v e s  l o c a t e d  i n  t h e  header, Upstream o f  t h e  
t e s t  s e c t i o n ,  a p a r t i t i o n e d  b l e e d  system removes t h e  boundary l a y e r s  on each 
end w a l l  and a l s o  e s t a b l i s h e s  t h e  s teady a i r f o i l  passage-to-passage p e r i o d i c -  
i t y .  The boundary l a y e r s  on the  upper and lower cascade w a l l s  a r e  removed 
through t a i  l b o a r d  s lo ts .  

A major  f e a t u r e  of t h i s  f a c i l i t y  i s  t h e  high-speed mechanical  d r i v e  system 
t h a t  impar ts  c o n t r o l l e d  t o r s i o n a l  harmonic o s c i l l a t i o n s  t o  t h e  n i n e  cascaded 
a i r f o i l s .  Nine b a r r e l  cams, each w i t h  a s i x - c y c l e  s i n u s o i d a l  groove machined 
i n t o  i t s  pe r iphe ry ,  a r e  mounted on a common sha f t  d r i v e n  by a 74.6-kW e l e c t r i c  
motor.  Connect ing arms, j o i n e d  to  one end of each a i r f o i l  by t r u n n i o n s ,  have 
b u t t o n s  on t h e  oppos i te  end t o  follow t h e  cam grooves. The amp l i t ude  o f  t h e  
s i n u s o i d a l  a i r f o i l  mot ion,  d i c t a t e d  by t h e  cam and follower geometry, i s  1.2O. 
D i f f e r e n t  i n t e r b l a d e  phase angle o s c i l l a t i o n s  a re  achieved by changing t h e  r e l -  
a t i v e  p o s i t i o n s  o f  t h e  cams. I n  t h i s  i n v e s t i g a t i o n ,  t he  maximum o s c i l l a t i o n  
f requency was 500 Hz, corresponding t o  a reduced frequency o f  0.462 w i t h  a cas- 
cade i n l e t  Mach number o f  0.80. 
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AIRFOILS AND INSTRUMENTATIONS 

The cascade comprised n i n e  uncambered b iconvex a i r f o i l s  w i t h  a chord o f  
7.62 cm, a th ickness- to-chord r a t i o  o f  0.076, a s o l i d i t y  o f  1.3, and a s tagger  
angle o f  53O ( f i g .  2 ) .  The r a d i u s  o f  c u r v a t u r e  o f  t h e  a i r f o i l  su r faces  was 
27.4 cm and the  l e a d i n g  and t r a i l i n g  edges w e r e  rounded w i t h  a 0.025-cm r a d i u s  
o f  c u r v a t u r e .  
an e l a s t i c  a x i s  l o c a t i o n  a t  midchord.  

The a i r f o i l s  w e r e  suppor ted by two midchord t r u n n i o n s ,  g i v i n g  

The p r imary  d a t a  q u a n t i f i e d  t h e  complex unsteady s u r f a c e  pressures on t h e  
o s c i l l a t i n g  cascaded a i r f o i l s .  These d a t a  w e r e  o b t a i n e d  by f l ush -moun t ing  s i x  
m i n i a t u r e  dynamic p ressu re  t ransducers  s y m m e t r i c a l l y  a long  t h e  chord o f  one 
a i r f o i l  su r face  ( t a b l e  I). Thus, to  o b t a i n  t h e  unsteady p ressu re  d a t a  on bo th  
a i r f o i l  sur faces,  t h e  exper iments were performed i n  two phases, w i t h  d a t a  
acqu i red  on one surface a t  a t ime .  The t ransducers ,  each w i t h  an a c t i v e  sen- 
sor d iameter  o f  0.0097 cm ( 1 . 3  p e r c e n t  o f  t h e  a i r f o i l  chord) ,  w e r e  p laced  i n  
m i l l e d  s l o t s  and p o t t e d  i n  RTV (room-temperature v u l c a n i z i n g )  t o  i s o l a t e  them 
from a i r f o i l  s t r a i n .  

