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THE EFFECTS OF INLET TURBULENCE AND ROTOR/STATOR 
INTERACTIONS ON THE AERODYNAMICS AND HEAT TRANSFER 

OF A LARGE-SCALE ROTATING TURBINE MODEL 

I - Final Report 
Robert P.  Dring 
Michael F. B l a i r  
H. David Jos lyn  
Gregory D. Power 
Joseph M. Verdon 

SUMMARY 

A comb ned experimental  and a n a l y t i c a l  program was conducted t o  examine 
t h e  e f f e c t s  of i n l e t  tu rbulence  on a i r f o i l  hea t  t r a n s f e r .  The experimental  
po r t ion  of t he  s tudy was conducted i n  a la rge-sca le  (approximately 5X eng ine ) ,  
ambient tempera ture ,  r o t a t i n g  tu rb ine  model configured i n  both s i n g l e  s t a g e  
and stage-and-a-half arrangements.  
us ing  low-conductivity a i r f o i l s  with min ia tu re  thermocouples welded t o  a t h i n ,  
e l e c t r i c a l l y  hea ted  s u r f a c e  sk in .  Heat t r a n s f e r  d a t a  were acquired f o r  
va r ious  combinations of low o r  high i n l e t  tu rbulence  i n t e n s i t y ,  flow coe f f i -  
c i e n t  ( i n c i d e n c e ) ,  f i r s t - s t a t o r / r o t o r  a x i a l  spac ing ,  Reynolds number and r e l a -  
t i v e  c i r c u m f e r e n t i a l  p o s i t i o n  of t he  f i r s t  and second s t a t o r s .  Aerodynamic 
measurements ob ta ined  a s  p a r t  of  t h e  program inc lude  d i s t r i b u t i o n s  of  t h e  mean 
and f l u c t u a t i n g  v e l o c i t i e s  a t  t he  tu rb ine  i n l e t  and, f o r  each a i r f o i l  row, 
midspan a i r f o i l  su r f ace  p re s su res  and c i r cumfe ren t i a l  d i s t r i b u t i o n s  of  t he  
downstream s teady  s t a t e  pressures  and f l u c t u a t i n g  v e l o c i t i e s .  Ana ly t i ca l  
r e s u l t s  inc lude  a i r f o i l  hea t  t r a n s f e r  p red ic t ions  produced using e x i s t i n g  two- 
dimensional boundary l aye r  computation schemes and an examination of s o l u t i o n s  
of t he  unsteady boundary l a y e r  equat ions .  The r e s u l t s  of t h i s  program a r e  
r epor t ed  i n  four  s epa ra t e  volumes. A l l  four have a common repor t  t i t l e  and 
the  fol lowing volume s u b t i t l e s :  

Heat t r a n s f e r  measurements were obta ined  

REPORT TITLE: THE EFFECTS OF INLET TURBULENCE AND ROTOR/STATOR INTERACTIONS 
ON THE AERODYNAMICS AND HEAT TRANSFER OF A LARGE-SCALE 
ROTATING TURBINE MODEL 
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VOLUME 11: UTRC - R86-956480-2 HEAT TRANSFER DATA TABULA- 
(NASA CR 179467) T I O N  15% AXIAL SPACING 

VOLUME 111: UTRC - R86-956480-3 HEAT TRANSFER DATA TABULA- 
(NASA CR 179468) ' T I O N  65% AXIAL SPACING 

VOLUME I V :  UTRC - R86-956480-4 AERODYNAMIC DATA TABULATION 
(NASA CR 179469) 

1 



INTRODUCTION 

The accurate prediction of gas turbine airfoil exterior convective heat 
load distributions is recognized throughout the industry to be an exceedingly 
difficult yet important problem. A wide variety of factors are known to con- 
tribute to the complexity of airfoil passage flows and heat transfer, e.g., 
high levels of flow field turbulence and unsteadiness, extreme accelerations 
and decelerations, velocities ranging from low subsonic to supersonic, impor- 
tant secondary flows produced by high turning - low aspect ratio airfoils, 
nonuniform time-mean total pressure and temperature distributions, strong 
surface curvature, film cooling/boundary layer interactions, rotational 
effects, airfoil row interactions (rotor/stator and stator/stator), local flow 
separations, and shock-boundary layer interactions. The difficulties of 
incorporating this formidable list of effects into design systems have been 
compounded by an ever widening gap between rising turbine inlet gas flow 
temperatures and the more slowly rising allowable airfoil metal temperatures. 

The gas turbine community has expended a great deal of effort to develop 
analytical tools for airfoil boundary layer computation, and in particular, 
for heat transfer predictions. In order of increasing mathematical complexity 
these tools include (1) correlations corrected for design-specific velocity 
distributions, curvature, turbulence etc., (2) finite-difference and integral 
boundary layer cornputation schemes using velocity distributions computed from 
airfoil row potential flow codes, and finally ( 3 )  three-dimensional Navier- 
Stokes flow field solutions. A variety of empirically adjusted analytical 
turbulence and transition models have been incorporated into these computation 
schemes. 

Instrumentation and testing techniques are not currently available for 
the documentation of both the surface heat transfer distributions and the 
unsteady velocity and temperature fields in the extremely hostile environment 
of operating gas turbines. For this reason the assessnent of the relative 
merits of the predictive techniques has relied on comparisons with experimen- 
tal data gathered in cascades and turbine-simulation models. Each of these 
experimental approaches has been designed to examine the isolated impact on 
the heat transfer of certain specific effects. Excellent reviews of the best 
available existing published data along with comparisons to the state-of-the- 
art predictive schemes are given by Han, Chait, Boyee and Rapp (ref. 11, 
Hylton, Mihelc, Turner, Nealy and York (ref. 2) and Rae, Taulbee, Civinskas 
and Dunn (ref. 3 ) .  

A s  might be expected for any collection of experiments covering such a 
large number of complex variables, there are numerous apparent discrepancies 
between the various data sets. Because different experimental techniques were 
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employed by t h e  va r ious  i n v e s t i g a t o r s  and s i n c e  t h e  thoroughness of  t h e  flow 
f i e l d  documentation v a r i e d  wide ly ,  t h e r e  p r e s e n t l y  e x i s t s  cons ide rab le  uncer- 
t a i n t y  a s  t o  t h e  r o l e  and importance of  some o f  the f a c t o r s  be l ieved  t o  a f f e c t  
t u r b i n e  h e a t  t r a n s f e r .  For example, t h e  d a t a  of  h k a y  and Trushin ( r e f  4 )  
i n d i c a t e  t h a t  a i r f o i l  r o t a t i o n  may s t r o n g l y  inc rease  hea t  t r a n s f e r  l e v e l s  
r a i s i n g  a ques t ion  as t o  t h e  v a l i d i t y  of us ing  cascade d a t a  f o r  t h e  des ign  o f  
a r o t a t i n g  b l ade  row. Other examples a r e  t h e  u n c e r t a i n t i e s  regard ing  t h e  
r o l e s  of  p e r i o d i c  uns t ead iness  (wake chopping and p o t e n t i a l  f low f i e l d  i n t e r -  
a c t i o n s )  and broad-band turbulence  on a i r f o i l  hea t  t r a n s f e r .  

The p resen t  experiment was s p e c i f i c a l l y  designed t o  examine t h e  combined 
e f f e c t s  of  broad-band ( g r i d  genera ted)  tu rbulence  and a i r f o i l  i n t e r a c t i o n s  
( p e r i o d i c  uns t ead iness )  on a r o t a t i n g  t u r b i n e  model. 
conducted i n  a low-speed, la rge-sca le  t u r b i n e  model. This  model made p o s s i b l e  
t h e  accu ra t e  documentation o f  t h e  mean and f l u c t u a t i n g  flow f i e l d s  a t  both t h e  
i n l e t  of  t h e  t u r b i n e  and downstream of each a i r f o i l  row. Data were obtained 
f o r  t h r e e  a i r f o i l  rows, a f i r s t  s t a t o r ,  f i r s t  r o t o r ,  and a second s t a t o r  f o r  a 
range o f  Reynolds numbers. 
c o e f f i c i e n t ) ,  i n l e t  t u rbu lence  l e v e l ,  and a i r f o i l  a x i a l  and c i r c u m f e r e n t i a l  
spacing w e r e  documented. One f e a t u r e  of t h i s  i n v e s t i g a t i o n  was t h a t  d e t a i l e d  
cascade h e a t  t r a n s f e r  d i s t r i b u t i o n  d a t a  a l r eady  e x i s t e d  f o r  t h e  r o t o r  a i r f o i l  
( r e f .  5) presen t ing  an oppor tun i ty  f o r  a comparison between s i m i l a r  r o t a t i n g  
and nonro ta t ing  h e a t  t r a n s f e r  d i s t r i b u t i o n s .  The p resen t  s tudy ,  then ,  
examined t h e  impact of r o t a t i o n ,  i n l e t  tu rbulence  and pe r iod ic  uns teadiness  on 
t u r b i n e  h e a t  t r a n s f e r .  In a d d i t i o n  i t  provides  t h e  companion aerodynamic d a t a  
r equ i r ed  t o  e v a l u a t e  t h e  performance of e x i s t i n g  a i r f o i l  hea t  t r a n s f e r  predic-  
t i o n  techniques .  Two companion a n a l y t i c a l  programs were a l s o  included a s  p a r t  
of  t h i s  e f f o r t ,  The f i r s t  employed a s t eady  boundary l a y e r  a n a l y s i s  and t h e  
second employed an unsteady boundary l a y e r  a n a l y s i s  developed s p e c i f i c a l l y  f o r  
t h i s  program. 
included i n  t h i s  r e p o r t .  

These tes ts  were 

The e f f e c t s  of changing r o t o r  inc idence  ( f low 

Comparisons of both ana lyses  wi th  t h e  measured d a t a  a r e  

This  volume on ly  p r e s e n t s  t h e  h i g h l i g h t s  of  t h e  program. The d e t a i l e d  
t a b u l a r  and g r a p h i c a l  p r e s e n t a t i o n s  of  a l l  of  t h e  h e a t  t r a n s f e r  and aerodyna- 
m i c s  data are presented in Volumes 11, 111, and IV. 
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OBJECTIVES 

The f i r s t  program o b j e c t i v e  w a s  t o  o b t a i n  a d e t a i l e d  s e t  o f  hea t  t r a n s f e r  
c o e f f i c i e n t s  a long  t h e  midspan o f  a s t a t o r  and a r o t o r  i n  a r o t a t i n g  t u r b i n e  
s t a g e .  The experimental  program w a s  designed such t h a t  t h e  r o t o r  d a t a  could 
be compared d i r e c t l y  w i t h  d a t a  t aken  i n  a s t a t i c  cascade.  The d a t a  a re  
compared t o  a s t anda rd  a n a l y s i s  o f  blade boundary l a y e r  h e a t  t r a n s f e r  which i s  
widely a v a i l a b l e  today.  I n  a d d i t i o n  t o  p rov id ing  t h i s  a l l - impor t an t  compari- 
son between r o t a t i n g  and s t a t i o n a r y  d a t a ,  t h i s  experiment provides  important  
i n s i g h t  t o  t h e  more e l a b o r a t e  f u l l y  three-dimensional programs be ing  proposed 
f o r  f u t u r e  r e s e a r c h .  A second program o b j e c t i v e  w a s  t o  o b t a i n  a d e t a i l e d  set  
o f  h e a t  t r a n s f e r  c o e f f i c i e n t s  a long t h e  midspan o f  a s t a t o r  l o c a t e d  i n  t h e  
wake of an upstream t u r b i n e  s t age .  P a r t i c u l a r  focus h e r e  was on t h e  r e l a t i v e  
c i r c u m f e r e n t i a l  l o c a t i o n  o f  t h e  f i r s t  and second s t a t o r s .  Both program objec- 
t i v e s  were c a r r i e d  o u t  a t  two l e v e l s  of  i n l e t  t u rbu lence .  The low l e v e l  was 
on t h e  o r d e r  o f  1 pe rcen t  while  t h e  h igh  l e v e l  o f  approximately 10 pe rcen t  i s  
more t y p i c a l  o f  combustor e x i t  t u rbu lence  i n t e n s i t y .  The f i n a l  program objec- 
t i v e  w a s  t o  improve t h e  a n a l y t i c a l  c a p a b i l i t y  t o  p r e d i c t  t h e  experimental  
d a t a .  
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EXPERIMENTAL EQUIPMENT 

1 .  Turbine F a c i l i t y  

A l l  experimental  work f o r  t h i s  program w a s  conducted i n  t h e  United 
Technologies Research Center  Large Sca le  Rota t ing  Rig (LSRR). 
f a c i l i t y  was designed f o r  conduct ing d e t a i l e d  experimental  i n v e s t i g a t i o n s  
of  flow w i t h i n  t u r b i n e  and compressor b lad ing .  Primary cons ide ra t ions  were 
t o  provide a r i g  which would: ( 1 )  b e  of s u f f i c i e n t  s i z e  t o  p e r m i t  a h igh  
degree o f  r e s o l u t i o n  o f  t h r e e  dimensional f lows,  (2 )  possess  a h igh  degree  of  
tes t  conf igu ra t ion  f l e x i b i l i t y  and ( 3 )  enable  measurements t o  be  made d i r e c t l y  
i n  t h e  r o t a t i n g  frame of r e fe rence .  

This  t e s t  

The f a c i l i t y  i s  of  t h e  open c i r c u i t  type  w i t h  f low e n t e r i n g  through a 
12-ft  d iameter  i n l e t .  A 6 i n .  t h i c k  s e c t i o n  of honeycomb i s  mounted a t  t h e  
i n l e t  face  t o  remove any c r o s s  flow e f f e c t s .  The i n l e t  smoothly c o n t r a c t s  
t h e  c r o s s  s e c t i o n  t o  5 f t .  d iameter .  Flow i s  then  passed through a ser ies  of  
t h r e e  f i n e  mesh sc reens  t o  reduce t h e  turbulence  l e v e l .  Immediately down- 
stream of  t h e  sc reen  i s  a seven f o o t  long s e c t i o n  which s l i d e s  a x i a l l y  and 
permits  access  t o  t h e  t es t  sec t ion .  The tes t  s e c t i o n  c o n s i s t s  of  a s e r i e s  of 
cons t an t  d iameter  c a s i n g s  enc los ing  t h e  t u r b i n e ,  compressor o r ,  f a n  model 
assemblies .  
f a c i l i t a t e s  flow v i s u a l i z a t i o n  and laser-Doppler-velocimeter s t u d i e s .  The 
r o t o r  s h a f t  i s  c a n t i l e v e r e d  from two downstream bear ings  thus  providing a 
c l ean  flow pa th  a t  t h e  model i n l e t .  Axial  l eng th  o f  t h e  t e s t  s e c t i o n  i s  
36 i n .  The r o t o r  is  d r iven  o r  braked by a hydrau l i c  pump and motor s y s t e m  
which i s  capable  of  main ta in ing  s h a f t  speeds up t o  890 rpm.  
t e s t  s e c t i o n  flow passes  through an annular  d i f f u s e r  i n t o  a c e n t r i f u g a l  fan  
and i s  subsequent ly  exhausted from t h e  r i g .  
fan  i n l e t  f ace  f o r  flow r a t e  c o n t r o l .  

The cas ings  a r e  wholly o r  p a r t i a l l y  t r a n s p a r e n t ,  which 

Downstream of t h e  

A v o r t e x  va lve  i s  mounted a t  t h e  

For t h e  p re sen t  program t h e  t u r b i n e  f a c i l i t y  ( f i g .  1) w a s  assembled i n  
both single stage ( s t a t o r  l / r o t o r )  and 1 1 /2  s t a g e  ( s t a t o r  l / r o t o r / s t a t o r  2 )  
conf igu ra t ions  wi th  v a r i o u s  a x i a l  spaces  between ad jacent  rows. The following 
t ab le  l i s t s  t h e  v a r i o u s  geometric combinations f o r  which h e a t  t r a n s f e r  d a t a  
were ob ta ined .  
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GEOMETRIES TESTED 

*------- 

---------- 
AXIAL SPACE BETWEEN 

STATOR 1 AND ROTOR 
-I- 

AXIAL SPACE BETWEEN 
ROTOR AND STATOR 2 

--------I 

TURBULENCE G R I D  
----I--- -I 

15% Bx and 65% Bx 

---- -------- 
SINGLE STAGE 1 1 / 2  STAGE 
CONFIGURATION -----r CONFIGURATION i --I-- 

65% Bx 

A s  i nd ica t ed  i n  the  t a b l e  a tu rbulence  gene ra t ing  g r i d ,  t o  be descr ibed  i n  
d e t a i l  i n  a l a t e r  s e c t i o n ,  was i n s t a l l e d  upstream of the  f i r s t  s t a t o r  f o r  
s e l e c t e d  t e s t  ca ses  ( f i g .  1). 

The gene ra l  f e a t u r e s  of  t he  t u r b i n e  t e s t  s e c t i o n  geometry a r e  shown i n  
f i g u r e s  1 through 3 .  Figure 1 presen t s  a ske tch  of t he  t e s t  s e c t i o n  arranged 
i n  t h e  1 1 / 2  s t a g e  conf igu ra t ion  w i t h  t h e  upstream turbulence  g r i d  i n s t a l l e d .  
A s  i nd ica t ed  i n  f i g u r e  1, the  t u r b i n e  model has 22 f i r s t  s t age  s t a t o r  
a i r f o i l s ,  28 f i r s t  s t a g e  r o t o r  a i r f o i l s  and 28 second s t a g e  s t a t o r  a i r f o i l s .  
Figure 2 shows a r a d i a l  view of the  s i n g l e  s t a g e  conf igu ra t ion  a t  midspan a t  
t he  15% a x i a l  spacing.  A photograph of t he  f a c i l i t y  showing t h e  r o t o r  and 
second s t a t o r  rows i n s t a l l e d  i n  t h e  t e s t  s e c t i o n  i s  presented i n  f i g u r e  3 .  

2. A i r f o i l  Coordinates  and Surface Nomenclature 

The s u r f a c e  hub, midspan, and t i p  coord ina te s  ( x , y )  of  t h e  t h r e e  a i r f o i l  
rows ( s t a t o r  1, r o t o r  and s t a t o r  2) are given i n  Tables  1, 2 and 3 respec- 
t i v e l y .  

The l o c a t i o n s  of a l l  h e a t  t r a n s f e r  d a t a  presented i n  t h i s  r e p o r t  a r e  
g iven  i n  terms of a d i s t a n c e  along the  r e s p e c t i v e  a i r f o i l  s u r f a c e ( s )  a s  
measured from a r e fe rence  ( s  = 0) l o c a t i o n .  To achieve h igh  experimental  
l o c a t i o n  accuracy the  s = 0 l o c a t i o n  fo r  each a i r f o i l  w a s  determined us ing  a 
geometric c r i t e r i o n  in s t ead  of  t h e  l o c a t i o n  of  t h e  aerodynamic s t a g n a t i o n  
po in t .  This  geometr ical  "zero" w a s  def ined  a s  t h e  poin t  on the  lead ing  edge, 
a t  midspan, tangent  t o  a s t r a i g h t  l i n e  which was a l s o  tangent  t o  t h e  t r a i l i n g  
edge r a d i u s .  This  d e f i n i t i o n  i s  i l l u s t r a t e d  fo r  t he  r o t o r  a i r f o i l  i n  f igu re  
4.  During t h e  f a b r i c a t i o n  and ins t rumenta t ion  procedures t h e  s = 0 l o c a t i o n  
was p r e c i s e l y  determined fo r  each a i r f o i l  using a simple s t ra ight -edge .  A s  
shown i n  f i g u r e  4 ,  t h e  d i s t a n c e  "S" i s  def ined  a s  inc reas ing  p o s i t i v e  along 
t h e  suc t ion  su r face  and increas ing  negat ive  along the  p re s su re  su r face .  
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3 .  Flowpath Steady Aerodynamic Instrumentation 

The time-mean aerodynamic measurements in this program were carried out 
in two separate stages. Prior to the measurement'of any of the heat transfer 
data, airfoil midspan pressure distributions and hub and casing flow path 
static pressure distributions were obtained for all three airfoil rows. These 
pressure distribution data were obtained both with the turbulence generating 
grid in and out. In addition, surveys of the inlet flow total pressure were 
obtained at four pitchwise locations, 23% Bx upstream of the first stator 
leading edge both with and without the turbulence grid installed. These total 
pressure surveys, together with hub and outer casing flowpath static pressures 
measured upstream of the first stator leading edge plane, provided the inlet 
mass flow (flow coefficient) calibration for the turbine model. 

One airfoil from each row (first stator, rotor, second stator) was 
instrumented with twenty two static pressure taps distributed around the 
perimeter to provide the airfoil surface static pressure distributions. Flow- 
path static pressures on the hub and casing were acquired downstream of each 
airfoil row. Arrays of twenty taps distributed over two airfoil pitches at 
the hub and casing provided airfoil-to-airfoil static pressure distributions. 
Arrays of ten static pressure taps distributed circumferentially around both 
the hub and casing provided static pressure distributions around the entire 
annulus. The axial location of these static pressure taps coincided with the 
locations where both steady and unsteady aerodynamic traverse measurements 
were made. Except for the static pressure taps on the rotor and on the rotor 
hub, all hub and casing flowpath static pressure taps and the first and second 
stator static pressure taps were connected to five computer controlled 48 port 
Scanivalves (Model 4859-1290) mounted in the stationary frame pressure acqui- 
sition system. A rotating frame pneumatic instrumentation package mounted on 
the rotor axis contained a single 48 port Scanivalve (Model 4859-1290) to 
which the rotor and the rotor hub static pressure taps were connected. The 
calibration of both the stationary and rotating frame Scanivalve transducers 
(1 psia Druck Model PDCR 22) is computer controlled as will be discussed 
below. 

Following the completion of the heat transfer testing, aerodynamic 
traverse measurements were obtained downstream of each of the three airfoil 
rows. These measurements include midspan circumferential traverses of the 
total and static pressures and the flow yaw and pitch angles. The first stage 
stator wake was documented approximately 17% of axial chord downstream of the 
stator trailing edge. The rotor wake was documented in the rotating frame of 
reference approximately 32% of axial chord downstream of its trailing edge. 
The axial gap separating the first stage rotor and stator during this testing 
was approximately 50% of the rotor axial chord. The second stage stator wake 
was documented 14% of axial chord downstream of its trailing edge. These 
measurements define the inlet and exit aerodynamic conditions for each airfoil 
row. 
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United Sensor f i v e  h o l e  pneumatic probes (USC-F-152) were t r ave r sed  i n  
t h e  s t a t i o n a r y  and r o t a t i n g  frames of  r e fe rence  t o  document t h e  s t a t o r  and 
r o t o r  wakes. 
i s  presented i n  r e f e r e n c e  6. The 0.09 i n .  diameter  probe t i p  i s  small 
r e l a t i v e  t o  t h e  s t a t o r  and r o t o r  midspan p i t c h  (approximately 1 .5% of p i t c h ) .  
The s t a t i o n a r y  frame t r a v e r s e  s y s t e m  i s  descr ibed  i n  r e fe rence  7.  For the  
s t a t i o n a r y  t r a v e r s e ,  t h e  probes a r e  mounted i n  a t r a v e r s e  device  loca t ed  
e x t e r n a l  t o  t h e  model. They e n t e r  t h e  flowpath through sea l ed  s l o t s  i n  t h e  
cas ing  and can be  t r ave r sed  r a d i a l l y  from hub t o  t i p  and c i r c u m f e r e n t i a l l y  
over two a i r f o i l  p i t c h e s .  The probe p res su re  p o r t s  are connected by computer 
c o n t r o l l e d  pneumatic f l u i d  switches t o  1 p s i a  Druck (Model PDCK 22)  
t r ansduce r s  l oca t ed  i n  t h e  s t a t i o n a r y  frame p res su re  a c q u i s i t i o n  sys t em.  The 
r o t a t i n g  t r a v e r s e  system ( r e f .  8 )  mounted i n s i d e  t h e  r o t o r  hub can t r a v e r s e  
probes r a d i a l l y  from hub t o  t i p  and c i r c u m f e r e n t i a l l y  over two r o t o r  p i t c h e s .  
P res su re  p o r t s  of  t h e  r o t a t i n g  frame probes a r e  connected by computer 
c o n t r o l l e d  f l u i d  swi tches  t o  1 p s i a  Druck (Model PDCR 22) d i f f e r e n t i a l  
t r ansduce r s  mounted i n  t h e  r o t a t i n g  in s t rumen ta t ion  package c l o s e  t o  t h e  r o t o r  
a x i s .  Both t h e  s t a t i o n a r y  and r o t a t i n g  frame probes a r e  au tomat i ca l ly  nu l l ed  
i n  yaw by computer c o n t r o l .  

A d e t a i l e d  d e s c r i p t i o n  of t h i s  t ype  of  probe and i t s  c a l i b r a t i o n  

A dedica ted  o n l i n e  Perk in  Elmer (PE 8/16E) minicomputer c o n t r o l s  t h e  
r a d i a l  and c i r c u m f e r e n t i a l  p o s i t i o n i n g  and t h e  y a w  nulling of b o t h  t h e  
s t a t i o n a r y  and r o t a t i n g  frame probes.  E l e c t r i c a l  communication wi th  t h e  
r o t a t i n g  frame ins t rumen ta t ion  package, t r ansduce r s  and t r a v e r s e  s y s t e m  i s  
through a F a b r i c a s t  (Model 1273) s l i p - r i n g  assembly mounted on t h e  r o t o r  d r i v e  
s h a f t .  
i s  c o n t r o l l e d  by t h e  computer. Various combinations of  r e fe rence  pressures 
suppl ied  by f i v e  Ametek (Model RK-300WC) dead weight t e s t e r s  a r e  app l i ed  t o  
a l l  r o t a t i n g  and s t a t i o n a r y  t r ansduce r s  t o  gene ra t e  a f i v e  po in t  c a l i b r a t i o n  
cover ing  t h e  a p p r o p r i a t e  p re s su re  range f o r  each t e s t .  The dead weight 
t e s t e r s  a r e  accu ra t e  t o  20.005 inches of water. The c a l i b r a t i o n  p res su res  and 
r e f e r e n c e  p res su re  ( i n l e t  abso lu t e  t o t a l  p re s su re )  a r e  brought on to  t h e  
r o t a t i n g  frame through a two channel r o t a r y  union. This  permi ts  on l i n e  
c a l i b r a t i o n  of  t h e  r o t a t i n g  frame t r ansduce r s  wi th  t h e  r i g  i n  o p e r a t i o n  
( r o t a t i n g ) .  Overa l l ,  t h e  r e p e a t i b i l i t y  of  t h e  e n t i r e  d a t a  a c q u i s i t i o n  system 
i s  t y p i c a l l y  1% of  reading .  

On-line c a l i b r a t i o n  of  a l l  t r a n s d u c e r s ,  bo th  s t a t i o n a r y  and r o t a t i n g ,  

4 .  High-Response Aerodynamic Measurements and Ins t rumenta t ion  

Design of  t h e  Turbulence Generat ing Grid.  - A s  p a r t  of t h e  p re sen t  inves- 
t i g a t i o n  t h e  e f f e c t s  of  h igh  l e v e l s  of  f r ees t r eam turbulence  on t h e  hea t  
t r a n s f e r  d i s t r i b u t i o n s  through t h e  LSRR t u r b i n e  b lad ing  were t o  be examined. 
These h e a t  t r a n s f e r  d a t a  were t o  be obta ined  f o r  a t u r b i n e  i n l e t  tu rbulence  
i n t e n s i t y  of approximately l o % ,  a l e v e l  r e p r e s e n t a t i v e  of  t h e  turbulence  
measured a t  t h e  e x i t  of  a i r c r a f t  gas  t u r b i n e  combustors ( r e f .  9 ) .  For 
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purposes o f  a i r f o i l  t o  a i r f o i l  cons i s t ency  ( c i r c u m f e r e n t i a l  un i formi ty)  and so  
t h a t  t h e  p re sen t  r e s u l t s  could b e  compared wi th  o t h e r  d a t a  on t h e  e f f e c t s  o f  
t u rbu lence  o n  h e a t  t r a n s f e r ,  t h e  t u rbu lence  gene ra t ed  f o r  t h e s e  tes ts  w a s  
r equ i r ed  t o  be  s p a t i a l l y  uniform, n e a r l y  i s o t r o p i c ,  and tempora l ly  s t eady  
(over  t i m e  s c a l e s  l ong  when compared t o  t h e  t u r b u l e n t  f l u c t u a t i o n s ) .  
a d d i t i o n ,  t h e  t e s t  tu rbu lence  had t o  b e  genera ted  i n  a manner such t h a t  there  
was a r easonab ly  n i g h  i n t e n s i t y  through t h e  1 112 s t a g e s  o f  t h e  t u r b i n e ,  i . e . ,  
t h e  streamwise decay of  t h e  turbulence  had t o  b e  s imilar  t o  t h a t  i n  an  
engine .  

In  

Immediately downstream o f  any coa r se  tu rbu lence  gene ra t ing  d e v i c e  t h e r e  
e x i s t s  a s h o r t  l e n g t h  of t u rbu lence  development followed by  a much longe r  
r e g i o n  of  h igh  o u t  r a p i d l y  dec reas ing  tu rbu lence  i n t e n s i t y .  Two cons idera-  
t i o n s  i n  t h e  s e l e c t i o n  o f  a d e v i c e  f o r  gene ra t ing  tu rbu lence  f o r  a p a r t i c u l a r  
t es t  a p p l i c a t i o n  are  ( 1 )  t h a t  t h e  "development" r e g i o n  t e rmina te  upstream of  
t h e  t e s t  zone,  and ( 2 )  t n a t  t h e  r a t e  o f  decay  through t h e  t e s t  zone b e  accept-  
ab le .  Numerous s t u d i e s  have been conducted by e a r l i e r  i n v e s t i g a t o r s  t o  
examine t h e  phys i ca l  p rocesses  a s s o c i a t e d  w i t h  t h e  near -gr id  r e g i o n  o f  h i g h  
i n t e n s i t y ,  r a p i d l y  decaying turbulence  ( t h e  " i n i t i a l  decay per iod" o f  
Batche lor  and Townsend, r e f .  10) .  These s t u d i e s  have r evea led  t h a t  t h e  
dominant phenomenon o f  t h i s  phase o f  t h e  decay process  i s  t h e  t r a n s f e r  o f  
energy from t h e  l a r g e r  t o  smaller d i s s i p a t i n g  e d d i e s  ( t h e  "energy cascade") .  
From t h i s  g e n e r a l  c h a r a c t e r i s t i c  o f  t u r b u l e n t  f lows i t  fo l lows  t h a t  t h e  rate 
o f  decay o f  a g i v e n  l e v e l  o f  t u r b u l e n t  energy  d e c r e a s e s  w i t h  i n c r e a s i n g  turbu- 
l e n c e  i n t e g r a l  scale. The l a r g e r  t h e  i n t e g r a l  s c a l e  o f  a t u r b u l e n t  flow t h e  
lower p ropor t ion  o f  t h e  t u r b u l e n t  energy i s  conta ined  i n  t h e  d i s s i p a t i n g  wave- 
number range .  These e f f e c t s  were c l e a r l y  demonstrated b y  Sa to  ( r e f .  1 1 )  ( s e e  
Hinze, r e f .  1 2 )  wno showed t h a t  w i t h  i n c r e a s i n g  d i s t a n c e  (x) from a tu rbu lence  
source ,  h igh  wavenumber tu rbu lence  decayed as x-5/2 while  t h e  t o t a l  k i n e t i c  
energy decayed as x-l .  Tne  conc lus ion  t h a t  c a n  b e  reached from t h i s  p r i n c i p l e  
i s  t h a t  t h e  o n l y  avenue a v a i l a b l e  t o  in f luence  t h e  decay r a t e  o f  a g i v e n  
tu rbu lence  i n t e n s i t y  i s  t o  choose a method of t u r b u l e n c e  product ion  w h i c h  
g e n e r a t e s  a f i e l d  w i t h  a s u f f i c i e n t l y  l a r g e  i n t e g r a l  s c a l e .  

A wide v a r i e t y  o f  flow c o n t r o l  dev ices  have been employed by o t h e r  
i n v e s t i g a t o r s  t o  g e n e r a t e  h i g h  i n t e n s i t y  tu rbu lence ,  e .g . ,  monoplane o r  
b ip l ane  squa re  o r  r e c t a n g u l a r  l a t t i c e s ,  un i -d i r ec t iona l  b a r  a r r a y s ,  g r i d s  w i t h  
i n j e c t i o n ,  p e r f o r a t e d  p l a t e s ,  and honeycombs. Of t h e s e  d e v i c e s ,  t h e  squa re  
a r ray-b ip lane  l a t t i c e  o f  squa re  c ros s - sec t ion  bars h a s  been  c o n s i s t e n t l y  shown 
by many independent  i n v e s t i g a t o r s  t o  b e  the  most r e l i a b l e  and p r e d i c t a b l e  
g e n e r a t o r  o f  uniform, s t e a d y  turbulence  ( e . g . ,  r e f s .  1 3  through 16) .  S tud ie s  
docuiuenting t h e  performance o f  t h i s  t y p e  o f  g r i d  have shown t h a t ,  p rovid ing  
t h e  bars are uniformly spaced and t h e  open a r e a  i s  60 percent  o r  g r e a t e r ,  t h e  
tu rbu lence  produced w i l l  b e  homogeneous. 
expected t o  have a s p e c t r a l  d i s t r i b u t i o n  i n  good agreement wi th  t h e  von Karman 
one-dimensional i s o t r o p i c  spectrum and t h a t  t h e r e  w i l l  b e  near  e q u a l i t y  o f  t h e  

In  a d d j t i o n ,  t h e  tu rbu lence  c a n  b e  

L 
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v a r i o u s  t u r b u l e n c e  components ( u ' ,  v '  and w' w i l l  b e  equa l  t o  w i t h i n  about 
20%) ( r e f s .  1 4  through 16) .  V i th  t h i s  t y p e  o f  t u rbu lence  g e n e r a t o r  t h e  l e v e l  
o t  t u r b u l e n c e  i n t e n s i t y  and t h e  streamwise decay r a t e  ( t n e  s c a l e  o f  t h e  
t u rbu lence )  a re  determined by t h e  cho ice  o f  b a r  SiZe/1UeSh combination. 

A l t e r n a t i v e  t u r b u l e n c e  g e n e r a t o r s  considered f o r  u s e  i n  t h e  p resen t  
a p p l i c a t i o n  included u n i - d i r e c t i o n a l  b a r  arrays,  g r i d s  w i t h  i n j e c t i o n ,  and 
pe r fo ra t ed  p l a t e s .  Uni-direct ional  b a r  arrays,  a l though extremely simple 
and economical t o  c o n s t r u c t ,  were r e j e c t e d  on  t h e  grounds t h a t  t h e y  g e n e r a t e  
an a n i s o t r o p i c  f i e l d  ( r e f s .  15 and 1 7 ) .  The a v a i l a b l e  documentation on  blown 
g r i d s  ( r e f s .  18 and 1 9 )  c o n t a i n s  c o n t r a d i c t o r y  in fo rma t ion  o n  t h e  magnitude o f  
t h e  e f f e c t s  o f  i n j e c t i o n  on  tu rbu lence .  For t h i s  r eason  i t  w a s  decided t h a t  
t h e r e  w a s  a n  unacceptable  l e v e l  of u n c e r t a i n t y  a s s o c i a t e d  wi th  t h e  d e s i g n  and 
a p p l i c a t i o n  o f  such a g e n e r a t i n g  dev ice .  The u s e  o f  p e r f o r a t e d  p l a t e s  was 
a l s o  considered due t o  t h e i r  s i m p l i c i t y  and low c o s t .  However, p e r f o r a t e d  
p la tes  have been shown t o  produce h igh ly  i n t e n s e  tu rbu lence  with unacceptably 
h i g h  decay  r a t e  ( r e f .  20) ( sma l l  s c a l e  tu rbu lence )  and were r e j e c t e d  f o r  t h i s  
a p p l i c a t i o n .  

Based upon t h e  above reasoning t h e  technique s e l e c t e d  f o r  gene ra t ing  
h igh  l e v e l s  o f  t u r b u l e n c e  f o r  these tes t s  was t h e  b i p l a n e  g r i d .  The t u r b u -  
l e n c e  g e n e r a t o r  s e l e c t e d  c o n s i s t e d  o f  a n e a r l y  square a r r a y  l a t t i c e  o f  three 
r i n g s  spaced uniformly i n  t h e  r a d i a l  d i r e c t i o n  w i t h  80 evenly spaced r a d i a l  
b a r s .  Both t h e  r i n g s  and r a d i a l  b a r s  are o f  square 112 inch  c ross - sec t ion .  
The m e s h  spac ing  o f  t h e  b a r  i s  2 . 1  i n c h e s  r a d i a l l y  and 4.5 deg rees  ( 2 . 1  i n .  a t  
mid-annulus) c i r c u m f e r e n t i a l l y .  The c o r r e l a t i o n  o f  r e f e r e n c e  1 3  i n d i c a t e s  
t h a t  w i t h  t h i s  g r i d  l o c a t e d  1 5  inches  u p s t r e a m  o f  t h e  b l a d i n g  t h e  tu rbu lence  
i n t e n s i t y  could be expected t o  d rop  from 1 0  pe rcen t  t o  5 percent  between t n e  
f i r s t  vane  l e a d i n g  edge and t n e  second vane t r a i l i n g  edge. 

Turbulence Measurements a t  t h e  Turbine Model I n l e t .  - Detai led measure- 
ments o f  t h e  s t r e a m w i s e  component o f  t h e  f l u c t u a t i n g  v e l o c i t y  w e r e  ob ta ined  
j u s t  upstream o f  t h e  t u r b i n e  model i n l e t .  These d a t a  were ob ta ined  bo tn  wi th  
and without  t h e  t u r b u l e n c e  g r i d  i n s t a l l e d .  T rave r ses  o f  t h e  i n l e t  t u rbu lence  
were measured a t  fou r  p i t chwise  l o c a t i o n s  ( 0 ,  25, 50 and 75 pe rcen t  p i t c h )  a t  
12 spanwise l o c a t i o n s  e a c h  ( a n  a r r a y  o f  48 l o c a t i o n s )  ove r  a plane 1.35 inches 
(23% chord)  upstream o f  t h e  f i r s t  s t a t o r  l e a d i n g  edge. I n  a d d i t i o n ,  t u r b u -  
l e n c e  d a t a  were ob ta ined  a t  1 2  spanwise s t a t i o n s  a t  50 p e r c e n t  p i t c h  a t  t h e  
a x i a l  s t a t i o n  o f  t h e  f i r s t  s t a t o r  l e a d i n g  edge. Turbulence i n t e n s i t y  measure- 
ments were ob ta ined  a t  a l l  t h e  above l o c a t i o n s  wh i l e  measurements o f  t h e  l o c a l  
t u r b u l e n t  l e n g t h  s c a l e  and t h e  spec t ra l  d i s t r i b u t i o n  o f  t h e  f l u c t u a t i o n s  were 
documented a t  f o u r  spanwise l o c a t i o n s  f o r  each t r a v e r s e .  
measurements were ob ta ined  using a T S I  model 1210-20 c y l i n d r i c a l  ho t  f i l m  
probe, a TS1 Nodel 1050 Constant  T e m p e r a t u r e  Anemometer and a T S I  dode l  1052 
4 th  o r d e r  polynomial l i n e a r i z e r .  

A l l  o f  t h e s e  

Au tocor re l a t ions  of t h e  l i n e a r i z e d  hot-f i lm 

10 



signals were generated using a Saicor Model SAI-42 Correlator and Probability 
Analyzer. 
Model SD 340 MICRO FFT narrow band analyzer. 
mentation arrangement is presented in figure 5. 

Spectral distributions were determined using a Spectral Dynamics 
A block diagram of the instru- 

High-Response Inter-Row Velocity Measurements. - High response inter-row 
velocity measurements were acquired circumferentially over two first stator 
pitches at midspan locations downstream of each airfoil row with the turbine 
model in the 1 1/2 stage configuration. These locations, denoted as Sta 2, 3 
and 4 in figure 1, are at the same axial distances downstream of the first 
stator, rotor and second stator respectively at which the five hole pneumatic 
probe traverse data were acquired. The traverse measurements were made with a 
Thermo Systems Inc. (TSI) Model 1211 -20 hot film probe which has a single 
radially oriented sensor. 
traverse system used for the steady pneumatic five hole probe traversing. The 
probe was calibrated over a range of velocities from 40 to 200 feet per second 
in ambient temperature air and was powered by a TSI Model 1050 anemometer. 
The anemometer output was conditioned by a TSI Model 1052 linearizer which 
provided a 0 - 10 volt output to the data acquisition system. 
thermocouple probe used to measure the inlet flow temperature was installed 
upstream of the turbulence grid location. 
correction to be applied to the measured linearized hot film voltage during 
data reduction. 

The probe was mounted in the same stationary frame 

A single 

This permitted a temperature 

Hot film probe positioning and data acquisition was controlled by the PE 
8/16E minicomputer. A schematic of the high response instrumentation and data 
acquisition system configured for phase lock average (PLA) acquisition is 
shown in figure 6. 
couple) were acquired in the present program, the acquisition system is 
capable of simultaneously acquiring up to four channels of data (ref. 7 ) .  The 
acquisition of the linearized hot film voltage and the inlet thermocouple 
voltage was initiated once every rotor revolution by a reference signal 
generated by an Optron Model OPB 253 optical photo-sensor focused on a 
reference rotor blade tip that was highly polished. 
circumferential traverse location (typically 60 per traverse), high response 
data were acquired at three hundred rotor positions over three consecutive 
rotor pitches. One hundred sets of high response (instantaneous) data (300 
per revolution for 100 revolutions) were acquired and digitized at each 
traverse location and recorded on magnetic tape for detailed off-line analy- 
sis. 

Although only two channels of data (hot film and thermo- 

At each stationary frame 
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5. A i r f o i l  Heat T r a n s f e r  Measurements 

D e s c r i p t i o n  of  t h e  Technique. - Boundary l a y e r s  on a i r c r a f t  gas  t u r b i n e  
a i r f o i l s  never  remain laminar  over  t h e  e n t i r e  chord but  pass  through t r a n s i -  
t i o n  t o  or toward t u r b u l e n t  f low be fo re  r each ing  t h e  t r a i l i n g  edge. These 
developing boundary l a y e r s  a re  sub jec t ed  t o  s t r o n g  streamwise p r e s s u r e  g rad i -  
e n t s ,  both f avorab le  and adve r se ,  and they  may even l o c a l l y  s e p a r a t e  from and 
r e a t t a c h  t o  t h e  a i r f o i l  s u r f a c e .  A l l  t h e s e  phenomenon combine t o  produce v e r y  
s t r o n g  streamwise v a r i a t i o n s  i n  t h e  r a t e  o f  convect ive hea t  t r a n s f e r .  The 
experimental  t echn iques  employed i n  t h i s  i n v e s t i g a t i o n  were s e l e c t e d  t o  o b t a i n  
accu ra t e  measurements o f  hea t  t r a n s f e r  r a t e s  i n  t h e  presence o f  such s t r o n g  
l o c a l  v a r i a t i o n s .  

O f  t h e  numerous phenomena t h a t  i n f luence  t u r b i n e  convect ive hea t  t r a n s f e r  
r a t e s  t h e  most important  e f f e c t s  ( f i r s t  o r d e r  e f f e c t s )  are  a consequence o f  
l o c a l  f low c o n d i t i o n s .  Examples o f  aerodynamic phenomenon which have extreme- 
l y  l a r g e  e f f e c t s  on t u r b i n e  convec t ive  h e a t  t r a n s f e r  r a t e s  a r e  t h e  t r a n s i t i o n  
of  a boundary l a y e r  from laminar t o  t u r b u l e n t  f low, s e p a r a t i o n  or r e a t t a c h -  
ment,  and s t r o n g  v e l o c i t y  g r a d i e n t s .  These " f i r s t  order"  hea t  t r a n s f e r  
e f f e c t s  can be exper imenta l ly  s imulated without  reproducing t h e  l a r g e  tempera- 
t u r e  d i f f e r e n c e s  p r e s e n t  i n  t h e  g a s  t u r b i n e  environment bu t  by employing o n l y  
v e r y  small l e v e l s  o f  s u r f a c e  hea t  f l u x .  These small  hea t  f l u x  l e v e l s  g e n e r a t e  
p r o p o r t i o n a l l y  s m a l l  f l u i d  temperature  g r a d i e n t s  and r e s u l t  i n  flows of n e a r  
cons t an t  d e n s i t y .  For such near-constant d e n s i t y  flows t h e  a b s o l u t e  d i r e c t i o n  
o f  convec t ive  h e a t  f l u x ,  whether t o  or from t h e  s o l i d  s u r f a c e ,  i s  immaterial. 
I n  numerous e a r l i e r  experiments ( e . g . ,  r e f s .  21 through 23) e l e c t r i c a l  resis-  
t i v e  h e a t i n g  o f  s u r f a c e  metal  f o i l s  h a s  proved t o  be a h i g h l y  p r a c t i c a l  method 
f o r  g e n e r a t i n g  low l e v e l s  of  uniform s u r f a c e  h e a t  f l u x .  Recently t h i s  b a s i c  
experimental  method h a s  been s i g n i f i c a n t l y  improved through a se r ies  o f  tech- 
nique development programs a t  UTRC. Of primary importance has  been t h e  devel-  
opment o f  techniques  f o r  u s ing  r i g i d  c a s t  u re thane  foam as  t h e  c o n s t r u c t i o n  
m a t e r i a l  f o r  t es t  aerodynamic models. Rigid urethane has  an extremely low 
thermal c o n d u c t i v i t y  (8 x gm-cal/cm-s K) which n e a r l y  e l i m i n a t e s  e r r o r s  
i n  h e a t  t r a n s f e r  measurements due t o  conduct ion i n  t h e  a i r f o i l  away from t h e  
s u r f a c e  h e a t i n g  f o i l .  Techniques have a l s o  been developed f o r  a t t a c h i n g  metal  
f o i l  t o  t h e  u re thane  foam models u s ing  extremely t h i n  l a y e r s  o f  adhesive.  Use 
o f  t h e s e  new c o n s t r u c t i o n  t echn iques  r e s u l t s  i n  uniform s u r f a c e  h e a t  f l u x  t e s t  
models with n e g l i g i b l e  ( l e s s  t han  1 pe rcen t )  back-losses and minimal 
t r a n s v e r s e  "smearing" through conduct ion.  C a l c u l a t i o n s  i n d i c a t e  t h a t ,  even i n  
a r eg ion  wi th  a l a t e r a l  g r a d i e n t  o f  h e a t  t r a n s f e r  c o e f f i c i e n t  of  100 percent  
pe r  i nch ,  l o c a l  h e a t  t r a n s f e r  c o e f f i c i e n t s  can  b e  measured w i t h i n  an accuracy 
of 5 percent  u s ing  t h e s e  c o n s t r u c t i o n  mater ia ls  and t echn iques .  References 5 ,  
24 and 25 p r e s e n t  examples o f  t h e  u se  o f  t hese  h e a t  t r a n s f e r  measurement tech- 
niques.  
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Instrumented A i r f o i l  Cons t ruc t ion  Technique. - A s  d e s c r i b e d  i n  t h e  
preceding s e c t i o n ,  h e a t  t r a n s f e r  measurements were ob ta ined  i n  t h i s  s tudy  
u s i n g  low c o n d u c t i v i t y  r i g i d  foam c a s t i n g s  o f  t h e  t e s t  a i r f o i l s .  A uniform 
hea t  f l u x  was genera ted  on t h e  s u r f a c e  o f  t h e  foam t e s t  a i r f o i l s  u s ing  e l ec -  
t r i c a l l y  hea ted  me ta l  f o i l  s t r i p s  a t t a c h e d  t o  t h e  model s u r f a c e .  Local neat 
t r a n s f e r  c o e f f i c i e n t s  around t h e  a i r f o i l s  were determined using thermocouples 

f r e e  stream. 
, t o  measure t h e  tempera ture  d i f f e r e n c e  between t h e  hea ted  meta l  s k i n  and t h e  

I Photographs of  t h e  f i r s t  s t a g e  r o t o r  model a t  v a r i o u s  s t e p s  o f  f ab r i ca -  
I t i o n  are  presented  i n  f i g u r e  7 .  The f i r s t  s t a g e  o f  t h e  f a b r i c a t i o n  process  

An aluminum r o t o r  b l ade ,  I 
I 
I 

I 
c o n s i s t e d  of  developing a metal  "master a i r f o i l " .  
chosen a t  random from t h e  LSRR r o t o r ,  w a s  c a r e f u l l y  in spec ted  t o  determine 
l o c a t i o n s  with s u r f a c e  waviness. T h s e  s l i g h t  d e v i a t i o n s  from a p e r f e c t l y  
"developable' '  s u r f a c e  ( a  s u r f a c e  with no compound c u r v a t u r e )  a r e  an inhe ren t  
c h a r a c t e r i s t i c  of  t h e  "mult iple  r a d i a l  s t a t i o n  contour  t r a c i n g "  machining 
process  used t o  manufacture t h e  aluminum a i r f o i l s .  Despi te  t h e  f a c t  t h a t  t h i s  
s u r f a c e  waviness o n l y  c o n s i s t s  o f  dep res s ions  a few thousandths  o f  an  inch  
deep a t  t h e i r  maximum, they  d o  p resen t  a problem unique t o  t h i s  method o f  
i n s t rumen ta t ion .  The metal  f o i l  which i s  t o  be glued t o  t h e  e x t e r i o r  s u r f a c e  

dep res s ions  on t h e  a i r f o i l  t r a n s l a t e  t o  "wrinkles" o r  "lumps" on t h e  f i n i s h e d ,  
assembled a i r f o i l  s u r f a c e .  For t h i s  reason i t  was necessary  t h a t  any depres- 

Th i s  f i l l i n g  procedure c o n s i s t e d  o f  a trial-and-error/inspection i t e r a t i o n  
towards t h e  f i n i s h e d  a i r f o i l .  An a i r f o i l  w a s  accepted a s  a "master" on ly  
a f t e r  a completely wrinkle-free " tes t"  meta l  f o i l  could b e  glued t o  i t s  e n t i r e  
s u r f a c e .  An i n v i s c i d  flow computation o f  t h e  v e l o c i t y  d i s t r i b u t i o n  around t h e  
f i n i s h e d  "master" a i r f o i l  i n d i c a t e d  t h a t  t h e  maximum change i n  l o c a l  v e l o c i t y  
produced by t h e  s u r f a c e  f i l l i n g  (measured Maximum f i l l i n g  t h i c k n e s s )  w a s  only 

presented i n  f i g u r e  7 .  The next s t e p  i n  t h e  model f a b r i c a t i o n  process  ( n o t  
shown i n  f i g .  7 )  c o n s i s t e d  o f  c a s t i n g  a c o n c r e t e  mold o f  t h e  master a i r f o i l .  
Spec ia l  low sh r inkage  gypsum cement (USG Hydrocal) was used t o  produce a 
smooth a i r f o i l  s u r f a c e  and a p r e c i s e  geomet r i ca l  r ep roduc t ion .  

j 

I o f  t h e  a i r f o i l  i s  extremely i n t o l e r a n t  o f  s u r f a c e  waviness.  Even min i scu le  

I s i o n s  be f i l l e d  t o  produce as n e a r l y  a "developable" s u r f a c e  as p o s s i b l e .  

I 114 p e r c e n t .  A photograph o f  t h e  completed "metal mas ter  a i r f o i l "  i s  
1 

A s t e e l  s k e l e t o n  ( f i g .  7 )  w a s  f a b r i c a t e d  f o r  each o f  t h e  t e s t  a i r f o i l s  t o  
ensu re  adequate  s t r e n g t h  t o  endure both t h e  aerodynamic f o r c e s  and, f o r  t h e  
r o t o r ,  t h e  c e n t r i f u g a l  f o r c e s  o f  t h e  t e s t  environment. The s k e l e t o n  provided 
a s e c u r e  l o c a t i o n  t o  a t t a c h  t h e  foam a i r f o i l  t o  e i t h e r  t h e  r o t o r  hub o r  t h e  

I s t a t o r  c a s e .  The photograph o f  t h e  f i r s t  s t a g e  r o t o r  s k e l e t o n  presented i n  
f i g u r e  7 shows t h e  at tachment  ' 'button'' f o r  f a s t e n i n g  t h e  b l ade  t o  t h e  hub. 

l 

I 

I The a i r f o i l s  were c a s t  i n  r i g i d  foam wi th  t h e  s t e e l  s k e l e t o n  mounted i n  
I t h e  c o n c r e t e  mold. A s p e c i a l  f i x t u r e  ensured t h a t  t h e  mounting bu t ton  on t h e  

s k e l e t o n  was p r e c i s e l y  l o c a t e d  a t  t h e  same p o s i t i o n  r e l a t i v e  t o  t h e  c o n c r e t e  
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mold a s  was t h e  b u t t o n  on t h e  o r i g i n a l  "metal master  a i r f o i l " .  Photographs of 
t h e  suc t ion  and p res su re  su r faces  of t h e  c a s t  foam r o t o r  blade a r e  shown i n  
f i g u r e  7 .  For t h i s  p a r t i c u l a r  model t h e  s u c t i o n  su r face  was instrumented and 
t h e  p re s su re  s u r f a c e  was t h e  "backside" through which t h e  in s t rumen ta t ion  was 
routed .  The s u c t i o n  s u r f a c e  view shows t h e  p a t t e r n  of h o l e s  t o  be  used f o r  
i n s t a l l a t i o n  of t h e  thermocouples. The h o l e s  i n  t h e  s u c t i o n  su r face  were 
evenly spaced a t  one inch increments a t  t h e  midspan l o c a t i o n .  The p res su re  
su r face  view shows t h e  t r enches  c u t  i n t o  t h a t  su r f ace  f o r  r o u t i n g  of thermo- 
couple l e a d s ,  t h e  copper buss  b a r s  f o r  connect ing t o  t h e  f o i l  s k i n  and t h e  
e l e c t r i c  power l eads .  The copper buss ba r s  ensure  t h a t  t h e  vo l t age  along each 
end of  t h e  f o i l  s t r i p  i s  uniform, producing a uniform c u r r e n t  over t h e  e n t i r e  
f o i l  su r f ace .  

The r a t e  of hea t  t r a n s f e r  v a r i e s  s t r o n g l y  with l o c a t i o n  near  t h e  lead ing  
edge of an a i r f o i l .  Measurement of t h e s e  extreme g r a d i e n t s  i n  hea t  t r a n s f e r  
r e q u i r e s  a dense g r i d  of thermocouples i n  t h i s  reg ion .  
o b t a i n  accu ra t e  measurements i n  t h e  l ead ing  edge r eg ion  f o r  t h e  present  t e s t  
a i r f o i l s ,  a new high d e n s i t y  thermocouple i n s t a l l a t i o n  technique was devel-  
oped. Shown i n  f i g u r e  8 i s  a photograph of t h e  l ead ing  edge a r r a y  i n s t a l l e d  
i n  t h i s  p a r t i c u l a r  r o t o r  model. 
l ead ing  edge r eg ion  of t h e  f o i l  before  i t  was i n s t a l l e d  on t h e  a i r f o i l .  
shown are a s p e c i a l l y  f a b r i c a t e d  template  f o r  accu ra t e ly  l o c a t i n g  thermocouple 
beads and a t h i n  " t r a n s f e r  ternplate" which i s  shown a t t ached  d i r e c t l y  t o  t he  
backside of t h e  f o i l .  This  " t r a n s f e r  template" was removed fol lowing t h e  
completion of t h e  thermocouple i n s t a l l a t i o n .  Shown i n  t h e  photograph a r e  20 
thermocouples loca t ed  a t  0.050 i n .  a p a r t  w i t h i n  an es t imated  v a r i a t i o n  of 
2 0.005 i n .  

I n  an at tempt  t o  

The photograph shows t h e  backside of t h e  
Also 

The next photograph of f i g u r e  8 shows t h e  r o t o r  model wi th  the  h e a t e r  
f o i l  i n s t a l l e d  on t h e  s u c t i o n  su r face  only .  I n  t h i s  photograph t h e  thermo- 
couples  have been welded t o  t h e  backside of t h e  h e a t e r  f o i l  and routed through 
t h e  t r enches  t o  t h e  support  bu t ton .  The t h i r d  photograph of f i g u r e  8 shows 
the  model w i t h . t h e  f o i l  a t t ached  t o  t h e  p r e s s u r e  s u r f a c e  and connected t o  t h e  
buss  ba r s .  A t  t h i s  s t a g e  t h e  in s t rumen ta t ion  c a v i t y  was r e f i l l e d  wi th  
ure thane  foam t o  conform t o  t h e  o r i g i n a l  p re s su re  s u r f a c e  contour .  The f i n a l  
photograph of f i g u r e  8 shows t h e  completed t e s t  model coated wi th  f l a t  b lack  
p a i n t .  This  pa in t  coa t ing  ensures  a uniform, known e m i s s i v i t y  so  t h a t  a small  
( N  3 percen t )  bu t  accu ra t e  r a d i a t i o n  c o r r e c t i o n  can be incorpora ted  i n t o  t h e  
d a t a  r educ t ion  r o u t i n e .  

Heat Trans fe r  Ins t rumenta t ion .  - The hea t  t r a n s f e r  i n s t rumen ta t ion  p lans  
f o r  t h e  f i r s t  s t a t o r ,  t h e  r o t o r  and t h e  second s t a t o r  a r e  presented i n  f i g u r e s  
9,  10,  and 11 r e s p e c t i v e l y .  Each f i g u r e  shows t h e  a i r f o i l  midspan contour  and 
t h e  TC l o c a t i o n s  around i t s  per imeter .  The TC l o c a t i o n s  a r e  a l s o  t abu la t ed  
below i n  terms of (1) a x i a l  d i s t a n c e  ( X )  from t h e  l ead ing  edge (minimum X 
l o c a t i o n )  normalized by a i r f o i l  a x i a l  chord (Bx) and ( 2 )  a r c  length  ( S t )  
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moving counterclockwise from the trailing edge (maximum X location), also 
normalized by the airfoil axial chord. At three locations on the airfoil 
suction and pressure surfaces (indicated by *) TCs are also located at f 8.3%, 

midspan. Note, however, that the dense leading edge arrays of TCs were 
obtained by staggering adjacent TCs slightly above and below midspan (t 1% of 
span). Figures 9, 10 and 11 each represent a composite of the instrumentation 
on two airfoils, one instrumented along the suction surface and the other 
along the pressure surface. The dense leading edge TC arrays are duplicated 
on both the airfoils with the suction surface instrumentation and on the 
airfoils with the pressure surface instrumentation. Thus, although there are 
(on the average) 95 TC sites on each contour, each instrumented airfoil has 
(on the average) 58 TCs or 116 per airfoil row, which offers a reassuring 
redundancy in the measurements. 

16.6% and f 25% span from midspan. All the rest of the TCs are located at 

As previously noted the steady state heat transfer boundary condition on 
the airfoil heated surfaces was nominally one of constant convective heat 
flux. Slight corrections to the constant-convective-heat-flux condition 
resulting from surface radiation, heat conduction through the foam and local 
variations in strip resistance produced by local metal temperature differences 
were included in the data reduction procedures. 

The thermocouple leads from the stator models were connected directly 
to Uniform Temperture Reference (UTK) blocks (Kaye Instruments, UTK-48N). 
The rotor model thermocouple leads were connected through a Wendon Co. 212 
ring slip ring unit to another set of stationary frame UTK blocks. 
graph of the Wendon slip ring unit installed in the rig is shown in figure 12. 
This photo shows an important feature of this slip ring, the stationary and 
rotating connection points are in close proximity assuring that any secondary 
voltages generated at these connections are extremely small. Data were 
recorded using a Hewlett-Packard 300 channel data aquisition unit 
(3497A/3498A), and an ice point reference (Kaye Instruments, K140-4). Reduc- 
tion of the thermocouple signals to temperature and engineering heat transfer 
units was.accomplished using an LSI 11/03 minicomputer. 
double-density floppy disks. 

A photo- 

Data were recorded on 

The freestream temperatures used to compute the airfoil Stanton numbers 
were determined using both stationary and rotating frame thermocouples. The 
stationary temperature measurements were obtained using thermocouples located 
just upstream of the grid at eight equally spacTd circumferential locations. 
A second measure of the freestream temperature vas obtained using the array of 
thermocouples on the leading edge of whichever rotor model was unheated in a 
particular test run. These rotating frame temperature measurements, then, 
represent a circumferential average of the rotor recovery temperature. The 
freestream temperature measurements were required to meet two conditions: (1) 
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A l l  e i g h t  upstream temperatures  and t h e  unheated r o t o r  temperature  ( c o r r e c t e d  
f o r  r o t o r  wheel speed had t o  agree wi th in  +1 1 / 2 " F .  ( 2 )  The i n l e t  temperature 
had t o  be below 65°F. These c r i t e r i a  were intended t o  a s s u r e  t h a t  t h e r e  would 
be both an adequate temperature  d i f f e r e n c e  between t h e  heated s u r f a c e s  and t h e  
f r ees t r eam and t h a t  t h e  temperature  of t h e  flow e n t e r i n g  t h e  t u r b i n e  was 
uniform. 

Standard e r r o r  a n a l y s i s  techniques ( s e e  re f .  5 )  i n d i c a t e  t h a t  t h e  
co r rec t ed  h e a t  t r a n s f e r  c o e f f i c i e n t s  were a c c u r a t e  t o  w i t h i n  f 4 percen t  (See 
Table 6 ) .  
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TEST CONDITIONS 

The s t eady  and unsteady aerodynamic d a t a  presented  i n  t h i s  s e c t i o n  repre-  

The complete body of aerodynamic d a t a  i s  presented  i n  Volume I V  of  t h i s  
s e n t  on ly  a b r i e f  summary of  t h e  aerodynamic d a t a  acquired dur ing  t h i s  pro- 
gram. 
r epor t  e n t i t l e d  "Aerodynamic Data Tabulat ion",  UTKC-R86-956480-4, NASA CK 
179469. 

1. Steady Aerodynamics 

The aerodynamic documentation of t h e  t u r b i n e  model i nd ica t ed  t h a t  a l l  
parameters were ve ry  c l o s e  t o  d a t a  obtained dur ing  p r i o r  t e s t i n g  wi th  t h i s  
t u r b i n e  model ( r e f .  2 6 ) .  A s  an example, t h e  midspan p res su re  d i s t r i b u t i o n s  
f o r  t h e  f i r s t  s t a t o r ,  r o t o r  and second s t a t o r  are shown i n  f i g u r e s  13, 14a-14c 
and 15a-l5c,  r e s p e c t i v e l y .  The measured d a t a  a r e  r ep resen ted  by t h e  symbols 
and t h e  r e s u l t s  of  a two dimensional c a l c u l a t i o n  ( r e f .  27) are represented  by 
t h e  curves.  S ince  t h e  i n l e t  flow speed t o  t h e  f i r s t  s t a t o r  was he ld  n e a r l y  
cons t an t  a t  75 f t l s e c o n d ,  t h e  f i r s t  s t a t o r  midspan p res su re  d i s t r i b u t i o n s ,  
e .g . ,  f i g u r e  13,  were n e a r l y  i d e n t i c a l  a t  t h e  t h r e e  flow c o e f f i c i e n t s  a t  which 
tes ts  were conducted. F igures  14a-14c and 15a-l5c,  r e s p e c t i v e l y ,  show t h e  
r o t o r  and second s t a t o r  midspan p res su re  d i s t r i b u t i o n s  a t  flow c o e f f i c i e n t s  of  
0.68, 0.78, and 0.96. The parameters r equ i r ed  a s  input  t o  t h e  c a l c u l a t i o n  and 
f o r  c a l c u l a t i n g  p r e s s u r e  c o e f f i c i e n t s  (C,) f o r  each a i r f o i l  row were ( 1 )  t h e  
s t reamtube c o n t r a c t i o n  and l o s s  es t imated  from an axisymmetric through flow 
c a l c u l a t i o n ,  ( 2 )  t h e  a i r f o i l  i n l e t  t o t a l  p re s su re  deduced from t h e  measured 
a i r f o i l  p re s su re  s u r f a c e  s t a t i c  p re s su re  ( r e f .  26) ,  and ( 3 )  t h e  a i r f o i l  e x i t  
s t a t i c  p re s su re  c a l c u l a t e d  from t h e  f r e e  vo r t ex  d i s t r i b u t i o n  between t h e  
measured hub and o u t e f c a s i n g  flowpath s t a t i c  p re s su res .  The a i r f o i l  i n l e t  
and e x i t  flow ang les  were va r i ed  t o  o b t a i n  t h e  b e s t  agreement of t h e  ca lcu la-  
t i o n  wi th  t h e  measured a i r f o i l  su r f ace  p re s su re  d i s t r i b u t i o n s .  As seen i n  
f i g u r e s  13-15, agreement between t h e  two dimensional p o t e n t i a l  flow ca lcu la -  
t i o n  and t h e  measured p res su res  a t  midspan i s  e x c e l l e n t .  Sur face  v e l o c i t y  
d i s t r i b u t i o n s  computed with  t h i s  p o t e n t i a l  flow a n a l y s i s  were used as input  t o  
the  boundary l a y e r  c l a c u l a t i o n s  presented l a t e r  i n  t h i s  r e p o r t .  

The flow a t  midspan on t h e  f i r s t  s t a t o r  ( f i g .  1 3 )  i s  w e l l  behaved. On 
t h e  p re s su re  s u r f a c e ,  t h e  flow a c c e l e r a t e s  smoothly from t h e  leading  edge t o  
t h e  t r a i l i n g  edge. 
l ead ing  edge followed by an a c c e l e r a t i o n  t o  t h e  t h r o a t .  
flow d e c e l e r a t e s  smoothly t o  t h e  t r a i l i n g  edge without  s epa ra t ing .  Flow 
v i s u a l i z a t i o n  s t u d i e s  ( r e f .  26) conducted previous ly  on t h i s  a i r f o i l  showed 
t h e  flow on both t h e  s u c t i o n  and p res su re  s u r f a c e s  t o  be n e a r l y  two-dimen- 
s i o n a l  and f r e e  of  any r eg ions  of l o c a l  s epa ra t ion .  
l l r o t o r  a x i a l  spac ing  a t  a l l  t h r e e  flow c o e f f i c i e n t s  wi th  the  g r i d  i n  and o u t ,  
a f i r s t  s t a t o r  e x i t  f low angle  of 22" measured from t a n g e n t i a l  r e s u l t e d  i n  t h e  

On t h e  s u c t i o n  s u r f a c e ,  t h e r e  i s  an overspeed nea r  t h e  
From t h e  t h r o a t ,  t h e  

For t h e  15% s t a t o r  
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b e s t  match between t h e  c a l c u l a t e d  and measured p res su re  d i s t r i b u t i o n s .  A t  t h e  
l a r g e r  a x i a l  spacing (X/Bx = 0.51, an e x i t  flow angle  of 22.5" r e s u l t e d  i n  t h e  
b e s t  match. O v e r a l l ,  t h e  f i r s t  s t a t o r  s t eady  p res su re  d i s t r i b u t i o n  was 
i n v a r i a n t  with r o t o r  speed (f low c o e f f i c i e n t )  and i n l e t  turbulence.  The v a r i -  
a t i o n  due t o  s t a t o r  l / r o t o r  a x i a l  spacing was on t h e  o rde r  of t h e  experimental  
accuracy. 

On t h e  r o t o r ,  f o r  both a x i a l  spacings with t h e  g r i d  i n  and out  and a t  
flow c o e f f i c i e n t s  of 0.68, 0.78 and 0.96, a r o t o r  e x i t  flow ang le  of 25.25" 
r e s u l t e d  i n  t h e  b e s t  match between t h e  c a l c u l a t e d  and measured p r e s s u r e s  
( f i g s .  14a,  b and c ) .  
r o t o r  r e l a t i v e  i n l e t  angles  of 45",  40" and 35" r e s u l t e d  i n  t h e  b e s t  match 
with t h e  d a t a  a t  flow c o e f f i c i e n t s  of 0.68, 0.78 and 0.96 r e s p e c t i v e l y .  A t  
t he  l a r g e r  a x i a l  spacing,  r o t o r  r e l a t i v e  i n l e t  flow angles  of 46",  41" and 35" 
r e s u l t e d  i n  t h e  b e s t  match wi th  t h e  measured d a t a .  A t  a s p e c i f i c  flow 
c o e f f i c i e n t ,  f o r  both t h e  15% and 50% a x i a l  spacings with t h e  g r i d  i n  and o u t ,  
t h e  r o t o r  p re s su re  d i s t r i b u t i o n s  were n e a r l y  i d e n t i c a l .  

A t  t h e  15% a x i a l  spacing with t h e  g r i d  i n  and o u t ,  

A t  t h e  0.96 flow c o e f f i c i e n t  ( f i g .  1 4 ~ 1 ,  t h e  flow on t h e  s u c t i o n  s u r f a c e  
undergoes a s t r o n g  overspeed near  t h e  l e a d i n g  edge and d e c e l e r a t e s  t o  t h e  
t r a i l i n g  edge. The s u c t i o n  s u r f a c e  overspeed r e s u l t s  from t h e  i n l e t  flow 
being a t  n e a r l y  5" p o s i t i v e  incidence r e l a t i v e  t o  t h a t  a t  t h e  nominal des ign  
flow c o e f f i c i e n t  (0.78).  A t  t h e  0.68 and 0.78 flow c o e f f i c i e n t s  ( f i g s .  14a 
and 14b) ,  t h e r e  i s  a s l i g h t  overspeed i n  t h e  flow near  t h e  leading edge on 
both t h e  p r e s s u r e  and s u c t i o n  s u r f a c e s .  The p res su re  s u r f a c e  l ead ing  edge 
overspeed i s  more pronounced a t  0.68 where t h e  i n l e t  flow i s  a t  5" nega t ive  
incidence r e l a t i v e  t o  t h a t  a t  t h e  nominal des ign  flow c o e f f i c i e n t  (0 .78) .  
O v e r a l l ,  t h e  s t e a d y  s t a t e  flow over  t h e  r o t o r  i s  weakly dependent on a x i a l  
spacing and i n l e t  t u rbu lence .  There i s ,  however, a s t r o n g  dependence on t h e  
r e l a t i v e  i n l e t  flow angle  ( f low c o e f f i c i e n t ) .  The absence o f  midspan boundary 
l a y e r  s e p a r a t i o n  on both t h e  p re s su re  and s u c t i o n  s u r f a c e s  has been 
demonstrated p rev ious ly  by ex tens ive  flow v i s u a l i z a t i o n  ( r e f .  26) .  

Midspan p r e s s u r e  d i s t r i b u t i o n s  were ob ta ined  on t h e  second s t a t o r  with 
t h e  t u r b i n e  model i n  t h e  one and one-half s t a g e  c o n f i g u r a t i o n  and with a f i r s t  
s t a t o r / r o t o r  a x i a l  spacing of 50%. Overa l l ,  t h e  match between t h e  p o t e n t i a l  
flow c a l c u l a t i o n  and t h e  measured r e s u l t s  i s  good except  i n  t h e  r eg ion  a f t  of 
t h e  t h r o a t  on t h e  s u c t i o n  s u r f a c e  ( f i g s .  15a,  b and c ) .  D i s t r i b u t i o n s  with 
t h e  g r i d  i n  and ou t  are v i r t u a l l y  i d e n t i c a l .  An e x i t  flow angle  of 26" 
r e s u l t e d  i n  t h e  b e s t  match between t h e  c a l c u l a t e d  d i s t r i b u t i o n s  and t h e  
measured d a t a  a t  f low c o e f f i c i e n t s  of 0.68, 0.78 and 0.96. Second s t a t o r  
a b s o l u t e  i n l e t  flow ang les  of 65", 62" and 51" gave t h e  b e s t  match with t h e  
d a t a  a t  flow c o e f f i c i e n t s  o f  0.68, 0.78 and 0.96, r e s p e c t i v e l y .  O v e r a l l ,  t h e  
flow on both t h e  p r e s s u r e  and s u c t i o n  s u r f a c e s  i s  w e l l  behaved. On t h e  
p re s su re  s u r f a c e  t h e r e  i s  a v e r y  pronounced overspeed i n  t h e  flow nea r  t h e  
l ead ing  edge a t  a l l  t h r e e  flow c o e f f i c i e n t s .  This  i s  not s u r p r i s i n g  s i n c e  



r e l a t i v e  t o  t h e  second s t a t o r  i n l e t  metal angle ,  t h e  i n l e t  flow i s  n e a r l y  a t  
18" of nega t ive  inc idence  a t  t h e  0.68 flow c o e f f i c i e n t  and a t  5"  of  nega t ive  
inc idence  a t  t h e  0.96 flow c o e f f i c i e n t .  