The t i m e - v a r i a n t  p o s i t i o n  o f  t h e  o s c i l l a t i n g  i ns t rumen ted  a i r f o i l  was 
determined by two independent measurements. The r e s u l t s  o f  r e f e r e n c e  1 1  w e r e  
d e r i v e d  by u s i n g  an e l e c t r o - o p t i c a l  d isp lacement  m e t e r  t o  t r a c k  t h e  mo t ion  o f  
t h e  inst rumented c e n t e r  a i r f o i l .  The second measure of t h e  a i r f o i l  motion was 
p r o v i d e d  by a p r o x i m i t y  sensor t h a t  produces a v o l t a g e  p r o p o r t i o n a l  t o  t h e  a i r  
gap between i t  and an a d j a c e n t  o b j e c t .  T h i s  sensor was p o s i t i o n e d  t o  f a c e  a 
s i x - c y c l e ,  s i n u s o i d a l l y  shaped cam mounted on t h e  same s h a f t  as t h e  a i r f o i l  
d r i v e  cams and t o  be i n  phase w i t h  t h e  i ns t rumen ted  a i r f o i l  mo t ion .  Samples 
o f  these two s i g n a l s  a r e  shown i n  f i g u r e  3.  The p r o x i m i t y  probe s i g n a l s  w e r e  
v i r t u a l l y  n o i s e  f r e e ,  a l t hough  t h e y  appeared t o  be s l i g h t l y  nons inuso ida l  near 
t h e  p o s i t i v e  s i g n a l  peaks. N o i s e  i n  the  o p t i c a l  s i g n a l s  was a major concern.  
The no ise  was somet imes  o f  so much g r e a t e r  i n t e n s i t y  than shown i n  t h i s  f i g u r e  
t h a t  t h e r e  was no d i s c e r n i b l e  s i n u s o i d .  

The two s i g n a l s  were  g e n e r a l l y  i n  good agreement, w i t h  a d i f f e r e n c e  o f  
5 deg or l e s s  i n  the  phase measurement o f  t he  a i r f o i l  mot ion.  Under such con- 
d i t i o n s ,  e i t h e r  s i g n a l  can be used as a r e f e r e n c e  for t h e  unsteady p ressu re  
measurements. I n  some cases, however, t h e r e  were l a r g e  phase d i f f e r e n c e s  
between t h e  two measurements. These d i f f e r e n c e s  w e r e  most l i k e l y  caused by 
the  excess ive no ise  i n  t h e  o p t i c a l  s i g n a l  or by t h e  d ropou t  o f  t h a t  s i g n a l  
a l t o g e t h e r .  The p r o x i m i t y  probe s i g n a l s  w e r e  used t o  measure t h e  a i r f o i l  
mot ion i n  these exper iments because o f  t h e i r  h i g h  r e l i a b i l i t y .  

DATA A C Q U I S I T I O N  AND ANALYSIS 

A l l  o f  the  unsteady s i g n a l s  were ac-coupled and recorded on magnet ic tape 
fo r  postexper iment p rocess ing .  D u r i n g  tape p layback,  t he  s i g n a l s  w e r e  s imu l ta -  
neously d i g i t i z e d  a t  r a t e s  s u f f i c i e n t  t o  cap tu re  a t  l e a s t  t h r e e  harmonics o f  
t h e  o s c i l l a t i o n  f requency; 32 768 samples w e r e  taken per  channel .  Each d a t a  
channel was d i v i d e d  i n t o  b l o c k s ,  t y p i c a l l y  w i t h  2048 samples i n  each b l o c k ,  
and then F o u r i e r  decomposed and re fe renced  t o  t h e  a i r f o i l  mo t ion  by s u b t r a c t -  
i n g  the  phase o f  the  mot ion s i g n a l  from t h e  p ressu re  s i g n a l .  When a l l  o f  t h e  
t ransducer  s i g n a l  b locks  w e r e  decomposed, the  r e s u l t s  were averaged and d a t a  
p o i n t s  w i t h  wideband no ise  s p e c t r a  w e r e  d i sca rded .  To min imize errors caused 
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by s p e c t r a l  leakage, a c o r r e c t i o n  scheme was a p p l i e d  t o  t h e  decomposed r e s u l t s  
i n  c o n j u n c t i o n  w i t h  a Hanning window ( r e f .  12).  