Other documentation of  t h e  tu rb ine  model s t eady  aerodynamics included t h e  
hub and o u t e r  ca s ing  flowpath s t a t i c  p re s su res  measured downstream of  each 
a i r f o i l  row and c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  o f  t o t a l  and s t a t i c  pressures 
and flow yaw and p i t c h  angles  measured downstream of  each a i r f o i l  row wi th  t h e  
t r a v e r s e  probes a t  midspan. Ci rcumferent ia l  d i s t r i b u t i o n s  of  flow v e l o c i t y  
and speed were c a l c u l a t e d  from t h e s e  parameters .  Due t o  mechanical con- 
s t r a i n t s ,  a l l  s t eady  and unsteady c i r c u m f e r e n t i a l  t r a v e r s e  measurements were 
made wi th  a f i r s t  s t a t o r / r o t o r  a x i a l  spacing of  50%. 

C i rcumfe ren t i a l ly  averaged hub and cas ing  flowpath s t a t i c  p re s su res  f o r  
a l l  t h r e e  a i r f o i l s  ope ra t ing  a t  t h e  des ign  flow c o e f f i c i e n t  (0 .78)  and wi th  
t h e  g r i d  out  a r e  shown i n  f i g u r e  16. 
p re s su re  d i s t r i b u t i o n  c a l c u l a t e d  from t h e  measured hub and cas ing  flowpath 
s t a t i c  p re s su res  and (2 )  t h e  c i r c u m f e r e n t i a l l y  averaged s t a t i c  p re s su re  
measured a t  midspan wi th  t h e  f i v e  ho le  probe. The f r e e  v o r t e x  c a l c u l a t i o n  
agrees  with t h e  t r a v e r s e  probe resu l t s  a t  midspan and was used i n  t h e  two 
dimensional  p o t e n t i a l  flow comparisons i n  t h e  c a l c u l a t i o n  of  t h e  a i r f o i l  
p ressure  c o e f f i c i e n t s  f o r  t he  measured d a t a  ( f i g s .  13 through 15) .  The 
measured hub and c a s i n g  flowpath s t a t i c  p re s su res  f o r  flow c o e f f i c i e n t s  of  
0.68, 0.78 and 0.96 wi th  t h e  g r i d  i n  and ou t  are t abu la t ed  i n  Volume I V  
(UTRC-R86-956480-4) a long wi th  t h e  c a l c u l a t e d  f r e e  vo r t ex  va lues  of  s t a t i c  
pressure  a t  midspan. 

Also shown a r e  (1) a f r e e  v o r t e x  s t a t i c  

Examples of t h e  c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  of flow angle  and v e l o c i t y  
measured downstream of each a i r f o i l  row ( a t  S t a .  2 ,  3 and 4 ,  f i g .  1 )  wi th  t h e  
f i v e  ho le  t r a v e r s e  probe a r e  shown i n  f i g u r e s  1 7 ,  18 and 19. These r e s u l t s  
were acquired a t  t h e  des ign  flow c o e f f i c i e n t  (0.78) and wi th  t h e  g r i d  o u t .  
A l l  of t h e  midspan t r a v e r s e  d a t a  ( t o t a l  and s t a t i c  p r e s s u r e s ,  flow yaw and 
p i t c h  ang le s  and v e l o c i t y )  acquired a t  each of  t h e  t h r e e  flow c o e f f i c i e n t s  
w i t h  the  g r i d  out  and i n  are presented i n  Volume I V  of  t h i s  r e p o r t  (UTRC- 
R86-956480-4). For each flow c o e f f i c i e n t  and w i t h  the  g r i d  both i n  and out, 
except  €or  a l e v e l  s h i f t  i n  t h e  t o t a l  and s t a t i c  p r e s s u r e ,  t h e  f i v e  ho le  probe 
c i r c u m f e r e n t i a l  t r a v e r s e  measurements ob ta ined  d e r e  n e a r l y  i d e n t i c a l .  The 
s h i f t  i n  p re s su re  l e v e l  i s  due t o  t h e  r e fe rence  p r e s s u r e  ( i n l e t  t o t a l )  being 
loca ted  upstream of  t h e  turbulence  g r i d  l o c a t i o n .  
p re s su re  l o s s  ac ross  t h e  g r i d ,  t h e  measured t o t q l  and s t a t i c  p re s su re  
d i s t r i b u t i o n s  f o r  t h e  gr id- in  conf igu ra t ion  can be  made t o  match t h e  gr id-out  
d i s t r i b u t i o n s .  Ci rcumferent ia l  d i s t r i b u t i o n s  of f low yaw angle  and speed f o r  
t h e  g r i d  o u t  ( f i g s .  17 ,  18 and 1 9 )  are v i r t u a l l y  i d e n t i c a l  t o  t h e  r e s u l t s  
obtained wi th  t h e  g r i d  in .  Overa l l ,  t h e  a d d i t i d n  of t h e  turbulence  g r i d  d i d  
no t  s i g n i f i c a n t l y  a l t e r  t h e  c i r c u m f e r e n t i a l  disf!ributions of  measured s t eady  
flow p r o p e r t i e s .  I 

By account ing f o r  t h e  t o t a l  
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The c i r c u m f e r e n t i a l  v a r i a t i o n s  i n  flow yaw angle  and speed o u t s i d e  t h e  
f i r s t  s t a t o r  wakes ( f i g .  17) a r e  predominantly due t o  p o t e n t i a l  flow e f f e c t s  
and can be p red ic t ed  a t  t h i s  a x i a l  t r a v e r s e  l o c a t i o n  us ing  a two-dimensional 
p o t e n t i a l  flow c a l c u l a t i o n  (e .g .  r e f .  27).  Downstream of t h e  r o t o r  and second 
s t a t o r ,  however, s t rong  three-dimensional secondary flow mechanisms are 
r e spons ib l e  f o r  much of  t h e  c i r c u m f e r e n t i a l  v a r i a t i o n  i n  flow p r o p e r t i e s  
( f i g s .  18 and 19 ) .  

A comparison of t h e  i n l e t  and e x i t  angles  determined from t h e  f i v e  ho le  
probe t r a v e r s e  wi th  those  i n f e r r e d  from t h e  p o t e n t i a l  flow c a l c u l a t i o n  i s  
shown i n  Table  4 f o r  each a i r f o i l  row a t  t h e  des ign  flow c o e f f i c i e n t  wi th  t h e  
g r i d  o u t .  Keep i n  mind t h a t  t h e  p o t e n t i a l  flow c a l c u l a t i o n  does no t  account 
f o r  t h e  a x i a l  gaps between a i r f o i l  rows. The assumption i n  t h e  c a l c u l a t i o n  i s  
t h a t  t h e  rows a r e  s u f f i c i e n t l y  f a r  a p a r t  t h a t  t hey  do not  a f f e c t  each o t h e r .  
Overa l l  t h e  flow yaw angles  deduced from t h e  two dimensional p o t e n t i a l  flow 
c a l c u l a t i o n  a r e  i n  good agreement wi th  t h e  c i r c u m f e r e n t i a l l y  averaged t r a v e r s e  
measurements. The except ion  occurs  a t  t h e  r o t o r  e x i t  where t h e  yaw angle  
obtained from t h e  t r a v e r s e  i s  n e a r l y  s i x  degrees  g r e a t e r  than  t h a t  deduced 
from t h e  p o t e n t i a l  flow c a l c u l a t i o n .  This  under turn ing  ind ica t ed  by  t h e  
t r a v e r s e  d a t a  i s  due t o  t h e  f a c t  t h a t  t h e  t r a v e r s e  was conducted n e a r l y  36% of  
a x i a l  chord downstream of  t h e  r o t o r  t r a i l i n g  edge p lane  where t h e  two counter-  
r o t a t i n g  r o t o r  passage v o r t i c e s  do i n  f a c t  r e s u l t  i n  an under turn ing  o f  t h e  
flow ( r e f .  28) .  T h i s  three dimensional flow mechanism appears  t o  have only  
had a ve ry  weak impact on t h e  r o t o r  midspan p res su re  d i s t r i b u t i o n s  s i n c e  they  
a r e  i n  such good agreement wi th  t h e  two dimensional c a l c u l a t i o n .  

Documentation of t h e  time-mean v e l o c i t y  d i s t r i b u t i o n s  a t  t h e  i n l e t  t o  t h e  
t u r b i n e  model was accomplished us ing  t h e  p rev ious ly  desc r ibed  hot - f i lm 
anemometer system. These time-mean v e l o c i t y  d a t a  were obta ined  a t  four  p i t c h  
l o c a t i o n s  (0 ,  25, 50 and 75 percent  p i t c h )  a t  a p lane  1.35 inches (23% chord) 
upstream of t h e  f i r s t  vane leading  edge. The r e s u l t i n g  mean v e l o c i t y  d i s t r i -  
bu t ions ,  ob ta ined  both wi th  and without  t h e  turbulence  g r i d  i n s t a l l e d ,  a r e  
presented i n  f i g u r e s  20a and 20b. A s  shown i n  f i g u r e  20a f o r  each p i t c h  loca- 
t i o n  t h e  mean v e l o c i t y  was q u i t e  uniform over  t h e  c e n t r a l  80% of  t h e  span wi th  
v a r i a t i o n s  of less than  about 5%. The i n l e t  flow was uniform f o r  both t h e  no 
g r i d  conf igu ra t ion  and wi th  t h e  g r i d  i n s t a l l e d  i n d i c a t i n g  t h a t  t h e  g r i d  block- 
age was very  evenly r a d i a l l y  d i s t r i b u t e d .  I n  f i g u r e  20b t h e  spanwise averaged 
v e l o c i t i e s  measured a t  t h e  v a r i o u s  p i tchwise  l o c a t i o n s  a r e  compared t o  a 
p o t e n t i a l  flow p r e d i c t i o n  f o r  t h e  f i r s t  s t a t o r  row. 
20b t h e  l o c a l  measured v e l o c i t i e s ,  both wi th  and without  t h e  g r i d ,  a r e  i n  
e x c e l l e n t  agreement wi th  t h e  p o t e n t i a l  flow p red ic t ion .  A t  t h i s  s t a t i o n  
(X/Bx = -23%), t hen ,  both t h e  p r e d i c t i o n  and d a t a  i n d i c a t e  t h a t  a f 10% 
pi tchwise  v a r i a t i o n  i n  t h e  mean flow f i e l d  was induced by t h e  f i r s t  s t a t o r  
row. The p o t e n t i a l  flow p r e d i c t i o n  a l s o  ind ica t ed  ( n o t  shown) t h a t  t h i s  
upstream in f luence  d i d  not  extend very  f a r  upstream of  t h e  s t a t o r  l ead ing  edge 
s t a t i o n .  For example, a t  X/Bx = -0.8 t h e  p i tchwise  v a r i a t i o n  i n  mean 
v e l o c i t y  was p red ic t ed  t o  be l e s s  than 

A s  i nd ica t ed  i n  f i g u r e  

1%. 
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2 .  Unsteady Veloc i ty  Measurements 

Turbine Model I n l e t  Turbulence (Grid-Out). - lExaminat ion of  t h e  s p e c t r a l  
d i s t r i b u t i o n  o f  t h e  turbulence  measured near  t h e  t u r b i n e  i n l e t  (gr id-out )  
i nd ica t ed  t h a t  t h e  h o t  f i l m  s i g n a l  contained a number of  narrow bands with 
very  s t r o n g  c o n t r i b u t i o n s  t o  t h e  t o t a l  power spectrum. A sample gr id-out  
u n f i l t e r e d  hot - f i lm power spectrum from 0 t o  500 Mz i s  presented i n  f i g u r e  2 1  
wi th  t h e  narrow "spikes"  of ve ry  h igh  power d e n s i f y  l abe led  A through I.  
I d e n t i f i c a t i o n  of t h e  probable  sources  of  each of  t h e s e  narrow bands was 
accomplished by process  of e l imina t ion .  F i r s t  t h e  t u r b i n e  model was operated 
a t  a number of  r o t a t i o n  speeds t o  determine which sp ikes  were con t r ibu ted  by 
t h e  model i t s e l f  and which o r i g i n a t e d  from o t h e r  sources .  A l l  t h e  remaining 
non-turbine-model bands were i d e n t i f i e d  from known d i s tu rbance  f requencies  
(e .g .  t h e  main blower b lade  pass ing  frequency) o r  a s  p r e d i c t a b l e  a c o u s t i c  
resonance l eng ths  i n  t h e  t es t  f a c i l i t y .  The s p e c i f i c  frequency and probable  
source  of each o f  t h e  narrow bands i s  l i s t e d  i n  f i g u r e  21. These "spikes"  i n  
t h e  u n f i l t e r e d  s i g n a l  almost c e r t a i n l y  do not  r e s u l t  from v e l o c i t y  f luc tua -  
t i o n s  ( tu rbu lence )  i n  t h e  flow but  a r e  e i t h e r  t h e  r e s u l t  of  t h e  probe shaking 
r e l a t i v e  t o  t h e  flow (A-fig. 21) o r  a c o u s t i c  waves i n  t h e  flowpath.  Acoustic 
waves c o n t r i b u t e  t o  a h o t  f i l m  o r  h o t  wi re  s i g n a l  because t h e s e  senso r s  
respond t o  t h e  in s t an taneous  sensor  Reynolds number. An a c o u s t i c  d i s tu rbance  
pass ing  a c r o s s  t h e  h o t  f i l m  produces an ins tan taneous  d e n s i t y  f l u c t u a t i o n  and 
a c o n t r i b u t i o n  t o  t h e  o v e r a l l  unsteady s i g n a l .  These a c o u s t i c  c o n t r i b u t i o n s  
t o  t h e  s i g n a l  (approximately 30% of t h e  t o t a l  s i g n a l )  must be sub t r ac t ed  t o  
determine t h e  tu rbu lence  l e v e l .  It  should be mentioned t h a t  t h e  p o s s i b i l i t y  
was explored t h a t  band F w a s  no t  an acous t i c  d i s tu rbance  but  was indeed a 
pe r iod ic  v e l o c i t y  f l u c t u a t i o n  induced upstream of  t h e  r o t o r .  This  p o s s i b i l i t y  
was d iscounted  because a p o t e n t i a l  f l owf ie ld  computation ind ica t ed  t h a t  a t  t h e  
hot-f i lm sensor  l o c a t i o n  t h e  v e l o c i t y  f l u c t u a t i o n s  produced by t h e  pass ing  
r o t o r  b l ades  would have been l e s s  than  1110% of t h e  mean v e l o c i t y .  
wise d i s t r i b u t i o n s  of t h e  measured t u r b i n e  i n l e t  tu rbulence  i n t e n s i t y  a r e  
presented  i n  f i g u r e  22 f o r  four  p i tchwise  l o c a t i o n s .  These d a t a  r ep resen t  t he  
streamwise component of t h e  turbulence  computed by s u b t r a c t i n g  bands A through 
I ( f i g .  21) from t h e  t o t a l  l o c a l  s i g n a l .  A s  shown i n  f i g u r e  22, i n  t h e  mid- 
span reg ion  t h e  tu rbu lence  i n t e n s i t y  w a s  s l i g h t l y  g r e a t e r  than  1/2% w i t h  much 
h ighe r  l e v e l s  ( a s  h igh  as 10% near  t h e  case )  i n  t h e  endwall  boundary layers.  

The span- 

Turbine Model I n l e t  Turbulence (Grid-In) .  - The spanwise d i s t r i b u t i o n s  of 
t h e  turbulence  i n t e n s i t y  measured a t  X = -1.35 inches  (X/Bx = -23%) with  t h e  
turbulence  g r i d  i n s t a l l e d  a r e  presented i n  f i g u r e s  23a and 23b. These f i g u r e s  
p re sen t  t h e  streamwise RMS f l u c t u a t i n g  v e l o c i t i e s  nondimensionalized by t h e  
l o c a l  and mean-passage v e l o c i t i e s  r e s p e c t i v e l y .  The p i tchwise  v a r i a t i o n  of 
tu rbulence  i n t e n s i t y  was very  much less  f o r  f i g u r e  23b than  23a i n d i c a t i n g  
t h a t  t h e  abso lu te  va lue  of t h e  v e l o c i t y  f l u c t u a t i o n s  produced by t h e  g r i d  were 
r e l a t i v e l y  uniform. The p i tchwise  v a r i a t i o n s  ind ica t ed  by f i g u r e  23a r e s u l t e d  
from t h e  p i tchwise  v a r i a t i o n s  of mean i n l e t  flow f i e l d  ( s e e  f i g .  20) .  The  
average va lue  of t h e  turbulence  i n t e n s i t y  i n  t h e  midspan r eg ion  wi th  t h e  
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tu rbulence  g r i d  i n  was 9 . 8 %  with  a s tandard  d e v i a t i o n  of  0 . 4 6 % .  Note t h a t  
t h e r e  i s  a d i f f e r e n c e  between t h e  r e s u l t s  shown i n  f i g u r e  23 (g r id - in )  and 
those  presented i n  f i g u r e  22 (g r id -ou t ) ,  both of  which were obtained a t  t h e  
same a x i a l  s t a t i o n .  Although t h e  r e s u l t s  shown i n  f i g u r e  20b confirm t h a t  t h e  
same p i tchwise  v a r i a t i o n  i n  l o c a l  mean v e l o c i t y  e x i s t e d  f o r  t h e  g r id - in  and 
grid-out conf igu ra t ions  t h e  g r i d  out  tu rbulence  i n t e n s i t i e s  based on t h e  l o c a l  
v e l o c i t y  co l l apsed  t o  a s i n g l e  narrow band. 
ou t )  i n t e n s i t i e s  agreed when nondimensionalized on l o c a l  v e l o c i t y  whi le  t h e  
high turbulence  (g r id - in )  i n t e n s i t i e s  agreed when based on mean passage 
v e l o c i t y  i s  a consequence of t h e  r a d i c a l l y  d i f f e r e n t  wavenumber d i s t r i b u t i o n s  
f o r  t h e  two d i s t u r b a n c e  s p e c t r a .  
t i c a l l y  a l l  i t s  energy i n  eddys about t h e  s i z e  of  t h e  g r i d  b a r s  while  most of  
t h e  energy f o r  t h e  no g r i d  n a t u r a l  tu rbulence  w a s  i n  t h e  very  low wavenumber 
range ( s e e  f i g .  21). This  ve ry  long wavelength n a t u r a l  tu rbulence  i s  an 
inhe ren t  consequence o f  drawing a i r  from t h e  o u t s i d e  wi th  huge s c a l e  (>loo') 
atmospheric f l u c t u a t i o n s .  The d i f f e r e n c e ,  t hen ,  between t h e  gr id- in  and g r id -  
ou t  cond i t ions  i s  t h a t  whi le  t h e  g r i d  generated t u r b u l e n t  eddys are small  
r e l a t i v e  t o  t h e  s t a t o r  p i t c h  t h e  important eddy s c a l e  of  t h e  n a t u r a l  turbu- 
l ence  i s  immense compared t o  t h e s e  same dimensions.  
tu rbulence  can be considered "frozen" a f t e r  a t  encounters  t h e  s t a t o r  p o t e n t i a l  
f low f i e l d  e f f e c t s  and so  t h e  r e l a t i v e l y  uniform v e l o c i t y  f l u c t u a t i o n s  t r ans -  
l a t e  t o  a uniform turbulence  i n t e n s i t y  based on a s i n g l e  mean passage 
v e l o c i t y .  The huge s c a l e  p o r t i o n  of t h e  n a t u r a l  t u rbu lence ,  on t h e  o t h e r  
hand, appears  as an unsteady flow f i e l d  t o  t h e  e n t i r e  s t a t o r  row. The e n t i r e  
p o t e n t i a l  f low f l u c t u a t e s  wi th  t h e  uns teadiness  and hence turbulence  i n t e n s i -  
t i e s  based on l o c a l  mean v e l o c i t i e s  agree.  

That t h e  low turbulence  ( g r i d  

The g r i d  generated turbulence  had prac- 

The g r i d  generated 

A comparison of  t h e  p re sen t  g r id - in  tu rbu lence  r e s u l t s  w i t h  t h e  c l a s s i c  
b ip l ane  g r i d  s tudy  of  Baines and Pe terson  ( r e f .  13) i s  presented  i n  f i g u r e  24. 
Turbulence measurements ob ta ined  a t  midspan a t  X = -1.35 inches  (X/B, = 
-23%) and a t  X = 0 a r e  shown a s  t h e  s o l i d  symbols i n  t h e  f igu re .  Agreement 
between both  t h e  abso lu te  l e v e l  and t h e  decay r a t e  o f  t h e s e  p re sen t  r e s u l t s  
and t h e  d a t a  of  r e fe rence  13 w a s  e x c e l l e n t .  

In a d d i t i o n  t o  t h e  above measurements of t u rbu lence  i n t e n s i t y  d i s t r i b u -  
t i o n  both t h e  i n t e g r a l  l eng th  s c a l e  and t h e  power s p e c t r a l  d e n s i t y  of  t h e  
streamwise component of  t h e  turbulence  were recorded a t  s e l e c t e d  s t a t i o n s .  
Measurement of t u r b u l e n t  l eng th  s c a l e s  was accomplished by gene ra t ing  auto- 
c o r r e l a t i o n s  of  t h e  s i g n a l s  wi th  a Sa icor  Model SAI-42 C o r r e l a t o r  and 
P r o b a b i l i t y  Analyzer.  
t h e  au tocovar iance  of  a f l u c t u a t i n g  s i g n a l .  For some inpu t  s i g n a l ,  E ( t ) ,  t h e  
autocovariance i s  def ined  as 

A c o r r e l a t o r  u n i t  such a s  t h e  Sa ico r  SA1 42 gene ra t e s  

where T i s  a v a r i a b l e  "delay" time and t h e  product i s  averaged over time ( t ) .  
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The autocovariance is usually written as a dimensionless quantity and is 
referred to as the autocorrelation coefficient. For our case, with the signal 
from the hot-film sensor, E(t) proportional to U(t) the autocorrelation 
coefficient of interest was 

A single time scale characteristic of the longest correlation distance 
in the entire fluctuating turbulent field can be extracted from such auto- 
correlation data. This time scale, the "Eulerian Longitudinal (streamwise) 
Integral Time Scale" (Jux), is defined as 

The following sketch represents a typical freestream turbulence autocorrela- 
tion coefficient plot such as those produced by the SAICOR Correlator/Plotter 
unit used for these measurements (see fig. 5 ) .  

Integration of such curves was accomplished using a planimeter with the 
area (of unit length) being the longitudinal integral scale. 

From Taylor's hypothesis (see Hinze, ref. 12), if U' /U<<1  then the turbu- 
lent eddies retain an approximately constant shape as they pass by the fixed 
hot-film sensor. The autocorrelation, then, is approximately equal to a space 
correlation with separation -UT in the X direction. 
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Using equa t ions  ( 3 )  and ( 4 1 ,  a " c h a r a c t e r i s t i c "  l eng th  s c a l e ,  t h e  
Longi tudinal  (s t reamwise)  I n t e g r a l  Sca le  ( h f ) ,  can be determined f o r  a g iven  
tu rbu len t  flow. 

The f l u c t u a t i n g  v e l o c i t i e s  i n  a t u r b u l e n t  flow can be examined t o  d e t e r -  
mihe t h e  d i s t r i b u t i o n ,  a s  a func t iuon  of  frequency, o f  t h e  va r ious  cont r ibu-  
t i o n s  t o  t h e  o v e r a l l  tu rbulence  l e v e l .  For t h e  present  program, these  
frequency r e l a t e d  d a t a  were obta ined  us ing  a S p e c t r a l  Dynamics Model SD 340 
MICRO FFT Analyzer ( s e e  f i g .  5). 
processes  a s i g n a l  t o  determine t h e  f l u c t u a t i o n  l e v e l  w i th in  p a r t i c u l a r  i n t e r -  
v a l s  o r  bandwidths of  frequency. The d i s t r i b u t i o n  of  t hese  narrow band f luc -  
t u a t i o n  l e v e l s  over  a wide range of f requencies  i s  r e f e r r e d  t o  as  t h e  spec- 
trum. The c o n t r i b u t i o n  of t h e  square of t h e  f l u c t u a t i o n  l e v e l s  w i th in  p a r t i c -  
u l a r  u n i t  bandwidths t o  t h e  o v e r a l l  f l u c t u a t i o n  l e v e l  squared i s  c a l l e d  t h e  
power s p e c t r a l  dens i ty .  Knowing t h e  o v e r a l l  l e v e l ,  t h e  s p e c t r a l  ana lyzer  
ou tput  can be used t o  c o n s t r u c t  a power s p e c t r a l  d e n s i t y  d i s t r i b u t i o n  (power 
spectrum).  

A s p e c t r a l  ana lyze r ,  such as t h e  SD 340, 

Power s p e c t r a l  d e n s i t y  d i s t r i b u t i o n s  are usually presented i n  dimension- 
l e s s  form with  t h e  Dimensionless Spectrum, U U1*(f ) / (U '*)Af ,  as a func t ion  o f  
t h e  Dimensionless Wavenumber, Aff/U. 
symbols, t h e s e  expres s ions  c o n t a i n  U ' ( f ) ,  t h e  f l u c t u a t i n g  v e l o c i t y  wi th in  a 
bandwidth o f  1 Hz, and t h e  frequency f (Hz). 
a t y p i c a l  f ree-s t ream turbulence  power s p e c t r a l  d e n s i t y  d i s t r i b u t i o n .  

- - 
In  a d d i t i o n  t o  p rev ious ly  def ined  

The fo l lowing  ske tch  r e p r e s e n t s  

-van & M ~ N  

SPECTRUM 

log hf flu 

DIMENSIONLESS WAVENUMBER 
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Included i n  t h e  above ske tch  i s  t h e  von Karman t p e o r e t i c a l  spectrum f o r  one- 
dimensional i s o t r o p i c  turbulence ,  t h e  form of  t u  bulence expected t o  r e s u l t  i n  

a n a l y s i s  used t o  p r e d i c t  t h i s  spectrum can be found i n  Hinze ( r e f .  12 ) .  
t h e  flow "far"  from t h e  turbulence  gene ra t ing  gr , ids .  r: A p r e s e n t a t i o n  of  t h e  

The power s p e c t r a l  d e n s i t y  d i s t r i b u t i o n s  measured a t  f i v e  l o c a t i o n s  near  
t h e  f i r s t  s t a t o r  l ead ing  edge a r e  presented i n  f i g u r e  25. Also g iven  i n  
f i g u r e  25 a r e  t h e  l o c a l  va lues  of t h e  mean and t u r b u l e n t  v e l o c i t i e s  and t h e  
measured l o c a l  i n t e g r a l  s c a l e .  A s  can b e  seen  from an examinat ion of  f i g u r e  
2 5 ,  t h e  s p e c t r a l  d i s t r i b u t i o n s  a t  a l l  f i v e  l o c a t i o n s  were i n  e x c e l l e n t  agree- 
ment wi th  t h e  von Karman t h e o r e t i c a l  spectrum f o r  one-dimensional i s o t r o p i c  
turbulence .  

Measurements of  t h e  l o c a l  i n t e g r a l  s c a l e  were obta ined  a t  twenty loca-  
t i o n s .  These r e s u l t s  i nd ica t ed  t h a t  t h e  streamwise i n t e g r a l  s c a l e  was r e l a -  
t i v e l y  uniform wi th  a mean va lue  of  hf = 0.80 inches  and a s tandard  devia- 
t i o n  f o r  t h e  20 samples of u = 0.09 inches.  

The conclus ion  t h a t  has  been reached from an examinat ion o f  f i g u r e s  23 
through 25 a r e  t h a t  i n  t h e  midspan reg ion:  ( 1 )  t h e  g r i d  generated turbulence  
i s  r e l a t i v e l y  uniform wi th  a mean va lue  o f  U ' / U  = 9.8% a t  X/B, = -23%, ( 2 )  
t h e  performance of  t h e  present  tu rbulence  gene ra t ing  g r i d  i s  i n  e x c e l l e n t  
agreement wi th  t h e  performance of  s i m i l a r  b ip l ane  g r i d s  ( r e f .  131,  ( 3 )  t h e  
s p e c t r a l  d i s t r i b u t i o n  of t he  g r i d  generated turbulence  w a s  i n  e x c e l l e n t  agree- 
ment w i th  t h e  von Karman spectrum, a r e s u l t  t y p i c a l  o f  f u l l y  developed g r i d  
generated tu rbu lence .  

Inter-row Ve loc i ty  and Unsteadiness .  - This  s e c t i o n  w i l l  p resent  t h e  
r e s u l t s  o f  t h e  h igh  response hot - f i lm probe t r a v e r s e s  c a r r i e d  ou t  downstream 
of each a i r f o i l  row a t  midspan. Since one of  t h e  o b j e c t i v e s  of  t h i s  program 
was t o  c h a r a c t e r i z e  t h e  random, pe r iod ic  and t o t a l  uns t ead iness  l e v e l s  between 
a i r f o i l  rows, t h e  d i g i t i z e d  hot-f i lm probe d a t a  obta ined  du r ing  each r o t o r  
r e v o l u t i o n  a t  each c i r c u m f e r e n t i a l  t r a v e r s e  l o c a t i o n  was reduced t o  the 
instantaneous flow speed on an ins tan t -by- ins tan t  basis  (300 per  r evo lu t ion  
over  t h r e e  b l ade  pass ing  pe r iods ) .  Th i s  i s  i l l u s t r a t e d  i n  f i g u r e  26  where t h e  
in s t an taneous  flow speed, Vk( t ) ,  f o r  one r o t o r  pass ing  per iod  and one revolu-  
t i o n  i s  shown t o  be composed of  a random component, v k ( t ) ,  superimposed on t h e  
p e r i o d i c ,  Vk( t ) ,  o r  phase lock  averaged (PLA) component. The PLA speed a t  a 
p a r t i c u l a r  c i r c u m f e r e n t i a l  t r a v e r s e  l o c a t i o n  i s  obta ined  by averaging t h e  100 
s e t s  ( r e v o l u t i o n s )  of  ins tan taneous  speed d a t a  acquired a t  t h a t  l o c a t i o n .  A 
t i m e w i s e  i n t e g r a t i o n  o f  t h e  PLA speed over  t h e  t h r e e  r o t o r  b lade  pass ing  
pe r iods  r e s u l t s  i n  t h e  t i m e  average ( s teady)  flow speed,  Vo.  It must be  
kept  i n  mind t h a t  s i n c e  only  a s i n g l e ,  r a d i a l l y  o r i e n t e d ,  hot  f i lm  probe was 
used i n  t h i s  experiment t h e  probe output  i s  a measure o f  flow speed (magni- 
tude)  and not  flow v e l o c i t y  ( d i r e c t i o n ) .  

. 
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Circumferent ia l  d i s t r i b u t i o n s  over two f i r s t  s t a t o r  p i t c h e s  of t he  t i m e  
average speed downstream of a l l  t h r e e  a i r f o i l  rows a t  midspan a r e  shown a t  t h e  
0.78 flow c o e f f i c i e n t  with the  g r i d  out i n  f i g u r e s  27a, 28a and 29a, respec- 
t i v e l y .  The r e s u l t s  wi th  t h e  g r i d  i n  are presented i n  f igu res  27b, 28b and 
29b. Note t h a t  t he  uns teadiness  i n  these  f i g u r e s  has  been presented i n  terms 
of  i t s  square r o o t .  
t h e  average of t he  t o t a l  uns teadiness  (TOT AVG) i s  t h e  square roo t  of t he  sum 
of the  squares  of t h e  averages of  t h e  random and pe r iod ic  uns teadinesses  (RAN 
AVG, and PER AVG). 
changes i n  t h e  c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  of flow speed downstream of  each 
a i r f o i l  row ( S t a ' s .  2 ,  3 and 4 ) .  The maximum d i f f e r e n c e  i n  the  p i t c h  average 
speed due t o  t h e  a d d i t i o n  of t h e  g r i d  was 2.7% and tLis occurred a t  t h e  second 
s t a t o r  e x i t  (S t a .  4 )  where the  wake d e f e c t  with the  g r i d  i n  ( f i g .  29b) w a s  
s l i g h t l y  less than t h a t  with t h e  g r i d  out  ( f i g .  29a).  For t r a v e r s e s  made i n  
t h e  s t a t i o n a r y  frame, e .g . ,  a t  S ta .  2 and 4 ,  t h e  c i r cumfe ren t i a l  d i s t r i b u t i o n s  
of flow speed measured with t h e  hot  f i lm  probe ( f i g s .  27a and 29a) a r e  n e a r l y  
i d e n t i c a l  t o  those measured with the  f i v e  ho le  probe ( f i g s .  17b and 19b).  No 
d i r e c t  comparison can be made f o r  t h e  r o t o r  s i n c e  the  pneumatic d a t a  
( f i g .  18b) was acquired i n  t h e  r o t a t i n g  frame of re ference  and the  hot  f i lm  
d a t a  ( f i g .  28a) was acquired i n  t h e  s t a t i o n a r y  frame. In  the  hot  f i lm  d a t a  a t  
t h e  r o t o r  e x i t ,  low speed reg ions  spaced one f i r s t  s t a t o r  p i t c h  apa r t  are 
ev ident  f o r  both t h e  g r i d  out and i n  ( f i g s .  28a and 28b). These low speed 
reg ions  are t he  chopped and h igh ly  bowed f i r s t  s t a t o r  wakes t h a t  have d i f fused  
a s  they were convected through t h e  r o t o r  passage. For both t h e  g r i d  i n  and 
o u t ,  t h e  p i t c h  averages of t he  c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  of t he  time 
average speed a t  a l l  t h r e e  measurement s t a t i o n s  a r e  i n  e x c e l l e n t  agreement 
with t h e  pneumatic f i v e  ho le  probe t r a v e r s e  r e s u l t s .  Overa l l ,  t h e  p i t c h  
average s t eady  flow speed measured with t h e  hot  f i lm  and f i v e  ho le  probes 
d i f f e r  by no more than f 1.5%. 

- - - 
Hence, s ince  UT = UR + Up ( f i g .  26) ,  t h e  square roo t  of 

The a d d i t i o n  of t he  g r i d  r e s u l t e d  only  i n  r e l a t i v e l y  small  

- - - 
The t i m e  average t o t a l ,  UT,  p e r i o d i c ,  U p ,  and random, UR uns teadiness  

l e v e l s  a t  each c i r c u m f e r e n t i a l  t r a v e r s e  l o c a t i o n  were ca l cu la t ed  independently 
us ing  t h e  r e l a t i o n s  shown i n  f . igure 26 .  Unsteadiness a s  def ined  h e r e  i s  based 
on flow speed f l u c t u a t i o n s  and not  v e l o c i t y  (vec to r )  f l u c t u a t i o n s  ( r e f .  29).  
The r e fe rence  speed, V r e f ,  used i n  t h e  c a l c u l a t i o n s  was t h e  p i t c h  average 
s t eady  flow speed a t  t he  e x i t  of t he  appropr i a t e  a i r f o i l  row. The r e l a t i o n  
shown by t h e  l a s t  equat ion  of f i g u r e  26 was used t o  check t h e  d a t a  r educ t ion ,  
i . e . ,  t he  t o t a l  uns teadiness  i s  equal  t o  the  sum of t h e  pe r iod ic  and random 

U R  downstream of each a i r f o i l  row a r e  shown i n  f i g u r e s  27 through 29 f o r  t he  
t u r b i n e  model ope ra t ing  a t  t h e  des ign  flow c o e f f i c i e n t  and f o r  both the  g r i d  
out  and i n .  By p re sen t ing  t h e  square roo t  of t h e  uns teadiness  t h e  r e s u l t s  a r e  
i n  a format s imilar  t o  the  t y p i c a l  r e p r e s e n t a t i o n  of tu rbulence ,  i . e .  a speed 
f l u c t u a t i o n ,  Also shown a r e  t h e  corresponding d i s t r i b u t i o n s  of t h e  t i m e  
average ( s teady)  speed d iscussed  e a r l i e r .  The p i t c h  averages of t h e  flow 
speed and t h e  t o t a l ,  random and pe r iod ic  uns teadiness  are included on each 

- - uns teadiness .  Ci rcumferent ia l  d i s t r i b u t i o n s  of  t h e  square roo t  of  TY 'p, and 
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f i g u r e .  
and 0.96) wi th  t h e  g r i d  ou t  and i n  are presented  i n  Volume I V  (R86-956480-4) 
o f  t h i s  r e p o r t .  The h i g h  t o t a l  uns t ead iness  peaks a t  S t a .  2 ( f i g s .  27a 
and 27b) a r e  due p r i m a r i l y  t o  t h e  random uns tead iness  i n  t h e  f i r s t  s t a t o r  
wakes. The peak i n  p e r i o d i c  uns t ead iness  i n  t h e  wake ( f i g s .  27a and 27b) may 
be r e l a t e d  t o  p e r i o d i c  v o r t e x  shedding from t h e  f i r s t  s t a t o r  t r a i l i n g  edge. A 
r educ t ion  i n  p e r i o d i c  uns t ead iness  occurred  both  i n  and o u t s i d e  t h e  f i r s t  
s t a t o r  wakes when t h e  tu rbu lence  g r i d  was added ( f i g .  27b).  Also,  t h e  
a d d i t i o n  of  t h e  g r i d  r e s u l t e d  i n  an i n c r e a s e  i n  random uns tead iness  p r i m a r i l y  
i n  t h e  p o t e n t i a l  c o r e  f low reg ion  between t h e  wakes. 

R e s u l t s  ob ta ined  a t  t h e  off-design f low c o e f f i c i e n t s  (Cx/U = 0.66 

A t  t h e  r o t o r  e x i t  ( S t a .  3 ) ,  f o r  both t h e  gr id-out  ( f i g .  28a) and t h e  
g r id - in  ( f i g .  28b) ,  t h e  peaks i n  t o t a l  uns t ead iness  a r e  n e a r l y  co inc iden t  wi th  
t h e  low speed r eg ions  a s s o c i a t e d  wi th  t h e  f i r s t  s t a t o r  wakes. With t h e  g r i d  
o u t ,  peaks i n  both  random and p e r i o d i c  uns t ead iness  n e a r l y  co inc ide  w i t h  t h e s e  
low speed r eg ions .  
t o t a l ,  random and p e r i o d i c  uns t ead iness  d i s t r i b u t i o n s .  This  can  be  seen  by 
comparing f i g u r e  28a (gr id-out )  wi th  f i g u r e  28b (g r id - in )  and i s  a t t r i b u t e d  t o  
t h e  enhanced mixing o f  t h e  f i r s t  s t a t o r  wakes by t h e  inc reased  random 
uns tead iness  produced by t h e  g r i d .  

The a d d i t i o n  of  t h e  g r i d  r e s u l t s  i n  a smoothing o f  t h e  

As seen  by comparing f i g u r e s  29a and 29b, a t  t h e  second s t a t o r  e x i t  
( S t a .  41, t h e  a d d i t i o n  of t h e  g r i d  r e s u l t e d  on ly  i n  v e r y  s l i g h t  changes i n  t h e  
c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  of  t o t a l ,  random and p e r i o d i c  uns teadiness .  The 
peak levels o f  t o t a l ,  random and p e r i o d i c  uns t ead iness  n e a r l y  co inc ide  wi th  
t h e  second s t a t o r  wakes ( f i g s .  29a and 29b). These r e s u l t s  are s i m i l a r  i n  
what w a s  observed a t  t h e  f i r s t  s t a t o r  e x i t  ( S t a .  2 ) .  

The p i t c h  average of  t h e  square  r o o t  of  t h e  t o t a l ,  random and p e r i o d i c  
uns t ead iness  d i s t r i b u t i o n s  downstream of each a i r f o i l  row ( f i g s .  27-29) are 
summarized i n  Table  5 f o r  t h e  des ign  flow c o e f f i c i e n t .  Resu l t s  f o r  bo th  t h e  
gr id-out  and g r i d - i n  c o n f i g u r a t i o n s  a r e  presented .  As seen  i n  Table  5 ,  t h e r e  
i s  an i n c r e a s e  i n  t o t a l  uns t ead iness  a t  t h e  f i r s t  s t a t o r  e x i t  when t h e  turbu- 
l ence  g r i d  i s  i n s t a l l e d .  Th i s  i n c r e a s e  i s  p r i m a r i l y  an  i n c r e a s e  i n  random 
uns tead iness  o u t s i d e  of t h e  s t a t o r  wakes due t o  t h e  a d d i t i o n  of t he  turbulence  
g r i d  ( f i g .  27b v s .  27a) .  The p i t c h  averaged p e r i o d i c  uns t ead iness  a t  t h e  
f i r s t  s t a t o r  e x i t  f o r  bo th  t h e  gr id-out  and g r id - in  c o n f i g u r a t i o n s  i s  n e a r l y  
t h e  same. A t  t h e  e x i t  o f  bo th  t h e  r o t o r  and second s t a t o r  t h e  p i t c h  averaged 
t o t a l  uns t ead iness  i s  una f fec t ed  by t h e  a d d i t i o n  of  t h e  tu rbu lence  g r i d .  
However, a t  t h e  r o t o r  e x i t ,  t h e  a d d i t i o n  o f  t h e  g r i d  r e s u l t s  i n  a smal l  
i n c r e a s e  i n  t h e  p i t c h  averaged random uns tead iness  and a dec rease  i n  t h e  p i t c h  
averaged p e r i o d i c  uns t ead iness .  
average random nor  t h e  p e r i o d i c  uns teadiness  i s  apprec i ab ly  a l t e r e d  by t h e  
a d d i t i o n  of  t h e  g r i d .  The t o t a l  uns t ead iness  i s  a l s o  una f fec t ed  by t h e  
a d d i t i o n  of  t h e  g r i d .  

A t  t h e  second s t a t o r  e x i t ,  n e i t h e r  t h e  p i t c h  
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These r e s u l t s  i n d i c a t e  t h a t  t h e  random uns tead iness  introduced i n t o  t h e  
flow by t h e  a d d i t i o n  o f  t h e  tu rbu lence  g r i d  upstream of  t h e  f i r s t  s t a t o r  has  
n e a r l y  decayed t o  t h e  gr id-out  l e v e l  a t  t h e  f i r s t  s t a t o r  e x i t  ( S t a .  2 ) .  
t he  r o t o r  e x i t  and a t  second s t a t o r  e x i t ,  g r i d  generated uns t ead iness  i s  
b a r e l y  d i s c e r n i b l e .  The a d d i t i o n  o f  t h e  g r i d  and t h e  r e s u l t i n g  uns t ead iness  
a t  t h e  i n l e t  t o  t h e  r o t o r  had on ly  a s l i g h t  impact on t h e  r o t o r  inidspan h e a t  
t r a n s f e r .  
i n c r e a s e  i n  t h e  second s t a t o r  midspan h e a t  t r a n s f e r .  T h e s e  r e s u l t s  w i l l  be 
d i scussed  i n  g r e a t e r  d e t a i l  l a t e r  i n  t h i s  r e p o r t .  

A t  

Also t h e  a d d i t i o n  of  t h e  g r i d  r e s u l t e d  in a b a r e l y  d i s c e r n i b l e  
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EXPERIiMENTAL RESULTS 

1. C h a r a c t e r i s t i c s  of t h e  Turbine Model 

A s  prev ious ly  d i scussed  t h i s  experiment was conducted i n  a l a rge - sca l e  
r o t a t i n g  t u r b i n e  model configured e i t h e r  a s  a s i n g l e  s t a g e  ( s t a t o r  l / r o t o r )  o r  
a s  one-and-one-half s t a g e s  ( s t a t o r  l / r o t o r / s t a t o r  2 ) .  The t u r b i n e  model 
s imula tes  a r e l a t i v e l y  h e a v i l y  loaded machine wi th  a h u b / t i p  r a d i u s  r a t i o  of 
0.8.  All t h r e e  a i r f o i l  rows have s o l i d i t i e s  and aspec t  r a t i o s  very  near  
u n i t y .  
flow c o e f f i c i e n t  of 0.78, a s t a g e  loading c o e f f i c i e n t  of 2.8 and 34% s t a t i c  
p re s su re  r e a c t i o n .  The a x i a l  spacing between t h e  f i r s t  s t a t o r  and t h e  r o t o r  
was va r i ed  from 15% t o  65% of t h e  average of t h e  f i r s t  s t a g e  s t a t o r  and r o t o r  
a x i a l  chords (Bx). I n  t h e  
s t a g e  and a h a l f  c o n f i g u r a t i o n  t h e  a x i a l  spacing between t h e  r o t o r  and t h e  
second s t a t o r  w a s  h e l d  a t  a cons tan t  63% Bx. 
0.090 inches  o r  1.5% span which i s  t y p i c a l  f o r  c u r r e n t  engine des ign .  Rotor 
inc idence  angle  was v a r i e d  widely wi th  t h e  flow c o e f f i c i e n t  (Cx/U) s e t  from 
54% t o  123X of t h e  des ign  va lue .  Rotor and second s t a t o r  inc idence  changes 
a r e  i l l u s t r a t e d  i n  f i g u r e  30 which shows a r a d i a l  view of  t h e  t u r b i n e  model i n  
t h e  one and one-half s t a g e ,  g r id- in  conf igu ra t ion .  The f i r s t  s t a t o r / r o t o r  
a x i a l  spacing i s  50%. 
va lues  of flow c o e f f i c i e n t  (Cx/U = 0.68, 0.78 and 0.96) are a l s o  shown. 

When o p e r a t i n g  a t  des ign  cond i t ions  t h e  t u r b i n e  ( a t  midspan) h a s  a 

Typica l  engine spacing i s  about 252 t o  50X Bx. 

The r o t o r  t i p  c l ea rance  w a s  

Rotor i n l e t  and e x i t  v e l o c i t y  t r i a n g l e s  f o r  t h r e e  

2 .  Format of t h e  Data P r e s e n t a t i o n  

This  r e p o r t  (Volume I ,  UTRC-R86-956480-1) p re sen t s  hea t  t r a n s f e r  d a t a ,  
summary curves ,  comparisons between va r ious  se t s  of t h e s e  d a t a  and, f i n a l l y ,  
comparisons of t h e  d a t a  wi th  a n a l y t i c a l  p r e d i c t i o n s .  Tabula t ions  of t h e  hea t  
t r a n s f e r  d a t a  are a v a i l a b l e  i n  Volume 11, UTRC-R86-956480-2 (NASA CR-179467) 
(15% a x i a l  spac ing)  and i n  Volume 111, UTRC-R86-956480-3 (NASA CR-179468) (65% 
a x i a l  spacing and t h e  1 112 s t a g e  conf igu ra t ion )  whi le  t h e  aerodynamic d a t a  
a r e  t abu la t ed  i n  Volume I V ,  UTRC-R86-956480-4 (NASA CR-179469). Included i n  
t h e  h e a t  t r a n s f e r  d a t a  t a b u l a t i o n s  a r e  t h e  s p e c i f i c  t e s t  cond i t ions  f o r  each 
d a t a  se t .  These t es t  cond i t ions ,  i n  p a r t i c u l a r  t h e  t u r b i n e  i n l e t  t empera ture ,  
spanned a s i g n i f i c a n t  range (from 28°F t o  60°F) s i n c e  experimental  t e s t i n g  
extended over  a per iod  of many months. 

Because of l i m i t a t i o n s  i n  the  number of thermocouple d a t a  channels  a v a i l -  
a b l e  only  two t e s t  a i r f o i l s  could be monitored a t  any t i m e  (more p r e c i s e l y  
four  models, a p re s su re  and a suc t ion  su r face  instrumented a i r f o i l  f o r  each of 
two a i r f o i l  rows.) For t h i s  reason when t h e  t u r b i n e  model w a s  conf igured  as a 
s i n g l e  s t a g e  both t h e  f i r s t  s t a t o r  and t h e  r o t o r  could be s imultaneously 
monitored whi le  f o r  t h e  stage-and-a-half c o n f i g u r a t i o n  only  t h e  d a t a  from t h e  
r o t o r  and t h e  second s t a g e  s t a t o r  were obta ined .  I t  has  been assumed, and 
borne ou t  by t h e  s t a t o r  l / r o t o r  and r o t o r / s t a t o r  2 i n t e r a c t i o n  t e s t s ,  t h a t  t h e  

29 



e f f e c t s  of  t h e  second s t a t o r  on t h e  f i r s t  s t a t o r  hea t  t r a n s f e r  d i s t r i b u t i o n  
were n e g l i g i b l e .  The stage-and-a-half conf igu ra t ion  d a t a ,  t hen ,  a r e  presented  
a s  conso l ida t ed  sets. In  r e a l i t y  t h e  f i r s t  s t a t o r  h e a t  t r a n s f e r  d a t a  f o r  
t hese  stage-and-a-half s e t s  were obtained wi th  t h e  t u r b i n e  model configured as 
a s i n g l e  s t a g e .  

The d i s t r i b u t i o n s  of hea t  t r a n s f e r  a long t h e  va r ious  a i r f o i l  s u r f a c e s  
a r e  presented a s  S tan ton  numbers based upon t h e  s p e c i f i c  t e s t  e x i t  v e l o c i t y  
and d e n s i t y  f o r  t h e  p a r t i c u l a r  a i r f o i l .  The S tan ton  numbers a r e  p l o t t e d  as 
a func t ion  of  s u r f a c e  d i s t a n c e  from t h e  r e fe rence  l o c a t i o n  ( f i g .  4 )  nondimen- 
s iona l i zed  by t h e  a x i a l  chord. On each hea t  t r a n s f e r  d i s t r i b u t i o n  f i g u r e  t h e  
l o c a t i o n  of  t h e  a i r f o i l  t r a i l i n g  edge i s  i n d i c a t e d  a s  TE. I n  a d d i t i o n ,  f o r  
each d i s t r i b u t i o n  a d a t a  code of s i x  (6 )  d i g i t s  appears:  R P g iv ing  two 
(2 )  d i g i t  RUN (R)  and POINT (PI numbers f o r  t h e  d a t a  s e t .  These run  and po in t  
numbers provide a c ross - re ference  between t h e  p re sen t  summary r e p o r t  and 
Volumes I1 and 111 where t h e  ind iv idua l  d a t a  p o i n t s  a r e  t abu la t ed .  Included 
i n  each f i g u r e  are t h e  s p e c i f i c  flow c o e f f i c i e n t  and a x i a l  spacing f o r  t h e  
d a t a  set  and a no te  i n d i c a t i n g  whether t h e  upstream turbulence  gene ra t ing  g r i d  
was I N  o r  OUT. 

3. Base l ine  A i r f o i l  Heat T rans fe r  D i s t r i b u t i o n s  

Midspan hea t  t r a n s f e r  d i s t r i b u t i o n s  f o r  a l l  t h r e e  a i r f o i l  rows of t he  
t u r b i n e  are presented  i n  f i g u r e s  31a, 31b and 32 f o r  t h e  des ign  ope ra t ing  
po in t  (Cx/U = 0.78). The purpose of p re sen t ing  t h e s e  t h r e e  f i g u r e s  i s  t o  
in t roduce  t h e  gene ra l  f e a t u r e s  of  t h e  measured h e a t  t r a n s f e r  d i s t r i b u t i o n s  f o r  
a r e l a t i v e l y  s imple tes t  case .  This  p a r t i c u l a r  t e s t  cond i t ion ,  des igna ted  as 
t h e  "basel ine" case ,  was s e l e c t e d  because it  combined a i r f o i l  spac ings ,  a flow 
c o e f f i c i e n t  and Reynolds numbers near  t y p i c a l  des ign  va lues  wi th  a low flow 
turbulence  l e v e l  a t  t h e  model i n l e t .  For t h i s  "base l ine"  c a s e  t h e  s t a t o r  
l / r o t o r  spacing w a s  65% Bx. 
c o e f f i c i e n t  (C,/U) was 0.78. 
tu rbulence  l e v e l  was approximately 1/2%. 

The r o t o r / s t a t o r  2 spacing was 63% Bx. The flow 
There w a s  no upstream g r i d  so t h e  i n l e t  

For each of t h e  t h r e e  f i g u r e s  t h e  experimental  d a t a  a r e  compared t o  h e a t  

For f i g u r e s  31a and 31b predic-  
t r a n s f e r  d i s t r i b u t i o n s  p red ic t ed  by t h e  UTRC two-dimensional f i n i t e  d i f f e r e n c e  
boundary l a y e r  code (ABLE, r e f s .  30 and 31) .  
t i o n s  f o r  both f u l l y  laminar  (L) flow and f u l l y  t u r b u l e n t  (T) flow (Cebeci- 
Smith, r e f .  32) are included.  Only t h e  f u l l y  t u r b u l e n t  (TI p r e d i c t i o n  w a s  
presented f o r  f i g u r e  32. Each of  t h e s e  f i n i t e - d i f f e r e n c e  boundary l a y e r  
computations employed t h e  r e s p e c t i v e  computed a i r f o i l  v e l o c i t y  d i s t r i b u t i o n  of  
f i g u r e s  13 through 15 as inpu t .  

For t h e  f i r s t  s t a t o r  ( f i g .  31a) t h e  two-dimensional p r e d i c t i o n  provided 
an e x c e l l e n t  d e s c r i p t i o n  of  t h e  measured h e a t  t r a n s f e r  d i s t r i b u t i o n .  
n e a r l y  t h e  e n t i r e  p re s su re  s u r f a c e  and f o r  t h e  upstream h a l f  of  t h e  suc t ion  

For 
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s u r f a c e  t h e  agreement between t h e  h e a t  t r a n s f e r  ' d a t a  and t h e  laminar predic-  
t i o n  was e x c e l l e n t .  A t  S/Bx N 1 t h e  d a t a  i n d i c a t e  t h a t  t h e  s u c t i o n  s u r f a c e  
boundary l a y e r  passed through t r a n s i t i o n  downstqeam of  which t h e  h e a t  t r a n s f e r  
s l i g h t l y  exceeded t h e  l e v e l  p red ic t ed  f o r  f u l l y  t u r b u l e n t  flow. Th i s  l o c a l  
p o s t - t r a n s i t i o n  "overshoot" of t h e  hea t  t r a n s f e r  l e v e l  w a s  probably a r e s u l t  
of  t h e  low l o c a l  boundary l a y e r  momentum th i ckness  Reynolds number (Reg) .  
The p red ic t ed  growth r a t e  of t h e  laminar p o r t i o n  of t h e  s u c t i o n  s u r f a c e  
boundary l a y e r  w a s  cons ide rab ly  lower than  t h e  p red ic t ed  growth r a t e  of  t h e  
f u l l y  t u r b u l e n t  po r t ion .  A t  S/Bx = 0.9 t h e  laminar boundary l a y e r  ca l cu la -  
t i o n  p red ic t ed  Ree = 490 whi le  t h e  f u l l y  t u r b u l e n t  computation p red ic t ed  
Reg = 1510. 
a c t u a l l y  passed through t r a n s i t i o n ,  t h e  t e s t  boundary l a y e r  Reg  w a s  consid- 
e r a b l y  smal le r  than  t h a t  p red ic t ed  f o r  f u l l y  t u r b u l e n t  flow. The l o c a l  
measured hea t  t r a n s f e r  then  l o c a l l y  exceeded t h e  p red ic t ed  f u l l y  t u r b u l e n t  
value.  
s i t i o n a l  boundary l a y e r  brought t h e  measured h e a t  t r a n s f e r  i n t o  c l o s e  agree- 
ment wi th  t h e  f u l l y  t u r b u l e n t  p red ic t ion .  

For t h i s  reason  a t  S/Bx N 1, where t h e  boundary l a y e r  

Downstream of t h e  "overshoot" t h e  r a p i d  growth r a t e  of  t h e  post- t ran-  

I n  c o n t r a s t  t o  t h e  accuracy of t h e  two-dimensional boundary l a y e r  predic-  
t i o n s  f o r  t h e  f i r s t  s t a t o r  t h e  comparisons between t h e  p r e d i c t i o n s  and t h e  
d a t a  f o r  t h e  r o t o r ,  f i g u r e  31b, showed cons iderably  g r e a t e r  disagreement .  
The r o t o r  a i r f o i l s ,  of  cour se ,  were exposed t o  a much more d i s t u r b e d  flow 
than t h e  f i r s t  s t a t o r  s i n c e  they were pass ing  through both t h e  wakes and t h e  
p o t e n t i a l  f lows genera ted  by t h e  f i r s t  s t a t o r s  ( r e f .  26).  A s  can be seen from 
an examination of f i g u r e  31b t h e  measured hea t  t r a n s f e r  d i s t r i b u t i o n  i n d i c a t e s  
t h a t  t h e  only  r eg ion  of  laminar flow on t h e  e n t i r e  r o t o r  w a s  i n  t h e  immediate 
v i c i n i t y  of t h e  s t a g n a t i o n  region.  On t h e  s u c t i o n  s u r f a c e  t h e r e  appears  t o  be  
about one-third of  a chord of t r a n s i t i o n a l  f low followed by f u l l y  t u r b u l e n t  
two-dimensional h e a t  t r a n s f e r .  On t h e  p re s su re  s u r f a c e  t h e  measured hea t  
t r a n s f e r  ra tes  exceeded t h e  two-dimensional f u l l y  t u r b u l e n t  l e v e l  by a s  much 
as 50%. P res su re  s u r f a c e  hea t  t r a n s f e r  rates w e l l  i n  excess  of  two- 
dimensional f u l l y  t u r b u l e n t  l e v e l s  were measured f o r  many of  t h e  t e s t  c a s e s  i n  
t h i s  s tudy.  This  phenomenon was observed f o r  c e r t a i n  t es t  cond i t ions  f o r  each 
of t h e  t h r e e  a i r f o i l  rows and w i l l  be d iscussed  i n  d e t a i l  i n  l a t e r  s e c t i o n s .  

An examinat ion of f i g u r e  32 i n d i c a t e s  t h a t  f o r  t h e  second s t a t o r  t h e  two- 
dimensional a n a l y s i s  had l i t t l e  r e l a t i o n s h i p  t o  t h e  measured r e s u l t s .  
r e s u l t  was probably a consequence of  t h e  i n t e n s e  tu rbu lence ,  uns t ead iness  and 
secondary f lows,  e.g.  t h e  r o t o r  t i p  leakage vo r t ex ,  genera ted  by t h e  f i r s t  
s t a g e  r o t o r .  Note t h a t  f o r  both t h e  p re s su re  and s u c t i o n  s u r f a c e s  t h e  
measured h e a t  t r a n s f e r  r a t e s  were w e l l  i n  excess  of  t h e  p red ic t ed  l e v e l s .  

Th i s  

The important obse rva t ion  t o  be made from f i g u r e s  31a, 31b and 32 i s  
t h a t  t h e r e  was a p rogres s ive  and s i g n i f i c a n t  i n c r e a s e  i n  t h e  complexity o f  t h e  
flow as it proceeded through t h e  tu rb ine .  A t  t h e  f i r s t  s t a t o r  t h e  measured 
hea t  t r a n s f e r  d i s t r i b u t i o n  w a s  very  w e l l  descr ibed  by two-dimensional laminar  
and t u r b u l e n t  boundary layer p red ic t ions .  These p r e d i c t i o n s  worked reasonably  
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wel l  f o r  t h e  l ead ing  edge r eg ion  and s u c t i o n  s u r f a c e  o f  t h e  r o t o r  but  q u i t e  
poorly f o r  t h e  r o t o r  p re s su re  su r face  and f o r  both su r faces  of t h e  second 
s t a t o r .  Secondary f lows,  uns teadiness  and turbulence  generated a t  each 
success ive  a i r f o i l  row appears  t o  have made t h e  flow less and l e s s  w e l l  
descr ibed  by a two-dimensional boundary l a y e r  a n a l y s i s .  

4 .  E f f e c t  of S t a t o r  l /Rotor  Spacing 

The e x t e n t  t o  which t u r b i n e  a i r f o i l  hea t  t r a n s f e r  rates a r e  a f f e c t e d  
by s t a t o r - r o t o r  aerodynamic i n t e r a c t i o n s  i s  no t  c u r r e n t l y  known. Although 
i t  i s  v i r t u a l l y  c e r t a i n  t h a t  t h e  pe r iod ic  uns t ead iness ,  tu rbulence  and 
secondary flows genera ted  i n  t h e  s t a t o r  row a f f e c t  t h e  downstream r o t o r  h e a t  
t r a n s f e r ,  i t  i s  not  known whether t h e  r o t o r  i n f luences  t h e  upstream s t a t o r  
hea t  t r a n s f e r  through p o t e n t i a l  f low f i e l d  i n t e r a c t i o n s .  One f a c t o r  which may 
inf luence  t h e  magnitude of  s t a t o r - r o t o r  i n t e r a c t i o n  e f f e c t s  i s  t h e  s i z e  of  t h e  
a x i a l  s epa ra t ion  between t h e  s t a t o r  t r a i l i n g  edge and t h e  r o t o r  l ead ing  edge. 
Although pe r iod ic  p o t e n t i a l  ( i n v i s c i d )  flow f i e l d  i n t e r a c t i o n  e f f e c t s  d iminish  
r a p i d l y  wi th  i n c r e a s i n g  sepa ra t ion ,  t h e  in f luence  of  i nc reas ing  s e p a r a t i o n  i s  
much slower f o r  e f f e c t s  r e l a t e d  t o  s t a t o r  wakes and secondary flows. The 
impact of  t h e s e  v i scous  and secondary flow phenomenon on t h e  r o t o r  flow f i e l d  
is extremely complex and the r o l e  played by airfoil axial spacing is currently 
unknown. 

The e f f e c t s  on a i r f o i l  hea t  t r a n s f e r  produced by changing s t a t o r - r o t o r  
spacing were examined i n  t h e  p re sen t  s tudy us ing  two model conf igu ra t ions .  
The tes t  conf igu ra t ions  cons i s t ed  of s t a t o r  l / r o t o r  a x i a l  s e p a r a t i o n s  of 15% 
and 65% Bx. Heat t r a n s f e r  d i s t r i b u t i o n s  measured on both  t h e  f i r s t  s t a t o r  
and on t h e  r o t o r  f o r  bo th  spac ings  a r e  g iven  i n  f i g u r e  33.  
and t h e  t h e o r e t i c a l  laminar and t u r b u l e n t  p r e d i c t i o n s  are t h e  "basel ine" 
r e s u l t s  presented  p rev ious ly  i n  f i g u r e  31 .  
flow c o e f f i c i e n t  w a s  0.78 and t h e  turbulence  g r i d  was ou t .  An examination of 
f i g u r e  33 r e v e a l s  t h a t ,  a t  least  f o r  t h i s  t u r b i n e  model, even t h i s  r e l a t i v e l y  
l a r g e  change i n  axial  spacing d i d  not  m a t e r i a l l y  change e i t h e r  t h e  s t a t o r  o r  
t h e  r o t o r  h e a t  t r a n s f e r  d i s t r i b u t i o n s .  This  r e s u l t  i s  i n  c o n f l i c t  wi th  d a t a  
publ ished by Dring, e t  a l . ,  r e f e rence  26 which were measured i n  an e a r l i e r  
s tudy  i n  t h i s  same f a c i l i t y .  
t h e  axial  s e p a r a t i o n  had produced a s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  s t a t o r  
suc t ion  s i d e  h e a t  t r a n s f e r .  S ince  t h e s e  ea r l i e r  d a t a  were obta ined  (1) us ing  
a cons iderably  l e s s  accu ra t e  thermocouple monitor ing system than used f o r  t h e  
p re sen t  system, and ( 2 )  us ing  a f a r  less  exhaus t ive  documentation of  t h e  
temperature  f i e l d  a t  t h e  i n l e t  t o  t h e  t u r b i n e  model ( s e e  t h e  d i s c u s s i o n  a t  t h e  
end of EXPERIMENTAL EQUIPMENT, 5. A i r f o i l  Heat T rans fe r  Measurements;, t h e  
present  r e s u l t s  are be l i eved  t o  be f a r  more accu ra t e .  The conclus ion  drawn 
from t h i s  t e s t ,  t hen ,  i s  t h a t  changes t o  t h e  s t a t o r - r o t o r  a x i a l  spacing 
produced n e g l i g i b l e  e f f e c t s  on t h e  hea t  t r a n s f e r  d i s t i r b u t i o n s  on e i t h e r  t h e  
s t a t o r  o r  t h e  r o t o r .  The same conclusion was a l s o  reached wi th  t h e  turbulence  
g r i d  i n  a s  w i l l  be d iscussed  below i n  Sec t ion  7 .  

The 65% Bx d a t a  

For both  spac ings  of  f i g u r e  33 t h e  

The d a t a  of  r e f e r e n c e  26 i n d i c a t e d  t h a t  changing 
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5. Effect of Reynolds Number with Low Inlet Turbulence 

The next series of figures (34, 35a and 35b) display the effects of 
airfoil Reynolds number on the first stage heat transfer distributions. These 
data were all obtained with a near-design flow coefficient (Cx/U = 0.78) 
upstream turbulence grid out and 15% axial spacing. The heat transfer distri- 
butions for the first stator for Re (based on axial chord and exit conditions) 
= 41 to 65 x lo4 are presented in figure 34. 
is shown compared to the predicted two-dimensional heat transfer distribution 
for that particular Reynolds number. On the pressure surface, agreement with 
the fully laminar prediction was excellent for all three Reynolds numbers. 
Evidence of possible boundary layer transition near the pressure surface 
trailing edge progressively decreased with decreasing Reynolds number. On the 
suction surface the agreement between the laminar prediction and upstream half 
of the data was also excellent in all cases. A careful examination of the 
data near S/Bx = 1 indicates that transition moved progressively, albeit 
slightly, downstream as Re decreased. Finally for S/Bx > 1 both the highest 
and lowest Re data agreed very well with the two-dimensional fully turbulent 
prediction. For Re = 52 x 104 an anamolous discrepancy of about 10% between 
theory and data is present for this region. 
difference is that an undetected shift in model heat flux occured during the 
process of data acquisition. 

Each of the measured data sets 

One possible explanation for this 

The primary conclusion reached from figure 34 is that the facility, 
turbine model and instrumentation system all behaved as expected. As the 
Reynolds number changed for this relatively clean first stator flow the data 
and the theory remained in excellent agreement. 

The rotor heat transfer distributions for this test configuration (15% 
gap, grid-out) are presented in figures 35a ti 35b for Re = 23-58 x 104. Each 
data set is again shown compared with the two-dimensional prediction for that 
particular Re. On the suction surface there was an increasingly significant, 
both in size and heat transfer level, transitional region as the Reynolds 
number dropped. For a l l  cases, however, the suction surface h e a t  transfer 
data agreed reasonably well with the two-dimensional, fully turbulent boundary 
layer prediction in the trailing edge region. 

The pressure surface heat transfer distributions shown in figure 35 
reveal a strong dependence on the Reynolds number. At the largest Reynolds 
number the pressure surface heat transfer is significantly higher (by 50 to 
80%) than the fully turbulent prediction. As the Reynolds number drops the 
data approach the turbulent predictions. As ment,ioned previously, elevated 
levels of pressure surface heat transfer were observed for numerous airfoil- 
flow condition combinations in this investigation. Discussion of the 
phenomenon will follow as more examples are presented. 
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6 .  E f f e c t  of High I n l e t  Turbulence Level 

A primary o b j e c t i v e  of t h i s  program w a s  t o  examine the  e f f e c t s  of h igh  
l e v e l s  of broad band i n l e t  tu rbulence  on t h e  a i r f o i l  heat t r a n s f e r  d i s t r i b u -  
t i o n s .  High l e v e l s  of i n l e t  tu rbulence  were produced f o r  t hese  experiments  
using a coarse  gene ra t ing  g r i d  i n s t a l l e d  upstream of t h e  t u r b i n e  model. A s  
e s t a b l i s h e d  by the  d a t a  presented i n  t h e  s e c t i o n  desc r ib ing  the  t es t  condi- 
t i o n s  the  turbulence  produced by t h i s  g r i d  was homogeneous and near  i s o t r o p i c .  
With the  g r i d  i n ,  t h e  average turbulence  i n t e n s i t y  j u s t  upstream of the  f i r s t  
s t a t o r  lead ing  edge was 9.8% while  t h e  "grid-out" (base l ine )  tu rbulence  was 
112%. 
r a i s i n g  the  i n l e t  tu rbulence  i n t e n s i t y  are shown i n  f i g u r e s  36 and 37. The 
s i n g l e  s t a g e  ( s t a t o r  l l r o t o r )  hea t  t r a n s f e r  d i s t r i b u t i o n s  are given i n  f i g u r e  
36 while t he  r o t o r / s t a t o r  2 d i s t r i b u t i o n s  fo r  t he  stage-and-a-half configura-  
t i o n  are presented i n  f i g u r e  37. The flow c o e f f i c i e n t  and Reynolds number 
were very s i m i l a r  f o r  t he  two cases .  It i s  expected t h a t  t h e  f i r s t  s t a t o r  
d i s t r i b u t i o n  shown i n  f i g u r e  36a w a s  not  changed by t h e  i n s t a l l a t i o n  of t h e  
second s t a t o r  so t h e s e  f i r s t  s t a t o r  d a t a  apply t o  both the  s i n g l e  and t h e  
stage-and-a-half conf igu ra t ions .  

The e f f e c t s  on t h e  a i r f o i l  hea t  t r a n s f e r  d i s t r i b u t i o n s  produced by 

A s  i nd ica t ed  by t h e  r e s u l t s  shown i n  f i g u r e  36a the  impact of t h e  h igh  
i n l e t  tu rbulence  on t h e  f i r s t  s t a t o r  d i s t r i b u t i o n  was dramatic  with s i g n i f i -  
can t  i nc reases  of hea t  t r a n s f e r  on the  leading  edge and along both t h e  suction 
and p res su re  s u r f a c e s .  On t h e  suc t ion  su r face  t h e  increased turbulence  moved 
t h e  l o c a t i o n  of t r a n s i t i o n  w e l l  upstream from SIB, - 1.0 t o  S I B ,  
For t h i s  high l e v e l  of tu rbulence ,  then,  t r a n s i t i o n  occured i n  a reg ion  of 
a c c e l e r a t i n g  flow ins t ead  of near  t h e  minimum pressure  poin t  ( s e e  f i g .  13 ) .  
Another e f f e c t  of t h e  turbulence  on t h e  f i r s t  s t a t o r  suc t ion  su r face  d i s t r i b u -  
t i o n  w a s  t o  produce cons iderably  enhanced hea t  t r a n s f e r  i n  the  f u l l y  tu rbu len t  
p o r t i o n  of t h e  flow. 

0.3. 

The e f f e c t  of t h e  h igher  tu rbulence  l e v e l  w a s  a l s o  very  ev ident  along t h e  
f i r s t  s t a t o r  p re s su re  su r face .  For t h e  low turbulence  case  t h e  hea t  t r a n s f e r  
w a s  e s s e n t i a l l y  laminar while  with h igh  turbulence  t h e  measured hea t  t r a n s f e r  
w a s  as much as 60% g r e a t e r  than t h e  two-dimensional f u l l y  tu rbu len t  predic- 
t i o n .  The d a t a  of f i g u r e  36a c o n s t i t u t e  another  example of an a i r f o i l - f l o w  
cond i t ion  combination f o r  which the  measured p res su re  su r face  hea t  t r a n s f e r  
f a r  exceeded f u l l y  tu rbu len t  l e v e l s .  