To demonstrate t h i s  d a t a  a n a l y s i s  technique,  t h e  p ressu re  t ransducer  
s i g n a l s  shown i n  f i g u r e  4 were considered.  The r e s u l t i n g  averaged pressure 
s p e c t r a  a r e  presented i n  f i g u r e  5. The smal l  sp i kes  a t  60 and 120 Hz were 
caused by no ise  p i c k e d  up d u r i n g  s i g n a l  t r a n s m i s s i o n .  The l a c k  o f  any broad- 
band components i n d i c a t e s  t h a t  t h e  n o i s e  i n  t h e  p ressu re  s i g n a l s  was removed 
by the  ave rag ing  process. 

The f i n a l  unsteady p ressu re  d a t a  w e r e  i n  t h e  form of a complex dynamic 
pressure d i f f e r e n c e  c o e f f i c i e n t  ACp ( t h e  d i f f e r e n c e  between t h e  lower su r face  
and upper su r face  unsteady p ressu re  c o e f f i c i e n t s )  t h a t  def ines t h e  nondimen- 
s i o n a l  p ressu re  d i f f e r e n c e  across the  c h o r d l i n e  of an a i r f o i l .  These da ta  a r e  
presented i n  t h e  fo rma t  o f  a magnitude and a phase r e f e r e n c e d  to  t h e  a i r f o i l  
mot ion,  w i t h  t h e  p o s i t i v e  phase corresponding to  t h e  unsteady p ressu re  t h a t  
leads t h e  a i r f o i l  mot ion.  

RESULTS 

A s e r i e s  o f  exper iments was performed t o  i n v e s t i g a t e  and q u a n t i f y  t h e  
e f f e c t s  o f  i n l e t  Mach number, reduced f requency,  i n t e r b l a d e  phase angle,  and 
mean flow i n c i d e n c e  ang le  on t h e  unsteady aerodynamics of t h e  o s c i l l a t i n g  cas- 
cade. The exper imenta l  c o n d i t i o n s  a r e  summarized i n  t a b l e  11. The a i r f o i l  
mo t ion  i s  d e f i n e d  as 

a( t )  = a0 + ii COS a t  (1)  

where t h e  o s c i l l a t i o n  amp l i t ude  & i s  1.2O and a0 i s  t h e  mean f low i n c i d e n c e  
ang le .  

The i n t e r b l a d e  phase angles a t  which a c o u s t i c  resonances may occu r  can be 
p r e d i c t e d  from l i n e a r i z e d  unsteady aerodynamic t h e o r y .  The resonance c o n d i t i o n s  
f o r  the  cascade geometry and f low c o n d i t i o n s  a re  def ined i n  t a b l e  111. Note 
t h a t  t h e  exper iments i n c l u d e d  b o t h  subresonant and superresonant  c o n d i t i o n s ,  
w i t h  seve ra l  d a t a  s e t s  o b t a i n e d  i n  t h e  immediate v i c i n i t y  o f  an a c o u s t i c  
resonance. 

Mach Number 

Data were  o b t a i n e d  a t  two values of t h e  cascade i n l e t  Mach number. A t  a 
Mach number o f  0.65, t he  flow f i e l d  was compress ib le  and shock f r e e .  A t  t h e  
h i g h e r  Mach number o f  0.80, a shock was p resen t  i n  t h e  flow f i e l d ,  conf i rmed 
by s c h l i e r e n  images o f  t h e  o s c i l l a t i n g  leading-edge shock ( r e f .  1 1 ) .  F i g u r e  6 
presents  t h e  dynamic p ressu re  d i f f e r e n c e  c o e f f i c i e n t  d a t a  a t  7 O  o f  inc idence ,  
Oo i n t e r b l a d e  phase angle,  and o s c i l l a t i o n  f requencies of 200 and 500 Hz. The 
phase d a t a  show minimal v a r i a t i o n s  w i t h  Mach number. A t  t h e  lower f requency,  
t h e  Mach number had l i t t l e  e f f e c t  on t h e  magnitude data.  
quency, however, the Mach number had a l a r g e  e f f e c t ,  w i t h  t h e  l a r g e s t  p ressu re  
l e v e l s  be ing  assoc ia ted  w i t h  t h e  l owes t  Mach number data.  