On t h e  r o t o r ,  f i g u r e  36b, t h e  e f f e c t s  produced by inc reas ing  t h e  i n l e t  
tu rbulence  were much less dramatic  than f o r  t he  f i r s t  s t a t o r .  A much smaller 
change t o  t h e  hea t  t r a n s f e r  r e s u l t e d  f o r  t h e  r o t o r  because even the  b a s e l i n e  
(low i n l e t  tu rbulence)  r o t o r  flow i s  h ighly  d i s tu rbed  by t h e  f i r s t  s t a t o r  
wakes. The incremental  change i n  t h e  uns teadiness  l e v e l  produced by i n s t a l -  
l i n g  t h e  g r i d  was much less f o r  t h e  r o t o r  than f o r  t h e  f i r s t  s t a t o r .  On t h e  
r o t o r  suc t ion  su r face ,  t r a n s i t i o n  appears  t o  have moved upstream t o  SIB, - 0 . 2  
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with  t h e  increased  turbulence  l e v e l .  Changes downstream of t r a n s i t i o n  i n  t h e  
f u l l y  t u r b u l e n t  r eg ion  were n e g l i g i b l e .  
s u r f a c e  which showed any e f f e c t s  from t h e  increased  turbulence  was c l o s e  t o  
t h e  l ead ing  edge (-0.5 < S/B, < 0). 

The only  r eg ion  of  t h e  r o t o r  p re s su re  

The d a t a  presented  i n  f i g u r e  37a were obta ined  on t h e  r o t o r  w i th  t h e  
second s t a t o r  i n s t a l l e d  i n  t h e  t u r b i n e  model. The d a t a  of  f i g u r e  36b ( s ing le -  
s t age )  and 37a (stage-and-a-half)  were measured f o r  t h e  same dimensionless  
running cond i t ions  on tes t  d a t e s  about f i v e  months a p a r t .  Because t h i s  tes t  
f a c i l i t y  draws a i r  from t h e  o u t s i d e  t h e r e  w a s  a s i g n i f i c a n t  d i f f e r e n c e  i n  
i n l e t  temperatures  (about  25°F) between t h e  t e s t  se ts .  Despi te  t h i s  d i f f e -  
rence and the  t i m e  s e p a r a t i o n  (wear on t h e  s l i p - r i n g  u n i t )  t h e  d a t a  of  f i g u r e s  
36b and 37a are i n  e x c e l l e n t  agreement. The only  s i g n i f i c a n t  d i f f e r e n c e  
between t h e  d a t a  sets  w a s  f o r  t h e  a f t  r eg ion  of t h e  p re s su re  s u r f a c e  f o r  no 
g r i d .  
by about l o % ,  a d i f f e r e n c e  which may be  a real  s t a t o r  2 / r o t o r  i n t e r a c t i o n  
e f f e c t  o r  simply an experimental  anamoly. 

In  t h i s  r eg ion  t h e  s ing le-s tage  and t h e  stage-and-a-half d a t a  d i f f e r e d  

The impact of changing t h e  i n l e t  tu rbulence  l e v e l  on t h e  s t a t o r  2 hea t  
t r a n s f e r  i s  shown i n  f i g u r e  37b. These r e su l t s  i n d i c a t e  t h a t  t h e  impact of  
t h e  i n l e t  tu rbulence  was n e g l i g i b l e ,  an e f f e c t  which was expected as t h e  base- 
l i n e  second s t a t o r  flow f i e l d  was so  h igh ly  d i s t u r b e d  even i n  t h e  absence of  
t h e  turbulence  g r i d .  

7. Combined E f f e c t s  of I n l e t  Turbulence and S t a t o r  l /Rotor  Spacing 

I n  Sec t ion  4 above i t  was concluded t h a t  f o r  t h e  low i n l e t  tu rbulence  
conf igu ra t ion  t h e  impact on h e a t  t r a n s f e r  of changing t h e  s t a t o r  l / r o t o r  spac- 
ing  was n e g l i g i b l e .  To confirm t h a t  t h e r e  was no a m p l i f i c a t i o n  between t h e  
pe r iod ic  s t a t o r  l / r o t o r  i n t e r a c t i o n  e f f e c t s  and t h e  a d d i t i o n  of broad based 
i n l e t  tu rbulence  t h e s e  a x i a l  s epa ra t ion  t e s t s  were repea ted  wi th  t h e  g r i d  
i n s t a l l e d  ( f i g s .  38a and 38b).  These r e s u l t s  confirm t h e  conclus ion  reached 
earlier with  no g r i d ,  i . e .  a x i a l  spacing does not  m a t e r i a l l y  impact e i t h e r  t h e  
f i r s t  s t a t o r  o r  r o t o r  h e a t  t r a n s f e r .  

8.  E f f e c t  of Reynolds Number wi th  High I n l e t  Turbulence 

The next  series of f i g u r e s  (39a & b and 40a & b)  d i s p l a y s  t h e  impact of  
Reynolds number on t h e  f i r s t  s t a t o r  and r o t o r  h e a t  t r a n s f e r  d i s t r i b u t i o n s  wi th  
h igh  i n l e t  tu rbulence .  The f i r s t  s t a t o r  d i s t r i b u t i o n s  are g iven  f o r  seven 
Reynolds numbers ranging from 2.4 t o  6.4 x 105 i n  f i g u r e s  39a and 39b. The 
Reynolds numbers decrease  from t h e  t o p  t o  t h e  bottom of  each f i g u r e ,  two sepa- 
ra te  f i g u r e s  are be ing  used t o  avoid crowding. On t h e  f i r s t  s t a t o r  s u c t i o n  
s u r f a c e  f i g u r e s  39 show an o r d e r l y ,  p rogress ive  downstream movement of t h e  
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t r a n s i t i o n  zone wi th  decreas ing  Reynolds number. 
decreased t h e  l eng th  of  t h e  near-laminar hea t  t r a n s f e r  zone increased  and t h e  
length  of  t h e  f u l l y  t u r b u l e n t  zone con t r ac t ed .  On t h e  p re s su re  s u r f a c e  t h e  
d a t a  sets can be separa ted  i n t o  two groups. For Re > 4.0 x 105 t h e  measured 
hea t  t r a n s f e r  exceeded each f u l l y  t u r b u l e n t  p r e d i c t i o n  whi le  f o r  Re < 4.0 x 
105 t h e r e  w a s  near  agreement between t h e  d a t a  s e t s  and t h e  r e s p e c t i v e  two- 
dimensional p r e d i c t i o n s .  

A s  t h e  Reynolds number 

- 
- 

Resu l t s  s i m i l a r  t o  those  of t he  f i r s t  s t a t o r  a r e  shown i n  f i g u r e s  40a and 
40b f o r  t h e  r o t o r .  On t h e  suc t ion  s u r f a c e ,  f o r  t h e  h i g h e s t  Reynolds number, 
t h e  d a t a  and f u l l y  t u r b u l e n t  p r e d i c t i o n  agree f o r  t h e  e n t i r e  chord. A s  
Reynolds number decreased a p rogres s ive ly  growing zone of t r a n s i t i o n a l  f low 
developed and t h e  r eg ion  of f u l l y  t u r b u l e n t  hea t  t r a n s f e r  decreases .  On t h e  
p re s su re  s u r f a c e  t h e  sha rp  r i s e  i n  h e a t  t r a n s f e r  near  t h e  t r a i l i n g  edge 
s t e a d i l y  decreased wi th  t h e  Reynolds number. 
t h e  f u l l y  t u r b u l e n t  p r e d i c t i o n s  and t h e  r e s p e c t i v e  p re s su re  s u r f a c e  d a t a  
decreased wi th  f a l l i n g  Reynolds number t h e r e  w a s  no case  which provided good 
agreement a long t h e  e n t i r e  s u c t i o n  su r face .  
reg ion  around SIBx = -0.4 was always about 40% above t h e  p red ic t ion .  

Although t h e  d i f f e r e n c e s  between 

S p e c i f i c a l l y ,  t h e  d a t a  i n  t h e  

9. P res su re  Surface Heat T rans fe r  

There have now been a l a r g e  number of  examples presented i n  which t h e  
p re s su re  s u r f a c e  h e a t  t r a n s f e r  r a t e s  s i g n i f i c a n t l y  exceeded t h e  two- 
dimensional ,  f u l l y  t u r b u l e n t  p red ic t ions .  For t h e  f i r s t  s t a t o r  hea t  t r a n s f e r  
r a t e s  i n  excess  of  f u l l y  t u r b u l e n t  were demonstrated f o r  h igh  Reynolds numbers 
and high i n l e t  t u rbu lence  ( f i g .  39a).  
s u r f a c e  h e a t  t r a n s f e r  w a s  documented f o r  h igh  Reynolds number-low i n l e t  turbu- 
lence  flow ( f i g .  35a) and f o r  a l l  Reynolds numbers wi th  h igh  i n l e t  tu rbulence  
( f i g s .  40a and 40b) .  These r e s u l t s  i n d i c a t e  t h a t  t h e r e  can be an i n t e r a c t i o n  
between t h e  e f f e c t s  of concave su r face  cu rva tu re ,  Reynolds number and t h e  
l e v e l  of f ree-s t ream d i s tu rbance  t h a t  may produce h e a t  t r a n s f e r  enhancement t o  
l e v e l s  f a r  i n  excess  of  f u l l y  t u r b u l e n t .  The v a r i a t i o n  of t h e  Reynolds number 
f o r  t h e s e  t e s t s  a f f e c t e d  both t h e  s u r f a c e  momentum t h i c k n e s s  d i s t r i b u t i o n s  and 
t h e  l o c a l  boundary l a y e r  a c c e l e r a t i o n  parameter ,  K = v/U* aU/ax. 
l o c a t i o n  on a p a r t i c u l a r  a i r f o i l  t h e r e  was a r educ t ion  i n  R e g  and an 
inc rease  i n  K as t h e  Reynolds number dropped. One p o s s i b i l i t y  i s  t h a t  f o r  
c e r t a i n  c r i t i c a l  combinations of concave s u r f a c e  cu rva tu re ,  R e g ,  K and f ree-  
s t ream d i s tu rbance  l e v e l ,  important Goer t l e r  vo r t ex  systems a r e  produced i n  
t h e  boundary l a y e r .  Perhaps t h e  development of  t h e s e  s y s t e m s  i s  surpressed  
f o r  s u b - c r i t i c a l  s i t u a t i o n s  and two-dimensional, f u l l y  t u r b u l e n t  flow r e s u l t s .  
Whatever t h e  phys ica l  cause of  t h i s  phenomenon, s i m i l a r  e f f e c t s  have been 
observed by o t h e r  i n v e s t i g a t o r s .  Both Consigny and Richards ( r e f .  33) and 
Danie ls  and Browne ( r e f .  34) r epor t ed  p res su re  s u r f a c e  h e a t  t r a n s f e r  r a t e s  
w e l l  i n  excess  of  f u l l y  t u r b u l e n t  va lues .  

For t h e  r o t o r ,  very  h igh  p res su re  

For a f ixed  
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10. E f f e c t  of Flow C o e f f i c i e n t  (Rotor Incidence)  

A l l  of t he  d a t a  presented up t o  t h i s  po in t  were obtained wi th  t h e  t u r b i n e  
model o p e r a t i n g  a t  t h e  des ign  flow c o e f f i c i e n t  (Cx/U = 0.78). 
t h e  e f f e c t s  of flow c o e f f i c i e n t  ( r o t o r  i nc idence )  on t h e  a i r f o i l  h e a t  t r a n s -  
f e r ,  t e s t  d a t a  were ob ta ined  f o r  a range of off-design c o n d i t i o n s .  Flow 
c o e f f i c i e n t  v a r i a t i o n s  were produced by holding t h e  f a c i l i t y  through-flow 
v e l o c i t y  (Cx) cons t an t  and a d j u s t i n g  t h e  r o t o r  speed (U). 
r o t o r  i n l e t  r e l a t i v e  v e l o c i t y  was a func t ion  of t h e  flow c o e f f i c i e n t ,  t h e  
r o t o r  e x i t  r e l a t i v e  v e l o c i t y  was t o  f i r s t  o r d e r  i n v a r i a n t .  
number d i s t r i b u t i o n s  presented i n  t h i s  r e p o r t  are based upon a i r f o i l  e x i t  
c o n d i t i o n s  s o  i t  i s  p o s s i b l e  t o  make a comparison between h e a t  t r a n s f e r  
d i s t r i b u t i o n s  obtained a t  d i f f e r e n t  flow c o e f f i c i e n t s .  To avoid crowding only 
t h e  des ign  flow c o e f f i c i e n t  t h e o r e t i c a l  h e a t  t r a n s f e r  d i s t r i b u t i o n  i s  
presented f o r  each a i r f o i l .  

To examine 

Although t h e  

A l l  o f  t h e  S tan ton  

The fol lowing t a b l e  l i s t s  t h e  flow c o e f f i c i e n t s  a t  which d a t a  were 
acquired.  It a l s o  l i s t s  t h e  r o t o r  i n l e t  r e l a t i v e  flow angle  (from t a n g e n t i a l ,  
B),  and t h e  change i n  r o t o r  incidence from t h e  nominal des ign  c o n d i t i o n  (Ai) .  

0.96 35 " +5 " 
0.78 40 " 0 
0.68 45 " -5 " 
0.56 55" -15" 
0.50 65 " -25 " 
0.45 75 " -35" 
0.42 85 " -45 " 

It had been observed i n  previous flow v i s u a l i z a t i o n  t e s t s  w i th  t h i s  r o t o r  
( r e f .  35) that  the  a i r f o i l  had attached boundary layers  over the  flow c o e f f i -  
c i e n t  range from 0.96 down t o  0.56. A t  0.50 and below a s e p a r a t i o n  bubble 
appeared on t h e  r o t o r  p re s su re  s u r f a c e  nea r  t h e  l ead ing  edge. Th i s  bubble 
grew wi th  f u r t h e r  r e d u c t i o n s  i n  flow c o e f f i c i e n t .  A t  0.42 t h e  bubble had 
grown t o  about midchord. 

F i r s t  s t a t o r  and r o t o r  h e a t  t r a n s f e r  d i s t r i b u t i o n s  obtained over a 
r e l a t i v e l y  small  range of flow c o e f f i c i e n t  a r e  presented i n  f i g u r e  41 f o r  t h e  
low i n l e t  t u rbu lence  c o n d i t i o n  and i n  f i g u r e  42 f o r  high i n l e t  t u rbu lence .  An 
examination of f i g u r e  41 i n d i c a t e s  t h a t  changing t h e  flow c o e f f i c i e n t  had no 
s i g n i f i c a n t  impact on t h e  f i r s t  s t a t o r  hea t  t r a n s f e r .  On t h e  r o t o r  ( f i g .  41b) 
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t h e  d a t a  i n d i c a t e  t h a t :  1 )  t h e  hea t  t r a n s f e r  r a t e s  nea r  t h e  t r a i l i n g  edge on 
both t h e  p re s su re  and s u c t i o n  su r faces  were n e a r l y  independent of  flow 
c o e f f i c i e n t ,  2) t h e  peak s t agna t ion  r eg ion  (SIB, = 0 )  hea t  t r a n s f e r  depended 
on t h e  flow c o e f f i c i e n t  as a consequence of  t h e  changing r e l a t i v e  i n l e t  
v e l o c i t y  and 3 )  t h e r e  were l o c a l  e f f e c t s  on both  t h e  p re s su re  and s u c t i o n  
s i d e s  near  t h e  s t a g n a t i o n  reg ion  which were dependent on t h e  flow c o e f f i c i e n t  
( i . e .  i nc iden t  flow speed and angle) .  Note t h e  e f f e c t s  on t h e  r o t o r  s u c t i o n  
su r face  near  SIB, = 0.3. 
Stanton number r e s u l t e d  a t  t h i s  l oca t ion .  The b a s i c  cause of  t h i s  sp ike  i n  
hea t  t r a n s f e r  i s  t h e  s u c t i o n  su r face  overspeed ( f i g .  1 4 ~ 1 ,  t h e  s t r e n g t h  of  
which i s  a func t ion  of  t h e  flow c o e f f i c i e n t .  
s l i g h t  overspeed followed by a favorable  p re s su re  g r a d i e n t  t o  midchord 
( f i g .  14a) whi le  f o r  Cx/U = 0 .96  t h e  s u c t i o n  s u r f a c e  overspeed l o c a t i o n  has  
by f a r  t he  h ighes t  v e l o c i t y  on t h e  a i r f o i l  and i s  followed by a s t r o n g  adverse 
p re s su re  g r a d i e n t  ( f i g .  14c) .  For &/Urn = 0 . 9 6  t h e  boundary l a y e r  is 
apparent ly  unable t o  n e g o t i a t e  t h e  adverse p re s su re  g r a d i e n t ,  s e p a r a t e s ,  
passes  through a ve ry  s h o r t  t r a n s i t i o n  and r e a t t a c h e s  as a high-speed f u l l y -  
t u r b u l e n t  l a y e r .  For Cx/U = 0 . 6 8  t h e  boundary l a y e r  exper iences  an extended 
t r a n s i t i o n  l eng th  through t h e  favorable  p re s su re  g r a d i e n t  t o  near  midchord. A 
much subdued v e r s i o n  of  t h i s  same phenomenon can be  seen  on t h e  p re s su re  
s u r f a c e  where t h e  most s eve re  overspeed (S 112 inch)  occurs  f o r  
& / U  = 0 . 6 8  ( f i g .  14a) .  

A s  Cx/U i nc reased ,  a r eg ion  of  very  h igh  l o c a l  

A t  Cx/U = 0 . 6 8  t h e r e  i s  only  a 

S t a t o r  1 and r o t o r  hea t  t r a n s f e r  d i s t r i b u t i o n s  obtained f o r  t h e  same 
t h r e e  flow c o e f f i c i e n t s  wi th  t h e  turbulence  g r i d  are presented  i n  f i g u r e s  42a 
and 42b. As f o r  t h e  low free-s t ream turbulence  case  t h e  f i r s t  s t a t o r  hea t  
t r a n s f e r  d a t a ,  f i g u r e  41a, i n d i c a t e  no impact from t h e  v a r i a t i o n  i n  flow 
c o e f f i c i e n t .  On t h e  r o t o r  t h e  a d d i t i o n  of  f ree-s t ream turbulence  tended t o  
reduce t h e  r e l a t i v e  importance of  t h e  flow c o e f f i c i e n t  e f f e c t s .  With t h e  h igh  
i n l e t  tu rbulence  n e a r l y  t h e  e n t i r e  s u c t i o n  s u r f a c e  has  f u l l y  t u r b u l e n t  h e a t ,  
t r a n s f e r  ra tes  wh i l e  t h e  p re s su re  s u r f a c e  d i s t r i b u t i o n s  have n e a r l y  co l l apsed  
t o  a s i n g l e  curve.  

Rotor hea t  t r a n s f e r  d i s t r i b u t i o n s  obta ined  f o r  an extremely wide range of 
flow c o e f f i c i e n t s  are presented  i n  f i g u r e  43. 
f o r  t h e  stage-and-a-half conf igu ra t ion  and no tu rbulence  g r i d .  Data are 
presented  f o r  seven flow c o e f f i c i e n t s  ranging  from 0.96 t o  0.42 wi th  t h e  
r e s u l t s  p l o t t e d  i n  two s e p a r a t e  f i g u r e s  t o  avoid crowding. 
f o r  Cx/U = 0 . 9 6  a r e  g iven  i n  both  f i g u r e s  43a and 43b f o r  purposes o f  
comparison. 
inc idence)  cond i t ions  and a r e  included t o  demonstrate  t h e  impact on h e a t  
t r a n s f e r  f o r  such extreme excurs ions .  

These r o t o r  d a t a  were obta ined  

Note t h a t  t h e  d a t a  

These r e s u l t s  r e f l e c t  ope ra t ion  a t  severe-off-design (nega t ive  

On t h e  s u c t i o n  s u r f a c e ,  f o r  SIB, < 0 .7 ,  t h e  l o c a l  S tan ton  numbers 
decreased wi th  C,/U f o r  t h e  four  t e s t  cond i t ions  o f  f i g u r e  43a u n t i l  they  
approached laminar h e a t  t r a n s f e r  rates. 
f i g u r e  43b, produced n e a r l y  i d e n t i c a l ,  nea r  laminar ,  h e a t  t r a n s f e r  r a t e s  i n  

Fur the r  dec reases  i n  Cx/U,  shown i n  
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t h i s  reg ion .  For reasons  of economy t h e  s u c t i o n  s u r f a c e  thermocouples down- 
s t ream of SIBx = 0.7 were not  u t i l i z e d  during t h i s  phase of  t he  experiment 
( a s  seen i n  f i g u r e  43b).  
sys temat ic  i nc rease  i n  S tan ton  numbers through t h e  e n t i r e  range of tes t  flow 
c o e f f i c i e n t s .  The appearance of t h e  d i s t r i b u t i o n s  sugges ts  t h a t  f o r  
Cx/U < 0.5 t h e  flow was separa ted  from the  p re s su re  su r face .  
extreme negat ive  incidence va lues  t h e  hea t  t r a n s f e r  was e v i d e n t l y  dominated by 
a l a r g e ,  poss ib ly  unsteady,  p re s su re  su r face  sepa ra t ion  bubble observed t o  
s t a r t  a t  &/U = 0.50 and t o  grow i n  chordal  ex ten t  as  (&/VI w a s  reduced 
( r e f .  35). 

On t h e  p re s su re  s u r f a c e  t h e r e  was a cont inuous ,  

A t  t hese  

11. Second S t a t o r  Heat Transfer  D i s t r i b u t i o n s  

The flow f i e l d  e n t e r i n g  t h e  second s t a t o r  row f l u c t u a t e s  temporal ly  a t  
t h e  r o t o r  b lade  pass ing  frequency. The e f f e c t s  generated by the  f i r s t  s t a t o r  
remain s u f f i c i e n t l y  coherent  while  passing through t h e  r o t o r ,  such t h a t  a 
c i r c u m f e r e n t i a l  v a r i a t i o n  wi th  the  p i t c h  of t he  f i r s t  s t a t o r  is  present  i n  the  
second s t a t o r  i n l e t  flow f i e l d  ( r e f .  29 ) .  For t h i s  reason,  t h e  p o s s i b i l i t y  
t h a t  t he  second s t a t o r  hea t  t r a n s f e r  was dependent upon c i r cumfe ren t i a l  loca- 
t i o n  r e l a t i v e  t o  t h e  f i r s t  s t a t o r  was examined a s  pa r t  of t h i s  program. The 
second s t a t o r  hea t  t r a n s f e r  was determined with the  f i r s t  s t a t o r  loca ted  a t  
f i v e  c i r c u m f e r e n t i a l  p o s i t i o n s .  The f i r s t  s t a t o r  row w a s  indexed circumferen- 
t i a l l y  i n  f i v e  increments of 25% of the  f i r s t  s t a t o r  p i t c h  so t h a t  t h e  f i r s t  
and l a s t  l o c a t i o n s  were geomet r i ca l ly  s i m i l a r .  The hea t  t r a n s f e r  d i s t r i b u -  
t i o n s  measured fo r  t he  f i v e  index loca t ions  a r e  given i n  f i g u r e  44a with no 
i n l e t  tu rbulence  g r i d  and i n  f i g u r e  44b with the  g r i d  i n s t a l l e d .  The va lue  
(L) given f o r  each d a t a  set i n d i c a t e s  the  s t a t o r  l / s t a t o r  2 r e l a t i v e  circum- 
f e r e n t i a l  p o s i t i o n  i n  f r a c t i o n s  of a p i t c h .  

Probably t h e  most s t r i k i n g  f e a t u r e  of t h e  second s t a t o r  hea t  t r a n s f e r  
d i s t r i b u t i o n s ,  both f o r  t h e  gr id- in  and grid-out a r e  the  very high va lues  of 
Stanton number r e l a t i v e  t o  t h e  two-dimensional t u rbu len t  boundary l a y e r  pre- 
d i c t i o n .  On t h e  p re s su re  su r face  the  hea t  t r a n s f e r  d a t a  a r e  50-100% above t h e  
p r e d i c t i o n .  T h i s  r e s u l t  i s  i n  genera l  agreement with most of t h e  f i r s t  s t a t o r  
( g r i d  in )  and r o t o r  p re s su re  su r face  measurements. On t h e  s u c t i o n  s u r f a c e ,  
however, t h e  second vane hea t  t r a n s f e r  is  e n t i r e l y  d i f f e r e n t  from t h e  f i r s t  
s t a g e  r e s u l t s .  Not on ly  a r e  the  suc t ion  su r face  bea t  t r a n s f e r  d a t a  w e l l  i n  
excess  of  t h e  two-dimensional p r e d i c t i o n  but  t h e  d a t a  and theory  a r e  d ive rg ing  
with inc reas ing  d i s t a n c e .  It appears  t h a t  by t h e  second s t a t o r  t h e  flow f i e l d  
has  become so contaminated by secondary flow t h a t  a two-dimensional p r e d i c t i o n  
i s  inappropr i a t e .  

The e f f e c t s  a s soc ia t ed  with s t a t o r  l / s t a t o r  2 r e l a t i v e  l o c a t i o n  appear t o  
have been minor. For both gr id- in  and grid-out t he  suc t ion  su r face  d a t a  
obtained a t  L = 0.0, 0.25, 0.50, and 1.0 were i n  good agreement with only  t h e  
d a t a  a t  L = 0.75  f a l l i n g  about 10% below the  o t h e r  four  sets .  On t h e  p re s su re  
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su r face  the  d a t a  f o r  a l l  f i v e  index l o c a t i o n s  were v i r t u a l l y  i d e n t i c a l ,  both 
with and without  t h e  g r i d .  These r e s u l t s  i n d i c a t e  t h a t  t h e  s t rong  circum- 
f e r e n t i a l  g r a d i e n t s  from t h e  f i r s t  s t a t o r  have spread ac ross  most of  t h e  
channel by t h e  second s t a t o r  l ead ing  edge t o  t h e  e x t e n t  t h a t  t h e i r  impact on 
hea t  t r a n s f e r  i s  minimal. F i n a l l y ,  t h e  abso lu te  d i f f e r e n c e s  between t h e  d a t a  
of f i g u r e s  44a and 44b ( g r i d  i n  VS o u t )  were very  s m a l l  i n d i c a t i n g  t h a t  t h e  
in f luence  of  tu rbulence  a t  t h e  t u r b i n e  i n l e t  i s  r e s t r i c t e d  t o  t h e  f i r s t  
s t age .  

12. Heat Trans fe r  D i s t r i b u t i o n s  i n  t h e  Leading Edge Region 

F i r s t  S t a t o r .  - Deta i led  d i s t r i b u t i o n s  of t h e  hea t  t r a n s f e r  measured i n  
t h e  l ead ing  edge r eg ion  of  t h e  f i r s t  s t a t o r  are given i n  f i g u r e s  45 and 46. 
The d a t a  of f i g u r e  45 were obtained wi th  t h e  upstream turbulence  g r i d  ou t  and 
f o r  f i g u r e  46 wi th  t h e  g r i d  i n .  For t h e s e  f i g u r e s  t h e  hea t  t r a n s f e r  d a t a  are 
presented i n  t h e  form of  t h e  F roess l ing  number NulJRe, where t h e  Reynolds 
number i s  based on t h e  diameter  of t h e  l ead ing  edge and t h e  inc iden t  flow 
speed. 
t h e  s u r f a c e  d i s t a n c e  d iv ided  by t h e  nose r a d i u s .  
s imple p r e d i c t i o n  o f  t h e  laminar  hea t  t r a n s f e r  d i s t r i b u t i o n .  
due t o  t h e  inc iden t  f ree-s t ream turbulence  has  been employed. As i n  a l l  
e a r l i e r  p l o t s  S = 0 corresponds t o  a geometr ica l  l o c a t i o n  ( f i g .  4 )  and n o t  t o  
t h e  s t a g n a t i o n  po in t .  The s t a g n a t i o n  po in t  p red ic t ed  by a p o t e n t i a l  f low 
computation ( r e f .  2 7 )  i s  g iven  by t h e  s o l i d  d o t  on t h e  t h e o r e t i c a l  curve.  
Note t h a t ,  u n l i k e  a c y l i n d e r  i n  c ross f low,  t h e  h e a t  t r a n s f e r  d i s t r i b u t i o n  i s  
no t  symmetrical  about t h e  s t a g n a t i o n  p o i n t .  
a c c e l e r a t i o n  i s  very  much s t ronge r  i n  t h e  d i r e c t i o n  of t h e  suc t ion  s u r f a c e ,  
t h e  maximum pred ic t ed  h e a t  t r a n s f e r  r a t e  i s  no t  a t  t h e  s t a g n a t i o n  po in t  bu t  i s  
d i sp laced  toward t h e  s u c t i o n  su r face .  
presented f o r  a range of  Reynolds numbers. 
a t  each l o c a t i o n  i s  ind ica t ed  by range ba r s .  

- 

Locat ions  f o r  t h e s e  d e t a i l e d  l ead ing  edge p l o t s  a r e  given as S/RN, 
Included i n  each f i g u r e  i s  a 

No enhancement 

In a d d i t i o n ,  s i n c e  t h e  flow 

For both f i g u r e s  45 and 46 d a t a  are 
The s c a t t e r  of  a l l  t h e  d a t a  taken  

The gr id-out  r e s u l t s  of f i g u r e  45 i n d i c a t e  t h a t  t h e  f i r s t  s t a t o r  l ead ing  
In a d d i t i o n  t h e  

The d a t a  taken 

edge r e s u l t s  were very  w e l l  p r ed ic t ed  by t h e  laminar  theory .  
d a t a  bear  ou t  t h e  a symet r i ca l  l ead ing  edge h e a t  t r a n s f e r  d i s t r i b u t i c n  
p red ic t ed  by t h e  p o t e n t i a l  f low and boundary l a y e r  s o l u t i o n s .  
with t h e  upstream g r i d  i n s t a l l e d  are given i n  f i g u r e  46. In t h e s e  c a s e s  t h e  
d a t a  were about 20% h ighe r  than  t h e  laminar  p r e d i c t i o n  and, aga in ,  bear  ou t  
t he  p red ic t ed  a symet r i ca l  d i s t r i b u t i o n .  The r e s u l t s  o f  f i g u r e  46 are q u i t e  
s u r p r i s i n g  i n  t h a t  t h e  change i n  f i r s t  s t a t o r  i n l e t  tu rbulence  from 112% t o  
9.8% produced such a small change i n  F roess l ing  number. 
number of s t u d i e s  of c y l i n d e r s  i n  c r o s s  flow have i n d i c a t e d  t h a t  f r ees t r eam 
turbulence  has  a very  s t r o n g  e f f e c t  on t h e  s t a g n a t i o n  r eg ion  hea t  t r a n s f e r  
( s e e  Lowery and Vachon, r e f .  36) .  It may be  t h a t  t h e  e f f e c t s  o f  frec?stream 
turbulence  are much l a r g e r  f o r  f r e e  c y l i n d e r s  t han  f o r  c y l i n d r i c a l  l ead ing  
edges of  a i r f o i l s .  For t h e  c y l i n d e r  t h e r e  may be  i n t e r a c t i o n s  between t h e  

Data taken  i n  a 
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unsteady wake flow and t h e  free-s t ream tu rbu lence  which produce enhancement o f  
t h e  l ead ing  edge h e a t  t r a n s f e r  due t o  t h e  uns teadiness .  There i s  a l s o  t h e  
p o s s i b i l i t y  t h a t  t h e  d i f f e r e n c e  may be r e l a t e d  t o  t h e  s c a l e  of  t h e  turbulence  
involved o r  t o  some o t h e r  f e a t u r e  of t h e  flow. 

Rotor.  - F r o e s s l i n g  number d i s t r i b u t i o n s  f o r  t h e  r o t o r  l ead ing  edge wi th  
t h e  gr id-out  and g r i d - i n  a r e  given i n  f i g u r e s  47 and 48 r e s p e c t i v e l y .  
t h e s e  r o t o r  p l o t s  t h e  Reynolds numbers are based on t h e  approach r e l a t i v e  
v e l o c i t y  and they ,  as w e l l  a s  t h e  s t a g n a t i o n  po in t  l o c a t i o n ,  are  dependent on 
t h e  flow c o e f f i c i e n t .  Theore t i ca l  laminar hea t  t r a n s f e r  d i s t r i b u t i o n s  a r e  
g iven  f o r  t h r e e  f low c o e f f i c i e n t s  Cx/U = 0.68, 0.78, 0.96. 
t h e o r e t i c a l  l o c a t i o n  of  t h e  s t a g n a t i o n  l i n e  i s  ind ica t ed  f o r  each curve 
showing t h e  s h i f t  towards t h e  p re s su re  s u r f a c e  as C,/U i n c r e a s e s .  
i nc ludes  seven sets  of  d a t a  ( a c t u a l l y  14  sets  s i n c e  t h e  l ead ing  edge d a t a  are 
composites from t h e  two test  a i r f o i l s )  which cover a f a c t o r  of 3 i n  nose 
Reynolds number. Agreement between t h e  t h e o r e t i c a l  laminar  p r e d i c t i o n s  and 
t h i s  d a t a  wi th  t h e  g r i d  ou t  i s  very  good. Again, t h i s  r e s u l t  i s  s u r p r i s i n g  i n  
t h a t  t h e  r o t o r  i s  chopping through t h e  s t a t o r  wakes appa ren t ly  without  t h e  
enhancement one might have expected f o r  a c y l i n d e r  i n  c r o s s  flow. 

For 

Note t h a t  t h e  

F igure  47 

The in f luence  of  t h e  upstream g r i d  on t h e  r o t o r  l ead ing  edge hea t  
t r a n s f e r  i s  shown i n  f i g u r e  48. Di f fe rences  between f i g u r e s  47 and 48  were 
s m a l l  (10-20%). 

Second S t a t o r .  - Data and t h e o r e t i c a l  p r e d i c t i o n s  f o r  t h e  second s t a t o r  
l ead ing  edge, gr id-out  and g r id - in ,  a r e  g iven  i n  f i g u r e s  49 and 50. Again t h e  
measured and p red ic t ed  r e s u l t s  a r e  asymetr ica l .  The d a t a  and t h e  laminar 
t heo ry  are i n  good agreement and t h e  e f f e c t  o f  t h e  upstream g r i d  w a s  small .  
That t h e  second s t a t o r  l ead ing  edge d a t a  w a s  s u b s t a n t i a l l y  i n  agreement wi th  
t h e  laminar  t heo ry  i s  q u i t e  remarkable cons ide r ing  how d i s t u r b e d  t h e  flow i s  
a t  t h i s  s t a t i o n .  There was cons iderable  disagreement between theo ry  and d a t a  
everywhere e l s e  on t h i s  a i r f o i l  ( f i g .  44) bu t  i n  t h e  l ead ing  edge r eg ion  t h e  
agreement i s  excellent. 

13. Comparison of Rotor and Plane Cascade Data 

Surface  hea t  t r a n s f e r  d i s t r i b u t i o n  d a t a  were obta ined  i n  an e a r l i e r  
i n v e s t i g a t i o n  i n  a cascade wi th  t h e  same r o t o r  a i r f o i l  geometry used i n  t h i s  
p re sen t  program. The ea r l i e r  d a t a  were obta ined  i n  a l a rge - sca l e  plane 
cascade and were publ ished by Graz ian i  e t  a l .  ( r e f .  5 ) .  In b r i e f ,  t h e  cascade 
tes t  a i r f o i l s  had an a x i a l  chord of  11.08 inches  and an a spec t  r a t i o  and 
s o l i d i t y  n e a r  u n i t y .  The cascade i n l e t  angle  was 44.6" so  t h e  a i r f o i l  
inc idence  w a s  n e a r l y  i d e n t i c a l  t o  t h a t  f o r  t h e  c a s e s  i n  t h e  p re sen t  s tudy  wi th  
flow c o e f f i c i e n t  o f  0.68. The cascade h e a t  t r a n s f e r  d a t a  were obta ined  f o r  an 
e x i t  Reynolds number of 8.8 x 105 and f o r  two va lues  of endwall  boundary l a y e r  
t h i ckness .  The h e a t  t r a n s f e r  d a t a  of t h e  cascade s tudy  were measured us ing  an 
electrically-heated-wall/thermocouple system similar  i n  p r i n c i p l e  t o  t h a t  used 
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f o r  t h e  p re sen t  s tudy.  
obtained i n  t h e  l ead ing  edge reg ion  of t h e  cascade. A d e t a i l e d  d e s c r i p t i o n  of  
t h e  cascade experiment i s  given i n  ( r e f .  5 ) .  

Only a very  l i m i t e d  number of  d a t a  p o i n t s  were 

The a i r f o i l  midspan hea t  t r a n s f e r  d a t a  of  r e fe rence  5 are presented i n  
f i g u r e  51 i n  t h e  coord ina te s  used f o r  t h e  p re sen t  program. 
t h e  cases  wi th  a ve ry  t h i n  ( 6  < 1 inch)  and a r e l a t i v e l y  t h i c k  ( 6  > 2 inches)  
endwall boundary l a y e r s ,  both o f  which had an i n l e t  tu rbulence  l e v e l  o f  1%. 
Laminar and t u r b u l e n t  h e a t  t r a n s f e r  d i s t r i b u t i o n s  p red ic t ed  by t h e  same 
a n a l y s i s  used i n  a l l  of t h e  previous comparisons ( r e f s .  30 through 32) are 
included i n  f i g u r e  51. On t h e  suc t ion  s u r f a c e  the  d a t a  f o r  t h e  t h i n  endwall  
boundary l a y e r  i n d i c a t e  t h a t  t h e  flow was w e l l  modeled by t h e  two-dimensional 
theory.  Evident ly  t h e  boundary l a y e r  remained laminar from t h e  s t a g n a t i o n  
l i n e  t o  about S/B, = 0.4, passed through t r a n s i t i o n  and behaved as a f u l l y  
t u r b u l e n t ,  two-dimensional f low from S/B, - 1 t o  t h e  a i r f o i l  t r a i l i n g  edge. 
The thick-endwall-boundary-layer s u c t i o n  s u r f a c e  d a t a  appears  t o  i n d i c a t e  t h a t  
t r a n s i t i o n  occurred somewhat upstream of t h e  l o c a t i o n  f o r  t h e  t h i n  boundary 
l a y e r  case .  Following t r a n s i t i o n  t h e  hea t  t r a n s f e r  measured f o r  t h e  t h i c k  
endwall  boundary l a y e r  f e l l  s i g n i f i c a n t l y  below t h e  f u l l y  t u r b u l e n t  
p red ic t ion .  Sharma and Graz ian i  ( r e f .  37) have demonstrated t h a t  t h e  reduced 
s u c t i o n  s u r f a c e ,  a f t - r eg ion  h e a t  t r a n s f e r  o f  t h e  t h i c k  endwall  boundary l a y e r  
case  r e s u l t e d  from the  flow convergence produced by t h e  passage secondary flow 
v o r t i c e s .  On t h e  p r e s s u r e  s u r f a c e  t h e  t h i c k  and t h i n  endwall  boundary l a y e r  
cases  were i n  c l o s e  agreement a t  a n e a r l y  cons t an t  l e v e l  of  h e a t  t r a n s f e r  
matching n e i t h e r  t h e  laminar nor  t h e  t u r b u l e n t  p r e d i c t i o n s .  

Data are g iven  f o r  

A comparison of t h e  h e a t  t r a n s f e r  d i s t r i b u t i o n  measured i n  t h e  cascade 
wi th  t h i n  endwall  boundary l a y e r s ,  wi th  t h e  d a t a  obta ined  i n  t h e  r o t o r  of t h e  
p re sen t  s tudy  i s  presented  i n  f i g u r e  52. 
somewhat d i f f e r e n t  Reynolds numbers s o  t h e  p red ic t ed  h e a t  t r a n s f e r  d i s t r i b u -  
t i o n s  are given f o r  both cond i t ions .  
t h a t ,  on t h e  s u c t i o n  s u r f a c e ,  t r a n s i t i o n  was somewhat ea r l i e r  f o r  t h e  r o t a t i n g  
case  than f o r  t h e  b l ade  cascade. This  r e s u l t  i s  no t  s u r p r i s i n g  as t h e  d i s t u r -  
bance level f o r  t h e  r o t a t i n g  b lade  w a s  cons ide rab ly  h ighe r  t han  t h e  1% turbu- 
l ence  l e v e l  a t  t h e  en t r ance  of t h e  cascade. When allowance i s  made f o r  t h e  
e f f e c t  of  Reynolds number, t h e  p o s t - t r a n s i t i o n a l  (S/Bx > 0.8) r e s u l t s  f o r  
t h e  r o t a t i n g  and cascade t e s t s  were p r a c t i c a l l y  i d e n t i c a l .  
however, a s i g n i f i c a n t  d i f f e r e n c e  between t h e  h e a t  t r a n s f e r  d i s t r i b u t i o n s  
measured on t h e  p re s su re  su r face  wi th  t h e  cascade d a t a  f a l l i n g  w e l l  below the  
set  from t h e  r o t a t i n g  b lade .  This  provides  an a d d i t i o n a l  p i ece  o f  evidence 
which i n d i c a t e s  t h a t  s t r o n g  enhancement o f  f u l l y  t u r b u l e n t ,  concave su r face  
h e a t  t r a n s f e r  may only  occur  f o r  h igh  l e v e l s  o f  f ree-s t ream d i s tu rbance .  
Whatever t h e  cause,  t h e  major d i f f e r e n c e  between t h e  r o t a t i n g  and non-rotat ing 
a i r f o i l  midspan h e a t  t r a n s f e r  d i s t r i b u t i o n s  was t h e  cons ide rab ly  h ighe r  l e v e l s  
of f ree-s t ream turbulence  on t h e  p re s su re  s u r f a c e  of t h e  r o t a t i n g  a i r f o i l .  

These two d a t a  s e t s  were obta ined  a t  

An examinat ion of  f i g u r e  52 i n d i c a t e s  

There was, 
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The heat transfer data mesured in the leading edge region of the cascade 
airfoils are presented in figure 53. Included in figure 53 are the predicted 
laminar distributions for this airfoil as well ab the comparable leading edge 
data from the rotating cases (grid out). Note that for laminar flow the 
Froessling number is independent of Reynolds number. Because of the different 
instrumentation techniques employed the experimental uncertainty is consider- 
ably greater for the cascade leading edge data than for the rotating airfoil 
data. Despite the data scatter associated with the cascade model it is still 
clear that the stagnation region heat transfer was reasonably well predicted 
by the laminar model. There was no evidence that the moderate (- 1 % )  free- 
stream turbulence in the cascade tunnel substantially enhanced the heat trans- 
fer in the leading edge region of the airfoil. 

14. Spanwise Distributions of the Heat Transfer 

As discussed in the "Heat Transfer Instrumentation" section, spanwise 
variations of the Stanton number were determined using spanwise rows of ther- 
mocouples. Each of the test airfoils was instrumented with six spanwise rows 
consisting of seven thermocouples spaced at 1/2 inch increments (spanwise 
locations were midspan, f1/2 inch, +1 inch and fl 1/2 inch). The specific 
streamwise locations of the spanwise rows are given in figures 9, 10, and 11. 

Plots of the spanwise distributions of the heat transfer are presented 
for all test cases in Vols. I1 and 111 of this report. Spanwise distributions 
are given for both the suction and pressure surfaces of each airfoil. An 
examination of the first stator pressure surface distributions indicates that 
for all test cases and streamwise locations the heat transfer was uniform over 
the entire width of the spanwise instrumentation pattern (the central 50% of 
the span). On the first stator suction surface the central 40% of the span 
showed spanwise uniform heat transfer for all Locations. The outboard ( f 2 5 X )  
thermocouples at the furthest downstream row (S/13, - 11, however, indicated 
that the heat transfer at the 25% and 75% span locations was consistently 
h i g h e r  than the measured midspan values. 

The spanwise distributions obtained on the rotor pressure surface indi- 
cate that for all test cases the heat transfer was spanwise uniform. On the 
rotor suction surface, however, there were two indications of spanwise nonuni- 
formity: 
Stanton number measured near the blade tip was consistently higher than the 
midspan value. (2) At the last spanwise row of thermocouples (S/B, - 1 . 2 6 )  
the region of midspan uniformity had shrunk to a width of only f l O X  span with 
distinctly higher heat transfer at locations near the hub and tip. 

(1) At the first spanwise row of thenmocouples (S/B, - . 3 )  the 
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The second s t a t o r  t r a n s v e r s e  d i s t r i b u t i o n s  ind ica t ed  t h a t  t h e  h e a t  t r ans -  
f e r  w a s  spanwise uniform over t h e  c e n t r a l  40% of t h e  span on both t h e  s u c t i o n  
and p res su re  s u r f a c e s .  
t he  streamwise d i s t r i b u t i o n s  of  t h e  hea t  t r a n s f e r  on t h e  second s t a t o r  were i n  
marked disagreement wi th  two dimensional p r e d i c t i o n s .  

This r e s u l t  was s u r p r i s i n g  i n  l i g h t  o f  t h e  f a c t  t h a t  

These spanwise d i s t r i b u t i o n s  w i l l  r e q u i r e  ex tens ive  examination and com- 
pa r i son  wi th  o t h e r  d a t a  be fo re  conclus ions  can be reached as t o  t h e i r  s ign i -  
f icance .  
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ANALYTICAL PROGRAM 

1. Steady Boundary Layer Analysis  

Background. - The boundary l a y e r s  on t h e  a i r f o i l s  of t y p i c a l  a i r c r a f t  gas  
t u r b i n e s  a r e  t r a n s i t i o n a l ,  sub jec t  t o  high l e v e l s  of both random and p e r i o d i c  
uns t ead iness ,  a f f e c t e d  by su r face  cu rva tu re ,  and a r e  s u b j e c t  t o  ve ry  s t r o n g  
adverse as w e l l  as f avorab le  p re s su re  g r a d i e n t s .  In  a d d i t i o n ,  t h e  v e r y  h igh  
f r e e  s t ream gas temperatures  t o  which t h e  a i r f o i l s  are sub jec t ed  demand t h a t  
a i r f o i l  s u r f a c e  h e a t  t r a n s f e r  c o e f f i c i e n t s  be p red ic t ed  wi th  h igh  accuracy.  
F a i l u r e  i n  t h i s  regard  would r e s u l t  i n  e i t h e r  an unacceptably s h o r t  a i r f o i l  
l i f e  o r  a s i g n i f i c a n t  performance pena l ty  due t o  t h e  i n e f f i c i e n t  use  of  a i r -  
f o i l  cool ing  a i r .  The purpose of t h e  p re sen t  s e c t i o n  i s  t o  demonstrate  t h e  
degree t o  which t h e  h e a t  t r a n s f e r  r e s u l t s  presented  i n  t h e  prev ious  s e c t i o n s  
can be p red ic t ed  by one s p e c i f i c  boundary l a y e r  a n a l y s i s .  The most important  
a spec t  of t h i s  comparison w i l l  be  t h e  degree t o  which t h e  a n a l y s i s  can p r e d i c t  
t h e  t r a n s i t i o n a l  n a t u r e  of t h e  boundary l a y e r  and t h e  way i n  which t r a n s i t i o n  
i s  a f f e c t e d  by d i f f e r e n t  l e v e l s  of  f r e e  s t ream turbulence .  Keep i n  mind t h a t  
t r a n s i t i o n  can occupy a major po r t ion  of t h e  a i r f o i l  s u r f a c e  and t h a t  i n  some 
c a s e s  i t  can dominate t h e  e n t i r e  boundary l a y e r  from j u s t  downstream of  t h e  
s t a g n a t i o n  po in t  a l l  t h e  way t o  t h e  t r a i l i n g  edge of  t h e  a i r f o i l .  I n  o rde r  t o  
provide some pe r spec t ive  a ve ry  abbrevia ted  survey of some of  t h e  many 
previous ana ly t i ca l / expe r imen ta l  comparisons f o r  t u r b i n e  a i r f o i l  h e a t  t r a n s f e r  
w i l l  be presented  i n  t h e  fol lowing paragraphs along wi th  t h e  major conclus ions  
drawn i n  each s tudy.  

McDonald and F i sh  ( r e f .  3 8 ) ,  i n  t h e i r  a n a l y s i s  of  boundary l a y e r  t r a n s i -  
t i o n ,  c a r r i e d  ou t  comparisons wi th  hea t  t r a n s f e r  measurements obtained on a 
cascade of t u r b i n e  a i r f o i l s  having t r a n s i t i o n a l  boundary l a y e r s .  This  d a t a ,  
ob ta ined  by Turner  ( r e f .  391, w a s  f o r  both t h e  s u c t i o n  and p res su re  s u r f a c e s  
of  t he  a i r f o i l  and i t  was acquired a t  two l e v e l s  of f r e e  stream turbulence ,  
0.5% and 6.0%. 
computed r e su l t s  w a s  good, however, there were l o c a l  areas where agreement was 
poor. 

Genera l ly  speaking t h e  agreement between t h e  measured and 

Danie ls  and Brown ( r e f .  3 4 )  compared t h e  p r e d i c t i o n s  of  f i v e  d i f f e r e n t  
a n a l y t i c a l  models wi th  hea t  t r a n s f e r  d a t a  acqui red  from a cascade o f  a i r f o i l s  
i n  a l i g h t  p i s t o n  tunne l .  The d a t a  were acquired a t  two l e v e l s  of  f r e e  s t ream 
tu rbu lence ,  0 .4% and 4 . 0 % .  They concluded - "Comparisons between t h e  exper i -  
mental  d a t a  and t h e  p r e d i c t i o n s  showed wi th  c e r t a i n  except ions  good agreement 
f o r  t h e  laminar  l ead ing  edge r eg ion  and f o r  t h e  f u l l y  t u r b u l e n t  r eg ion  on t h e  
s u c t i o n  su r face .  The t r a n s i t i o n  reg ion  on t h e  s u c t i o n  s u r f a c e  was no t  w e l l  
p r ed ic t ed .  On t h e  p r e s s u r e  s u r f a c e  t h e  agreement between t h e  p r e d i c t i o n s  and 
t h e  d a t a  was g e n e r a l l y  poor." 
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Consigny and Richards ( r e f .  33) a l s o  c a r r i e d  ou t  measurements of h e a t  
t r a n s f e r  on a cascade of t u r b i n e  r o t o r  a i r f o i l s  i n  a l i g h t  p i s t o n  tunnel .  
The i r  experimental  v a r i a b l e s  included Mach number, Reynolds number, inc idence  
and f r e e  stream turbulence  (vary ing  from 0.8% t o  5.0%). Thei r  boundary l a y e r  
p r e d i c t i o n s  were based on a two-equation c l o s u r e  model. They concluded - "The 
r e s u l t s  were found t o  be encouraging al though some fundamental d i sc repanc ie s  
were observed. I n  p a r t i c u l a r ,  t h e  c a l c u l a t i o n  coped poorly wi th  t h e  v a r i a t i o n  
of hea t  t r a n s f e r  i n  t h e  t r a n s i t i o n  reg ion  and i n  t h e  p r e d i c t i o n  of  t h e  turbu- 
l e n t  boundary l a y e r  downstream of  s e p a r a t i o n  bubbles." 

Hylton e t  a l .  ( r e f .  2 )  presented comparisons o f  p r e d i c t i o n s  based on a 
s p e c i a l  v e r s i o n  of  STAN5 ( r e f .  40) wi th  t h r e e  d a t a  sets  taken  from t h e  open 
l i t e r a t u r e  as wel l  as wi th  a d d i t i o n a l  d a t a  s e t s  acquired from two t u r b i n e  
f i r s t  s t a t o r  a i r f o i l s  i n  a s t eady  s t a t e  cascade operated a t  s imulated engine 
cond i t ions .  They concluded - "In gene ra l ,  commonly a v a i l a b l e  t r a n s i t i o n  
process  models ( o r i g i n ,  l eng th ,  and pa th  [ i n t e r m i t t e n c y ] )  were found t o  be  
inadequate  f o r  provid ing  a c o n s i s t e n t  r e p r e s e n t a t i o n  of experimental  
r e s u l t s  .'I 

Rae e t  a l .  ( r e f .  3)  presented ana ly t i ca l / expe r imen ta l  comparisons based 
on h e a t  t r a n s f e r  d a t a  obta ined  i n  t h e  r o t a t i n g  r i g  t e s t i n g  of  two complete 
t u r b i n e  f i r s t  s t a g e s  ( f i r s t  s t a t o r  and r o t o r )  i n  a shock tunnel .  Thei r  
a n a l y s i s  was based on a v e r s i o n  of STAN5 as modif ied by Gaugler ( r e f .  41). 
gene ra l  t h e i r  agreement ranged from "not t oo  bad" t o  "poor." However, f o r  
some of t h e  comparisons t h e r e  were l a r g e  and unexplained d i f f e r e n c e s  between 
t h e  measured and computed r e s u l t s .  

I n  

I n  cons ide r ing  t h e  v a r i o u s  ana ly t i ca l / expe r imen ta l  assessments  d i scussed  
i n  t h e  preceeding paragraphs a po in t  t h a t  should be kept  i n  mind i s  t h a t  i n  
a l l  p r o b a b i l i t y  some of t h e  d a t a  i s  inaccura t e  and t h a t  some of t h e  
experiments  probably inc lude  inadve r t an t  t h r e e  dimensional  e f f e c t s .  Both of 
t h e s e  p o s s i b i l i t i e s  would confuse t h e  assessment of even t h e  b e s t  of  predic-  
t i o n s .  However, t h e  p i c t u r e  t h a t  emerges from t h i s  overview i s  f a r  from 
encouraging,  e s p e c i a l l y  wi th  r e spec t  t o  t h e  onse t  and l e n g t h  of t r a n s i t i o n .  
It can s a f e l y  be a n t i c i p a t e d  t h a t  t h i s  w i l l  be a s e r i o u s  shortcoming i n  t h e  
comparisons wi th  t h e  p re sen t  d a t a  where t h e  e f f e c t s  o f  t r a n s i t i o n  on t h e  
s u c t i o n  s u r f a c e  a r e  a l s o  pronounced, e .g .  f i g u r e s  34 and 35. Other f e a t u r e s  
of t h e  p re sen t  d a t a  t h a t  can be expected t o  p re sen t  d i f f i c u l t i e s  t o  most 
c u r r e n t  boundary l a y e r  tu rbulence  and t r a n s i t i o n  models are t h e  ve ry  high 
Stanton numbers on t h e  a i r f o i l  p re s su re  su r faces .  Reca l l  t h a t  t h i s  phenomena 
occurred when t h e  f r e e  stream turbulence  and t h e  Reynolds number were both 
h igh ,  e .g .  f i g u r e s  36 and 37. 

The boundary l a y e r  a n a l y s i s  chosen f o r  t h e  p re sen t  assessment is t h e  
"ABLE" code of  Carter, Edwards and Werle ( r e f s .  30 and 3 1 ) .  This  i s  an 
e f f i c i e n t  and v e r s a t i l e  c a l c u l a t i o n  t h a t  i nc ludes  models f o r  laminar ,  t r a n s i -  
t i o n a l ,  and t u r b u l e n t  flow. The ABLE code con ta ins  a number of op t ions  f o r  
t he  t r a n s i t i o n  and turbulence  models t h a t  are employed. I n  t h e  p re sen t  
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assessment two such models have been eva lua ted .  The f i r s t  was t h e  a l g e b r a i c  
turbulence  model of Cebic i  and Smith ( r e f .  3 2 ) .  It i s  t h i s  model which w a s  
used t o  gene ra t e  t h e  f u l l y  t u r b u l e n t  p r e d i c t i o n s  i n  f i g u r e s  1 9  through 3 2 ,  as 
ind ica t ed  by t h e  "T" i n  each f igu re .  The o t h e r  model t h a t  w i l l  be eva lua ted  
i n  t h e  p re sen t  s e c t i o n  i s  t h a t  of  McDonald e t  a l .  ( r e f s .  38  and 4 2 ) .  This 
a n a l y s i s  inc ludes  phys ica l  models f o r  both t r a n s i t i o n a l  and t u r b u l e n t  f low, 
both of  which a r e  func t ions  of  t h e  f r e e  stream turbulence  imposed. 
model t h e  l e v e l  of  f r e e  s t ream turbulence  c o n t r o l s  both t h e  onse t  and t h e  
l eng th  of t r a n s i t i o n .  It should be poin ted  o u t ,  however, t h a t  t h e  t u r b u l e n t  
P rand t l  number p r o f i l e  used i n  t h e  present  comparison w a s  no t  t h a t  of  McDonald 
and Kreskovsky ( r e f .  4 2 )  but  r a t h e r  a p r o f i l e  based on t h e  measurements o f  
Blair  ( r e f .  4 3 )  was used i n  i t s  p lace .  The e f f e c t  of t h i s  modified t u r b u l e n t  
P rand t l  number p r o f i l e  w a s  t o  i nc rease  t h e  p red ic t ed  S tan ton  numbers s l i g h t l y  
beginning in t h e  t r a n s i t i o n a l  reg ion  and through t h e  t u r b u l e n t  reg ion .  The 
i n c r e a s e  w a s  t y p i c a l l y  6% i n  t h e  t u r b u l e n t  reg ion .  

With t h i s  

Resu l t s .  - The ana ly t i ca l / expe r imen ta l  comparisons f o r  t h i s  assessment 
a r e  shown i n  f i g u r e s  5 4 ,  5 5 ,  and 56 f o r  t h e  f i r s t  s t a g e  s t a t o r ,  r o t o r ,  and t h e  
second s t a g e  s t a t o r  r e s p e c t i v e l y .  The comparisons are a l l  f o r  t h e  0.78 flow 
c o e f f i c i e n t .  Comparisons were a l s o  made a t  0 . 6 8  and 0 . 9 6  bu t  t h e  conclus ions  
drawn were no d i f f e r e n t  than  those  a t  0.78. The comparisons are a l l  f o r  t h e  
d a t a  acquired i n  t h e  65% a x i a l  gap conf igu ra t ion .  Reca l l  t h a t  changing t h e  
a x i a l  gap from 15% t o  65% had l i t t l e  e f f e c t  on t h e  measured r e s u l t s  ( s e e  
f i g .  3 3 ) .  A l l  of  t h e  comparisons a r e  f o r  t h e  h igh  Reynolds number c a s e s ,  i . e .  
Reynolds numbers i n  t h e  range of  600,000. F i n a l l y ,  t h e  comparisons are wi th '  
t h e  d a t a  acqui red  wi th  both  t h e  g r i d  i n  and wi th  t h e  g r i d  o u t .  With t h e  g r i d  
out  t h e  s t a g e  i n l e t  tu rbulence  was 0 .5% and wi th  t h e  g r i d  i n  i t  was t y p i c a l l y  
10%. Each of  t h e  f i g u r e s  inc ludes  a laminar p r e d i c t i o n  up t o  laminar  separa- 
t i o n  ind ica t ed  by "L", a f u l l y  tu rbu len t  p r e d i c t i o n  (us ing  t h e  Cebic i ,  Smith 
model, r e f .  3 2 )  i n d i c a t e d  by "T", and a family of  t r a n s i t i o n a l  p r e d i c t i o n s  
(us ing  t h e  model of  McDonald and Kreskovsky, r e f .  4 2  and t h e  t u r b u l e n t  P rand t l  
number p r o f i l e  o f  B l a i r ,  r e f .  4 3 )  i nd ica t ed  by t h e  l e v e l  o f  t h e  f r e e  stream 
turbulence  used i n  each c a l c u l a t i o n .  On t h e  p re s su re  s u r f a c e s  t h e  
t r a n s i t i o o a l  p r e d i c t i o n s  f o r  f r e e  s t ream tu rbu lences  up t o  10% were g e n e r a l l y  
very  c l o s e  t o  t h e  laminar  p red ic t ions .  On the  s u c t i o n  s u r f a c e s  inc reas ing  the 
f r e e  stream tu rbu lence  produced a monotonic upstream movement o f  t r a n s i t i o n .  

On t h e  p re s su re  s u r f a c e s  of  t h e  t h r e e  a i r f o i l s  reasonable  agreement 
between t h e  measured and t h e  computed r e s u l t s  WAS on ly  obta ined  on t h e  f i r s t  
s t a t o r  wi th  t h e  g r i d  ou t .  With t h e  g r i d  i n  the ,measured  d a t a  were f a r  above 
even t h e  f u l l y  t u r b u l e n t  p r e d i c t i o n .  
t h e  r o t o r  and t h e  second s t a t o r  were f a r  above t h e  f u l l y  t u r b u l e n t  p r e d i c t i o n s  
f o r  t h e  g r i d  both  i n  and o u t .  Reca l l  t h a t  i n  t h e  d i s c u s s i o n  of  t h e  d a t a  i n  an 
ea r l i e r  s e c t i o n  of t h i s  r e p o r t  i t  w a s  observed t h a t  t h e  h igh  p res su re  su r face  
S tan ton  numbers occurred when t h e  i n l e t  uns t ead iness  was h igh  (due t o  e i t h e r  
tu rbulence  o r  t h e  pass ing  of an upstream a i r f o i l  row) and when t h e  Reynolds 
number was h igh .  
f u l l y  t u r b u l e n t  l e v e l  ( f i g s .  3 5 ,  3 9 ,  and 4 0 ) .  

S i m i l a r l y  t h e  p re s su re  s u r f a c e  d a t a  f o r  

A t  lower Reynolds numbers t h e  S tan ton  numbers reduced t o  t h e  
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On the suction surfaces of the three airfoils the agreement between the 
measured and computed results was generally unsatisfactory for both the cases 
with the grid in and with the grid out. The best agreement was obtained on 
the rotor for the case with the grid in. In this case after transition the 
data were in good agreement with the fully turbulent prediction. On the first 
stator the transition predictions were in poor agreement with the data in 
spite of the relatively benign inflow condition, i.e. without an upstream 
airfoil row. On the rotor the transition predictions were also poor. This 
may be related to the wakes of the upstream stator but recall that the rotor 
Stanton number distribution varied only slightly as the statorlrotor axial gap 
was changed from 15% to 65% with the grid both out and in (fig. 33b with the 
grid out and fig. 38b with the grid in). The analytical/experimental 
agreement for the second stator is poor but this is at least in part due to 
three dimensional effects present in the flow over this airfoil. This 
possibility had been raised earlier in the discussion of figure 44. 

As with the results of the previous analyticallexperimental comparisons 
discussed in the background section above, the present comparisons do not look 
encouraging. Doubtless any analytical model can be adjusted until it can 
predict some of the available data but none of the models appear to be able to 
predict all of the available data. 

2. Unsteady Boundary Layer Analysis 

Background. - In this section solutions to the unsteady, two-dimensional, 
compressible boundary-layer equations are presented. A derivation of these 
equations can be found in many references including the text by Schlichting 
(ref. 44) .  The governing equations consist of the continuity equation, the 
streamwise momentum equation, and the energy equation in total enthalpy form 
along with the equation of state, Sutherland's viscosity-temperature law, the 
definition of total enthalpy, and the Cebeci-Smith turbulence model (ref. 32). 
Werle and Verdon (ref. 45)  introduced a turbulent, compressible generalization 
of the Levy-Lees transformation for the boundary-layer equations. 
this transformation the growth of the boundary layer in computational space is 
minimized and the density is eliminated as a dependent variable. In the 
present analysis, this turbulent Levy-Lees transformation is extended to 
unsteady flow, in particular, periodic unsteady flow. A difference approxima- 
tion to the transformed partial differential equation set is obtained using 
first-order backward differences in the streamwise (x) direction and in time 
(t) and second order central differences in the normal direction. The 
resulting algebraic equations are quasi-linearized and marched implicitly 
first in time and then in the streamwise direction such that a block 
tridiagonal matrix equation is solved at each step in t and x. The no-slip 
boundary condition is applied at the surface along with either a prescribed 
temperature or heat transfer rate. 

Through 

At the initial time step, the time 
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dependent terms are set to zero so that a steady boundary-layer solution 
results. The unsteady solution is then determineh over several periods to 
eliminate the error in assuming an initially steapy flow. 
upstream station, which is chosen to be close to khe stagnation point, the 
transformed streamwise derivatives of the dependent variables are set to zero 
resulting in a self-similar, time-dependent solution. 

At the first 

To determine a solution to the boundary-layer equations the specifica- 
tions of the edge velocity and enthalpy along with the derivatives of these 
quantities with respect to time and the surface coordinate are required. The 
available experimental data consists of the time-averaged (mean) pressure 
distribution and the Fourier coefficients of the fluctuating pressure. In 
order to determine the edge-condition information required for the boundary- 
layer calculation from the pressure measurements, a surface Euler solution was 
determined. Here, the Euler equations, i.e., the inviscid streamwise momentum 
and energy equations, are solved along the body surface to determine velocity 
and enthalpy distributions arising from a given pressure distribution using a 
finite difference method. This method is similar to that applied in the 
boundary-layer calculation, except that at each step only a 2x2 matrix, rather 
than a block tridiagonal matrix, must be inverted. The initial temporal 
solution is once again obtained by assuming steady flow and the upstream 
boundary condition is obtained from a solution of the surface Euler equations 
in the vicinity of the stagnation point. 

The boundary-layer analysis described above was developed to predict the 
behavior of the unsteady viscous flow along rotor and stator surfaces, which 
is induced by the aerodynamic interaction between the adjacent rows. This 
type of analysis should provide insight into a phenomenon in which heat trans- 
fer rate is enhanced by unsteady effects (ref. 4 ) .  
carried out by Telionis (ref. 4 6 )  indicate that the nonlinearities in the 
equations of motion produce a contribution to the mean or steady-state heat 
transfer rate which is caused by the unsteadiness. This contribution, termed 
acoustic streaming, is a higher order phenomenon so that it will be negligible 
if the  unsteady fluctuations are small. However, such fluctuations can be 
quite large near the leading edge of a rotor so that the acoustic streaming 
phenomenon can be important in this region. Since streaming effects are a 
consequence of the time dependence of the flow and the nonlinearity of the 
governing equations, a time-dependent nonlinear viscous analysis, rather than 
a quasi-steady or linearized unsteady one is required to analyze them. 
analysis was first applied to several simple flow cases, of which two are 
reported here, to test its accuracy. The first case involved the steady flow 
past a flat plate with variable heat transfer rate; the second, which has been 
studied previously by numerous authors, involved an oscillating free-stream 
flowing over a flat plate. In the second case both laminar and turbulent 
flows were considered. Once the accuracy of the present unsteady viscous 
analysis was verified, this analysis was applied to predict the boundary-layer 

The perturbation analyses 

This 
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flows along t h e  t u r b i n e  r o t o r  and s t a t o r  i n v e s t i g a t e d  exper imenta l ly  by Dring 
e t  a l .  ( r e f .  26) i n  t h e  UTRC la rge-sca le  r o t a t i n g  r i g .  Note t h a t  i n  t h e  
fol lowing d i s c u s s i o n  dimensional q u a n t i t i e s  are denoted by t h e  s t a r  super- 
s c r i p t .  Non-dimensional q u a n t i t i e s  a r e  given by: 

* *  u = u /uw 
* * *2 

p = p /pw uw 
* *  x = x /L ref 

* * *  
t = t UW/L ref 

* *  * 
w = w L r e f l u -  

corresponding t o  v e l o c i t y ,  p re s su re ,  l eng th ,  t i m e ,  and frequency, respec-  
t i v e l y .  

T e s t  Cases. - flow p a s t  a symmetric f l a t  p l a t e  a i r f o i l :  For t h e  f i r s t  
c a s e ,  t h e  s t eady  flow p a s t  a f l a t  p l a t e  a i r f o i l  w a s  analyzed t o  assess t h e  
a b i l i t y  of the  p resen t  code t o  p r e d i c t  a c c u r a t e l y  t h e  w a l l  temperature  when a 
w a l l  h e a t  t r a n s f e r  d i s t r i b u t i o n  i s  prescr ibed .  Th i s  flow was s tud ied  exper i -  
menta l ly  by Bla i r ,  e t  a l .  ( r e f .  16) and numer ica l ly  by Edwards, e t  a l .  
( r e f .  47) .  
s p e c i f i e d  w a l l  hea t  t r a n s f e r  rate and t h e  flow cond i t ions  e x t e r n a l  t o  t h e  
boundary l a y e r  a r e  shown i n  f i g u r e  57a i n d i c a t i n g  an unheated l eng th  over  a 
forward p a r t  of t h e  p l a t e .  The flow i s  laminar and was c a l c u l a t e d  us ing  a 
f i n i t e  d i f f e r e n c e  g r i d  having 100 cons t an t  streamwise s t e p s  of .0078 m. and a 
101 normal s t e p s  wi th  a spacing of .025 i n  t h e  transformed coord ina te  a t  t h e  
w a l l  and a s t r e t c h i n g  f a c t o r  k = 1.02 where k i s  t h e  r a t i o  of  ad jacent  g r i d  
spacings.  
a long wi th  t h e  experimental  measurements o f  r e f e r e n c e  16 and t h e  t h e o r e t i c a l  
r e s u l t s  of  r e fe rence  47. The agreement i s  q u i t e  good thus  v e r i f y i n g  t h a t  t h e  
p re sen t  a n a l y s i s  g i v e s  a c c u r a t e  p r e d i c t i o n s  o f  laminar  hea t  t r a n s f e r  e f f e c t s .  

F igure  57 shows t h e  input  and r e s u l t s  f o r  t h i s  case .  The 

The computed r e s u l t s  f o r  t h e  S tan ton  number a r e  shown i n  f i g u r e  57b 

A second tes t  case  w a s  analyzed t o  determine t h e  a b i l i t y  of  t h e  code t o  
a c c u r a t e l y  p r e d i c t  unsteady skin f r i c t i o n  and hea t  t r a n s f e r  e f f e c t s .  
unsteady v i scous  flow over a f l a t  p l a t e  a i r f o i l  i s  e x c i t e d  by an o s c i l l a t i n g  
free-s t ream wi th  v e l o c i t y  

Here t h e  

Ue = Uo(l + B COS u t )  (1 )  
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where Ue i s  t h e  v e l o c i t y  a t  t h e  edge of  t h e  boundary l a y e r ,  Uo i s  t h e  
time-average of  t h i s  v e l o c i t y  and UoB and w a r e  thk  ampli tude and frequency,  
r e s p e c t i v e l y ,  of t h e  unsteady v e l o c i t y  component. The laminar  problem was 
f i r s t  cons idered  by L i g h t h i l l  ( r e f .  48) who developed approximate a n a l y t i c a l  
s o l u t i o n s  f o r  low and h igh  reduced f requencies  ( i . e . ,  w x / U o  where x i s  t h e  
d i s t a n c e  along t h e  f l a t  p l a t e  measured from t h e  l ead ing  edge).  For Uo = 1, 
L i g h t h i l l ' s  s o l u t i o n s  i n d i c a t e  t h a t  t h e  o s c i l l a t o r y  w a l l  shea r  stress l eads  
t h e  p re sc r ibed  edge v e l o c i t y  by a phase angle  which i n c r e a s e s  n e a r l y  l i n e a r l y  
wi th  reduced frequency a t  low reduced f requencies  and by a phase angle  which 
a sympto t i ca l ly  approaches 45 deg. a t  h igh  reduced f requencies .  S ince  
L i g h t h i l l ' s  o r i g i n a l  paper ,  t h e s e  r e s u l t s  have been v e r i f i e d  numer ica l ly  by 
many i n v e s t i g a t o r s  i nc lud ing  Cebeci ( r e f .  491, T e l i o n i s  and Romaniuk 
( r e f .  50) ,  Ackerberg and P h i l l i p s  ( r e f .  511, and McCroskey and Ph i l ippe  
( r e f .  52) .  

* For t h e  s p e c i f i c  case  considered h e r e ,  w e  s e t  B = 0.15, U z  = Uoo = 17.1 * 
mfsec and w = 234.55 r ad f sec .  Ca lcu la t ions  were performed over  two temporal 
per iods  of  t h e  o s c i l l a t i o n  us ing  f o r t y  (40) uniform t i m e  s t e p s  per  per iod .  
The s t eady  f low corresponding t o  B = 0.0 was used as an i n i t i a l  cond i t ion  f o r  
t h i s  c a l c u l a t i o n ,  and i t  was found t h a t  t r a n s i e n t  unsteady response behavior  
d i sappeared  a f t e r  approximately 40 t i m e  s t e p s  o r  one per iod  of  t h e  o s c i l l a -  
t i on .  
f o m :  

The s k i n  f r i c t i o n  based on t h e  mean edge v e l o c i t y  can be w r i t t e n  i n  t h e  

* - 
C f  = = C f  + c cos(wt + $c ) + .. . * *  f l  f - PooUCa 2 

* 
w where T i s  t h e  s u r f a c e  shea r  stress and t h e  d o t s  r e f e r  t o  t h e  terms o f  h ighe r  

frequency. 
n e g l i g i b l e .  P r e d i c t i o n s  f o r  t h e  amplitude cf and phase angle  $c 

f r i c t i o n  f l u c t u a t i o n s  f o r  t h e  laminar case  are shown i n  f i g u r e  58 along wi th  
L i g h t h i l l ' s  approximate s o l u t i o n s  for low and h igh  reduced frequency. The 
p resen t  numerical  r e s u l t s  a r e  i n  very  good agreement wi th  t h e  asymptot ic  
r e s u l t s  a t  t h e  extremes of t h e  reduced frequency range considered.  Further-  
more, t h e  p re sen t  numerical  r e s u l t s  a r e  i n  ve ry  c l o s e  agreement wi th  those  
obta ined  by Cebeci ( r e f .  49)  f o r  incompressible,iunsteady boundary l aye r s .  