A t  t he  h i g h e r  f r e -  
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Reduced Frequency 

Reduced frequency significantly affected the phase of the dynamic pressure 
coefficient data only at a Oo interblade phase angle. This is demonstrated for 
interblade phase angles of -goo, 90°, and 0" in figure 7 .  The magnitude gener- 
ally increased as the reduced frequency increased for interblade phase angles 
of -90° and 90°, with the lowest-reduced-frequency data having the smallest 
magnitudes. Unsteady data with wideband noise pressure spectra were discarded. 

Mean Flow Incidence Angle 

At the lower Mach number of 0.65, data were obtained and analyzed at both 
Oo and 7O of incidence. The dynamic pressure difference coefficient phase data 
were dependent on the mean flow incidence angle only at an interblade phase 
angle of Oo (fig. 8 ) .  
reduced frequency. As the incidence angle increased, the dynamic pressure dif- 
ference coefficient magnitude data generally increased in value near the lead- 
ing edge, but decreased with increasing chord. 

This result is analogous to that previously noted for 

Time histories of the unsteady pressure signals were investigated for 
evidence of flow separation. Carta and Lorber (ref. 13) found that flow sepa- 
ration i s  characterized by an abrupt change in the pressure level and is accom- 
panied by an increase in the level of high-frequency pressure fluctuations. 
The pressure histories of the 12-, 25-, and 40-percent-chord transducer signals 
are shown in figure 9 for an inlet Mach number of 0.65. At Oo o f  incidence 
(fig. 9(a>), the pressure signals were sinusoidal with disturbances superim- 
posed. Because separation is unlikely at Oo of incidence, the disturbances 
are representative of nonseparated flow fluctuations. 
(fig. 9(b)), the 12-percent-chord pressure signal showed increased-magnitude, 
high-frequency fluctuations near the pressure minimums. There was no indica- 
tion of massive flow separation, however. 

At 7O of incidence 

Figure 4 presents the pressure signals at Mach 0.80 and 7 O  of incidence. 
Although there were large random fluctuations, the precipitous pressure change 
indicative of flow separation was not present. For these flow conditions, 
reference 1 1  concludes that massive separation from the airfoil leading edge 
occurs as the airfoil pitches upward toward maximum incidence angle. This con- 
clusion is based on schlieren motion pictures, which clearly show a region 
cyclically forming on the upper surface of the airfoils. Because the unsteady 
pressure data showed no evidence of massive flow separation (including the cor- 
relation of these data with an attached-flow prediction to be presented later), 
there is reason to believe that the flow visualization was misinterpreted, with 
the gradient in the schlieren motion pictures being most likely a slip line 
emanating from the leading-edge shock. 

Interblade Phase Angle 

figure 10 shows the effect of interblade phase angle on the dynamic pres- 
sure difference coefficient for inlet Mach numbers of 0.65 and 0.80. For both 
90" and -90° interblade phase angles, the magnitude data had approximately 
equal amplitudes near the leading edge, and decreased with increasing chord- 
wise position. For a Oo interblade phase angle, however, the magnitude data 
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decreased r e l a t i v e  t o  t h e  nonzero i n t e r b l a d e  phase angle data,  w i t h  no l ead ing -  
edge maximums e v i d e n t .  Also, the  phase d a t a  increased l i n e a r l y  w i t h  i nc reas -  
i n g  chordwise p o s i t i o n .  