In L i g h t h i l l ' s  a n a l y s i s ,  t h e  h ighe r  o rde r  terms are assumed t o  be 
of  t h e  s k i n  

f 

The t u r b u l e n t  v e r s i o n  of  t h e  foregoing problem has  been s tud ied  
numer ica l ly  by s e v e r a l  i n v e s t i g a t o r s  such as McCroskey and Ph i l ippe  ( r e f .  52) 
and Cebeci ( r e f .  49) and exper imenta l ly  by Karlsson ( r e f .  53) .  For t h e  
s p e c i f i c  t u r b u l e n t  ca se  considered i n  t h e  p re sen t  s tudy ,  w e  s e t  U z  = U p  = 
5.33 mfsec,  B = 0.352, and 0 = 25.13 r ad f sec .  P r e d i c t i o n s  f o r  t h e  amplitude 

* 
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and phase angle  of t h e  f l u c t u a t i n g  s k i n  f r i c t i o n  a r e  shown i n  f i g u r e  59 along 
with r e s u l t s  obtained e a r l i e r  by McCroskey and Ph i l ippe  ( r e f .  5 2 )  and Cebeci 
( r e f .  5 4 ) .  The Cebeci-Smith turbulence  model wi th  an unsteady c o r r e c t i o n  t o  
the  p re s su re  g r a d i e n t  t e r m  ( r e f .  54)  w a s  used i n  each of  t h e  ana lyses .  
agreement between t h e  numerical  s o l u t i o n s  i s  q u a l i t a t i v e l y  good over  t h e  range 
of t h e  reduced f requencies  considered.  These r e s u l t s  show t h a t  a much smal le r  
phase s h i f t  occurs  i n  t h e  t u r b u l e n t  than  i n  t h e  laminar  case .  The exper i -  
mental d a t a  of Karlsson (no t  shown) a l s o  i n d i c a t e s  t h i s  t r end ;  however, t h e  
numerical  r e s u l t s  do no t  match t h e  experimental  measurements. The l a c k  o f  
agreement between numerical  p r e d i c t i o n  and experimental  measurement i s  
probably due,  i n  p a r t ,  t o  experimental  u n c e r t a i n t i e s  as w e l l  as t o  an inade- 
qua te  turbulence  model. 

The 

L i g h t h i l l  ( r e f .  48) a l s o  s tud ied  t h e  e f f e c t  of  unsteady edge v e l o c i t y  on 
laminar hea t  t r a n s f e r  c h a r a c t e r i s t i c s .  As i n  t h e  case  of t h e  w a l l  s h e a r ,  t h e  
Stanton number can be expressed as a Four i e r  s e r i e s ,  i . e . ,  

* 

* * * 
*" where q, i s  t h e  h e a t  f l u x  a t  t h e  w a l l ,  p, i s  t h e  free-s t ream f l u i d  d e n s i t y ,  U 

i s  t h e  free-s t ream v e l o c i t y ,  C i s  t h e  s e c i f i c  hea t  a t  cons t an t  p re s su re ,  T, 
i s  t h e  s p e c i f i e d  w a l l  temperature ,  and Tw i s  t h e  temperature upstream of  t h e  
body. L i g h t h i l l  found t h a t  as t h e  reduced frequency approaches ze ro  t h e  phase 
angle ,  C&, a l s o  approaches zero  and t h a t  as t h e  reduced frequency approaches 
i n f i n i t y ,  t h e  phase angle  approaches -90 deg. 

P Q 

For t h e  s p e c i f i c  case  considered i n  t h e  p re sen t  work, we set  B = 0.10 and * u = 4.19 r ad / sec .  
d i s t a n c e  from t h e  l ead ing  edge such t h a t :  

The mean edge v e l o c i t y  w a s  s p e c i f i e d  t o  b e  a func t ion  o f  

1 - bx - - 
uo l - b  

( 4 )  

with  b = .0025. This  case  was considered p rev ious ly  by T e l i o n i s  ( r e f .  45)  
us ing  a small  p e r t u r b a t i o n ,  incompressible ,  boundary-layer a n a l y s i s .  Our 
p re sen t  r e s u l t s  f o r  t h e  behavior  of S t l  v s .  wx/Uo agree  q u a l i t a t i v e l y  wi th  
those  of T e l i o n i s  a s  shown i n  f i g u r e  60a. Although t h e  q u a n t i t a t i v e  agreement 
between t h e  r e s u l t s  i s  q u i t e  good a t  low f r equenc ie s ,  t h e  two t h e o r e t i c a l  
p r e d i c t i o n s  d e v i a t e  from each o t h e r  a t  t h e  h igher  f requencies .  L i g h t h i l l  
( r e f .  55) provided t h e  c r i t e r i o n  
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UX 
- M < <  1 
UO 

( 5 )  

where M is the free-stream Mach number for neglecting compressibility effects 
in the calculation of unsteady viscous flows. Thus, at high reduced frequency 
compressibility effects are important even at low Mach numbers, and the 
results determined with a compressible boundary-layer analysis can be expected 
to deviate from those determined with an incompressible analysis when the 
reduced frequency is sufficiently high. In accordance with Lighthill's pre- 
dictions, the present results show a phase angle which is zero at a reduced 
frequency of zero and becomes close to the asymptotic value of -90 deg as the 
reduced frequency becomes large as shown in figure 60b. The discrepancy at 
high frequency occurs because Lighthill's analysis also applied only to incom- 
pressible flows. Note that the computed results for the amplitude and phase 
angle of the first Fourier term oscillate with reduced frequency, a phenomenon 
noted previously by Telionis and by Ackerberg and Phillips (ref. 51). 

In the preceding sections, an unsteady, compressible boundary layer 
analysis was introduced in which the equations are written in similarity type 
variables to capture the growth of the boundary layer. This analysis was 
shown to compare quite well with previous steady and unsteady numerical 
results for skin friction and heat transfer rate distributions for laminar 
flow. Turbulent flow results indicate the same trends as those obtained by 
previous investigators; however, the results do not compare quantitatively. 
This lack of agreement points to the need for a turbulence model which is 
applicable to unsteady boundary-layer flows. In the following sections, this 
analysis is applied to rotor and stator flow fields and the results are 
compared to experimental data. 

Results. - In this section, results for heat transfer rate distributions 
on turbine rotor and stator airfoil surfaces are presented. The calculations 
are based on experimental unsteady pressure distributions determined by Dring 
et al. (ref. 26) The experiment, as with the present experiment, was 
performed in the United Technologies Research Center (UTRC) Large Scale Rotat- 
ing Rig No. I (f g. 3 ) .  The test configuration consisted of a row of 22 fixed 
stators followed by a row of 28 rotating rotors with axial gaps between adja- 
cent rows of 15% and 65% of airfoil axial chord. The suction and pressure 
surfaces of the rotor and stator were instrumented to measure pressure and 
heat transfer characteristics. Some of the pressure taps were designed to 
measure the time-averaged or mean pressure while other high response pressure 
transducers were designed to measure the fluctuating pressure. The latter 
measurements were represented and tabulated as a series of Fourier coeffi- 

53 



c i e n t s .  There was an i n s u f f i c i e n t  number of  t r ansduce r s  t o  
determine f u l l y  t h e  p re s su re  g r a d i e n t  a long t h e  e n t i r e  s t a t o r  and r o t o r  
s u r f a c e s  f o r  use  i n  t h e  boundary-layer c a l c u l a t i o n .  However, t h e o r e t i c a l  
r e s u l t s  which were determined us ing  t h e  s t eady  p o t e n t i a l  f low a n a l y s i s  of 
r e fe rence  27 w e r e  found t o  compare q u i t e  w e l l  wi th  t h e  a v a i l a b l e  mean p res su re  
d a t a  over t h e  e n t i r e  s u r f a c e s  of t h e  r o t o r  and s t a t o r .  Therefore ,  t h e  
p re s su re  d i s t r i b u t i o n s  determined from t h e  i n v i s c i d  a n a l y s i s  were used t o  
provide t h e  mean s u r f a c e  p re s su re  d i s t r i b u t i o n s  r equ i r ed  f o r  t h e  boundary- 
l a y e r  c a l c u l a t i o n s .  The experimental  Four i e r  c o e f f i c i e n t s  o f  t h e  f l u c t u a t i n g  
p res su res  were s p l i n e  f i t  t o  provide estimates of  t h e  unsteady p res su re  
d i s t r i b u t i o n s  over  t h e  e n t i r e  a i r f o i l  s u r f a c e .  These estimates were then  
superimposed on t h e  mean p res su re  d i s t r i b u t i o n s  t o  provide t h e  unsteady 
p res su re  d i s t r i b u t i o n s  used i n  t h e  unsteady v i scous  c a l c u l a t i o n s .  

Resu l t s  f o r  t h e  s u c t i o n  and p res su re  s u r f a c e s  of  t h e  s t a t o r  and r o t o r  are 
presented  below f o r  t h e  15% gap case .  The fo l lowing  free-s t ream and r e fe rence  
cond i t ions  were s p e c i f i e d  f o r  t h e  s t a t o r  b lade :  

Mao = 0.0704 

Poo = 100,979 N / m  

Tao = 288.1 O K  

* 
* 

‘*ref = .15066 m 

Rem = 247,156 

* * 
where Mag i s  t h e  Mach number, Pm i s  t h e  s t a t i c  p re s su re ,  and Tm i s  t h e  s t a t i c  
temperature  upstream of  t h e  l ead ing  edge. 
t i o n s  and t h e  a x i a l  chord,  Lre f .  
s p e c i f i e d  t o  be .00503 kW/m2. 
v a r i a b l e  normal and streamwise g r i d  spac ings  t o  r e s o l v e  t h e  l a r g e  g r a d i e n t  
reg ions  o f  t h e  flow. I n  t h e  normal d i r e c t i o n  t h e  f i r s t  po in t  o f f  t h e  w a l l  i n  
t h e  transformed coord ina te  system, t h e  s t r e t c h i n g  f a c t o r  and t h e  maximum 
number of p o i n t s  ac ross  t h e  l a y e r  were 0.002, 1.2, and 41, r e s p e c t i v e l y ,  where 
t h e  s t r e t c h i n g  i s  de f ined  as t h e  r a t i o  of  ad jacen t  s t e p  s i z e s .  In  t h e  stream- 
wise d i r e c t i o n  t h e  f i r s t  p o i n t s  from t h e  s t a g n a t i o n  p o i n t ,  non-dimensionalized 
by t h e  r e f e r e n c e  l eng th ,  were s p e c i f i e d  t o  b e  0.0007 f o r  t h e  s u c t i o n  s u r f a c e  
c a l c u l a t i o n s  and 0.0006311 f o r  t h e  p re s su re  s u r f a c e  c a l c u l a t i o n s .  I n  addi- 
t i o n ,  t h e  s t r e t c h i n g  f a c t o r  and t h e  maximum number o f  g r i d  p o i n t s  were 
s p e c i f i e d  t o  be 1.05 and 100, r e s p e c t i v e l y ,  f o r  bo th  t h e  s u c t i o n  and p res su re  
s u r f a c e  c a l c u l a t i o n s .  These c a l c u l a t i o n s  were performed over  3 temporal 

Reao i s  based on t h e  upstream condi- * 
In  a d d i t i o n ,  t h e  w a l l  h e a t  t r a n s f e r  w a s  

The c a l c u l a t i o n  g r i d  w a s  cons t ruc ted  wi th  
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per iods  us ing  50 t ime-steps per  per iod.  
1202.6 r ad / sec  which corresponds t o  t h e  r o t o r  ro t ak ing  a t  410 rpm wi th  28 
r o t o r s  pass ing  each s t a t o r  du r ing  one r evo lu t ion .  

The r o t o r  pass ing  frequency was 

The free-s t ream and r e fe rence  cond i t ions  f o r  t h e  r o t o r  were given as: 

* 
P, = 100,500 N / m  

T, = 288.2 "K 

= .16105 m 

* 

* 
L r e f  

Re, = 397,667 

where q u a n t i t i e s  are based on cond i t ions  upstream of t h e  r o t o r .  
t r a n s f e r  r a t e  w a s  s p e c i f i e d  t o  be  .00503 kW/m*. 
r o t a t i n g  a t  t h e  same speed as before ,  410 rpm, but  t h e r e  are only  22 s t a t o r s  
s o  t h a t  t h e  s t a t o r  pass ing  frequency i s  943.7 r a d j s e c .  
cons t ruc ted  wi th  t h e  same parameters  as those  used f o r  t h e  s t a t o r  c a l c u l a t i o n s  
and t h e  streamwise g r i d  was cons t ruc ted  us ing  t h e  same s t r e t c h i n g  f a c t o r  and 
number of g r i d  p o i n t s .  The i n i t i a l  streamwise s t ep - s i ze  f o r  t h e  s u c t i o n  and 
p res su re  s u r f a c e  c a l c u l a t i o n s  were 0.000666 and 0.0005178, r e s p e c t i v e l y .  As 
i n  t h e  s t a t o r  c a s e s ,  t h e  c a l c u l a t i o n s  were performed over  3 temporal per iods  
us ing  50 t ime-steps pe r  per iod.  
c o e f f i c i e n t  (C,) i s  de f ined  as t h e  l o c a l  p r e s s u r e  minus t h e  p re s su re  a t  t h e  
t r a i l i n g  edge d iv ided  by t h e  dynamic p res su re  a t  t h e  t r a i l i n g  edge. 
q u a n t i t i e s  i n d i c a t e  t h a t  they  a r e  time-averaged va lues .  

The hea t  
I n  t h i s  c a s e  t h e  r o t o r  i s  

The normal g r i d  was 

In t h e  fo l lowing  d i s c u s s i o n  t h e  p re s su re  

Bars over  

S t a t o r  s u c t i o n  su r face :  Resu l t s  f o r  t h e  s t a t o r  s u c t i o n  s u r f a c e ,  inc luding  
mean and f l u c t u a t i n g  s u r f a c e  p re s su re  and Stan ton  number d i s t r i b u t i o n s  are  
shown i n  f i g u r e  61. As mentioned above, t h e  measured mean p res su res  compare 
q u i t e  w e l l  wi th  t h e  p red ic t ed  i n v i s c i d  p re s su re  d i s t r i b u t i o n s  so that the 
l a t t e r  w e r e  used as t h e  mean pressure  input  t o  t h e  boundary-layer a n a l y s i s  and 
a r e  shown i n  f i g u r e  61a along wi th  t h e  d a t a .  
t i o n  can be expressed i n  the  form: 

The unsteady p res su re  d i s t r i b u -  

- cp = cp + 1 
n-1 

P, cos(not  + 4 1 
Pn 
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The ampli tudes of  t h e  f i r s t  t h r e e  terms of  t h i s  s e r i e s ,  which were determined 
by s p l i n e  f i t t i n g  t h e  measured Four i e r  c o e f f i c i e n t s ,  a r e  shown i n  f i g u r e  61b. 
Note t h a t  unsteady e f f e c t s  on t h e  s t a t o r  are caused by p o t e n t i a l  f low va r i a -  
t i o n s  a s soc ia t ed  wi th  t h e  downstream r o t o r .  
wi th  a x i a l  d i s t a n c e  upstream of t h e  r o t o r ,  unsteady e f f e c t s  on t h e  s t a t o r  
blade a r e  most pronounced near  t h e  t r a i l i n g  edge. I n  a d d i t i o n ,  t h e  ampli tudes 
of t h e  second and t h i r d  Four i e r  components of  t h e  f l u c t u a t i n g  p res su re  are 
q u i t e  small over t h e  e n t i r e  s u c t i o n  su r face .  

S ince  t h e s e  a t t e n u a t e  r a p i d l y  

I n  o rde r  t o  compare t h e  p red ic t ed  and measured hea t  t r a n s f e r  ra tes ,  i t  
was f i r s t  necessary  t o  s p e c i f y  a t r a n s i t i o n  r eg ion  f o r  t h e  boundary-layer 
c a l c u l a t i o n  which r equ i r ed  a knowledge of  t h e  beginning and end of t h e  t r a n s i -  
t i o n  reg ion .  Es t imates  of  x = 0.85 and 1.05 f o r  t h e  beginning and end of  t h e  
t r a n s i t i o n  r eg ion  were obtained from ho t  f i l m  measurements and t h e  measured 
Stan ton  numbers. The r e s u l t s  from t h e  unsteady boundary-layer c a l c u l a t i o n s  
a r e  shown i n  f i g u r e s  61c and 61d. F igure  61c con ta ins  a p l o t  of  t h e  mean 
Stan ton  number and t h e  corresponding unsteady envelope along wi th  t h e  measured 
mean d a t a .  The envelope w a s  cons t ruc ted  by adding t o  and s u b t r a c t i n g  from t h e  
mean Stan ton  number t h e  sum of a l l  t h e  ampli tudes of  t h e  Four i e r  c o e f f i c i e n t s .  
A s  such, t h i s  envelope i s  an approximation t o  t h e  envelope which would be 
cons t ruc t ed  from t h e  maximum and minimum Stanton  number a t  each streamwise 
s t a t i o n .  There are s e v e r a l  observa t ions  which can be made a t  t h i s  po in t .  
F i r s t ,  t h e  agreement between t h e  c a l c u l a t e d  mean Stan ton  number and t h e  
measured d a t a  is q u i t e  good i n  t h e  laminar reg ion .  
s a t i s f a c t o r y  i n  t h e  t r a n s i t i o n  reg ion ,  bu t  t h e  c a l c u l a t e d  r e s u l t s  do approach 
t h e  measured d a t a  near  t h e  t r a i l i n g  edge of t h e  b lade  where t h e  flow i s  f u l l y  
t u r b u l e n t .  
l i k e l y  due t o  t h e  use  of  inadequate  t r a n s i t i o n  and turbulence  models fo r  
unsteady flow wi th  h e a t  t r a n s f e r  and u n c e r t a i n t i e s  about t h e  a c t u a l  l o c a t i o n  
o f  t h e  t r a n s i t i o n  reg ion .  A second obse rva t ion  i s  t h a t  both t h e  c a l c u l a t i o n s  
and t h e  d a t a  i n d i c a t e  t h a t  t h e  maximum va lue  o f  S tan ton  number occurs  s l i g h t l y  
downstream from t h e  s t a g n a t i o n  poin t .  Also no te  t h a t  t h e  magnitudes of t he  
Four i e r  c o e f f i c i e n t s  normalized by t h e  mean S tan ton  number ( f i g .  61d) i n d i c a t e  
t h a t  t h e  unsteady e f f e c t s  a r e  concent ra ted  a t  t h e  t r a i l i n g  edge of t h e  s t a t o r  
b lade .  The r e s u l t s  i n  f i g u r e  61d a l s o  i n d i c a t e  t h a t  t h e  Four i e r  ampli tudes 
decrease  r a p i d l y  wi th  n and hence a l i n e a r i z e d  unsteady v i scous  a n a l y s i s  might 
provide a u s e f u l  d e s c r i p t i o n  of  t h e  flow. 

This  agreement i s  less 

Discrepancies  between t h e  p r e d i c t i o n s  and measurements a r e  most 

Previous  experimental  ( r e f .  4 )  and t h e o r e t i c a l  ( r e f .  45)  i n v e s t i g a t i o n s  
i n d i c a t e  t h a t  unsteady e f f e c t s  could inc rease  t h e  mean h e a t  t r a n s f e r  r a t e  
along a i r f o i l  s u r f a c e s  over t h e  ra te  which occurs  f o r  t h e  same a i r f o i l  
ope ra t ing  i n  a s t e a d y  flow. 
case ,  a s t eady  c a l c u l a t i o n  was performed us ing  t h e  mean p res su re  d i s t r i b u t i o n s  
as i n p u t .  
t h i s  s teady  c a l c u l a t i o n  d i f f e r e d  only  s l i g h t l y  from t h e  mean Stan ton  number 
d i s t r i b u t i o n s  determined from t h e  unsteady c a l c u l a t i o n .  

In o r d e r  t o  t es t  t h i s  hypo thes i s  f o r  t h e  p re sen t  

It was found t h a t  t h e  S tan ton  number d i s t r i b u t i o n s  determined from 

This  i n d i c a t e s  t h a t  
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t h e  unsteady p res su res  do n o t  cause a n o t i c e a b l e  i n c r e a s e  i n  t h e  mean hea t  
t r a n s f e r  r a t e  a long t h e  s t a t o r  suc t ion  s u r f a c e  and t h e  experimental  measure- 
ments bear  t h i s  ou t  i n  t h a t  t h e  S tan ton  number was ve ry  i n s e n s i t i v e  t o  t h e  
r o t o r / s t a t o r  a x i a l  gap ( f i g s .  33 and 3 8 ) .  

S t a t o r  p re s su re  su r face :  The r e s u l t s  f o r  t h e  s t a t o r  p re s su re  s u r f a c e  a r e  
shown i n  f i g u r e  62. Again t h e  measured mean p res su res  compare q u i t e  w e l l  wi th  
t h e  r e s u l t s  of t h e  p o t e n t i a l  flow a n a l y s i s  so  t h a t  t h e  p red ic t ed  p res su re  
d i s t r i b u t i o n  shown i n  f i g u r e  62a was used as inpu t  i n t o  t h e  unsteady boundary- 
l a y e r  a n a l y s i s .  The ampli tudes of  t h e  f i r s t  t h r e e  Four i e r  terms which a r e  t h e  
r e s u l t  of s p l i n e  f i t t i n g  t h e  experimental  va lues  a r e  shown i n  f i g u r e  62b. 
Here, t h e  unsteady f l u c t u a t i o n s  are even more concent ra ted  nea r  t h e  t r a i l i n g  
edge than  f o r  t h e  s t a t o r  s u c t i o n  su r face .  A s  be fo re  t h e  magnitude of  t h e  
Four i e r  components dec rease  r a p i d l y  wi th  inc reas ing  frequency. Based on 
comparison wi th  d a t a ,  t h e  t r a n s i t i o n  r eg ion  on t h e  s t a to r -b l ade  p res su re  
su r face  was s p e c i f i e d  t o  extend from x = 0.85 t o  2.5 i n d i c a t i n g  a l a r g e  r eg ion  
o f  t r a n s i t i o n a l  flow. 

The r e s u l t s  of  t h e  c a l c u l a t i o n s  are shown on f i g u r e s  62c and 62d. The 
c a l c u l a t e d  mean S tan ton  number ve r sus  t h e  streamwise d i s t a n c e  from t h e  s tagna-  
t i o n  po in t  i s  shown along wi th  t h e  measured d a t a  i n  f i g u r e  62c. The unsteady 
p res su re  f l u c t u a t i o n s  had an i n s i g n i f i c a n t  e f f e c t  on t h e  h e a t  t r a n s f e r  r a t e  
d i s t r i b u t i o n s  along t h e  p re s su re  su r face ;  t h e r e f o r e  no envelope is shown i n  
f i g u r e  62c. 
over t h e  e n t i r e  p re s su re  su r face .  Th i s  r e s u l t  impl ies  t h a t  t h e  t r a n s i t i o n  and 
turbulence  models used i n  t h e  c a l c u l a t i o n  l ead  t o  good p r e d i c t i o n s  i f  t h e  
unsteady d i s t u r b a n c e s  a r e  very  s m a l l .  The Four i e r  c o e f f i c i e n t s  of t h e  S tan ton  
number a r e  shown i n  f i g u r e  62d. Note t h a t  t h e  maximum va lue  o f  t h e  f i r s t  
c o e f f i c i e n t  i s  less than  0.5% of  t h e  mean va lue  of p re s su re  i n d i c a t i n g  t h a t  
t h e r e  is v e r y  l i t t l e  e f f e c t  of  t h e  moving downstream r o t o r  on t h e  v i scous  
l a y e r s  on t h e  p re s su re  s u r f a c e s  of t h e  s t a t o r .  A s  i n  t h e  c a s e  of  t h e  s t a t o r  
s u c t i o n  s u r f a c e ,  t h e  S tan ton  number d i s t r i b u t i o n  c a l c u l a t e d  wi th  t h e  s t eady  
boundary l a y e r  a n a l y s i s  us ing  t h e  mean p res su re  d i s t r i b u t i o n  as input  w a s  
i d e n t i c a l  . to  t h e  mean Stan ton  number d i s t r i b u t i o n  c a l c u l a t e d  wi th  t h e  unsteady 
boundary l a y e r  a n a l y s i s .  

The c a l c u l a t e d  r e s u l t s  compare v e r y  we l l  wi th  t h e  measured d a t a  

Rotor s u c t i o n  su r face :  The r o t o r  encounters  a much more complicated 
unsteady f low f i e l d  than  t h e  s t a t o r .  
s t a t o r  c o n s i s t  mainly of p o t e n t i a l  flow d i s tu rbances  from t h e  pass ing  r o t o r ,  
t h e  r o t o r  i s  a f f e c t e d  p r i m a r i l y  by t h e  v i scous  wakes coming o f f  o f  t h e  s t a t o r .  
Thus each r o t o r  sees pockets  of  high free-s t ream tu rbu lence  as w e l l  as t i m e -  
dependent t o t a l  p re s su re  f l u c t u a t i o n s .  However, a comparison of  t h e  measured 
mean p res su res  wi th  t h e  i n v i s c i d  p r e d i c t i o n s  i n d i c a t e s  t h a t  t h e  mean p res su re  
d i s t r i b u t i o n  i s  n o t  g r e a t l y  a f f e c t e d  by t h e  incoming wakes ( r e f .  45) .  There- 
f o r e ,  t h e  boundary-layer a n a l y s i s  w a s  conducted i n  t h e  same manner as i n  t h e  
c a s e  of  t h e  s t a t o r .  The p res su res  input  i n t o  t h i s  a n a l y s i s  cons i s t ed  of  t h e  

While t h e  f l u c t u a t i o n s  a f f e c t i n g  t h e  
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s p l i n e - f i t  measured Four i e r  c o e f f i c i e n t s  superimposed on t h e  c a l c u l a t e d  
i n v i s c i d  p re s su res .  The mean p res su re  d i s t r i b u t i o n  on t h e  s u c t i o n  s u r f a c e  and 
t h e  f i r s t  t h r e e  Four i e r  c o e f f i c i e n t s  a r e  shown i n  f i g u r e s  63a and 63b. Note 
t h a t  t h e  unsteady e f f e c t s  a r e  most s eve re  near  t h e  l ead ing  edge. I n  a d d i t i o n ,  
t h e  magnitudes o f  t h e  f l u c t u a t i o n s  are  g e n e r a l l y  much g r e a t e r  than  those  f o r  
t h e  s t a t o r .  

The r e s u l t s  of t h e  v i scous  c a l c u l a t i o n s  are shown on f i g u r e s  63c and 63d. 
A de te rmina t ion  of  t h e  l o c a t i o n  of  t h e  t r a n s i t i o n  from t h e  d a t a  w a s  d i f f i c u l t .  
The experimental  d a t a  ind ica t ed  a l a r g e  t r a n s i t i o n  reg ion;  t h e r e f o r e ,  f o r  
c a l c u l a t i o n  purposes ,  t h e  l o c a t i o n s  of  t h e  beginning and end o f  t r a n s i t i o n  
were chosen t o  be x = 0.01 and 1.00, r e s p e c t i v e l y .  The c a l c u l a t e d  mean 
Stan ton  number and t h e  unsteady envelope which i n d i c a t e s  t h e  approximate 
maximum and minimum Stanton  number are shown on f i g u r e  63c along wi th  t h e  
measured d a t a .  
t h e  l ead ing  edge r eg ion  where t h e  flow i s  laminar and a t  t h e  t r a i l i n g  edge 
where t h e  f low i s  f u l l y  t u r b u l e n t .  However, t h e  c o r r e l a t i o n  between theo ry  
and experiment i s  not  so good i n  t h e  r e l a t i v e l y  long t r a n s i t i o n  reg ion .  
Besides  t h e  f a c t  t h a t  t h e  t r a n s i t i o n  model used i n  t h e  c a l c u l a t i o n  does  no t  
account f o r  unsteady e f f e c t s ,  another  exp lana t ion  f o r  t h e  d i sc repanc ie s  
between measured and p red ic t ed  S tan ton  numbers i s  t h a t  t h e  l o c a t i o n  of  t h e  
beginning and end of t h e  t r a n s i t i o n  r eg ion  may vary  cons iderably  w i t h  t i m e  
whereas i n  t h e  c a l c u l a t i o n s  t h e s e  l o c a t i o n s  were assumed t o  b e  s t a t i o n a r y .  
Another obse rva t ion  i s  t h a t  a l though t h e  unsteady p res su re  f l u c t u a t i o n s  d i e  
out  as t h e  t r a i l i n g  edge i s  approached, t h e  S tan ton  number f l u c t u a t i o n s  
p e r s i s t  so t h a t  t h e r e  i s  a f i n i t e  unsteady envelope a t  t h e  t r a i l i n g  edge. 
Th i s  can a l s o  be seen  i n  f i g u r e  63c which c o n t a i n s  a p l o t  o f  t h e  Four i e r  
c o e f f i c i e n t s  of t h e  unsteady Stan ton  number. A s  f o r  t h e  s t a t o r  s u c t i o n  
s u r f a c e  t h e  ampli tudes o f  t h e  second and t h i r d  F o u r i e r  terms are q u i t e  s m a l l  
over t h e  r o t o r  b lade  s u c t i o n  s u r f a c e  ( s e e  f i g .  63d).  

The mean Stan ton  number compares q u i t e  w e l l  wi th  t h e  d a t a  i n  

Rotor - pres su re  su r face :  t h e  mean p res su re  and t h e  s p l i n e - f i t  Four i e r  
c o e f f i c i e n t s  f o r  t h e  ro tor -b lade  p res su re  s u r f a c e  are  shown on f i g u r e s  64a and 
64b, r e s p e c t i v e l y .  Again, unsteady e f f e c t s  are predominant over  t h e  forward 
p o r t i o n  of  t h e  b l ade  and t h e  ampli tudes of  t h e  f l u c t u a t i o n s  decrease  wi th  
inc reas ing  n. The d a t a  i n d i c a t e s  t h a t  t h e  flow i s  f u l l y  t u r b u l e n t  over  most 
of  t h e  p re s su re  s u r f a c e  so  t h a t  an in s t an taneous  t r a n s i t i o n  a t  t h e  l ead ing  
edge w a s  s p e c i f i e d  f o r  t h e  unsteady boundary-layer c a l c u l a t i o n s .  

The s k i n  f r i c t i o n  d i s t r i b u t i o n  c a l c u l a t e d  us ing  t h e  s t eady  boundary-layer 
a n a l y s i s  and t h e  mean p res su re  d i s t r i b u t i o n  of  f i g u r e  64a i s  shown i n  f i g u r e  
64c. The flow does not  separate al though t h e  s k i n  f r i c t i o n  does d i p  down 
toward ze ro  near  t h e  l ead ing  edge. I f  t h e  unsteady envelope f o r  t h e  s k i n  
f r i c t i o n  is  such t h a t  t h e  minimum s k i n  f r i c t i o n  i s  nega t ive  then  an ins tan-  
taneous flow r e v e r s a l  would occur  a l though t h e  mean s k i n  f r i c t i o n  would 
i n d i c a t e  t h a t  t h e  flow was a t tached .  This  w a s  t h e  case  f o r  t h e  unsteady 
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boundary-layer c a l c u l a t i o n s  along t h e  r o t o r  p re s su re  su r face .  F igure  64d 
shows a p l o t  of  s k i n  f r i c t i o n  ve r sus  t i m e  a t  t h e  streamwise s t a t i o n  upstream 
o f  t h e  po in t  a t  which an unsteady flow r e v e r s a l  was f i r s t  encountered.  
be seen t h a t ,  a l though t h e  mean s k i n  f r i c t i o n  i s  much g r e a t e r  than  zero ,  t h e  
ins tan taneous  v a l u e  d i p s  almost t o  zero.  
below zero  i n d i c a t i n g  flow s e p a r a t i o n  and fo rc ing  t e rmina t ion  of t h e  unsteady 
p o r t i o n  o f  t h e  c a l c u l a t i o n s .  
con ta in  a small r eg ion  of reversed  flow dur ing  p a r t  of a cyc le .  
c a l c u l a t i o n s  show reasonably  good agreement wi th  measured h e a t  t r a n s f e r  d a t a  
as shown i n  f i g u r e  64e which i s  a p l o t  of  t h e  c a l c u l a t e d  S tan ton  number based 
on t h e  mean p r e s s u r e  d i s t r i b u t i o n .  Once aga in  t h e  u n c e r t a i n  l o c a t i o n  of  t h e  
t r a n s i t i o n  r eg ion  may be  r e spons ib l e  f o r  some of  t h e  d iscrepancy  between 
theory  and experiment .  
encountered,  t h e  unsteady c a l c u l a t i o n s  ind ica t ed  no d i f f e r e n c e  i n  t h e  mean 
Stan ton  number compared t o  t h e  S tan ton  number c a l c u l a t e d  wi th  t h e  s t eady  
a n a l y s i s .  

It can 

A t  t h e  next  s t a t i o n  t h e  va lue  dipped 

This  r e s u l t  impl ies  t h a t  t h e  a c t u a l  flow may 
The s t eady  

In  t h e  r eg ion  up t o  t h e  po in t  where flow r e v e r s a l  w a s  

General  Comments. - The foregoing c a l c u l a t i o n s  were performed assuming 
t h a t  t h e  e f f e c t  o f  t h e  wake impinging on t h e  r o t o r  b l ades  w a s  confined t o  
p re s su re  f l u c t u a t i o n s ,  i . e .  no inc rease  i n  f ree-s t ream tu rbu lence  o r  change i n  
t o t a l  temperature  were assumed a t  t h e  edge o f  t h e  boundary l a y e r .  
f a c t ,  a comparison wi th  t h e  measured d a t a  i n d i c a t e s  t h a t  t h e  neg lec t  of  t h e s e  
unknown v a r i a b l e s  does no t  s i g n i f i c a n t l y  a f f e c t  t h e  agreement between t h e  
c a l c u l a t e d  r e s u l t s  and t h e  d a t a ,  a t  least  as f a r  as t h e  mean flow i s  con- 
cerned.  Also t h e  p re s su re  f l u c t u a t i o n s  were found t o  have a more pronounced 
e f f e c t  on s k i n  f r i c t i o n  than  on hea t  t r a n s f e r  r a t e .  
t h e  f a c t  t h a t  t h e  in f luence  o f  t h e  p re s su re  on t h e  temperature  p r o f i l e s  i s  an 
i n d i r e c t  one, whi le  t h e  p re s su re  has  a d i r e c t  e f f e c t  on t h e  streamwise 
v e l o c i t y  i n  t h e  low momentum reg ion  near  t h e  w a l l .  
t h e  comparisons between t h e  hea t  t r a n s f e r  ra tes  c a l c u l a t e d  wi th  t h e  unsteady 
boundary-layer a n a l y s i s  and those  c a l c u l a t e d  us ing  t h e  s t eady  a n a l y s i s  showed 
ve ry  l i t t l e  d i f f e r e n c e s  i n  a l l  ca ses ,  i n d i c a t i n g  t h a t  i f  t h e r e  i s  enhanced 
h e a t  t r a n s f e r  due t o  unsteady e f f e c t s ,  t h e s e  e f f e c t s  are  o u t s i d e  of t h e  
unsteady p res su re  e f f e c t s  which w e r e  s tud ied  i n  t h e  p re sen t  i n v e s t i g a t i o n .  