Da ta -L inea r i zed  Theory C o r r e l a t i o n  

The dynamic p ressu re  c o e f f i c i e n t  d a t a  o b t a i n e d  i n  these exper iments were  
compared w i t h  p r e d i c t i o n s  from t h e  unsteady, s m a l l - p e r t u r b a t i o n ,  subsonic,  
f l a t - p l a t e  cascade analyses o f  re fe rences  1 and 2 .  F i g u r e  1 1  p resen ts  the  
r e s u l t s  a t  reduced f requencies o f  0.223 and 0.557 for an i n l e t  Mach number o f  
0.65 and a mean inc idence  ang le  o f  0 " .  The phase-led d a t a  and p r e d i c t i o n s  
e x h i b i t e d  general  agreement; t h e  magnitude c o r r e l a t i o n  q u a l i t y  v a r i e d  w i t h  
reduced f requency and i n t e r b l a d e  phase ang le .  I n c r e a s i n g  t h e  mean f low i n c i -  
dence angle t o  7 O  w h i l e  s t i l l  m a i n t a i n i n g  t h e  reduced frequency and Mach number 
va lues had a f a v o r a b l e  e f f e c t  on t h e  c o r r e l a t i o n  of the  phase ang le  d a t a  and 
a l s o ,  f o r  the  most p a r t ,  of t h e  magnitude d a t a  ( f i g .  12 ) .  I n c r e a s i n g  t h e  i n l e t  
Mach number t o  0.80 w h i l e  m a i n t a i n i n g  t h e  i n c i d e n c e  angle a t  7 "  r e s u l t e d  i n  
reduced f requenc ies  o f  0.185 and 0.462. 
e r a l l y  good c o r r e l a t i o n  of t h e  phase ang le  d a t a  a t  bo th  reduced f requencies,  
and e x c e l l e n t  c o r r e l a t i o n  of t h e  maqnitude d a t a  a t  a reduced f requency  o f  

A s  shown i n  f i g u r e  13, t h e r e  was gen- 

0.185. 
0.462. 

The c o r r e l a t i o n  was n o t  as good, however, a t  a reduced f requency  o f  

The torsion-mode unsteady aerodynamic moment c o e f f i c i e n t s  CM were ca l cu -  
l a t e d  from the  unsteady p ressu re  d i f f e r e n c e  c o e f f i c i e n t  da ta .  T h i s  was accom- 
p l i s h e d  by ( 1 )  assuming a z e r o  p ressu re  d i f f e r e n c e  a t  t h e  l e a d i n g  and t r a i l i n g  
edges o f  the  a i r f o i l ,  (2) f i t t i n g  a smooth curve through t h e  chordwise d i s t r i -  
b u t i o n  o f  t h e  data,  and ( 3 )  n u m e r i c a l l y  i n t e g r a t i n g  t h e  r e s u l t i n g  chordwise 
d i s t r i b u t i o n  o f  t h e  pressure d i f f e r e n c e .  

The imaginary p a r t  of these e x p e r i m e n t a l l y  determined moment c o e f f i c i e n t s ,  
t o g e t h e r  w i t h  t h e  corresponding p r e d i c t i o n s ,  a re  presented as a f u n c t i o n  o f  t h e  
i n t e r b l a d e  phase angle i n  f i g u r e s  14 and 15. The d a t a  and p r e d i c t i o n s  exhib-  
i t e d  t h e  same t rends  as t h e  i n t e r b l a d e  phase ang le  i nc reased  from -90° toward 
90°. A t  an i n t e r b l a d e  phase ang le  o f  90°, however, a f l u t t e r  i n s t a b i l i t y  was 
i n d i c a t e d  by some o f  t h e  data.  
lower  i n  va lue,  i m p l y i n g  a more s t a b l e  c o n d i t i o n  ( i . e . ,  t h e  p r e d i c t i o n s  w e r e  
n o t  c o n s e r v a t i v e ) .  

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

SUMMARY OF RESULTS 

Fundamental exper iments were performed i n  t h e  NASA Lewis Transonic  O s c i l -  
l a t i n g  Cascade F a c i l i t y  t o  i n v e s t i g a t e  and q u a n t i f y  t h e  unsteady aerodynamics 
of a cascade o f  biconvex a i r f o i l s  e x e c u t i n g  torsion-mode o s c i l l a t i o n s  a t  r e a l -  
i s t i c  reduced f requenc ies  r a n g i n g  from 0.185 t o  0.557 i n  a compress ib le  f low 
f i e l d .  Flush-mounted, high-response p ressu re  t ransducers  were used t o  measure 
t h e  unsteady a i r f o i  1 su r face  pressures for seve ra l  i n t e r b l a d e  phase angles a t  
i n l e t  Mach numbers o f  0.65 and 0.80 and i n c i d e n c e  angles o f  Oo and 7 O .  

The a n a l y s i s  o f  these unique da ta  showed t h a t  t he  i n t e r b l a d e  phase ang le  
had a major e f f e c t  on t h e  chordwise d i s t r i b u t i o n s  o f  the  a i r f o i l  s u r f a c e  
unsteady pressure,  w i t h  t h e  e f fec ts  of reduced frequency, i n c i d e n c e  ang le ,  and 

.Mach number be ing  somewhat l e s s  s i g n i f i c a n t .  Also, bo th  the  unsteady p ressu re  
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d i f f e r e n c e  and t h e  i m a g i n a r y  moment c o e f f i c i e n t  d a t a  g e n e r a l l y  c o r r e l a t e d  w e l l  
w i t h  p r e d i c t i o n s  from a l i n e a r i z e d  cascade model. 
phase ang le  o f  90°, where t h e  d a t a  i n d i c a t e d  a f l u t t e r  i n s t a b i l i t y ,  t h e  c o r r e -  
sponding p r e d i c t i o n s  were c o n s i s t e n t l y  lower ,  i m p l y i n g  a more s t a b l e  c o n d i t i o n  
( i . e . ,  t h e  p r e d i c t i o n s  were n o t  c o n s e r v a t i v e ) .  

However, a t  an i n t e r b l a d e  
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TABLE I. - A I R F O I L  AND CASCADE GEOMETRY 

A i r f o i l  
Type . . . . . . . . . . . . . . . . . . . . . . . .  
Surface rad ius  o f  curvature,  cm . . . . . . . . . . . 
Leading- and t ra i l i ng -edge  r a d i i  of curvature,  cm . 
Thickness, T,  cm . . . . . . . . . . . . . . . . . . 
Chord, C, cm . . . . . . . . . . . . . . . . . . . . 
E l a s t i c  a x i s  . . . . . . . . . . . . . , . . . . . . 
Dynamic pressure t ransducer l o c a t i o n s ,  percent chord 

Number o f  a i  r f o i  1 s . . . . . . . . . . . . . . . . . 
S o l i d i t y ,  C/S . . . . . . . . . . . . . . . . . . . 
Spacing, S,  cm . . . . . . . . . . . . . . . . . . . 
Stagger angle,  q, deg . . . . . . . . . . . . . . . 
Amp1 i tude o f  motion, deg . . . . . . . . . . . . . . 

Cascade 

B i  convex, 
. . . . .  . . . . .  . . . . .  . . . . .  . . . . .  . . . . .  

. . . . .  . . . . .  . . . . .  . . . . .  . . . . .  

no camber . . 27.4 
. . 0.025 
. . 0.58 . . 7.62 

M i  dchord 
12,25,40 
60,75,88 

. . .  9 . . . 1.3 

. . 5.86 . . .  53 . . . 1.2 

TABLE 11. - EXPERIMENTAL CONDITIONS 

Reduced 
number frequency 

0,  90, -90 0.223, 0.390, 0.557 
0,  90. -90 0.223, 0.390, 0.557 
0,  90, -90 0.185, 0.462 

TABLE 111. - ACOUSTIC RESONANCE CONDITIONS 

I Mach I Reduced 1 I n t e r b l a d e  phase I 
I angl e, 

0.223 -8.9, 31.9 
-15.6, 55.8 

.557 -22.2, 79.7 

-8.6, 54.9 1 ' 'O I !iii I -15.1, 96.2 
-21.5, 137.1 
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FIGURE 1. - NASA LEWIS TRANSONIC OSCILLATING CASCADE F A C I L I T Y .  
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FIGURE 3.- SAMPLE AIRFOIL MOTION SIGNALS. FIGURE 2. - CASCADE GEOMETRY. 
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