And, i n  

Th i s  perhaps r e s u l t s  from 

F i n a l l y ,  i t  w a s  found t h a t  
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CONCLUSIONS 

A combined experimental and analytical program has been conducted to 
examine the impact of a number of variables on the midspan heat transfer 
coefficients of the three airfoil rows in a one and one-half stage large scale 
turbine model. These variables included: 

stator l/rotor axial spacing (15% and 652) 
Reynolds number (flow speed) 
turbine inlet turbulence (0.5% and 10%) 
flow coefficient (airfoil incidence) 
relative stator l/stator 2 circumferential position 
rotation (rotor vs. cascade) 

Heat transfer data were acquired on the suction and pressure surfaces of 
the three airfoils. High density data were also acquired in the leading edge 
stagnation regions. In addition to the heat transfer data, extensive documen- 
tation of the steady and unsteady aerodynamics was also acquired. 
the heat transfer data were compared with both a steady and an unsteady 
boundary layer analysis. 
follows. 

Finally, 

Specific conclusions in each of these areas were as 

Steady Aerodynamics 

The following conclusions are based on the steady aerodynamic measure- 
ments which included circumferential distributions of hub and casing flowpath 
static pressures, distributions of airfoil midspan static pressures and 
circumferential distributions of tota 
pitch angles obtained by traversing a 
each of the three rows of airfoils. 

The major.conclusions are as fol 

and static pressures and flow yaw and 
five hole pneumatic probe downstream of 

ows. It was observed that the airfoil 
midspan pressure distributions were in good agreement with two dimensional 
potential flow and that they were essentially unaffected by either the 
turbulence generating grid or  the axial gaps between the airfoil rows. It was 
also observed that the turbulence generating grid had no significant impact on 
the circumferential distributions of flow speed downstream of each row of 
airfoils. The conclusion reached here was that the midspan aerodynamics in 
this experiment were well behaved and that the heat transfer results would be 
typical of those of a well-designed turbine. Specific conclusions are listed 
below. 

1. The aerodynamic docurnentation of the turbine model, and in particular 
the airfoil midspan pressure distributions, indicated that the relevant 
aerodynamic parameters for this model were very close to data obtained 
previously. 
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2. The a i r f o i l  midspan p r e s s u r e  d i s t r i b u t i o n s  p red ic t ed  w i t h  a two 
dimensional  p o t e n t i a l  f low c a l c u l a t i o n  ag ree  v e r y  c l o s e l y  wi th  t h e  measured 
p r e s s u r e  d i s t r i b u t i o n s .  

3. For each  o f  t h e  t h r e e  a i r f o i l s ,  t h e  e x i t  midspan s t a t i c  p re s su re  
obta ined  from a c a l c u l a t e d  f r e e v o r t e x  d i s t r i b u t i o n  between t h e  measured hub 
and cas ing  flowpath s t a t i c  p re s su res  was i n  e x c e l l e n t  agreement wi th  t h e  
c i r c u m f e r e n t i a l l y  averaged midspan pneumatic f i v e  h o l e  probe t r a v e r s e  d a t a .  

4. The f i r s t  s t a t o r  midspan p res su re  d i s t r i b u t i o n  w a s  i n v a r i a n t  with 
r o t o r  speed ( f l o w  c o e f f i c i e n t )  and i n l e t  uns t ead iness  (gr id-out  v s .  g r i d - i n ) .  
The v a r i a t i o n  i n  t h e  p re s su re  d i s t r i b u t i o n  due t o  s t a t o r  l / r o t o r  axial  spacing 
w a s  v e r y  s m a l l .  

5. The r o t o r  midspan p res su re  d i s t r i b u t i o n  w a s  weakly dependent on  a x i a l  
spac ing  and i n l e t  uns t ead iness .  
a i r f o i l  ( 0  - < X/B, - < 0.4)  t h e r e  was a s t rong  dependence on  t h e  r e l a t i v e  i n l e t  
f low angle. 

However, o v e r  t h e  forward p o r t i o n  o f  t h e  

6 .  The second s t a t o r  midspan p r e s s u r e  d i s t r i b u t i o n  was i n v a r i a n t  with 
uns t ead iness .  
(0  < X/Bx) - < 0.4)  t h e r e  was a s t r o n g  dependence on  t h e  a b s o l u t e  i n l e t  f low 
angle. 

However, ove r  t h e  forward p o r t i o n  o f  t h e  a i r f o i l  

7. The a d d i t i o n  o f  t h e  tu rbu lence  g r i d  d i d  not  s i g n i f i c a n t l y  a l t e r  t h e  
c i r c u m f e r e n t i a l  d i s t r i b u t i o n s  o f  t h e  aerodynamic p r o p e r t i e s  measured w i t h  t h e  
f i v e  h o l e  probe t r a v e r s e d  a t  midspan downstream o f  each  o f  t h e  t h r e e  a i r f o i l  
rows. 

8 .  For a l l  t h r e e  a i r f o i l  rows t h e  i n l e t  and e x i t  f low yaw ang les  deduced 
from a two dimensional  p o t e n t i a l  f low c a l c u l a t i o n  were i n  good agreement w i t h  
t h e  c i r c u m f e r e n t i a l l y  averaged f i v e  h o l e  probe t r a v e r s e  measurements. The 
e x c e p t i o n  occurred  a t  t h e  r o t o r  e x i t  where, due  t o  t h r e e  dimensional  secondary 
flow e f f e c t s ,  t h e  f low yaw ang le  obta ined  from t h e  traverse d a t a  was nea r ly  
s i x  deg rees  g r e a t e r  t h a n  t h a t  deduced f r o m  the p o t e n t i a l  flow c a l c u l a t i o n .  

Uns t e ad y Aerodynamic s 

The fo l lowing  conc lus ions  are  based on  t h e  unsteady aerodynamic measure- 
ments made b y  t r a v e r s i n g  a s i n g l e  e lement  h o t  f i l m  probe ( o r i e n t e d  r a d i a l l y )  
a t  midspan i n  t h e  a b s o l u t e  frame o f  r e f e r e n c e  downstream o f  each  o f  t h e  t h r e e  
a i r f o i l  rows. 
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The major conclusions are as follows. It was observed that the turbu- 
lence generating grid produced the desired level of turbine inlet turbulence 
(approximately 10%) and that the grid produced a large increase in total 
unsteadiness at the first stator exit. At the rotor exit and at the second 
stator exit, however, the change in unsteadiness level due to the grid was 
insignificant. The major conclusion reached here was that combustor-generated 
unsteadiness would strongly affect the flow over the first stator of a turbine 
but that downstream rows would be dominated by turbine-generated unsteadiness. 
Specific conclusions are listed below. 

1. The addition of the turbulence grid resulted only in relatively small 
changes in the circumferential distributions of flow speed. 

2 .  Where five hole and hot film probes were traversed in the same frame 
of reference, e.g., the stationary frame downstream of the two stator rows, 
the resulting circumferential distributions of flow speed measured with each 
type of probe were nearly identical. 

3 .  Overall, the circumferentially averaged flow speeds measured with the 
hot film probe and with the five hole probe were in good agreement. 
differed by no more than 1.5%. 

They 

4. The addition of the turbulence grid resulted primarily in a large 
increase in total unsteadiness at the first stator inlet and a relatively 
small increase in total unsteadiness at the first stator exit (rotor inlet). 
At both the rotor exit and second stator exit, the addition of the grid did 
not significantly increase the total unsteadiness in the flow. 

5 .  The increase in total unsteadiness due to the addition of the 
turbulence grid was due to an increase in random unsteadiness, not periodic 
unsteadiness. In fact, the addition of the grid resulted in a decrease in the 
periodic unsteadiness measured in the absolute frame downstream of all three 
airfoil rows. 

6 .  Measurements of the streamwise fluctuating component of the turbine 
inlet velocity were obtained just upstream of the first stator leading edge 
with a single-element hot-film anemometer. 
at midspan was 0.5% without the turbulence generating grid and 9.8% with the 
grid installed. 

The turbulence intensity measured 

Heat Transfer 

The following conclusions are based on the midspan heat transfer measure- 
ments carried out on the suction and pressure surfaces of the first stator, 
the rotor, and the second stator. 
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The major conclus ions  are as fol lows.  It w a s  observed t h a t  a combination 
of uns t ead iness ,  h igh  Reynolds number and concave cu rva tu re  could produce 
p res su re  s u r f a c e  h e a t  t r a n s f e r  d i s t r i b u t i o n s  w e l l  i n  excess  o f  f u l l y  t u r b u l e n t  
l e v e l s .  It was shown t h a t  l a r g e  boundary l a y e r  s e p a r a t i o n  bubbles  produced by 
seve re  inc idence  a n g l e s  could a l s o  cause l a r g e  i n c r e a s e s  i n  hea t  t r a n s f e r .  
F i n a l l y ,  it w a s  demonstrated t h a t  whi le  t u r b i n e  i n l e t  tu rbulence  can have a 
ve ry  s t r o n g  impact on t h e  f i r s t  s t a t o r  h e a t  t r a n s f e r ,  i t s  impact on downstream 
rows i s  minimal. The major conclusion reached h e r e  was t h a t  p re s su re  s u r f a c e  
h e a t  t r a n s f e r  could be  w e l l  i n  excess  of des ign  p r e d i c t i o n s  due t o  both 
combustor- and turbine-generated uns teadiness  and t h a t  t h i s  i s  an area where 
a d d i t i o n a l  r e sea rch  i s  s o r e l y  needed. S p e c i f i c  conclus ions  a r e  l i s t e d  below. 

1. The hea t  t r a n s f e r  d i s t r i b u t i o n s  measured on t h e  f i r s t  s t a t o r ,  r o t o r  
and second s t a t o r  f o r  t h e  des ign  flow c o e f f i c i e n t  and wi th  no tu rbulence  g r i d  
i n d i c a t e  t h a t  t h e r e  was a progress ive  and s i g n i f i c a n t  i n c r e a s e  i n  t h e  complex- 
i t y  o f  t h e  flow a s  i t  proceeded through t h e  t u r b i n e .  A t  t h e  f i r s t  s t a t o r  t h e  
measured hea t  t r a n s f e r  d i s t r i b u t i o n  was very  w e l l  de sc r ibed  by two-dimensional 
laminar  and t u r b u l e n t  boundary l a y e r  p r e d i c t i o n s .  
reasonably w e l l  f o r  t h e  l ead ing  edge reg ion  and s u c t i o n  s u r f a c e  of t h e  r o t o r  
b u t  q u i t e  poor ly  f o r  t h e  r o t o r  p re s su re  s u r f a c e  and f o r  both s u r f a c e s  of  t h e  
second s t a t o r .  Secondary flows, uns teadiness  and turbulence  genera ted  by each 
success ive  a i r f o i l  row appears  t o  have made t h e  flow less  and less w e l l  
descr ibed  by a two-dimensional boundary l a y e r  a n a l y s i s .  

These p r e d i c t i o n s  worked 

2. Changes t o  t h e  s t a t o r - r o t o r  axial  spacing produced n e g l i g i b l e  e f f e c t s  
on t h e  h e a t  t r a n s f e r  d i s t r i b u t i o n s  on both t h e  s t a t o r  and t h e  r o t o r .  Th i s  
same i n s e n s i t i v i t y  t o  spacing r e s u l t e d  f o r  bo th  t h e  g r id - in  and gr id-out  tes t  
cond i t ions .  

3 .  Heat t r a n s f e r  d i s t r i b u t i o n s  were measured on t h e  f i r s t  s t a t o r  wi th  no 
tu rbulence  g r i d  and over  a range of  Reynolds numbers. On t h e  s u c t i o n  s u r f a c e  
t h e s e  d a t a  i n d i c a t e  t h a t  t h e r e  was an i n c r e a s i n g l y  s i g n i f i c a n t  t r a n s i t i o n a l  
r eg ion  as t h e  Reynolds number dropped. For a l l  c a s e s ,  however, t h e  s u c t i o n  
s u r f a c e  hea t  t r a n s f e r  d a t a  agreed reasonably w e l l  wi th  two-dimensional, f u l l y  
t u r b u l e n t  boundary l a y e r  p r e d i c t i o n s  i n  t h e  t r a i l i n g  edge reg ion .  

4 .  The impact o f  h igh  i n l e t  tu rbulence  on t h e  f i r s t  s t a t o r  hea t  t r a n s f e r  
d i s t r i b u t i o n  was dramat ic  w i th  s i g n i f i c a n t  i n c r e a s e s  of  h e a t  t r a n s f e r  on t h e  
l ead ing  edge and along both t h e  s u c t i o n  and p res su re  su r faces .  On t h e  s u c t i o n  
s u r f a c e  t h e  inc reased  turbulence  moved t h e  l o c a t i o n  o f  t r a n s i t i o n  w e l l  
upstream from S/Bx = 1.0 t o  S/Bx = 0 . 3 .  
then ,  t r a n s i t i o n  occurred i n  a r eg ion  of  a c c e l e r a t i n g  flow i n s t e a d  of  nea r  t h e  
minimum pressure .  The e f f e c t  of t h e  h igher  t u rbu lence  l e v e l  w a s  a l s o  ve ry  
ev iden t  a long t h e  f i r s t  s t a t o r  p re s su re  su r face .  For t h e  low turbulence  c a s e  
t h e  hea t  t r a n s f e r  w a s  e s s e n t i a l l y  laminar whi le  wi th  h igh  turbulence  t h e  
measured h e a t  t r a n s f e r  was a s  much as 60% g r e a t e r  t han  t h e  two-dimensional 
f u l l y  t u r b u l e n t  p r e d i c t i o n .  

For t h i s  h igh  l e v e l  of  tu rbulence ,  
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5 .  On the rotor the effects produced by increasing the inlet turbulence 
were much less dramatic than for the first stator. On the rotor suction 
surface, transition appears to have moved upstream to (S/Bx) 
increased turbulence level. Changes downstream of transition in the fully 
turbulent region were negligible. The only region of the rotor pressure 
surface which showed any effects from the increased turbulence was close to 
the leading edge (-0.5 < S/Bx < 0). 

0.2 with the 

6 .  The impact of changing the turbine inlet turbulence level on the 
stator 2 heat transfer was negligible. This was expected since the baseline 
second stator flow field was so highly disturbed even in the absence of the 
turbulence grid. 

7 .  The first stator and first rotor pressure surface heat transfer 
distributions for certain regimes of the test matrix indicate that there can 
be an interaction between the effects of concave surface curvature, Reynolds 
number and the level of free-stream disturbance that can produce heat transfer 
enhancement to levels far in excess of fully turbulent. One possibility is 
that for certain critical combinations of concave surface curvature, Reg, 
acceleration and free-stream disturbance level, important Goertler vortex 
systems are produced in the boundary layer. 

8. Rotor heat transfer distributions obtained over a relatively small 
(near design) range of flow coefficients (incidence) indicate that: 1) the 
heat transfer rates near the trailing edge on both the pressure and suction 
surfaces were independent of flow coefficient, 2 )  the peak stagnation region 
(S/Bx = 0 )  heat transfer dependent OR the flow coefficient as a consequence 
of the changing relative inlet velocity and 3 )  there were local effects on 
both the pressure and suction sides near the stagnation region which were 
dependent on the flow coefficient (i.e., incident flow speed and angle). 

9 .  Rotor heat transfer distributions obtained for extremely low values 
of flow coefficient (Cx/U> indicated that for (Cx/U) < 0.5 the flow was 
separated from the pressure surface. At these extreme negative incidence 
values the heat transfer was evidently dominated by a large, possibly 
unsteady, pressure surface separation bubble observed to start at (C,/U> = 
0.50 and to grow in chordal extend as (Cx/U> was reduced. 

10. The effects associated with stator l/stator 2 relative location 
appear to have been minor. 
virtually identical, both with and without the turbulence grid installed. 
These results indicate that the strong circumferential gradients from the 
first stator have spread across most of the channel by the second stator 
leading edge to the extent that their impact on heat transfer is minimal. 

The data for all five index locations were 
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11. Heat t r a n s f e r  d i s t r i b u t i o n s  measured i n  t h e  s t a g n a t i o n  reg ion  of t h e  
f i r s t  s t a t o r ,  r o t o r ,  and second s t a t o r  were i n  e x c e l l e n t  agreement with 
laminar theory  f o r  a l l  t e s t  Reynolds numbers and flow c o e f f i c i e n t s .  Enhance- 
ment of t h e  lead ing  edge hea t  t r a n s f e r  from turbulence  e f f e c t s  was modest 
(about 2 0 % ) .  

1 2 .  The r o t o r  hea t  t r a n s f e r  d i s t r i b u t i o n s  obtained i n  t h e  p re sen t  pro- 
gram were compared wi th  d a t a  obtained f o r  t he  same a i r f o i l  s e c t i o n  i n  a plane 
cascade.  This  comparison ind ica t ed  t h a t  i f  t h e  r o t a t i n g  and non-rotat ing 
t e s t s  had been conducted a t  t he  same Reynolds number and i n l e t  tu rbulence  
l e v e l s  t h e  hea t  t r a n s f e r  d i s t r i b u t i o n s  would have been nea r ly  i d e n t i c a l .  

13. For t h e  flow c o e f f i c i e n t  ( 0 . 7 8 1 ,  h u b / t i p  r a t i o  ( 0 . 8 ) ,  and r e l a t i v e  
e x i t  flow angle  ( 2 5 " )  of the  present  r o t o r  t he  c o r r e l a t i o n  of Lokay and 
Trushin ( r e f .  4 )  sugges t s  t h a t  t h e  e f f e c t s  of  r o t a t i o n  would inc rease  t h e  
averaged r o t o r  hea t  t r a n s f e r  by 25% r e l a t i v e  t o  an equiva len t  nonro ta t ing  
case .  The preceding conclus ion  (/I121 sugges ts  t h a t  t h i s  i nc rease  i s  due t o  
t h e  turbulence  environment i n  a t u r b i n e  and not  t o  anything fundamentally 
r e l a t e d  t o  r o t a t i o n ,  such a s  c e n t r i f u g a l  o r  C o r i o l i s  e f f e c t s .  

Steady Boundary Layer Analysis  

The boundary l a y e r  t r a n s i t i o n  and turbulence  models examined i n  t h i s  
assessment ( r e f s .  3 2 ,  3 8 ,  4 2  and 4 3 )  did  not  provide accu ra t e  p r e d i c t i o n s  of 
e i t h e r  t h e  t r a n s i t i o n a l  n a t u r e  of t h e  s u c t i o n  su r face  boundary l a y e r s  o r  t h e  
very  high hea t  t r a n s f e r  observed on t h e  p re s su re  su r faces  ( f i g s .  54 and 5 5 ) .  
Although only one t r a n s i t i o n  and turbulence  model was assessed  h e r e  t h e  major 
conclus ion  i s  c o n s i s t e n t  with many previous assessments of  o t h e r  models. This  
conclus ion  i s  t h a t  t h e s e  models a r e  not yet  capable  o f  c o n s i s t e n t l y  p red ic t ing  
many of  t he  important f e a t u r e s  of t h e  hea t  t r a n s f e r  on tu rb ine  a i r f o i l s  and 
t h a t  a c t u a l  engine  des igns  w i l l  probably,  have t o  r e l y ,  a t  l e a s t  i n  p a r t ,  on a 
c o r r e l a t i v e  approach. 

Unsteady Boundary Layer Analysis  

An unsteady,  compressible  boundary layer a n a l y s i s  was developed t o  s tudy  
t h e  e f f e c t s  of  r o t o r / s t a t o r  i n t e r a c t i o n  on the  hea t  t r a n s f e r  r a t e  a t  t he  b lade  
s u r f a c e s .  The a n a l y s i s  was appl ied  t o  s e v e r a l  s teady  and unsteady tes t  cases .  
For laminar flow t h e  t h e o r e t i c a l  r e s u l t s  were shown t o  compare q u i t e  wel l  wi th  
a v a i l a b l e  experimental  d a t a  and previous a n a l y t i c a l  s o l u t i o n s  f o r  s k i n  f r i c -  
t i o n  and hea t  t r a n s f e r  r a t e .  The tu rbu len t  r e s u l t s  showed good q u a l i t a t i v e  
agreement wi th  those  of previous i n v e s t i g a t o r s ;  however, due t o  t h e  l ack  of an 
appropr i a t e  tu rbulence  model fo r  unsteady flow, t h e  va r ious  tu rbu len t  flow 
p r e d i c t i o n s  do not agree q u a n t i t a t i v e l y .  
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The unsteady,  compressible boundary l aye r  ana lys i s  was a l s o  appl ied  t o  
t h e  present  r o t o r f s t a t o r  conf igu ra t ion  us ing  t h e  measured p res su re  d i s t r i b u -  
t i o n s  a s  input  t o  t h e  boundary l a y e r  c a l c u l a t i o n s .  The major conclus ion  drawn 
f o r  t hese  c a l c u l a t i o n s  was t h a t  t h e  t i m e  averaged e f f e c t  of uns teadiness  on 
hea t  t r a n s f e r  was small  s i n c e  the  t i m e  average of t he  unsteady hea t  t r a n s f e r  
p red ic t ions  d i f f e r e d  only s l i g h t l y  from t h e  hea t  t r a n s f e r  c a l c u l a t e d  f o r  a 
s t eady  p r e d i c t i o n .  S p e c i f i c  conclus ions  a r e  l i s t e d  below. 

1. The agreement between t h e  c a l c u l a t e d  and measured mean Stanton 
numbers was q u i t e  good i n  laminar reg ions .  The agreement was less s a t i s -  
f ac to ry  i n  t h e  t r a n s i t i o n  reg ions ;  however t h e  c a l c u l a t e d  r e su l t s  approach t h e  
measured d a t a  near  t he  t r a i l i n g  edge of t h e  b lades  where the  flow was f u l l y  
t u r b u l e n t .  The d i sc repanc ie s  between the  p r e d i c t i o n s  and the  measurements a r e  
most l i k e l y  due t o  inadequate  t r a n s i t i o n  and turbulence  models and uncertan- 
t i e s  about t r a n s i t i o n  loca t ions .  

2.  Both the  c a l c u l a t i o n s  and t h e  d a t a  ind ica t ed  t h a t  t h e  maximum v a l u e  
o f  Stanton number occurs  s l i g h t l y  downstream of the  s t agna t ion  poin t  on the  
s u c t i o n  su r face .  In  a d d i t i o n ,  they  both ind ica t ed  t h a t  t h e  Four ie r  ampli tudes 
of  Stanton number decrease  r a p i d l y  with inc reas ing  frequency and hence a 
l i n e a r i z e d  unsteady v iscous  a n a l y s i s  might provide a u s e f u l  d e s c r i p t i o n  of t h e  
flow. 

3 .  It was found t h a t  t h e  Stanton number d i s t r i b u t i o n s  determined from a 
s t eady  boundary l a y e r  c a l c u l a t i o n  d i f f e r e d  only s l i g h t l y  from the  mean Stanton 
number d i s t r i b u t i o n s  determined from t h e  unsteady boundary l a y e r  c a l c u l a t i o n .  
This  r e s u l t  i n d i c a t e s  t h a t  t h e  unsteady p res su re  f l u c t u a t i o n s  s tud ied  i n  the  
present  i n v e s t i g a t i o n  do not  s i g n i f i c a n t l y  enhance t h e  mean hea t  t r a n s f e r  a t  a 
b l a d e  s u r f a c e .  
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RE COMMENDAT IONS 

As a r e s u l t  of  t h e  information t h a t  has  been genera ted  i n  t h i s  program 
many ques t ions  have been answered, bu t  as i s  o f t e n  t h e  case ,  many more have 
been generated.  The fol lowing l i s t  of recommended f u t u r e  r e sea rch  a c t i v i t i e s  
r e f l e c t s  t h e s e  ques t ions .  

(1)  The ve ry  h igh  l e v e l s  of  p re s su re  s u r f a c e  h e a t  t r a n s f e r  t h a t  occur 
when t h e  uns t ead iness  l e v e l  and t h e  Reynolds number are h igh  need t o  be  
understood and modeled a n a l y t i c a l l y .  

(2) Considerable  a d d i t i o n a l  e f f o r t  needs t o  be focused on improved 
p r e d i c t  i ons  o f boundary 1 ayer  t r ans i t  ion.  

( 3 )  With t h e  p re sen t  exhaus t ive  t rea tment  of  midspan hea t  t r a n s f e r  
completed t h e  next  l o g i c a l  s t e p  would be  t o  c a r r y  o u t  s imi l a r  f u l l  span 
measurements which would inc lude  t h e  hub and t i p  endwalls .  It i s  l i k e l y  t h a t  
t h e  unsteady e f f e c t s  o f  r o t o r / s t a t o r  i n t e r a c t i o n  on a i r f o i l  aerodynamics and 
hea t  t r a n s f e r  w i l l  be s t ronge r  near  t h e  endwalls  due t o  t h e  more enduring 
n a t u r e  of  t h e  a i r f o i l  secondary flows and wakes i n  t h e s e  r eg ions .  

( 4 )  To t h e  e x t e n t  t h a t  t u r b i n e  des igne r s  may observe h e a t  t r a n s f e r  on 
t u r b i n e  a i r f o i l s  i n  a c t u a l  engines  t h a t  cannot be  r econc i l ed  wi th  t h e  p re sen t  
d a t a ,  a t t e n t i o n  should be focused on t h e  e f f e c t s  of  t h e  temporal and s p a t i a l  
nonuni formi t ies  of t h e  flow produced i n  t h e  combustor and t h e  impact t h a t  
t h e s e  nonuni formi t ies  might have on t u r b i n e  hea t  t r a n s f e r .  
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APPENDIX 

A HISTORY OF RELATED TURBINE RESEAKCH 
ACTIVITIES I N  THE UTRC/LSRR 

I n  an e f f o r t  t o  provide a d d i t i o n a l  background f o r  t h e  aerodynamics and 
hea t  t r a n s f e r  r e s u l t s  of t h e  present  program summaries a r e  presented i n  t h e  
fol lowing paragraphs of t h e  va r ious  published r e sea rch  a c t i v i t i e s  t h a t  have 
been conducted on t h e  t u r b i n e  model i n  the  UTRC/LSRR. These a c t i v i t i e s  
inc lude  s t u d i e s  of f i l m  coo l ing ,  r o t a t i n g  frame measurement techniques ,  t h r e e  
dimensional aerodynamics, and unsteady aerodynamics both on a i r f o i l  su r f aces  
as  w e l l  as throughout t h e  flow f i e l d .  These a c t i v i t i e s  a r e  presented he re  i n  
a more o r  less chronologica l  o rde r .  

Dring, R. P . ,  Blair, M. F. and Jos lyn ,  H. D . :  An Experimental  I n v e s t i g a t i o n  
of F i l m  Cooling on a Turbine Rotor Blade, Trans.  ASME, Jou rna l  of Engineering 
f o r  Power, Vol. 102, No. 1, January 1980, pp. 81-87. (Based on USAF Report 
N O .  AFAPL-TR-78-63) 

Film cool ing  has  been s tud ied  on the  r o t o r  b lade  of a l a r g e  s c a l e  (low 
speed) model of a h igh  p res su re  t u r b i n e  f i r s t  s t age .  Film coolant  was 
d ischarged  from s i n g l e  ho le s  on the  p re s su re  and suc t ion  su r faces  of t he  
a i r f o i l .  For each blowing s i t e  the  coolan t  t o  f r e e  stream m a s s  f l u x  r a t i o  and 
d e n s i t y  r a t i o  were va r i ed  from 0.5 t o  1.5 and from 1.0 t o  4.0 r e s p e c t i v e l y .  
Both su r face  flow v i s u a l i z a t i o n  and l o c a l  f i l m  cool ing  a d i a b a t i c  e f f e c t i v e n e s s  
d a t a  were obta ined .  The observa t ion  w a s  made t h a t  a l though i t  can have a 
s t rong  r a d i a l  component, t h e  t r a j e c t o r y  of t h e  f i lm  coolant  w a s  very  
i n s e n s i t i v e  t o  coolan t  flow cond i t ions .  The ex i s t ence  of t h e  r a d i a l  component 
of t h e  f i l m  coolant  t r a j e c t o r y  was found t o  have a s t rong  impact on t h e  n a t u r e  
of t h e  e f f e c t i v e n e s s  d i s t r i b u t i o n .  The d a t a  have been compared wi th  d a t a  
taken by o t h e r  i n v e s t i g a t o r s  on f l a t  su r f aces  and i n  plane cascades.  
Agreement between t h e  f l a t  p l a t e  d a t a  and t h e  suc t ion  su r face  d a t a  was 
reasonably.  good. However, t h e  p re s su re  su r face  r e s u l t s  showed a much f a s t e r  
decay of t h e  e f f e c t i v e n e s s  than d id  t h e  f l a t  p l a t e  d a t a  due t o  e f f e c t s  thought 
t o  be r e l a t e d  t o  both cu rva tu re  and r a d i a l  flow. 

Dring, R. P . ,  and Joslyn,  H. D. :  Measurements of Turbine Rotor Blade Flows, 
Trans ASMF,, Jou rna l  of Engineer ing f o r  Power, Vol. 103, No. 2 ,  Apr i l  1981, pp. 
400-405. 

* 

Measurement methods f o r  ob ta in ing  va r ious  types of experimental  d a t a  on a 
t u r b i n e  r o t o r  b lade  are d iscussed  i n  t h i s  paper.  A v a r i e t y  of d i f f e r e n t  types  
of measurements have been taken i n  the  r o t a t i n g  frame of r e fe rence ,  inc luding:  
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a i r f o i l  su r f ace  s t a t i c  p re s su re  d i s t r i b u t i o n s ,  t h e  r a d i a l  d i s t r i b u t i o n  of 
t o t a l  p re s su re  i n  t h e  inc iden t  flow, flow v i s u a l i z a t i o n  of su r face  s t ream- 
l i n e s ,  and r ad ia l - c i r cumfe ren t i a l  t r a v e r s i n g  of a pneumatic probe a f t  of t h e  
r o t o r .  Typica l  r e s u l t s  are presented showing i n t e r e s t i n g  flow phenomena 
present  on t h e  r o t o r .  I n  p a r t i c u l a r ,  r e s u l t s  are shown which demonstrate  t h e  
va r ious  v iscous  and i n v i s c i d  mechanisms t h a t  g ive  r ise  t o  s t rong  r a d i a l  
flows. 

Dring, R. P . ,  Jos lyn ,  H. D . ,  Hardin,  L. W. and Wagner, J. H . :  Turbine Rotor- 
S t a t o r  I n t e r a c t i o n ,  Trans.  ASME, Journa l  of Engineering f o r  Power, Vol.  104, 
No. 4 ,  October 1982, pp. 729-742. (Based on USAF Report No. AFWAL-TR-81- 
2114) 

The aerodynamic i n t e r a c t i o n  between t h e  r o t o r  and s t a t o r  a i r f o i l s  of a 
l a r g e  s c a l e  a x i a l  t u r b i n e  s t a g e  have been s tud ied  exper imenta l ly .  The d a t a  
included measurements of t h e  t i m e  averaged and ins tan taneous  s u r f a c e  p re s su res  
and s u r f a c e  t h i n  f i lm  gage output  on both t h e  r o t o r  and s t a t o r  a t  midspan. 
The d a t a  w a s  acquired with r o t o r - s t a t o r  a x i a l  gaps of 15 and 65 percent  of 
a x i a l  chord. The upstream p o t e n t i a l  flow in f luence  of t he  r o t o r  on t h e  s t a t o r  
w a s  seen as w e l l  a s  t h e  downstream p o t e n t i a l  flow and wake in f luences  of t h e  
s t a t o r  on t h e  r o t o r .  The t i m e  averaged r o t o r  and s t a t o r  pressure  d i s t r i b u -  
t i o n s  w e r e  i n  e x c e l l e n t  agreement w i t h  p o t e n t i a l  flow and were a l s o  very  
i n s e n s i t i v e  t o  r o t o r - s t a t o r  a x i a l  gap. Unsteady p res su re  on the  s t a t o r  and 
r o t o r  were as h igh  as +15% and +80% r e s p e c t i v e l y  of t h e  l o c a l  t i m e  averaged 
dynamic p res su re .  The s t a t o r  uns teadiness  was p r imar i ly  due t o  the  r o t o r  
p o t e n t i a l  f i e l d  but  t h e  r o t o r  uns teadiness  was heav i ly  inf luenced by t h e  
s t a t o r  wake. Although a n a t u r a l  boundary l a y e r  t r a n s i t i o n  process  w a s  
occu r r ing  on t h e  s t a t o r  t h e  r o t o r  w a s  t y p i c a l l y  undergoing pe r iod ic  v a r i a t i o n  
between laminar and t u r b u l e n t  behavior .  

Dring, R. P. and Joslyn, H. D. :  The R e l a t i v e  Eddy i n  Axial Turbine Rotor 
Passages,  ASME' Paper No. 83-GT-22, presented a t  t h e  1983 Gas Turbine 
Conference i n  Phoenix, AZ. (Based on USAF Report No. AFWAL-TR-81-2114) 

It  has  been observed t h a t  s t rong  r a d i a l l y  outward flow can be present  on 
t h e  p re s su re  su r face  of an a x i a l  t u r b i n e  r o t o r  b lade .  
t h a t  t h e  r e l a t i v e  eddy p lays  a major r o l e  i n  producing t h i s  r a d i a l  flow. 
a n a l y s i s  of t he  r e l a t i v e  eddy ind ica t ed  t h a t  i t  can exp la in  observed t r e n d s  
both with b lade  inc idence  as w e l l  as wi th  spanwise l o c a t i o n  on t h e  b lade .  
Suggestions are o f f e r e d  as t o  how t h e  t u r b i n e  des igner  might e x e r c i s e  some 
c o n t r o l  over t h i s  aerodynamic mechanism. 

This paper demonstrated 
An 
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Joslyn, H. D. and Dring, R. P.: Negative Incidence Flow Over a Turbine Rotor 
Blade, ASME Paper No. 83-GT-23, presented at the 1983 Gas Turbine Conference 
in Phoenix, AZ. (Based on USAF Report NO. AFWAL-TR-81-2114) 

The operation of variable cycle gas turbines at negative incidence can 
result in highly three dimensional separated flows on the turbine rotor 
pressure surface. These flows can impact both performance and durability. 
This program was conducted to experimentally study the behavior of surface 
flow on a large scale axial flow turbine rotor with incidence varying up to 
and including negative incidence separation. Fullspan pressure distributions 
and surface flow visualization were acquired over a range of incidence. The 
data indicate that at large negative incidence, pressure surface separation 
occurred and extended to 60 percent chord at midspan. These separated flows 
were simulated at midspan by applying potential flow theory to match the 
measured pressure distributions. 

Joslyn, H. D., Dring, R. P. and Sharma, 0. P.: Unsteady Three-Dimensional 
Turbine Aerodynamics, Trans. ASME, Journal of Engineering for Power, Vol. 105, 
April 1983, pp. 322-331. 

High response aerodynamic measurements were made in a large scale, axial, 
flow turbine model to study the unsteadiness and three dimensionality of the 
flow. High response velocity vector and total pressure data were acquired. A 
comparison was made of the results of phase lock averaging both raw and 
reduced data (voltages and velocities). The velocity vector measurements 
showed that there were strong radial flows present as well as significant 
periodic changes in the flow field due to relative rotor and stator positions. 
Random, periodic, and total unsteadiness levels were computed from the 
instantaneous and phase lock averaged velocity data. Time averaged data were 
compared with an inviscid two-dimensional calculation. A comparison was also 
made of time averaged total pressure measurements obtained from high response 
and low response (steady-state) probes. 

Sharma, 0. P., Butler, T. L., Joslyn, H. D. and Dring, R. P.: Three- 
Dimensional Unsteady Flow in an Axial Flow Turbine, A I M  Journal of Propulsion 
and Power, V o l .  1, No. 1, January-February 1985, pp. 29-38. (Presented in 
expanded form as AIAA Paper No. AIAA-83-1170) 

The results of an experimental progrem directed at understanding the 
unsteady mean and turbulent flow in a large-scale 1-1/2 stage research turbine 
are presented. High response instrumentation and the phase-locked averaging 
data reduction techniques were utilized to acquire data having high spatial 
and temporal resolution. These data included the unsteady three-dimensional 
distribution of mean and turbulent velocities and total and static pressures. 
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The data between the guide vane and the rotor and downstream of the rotor are 
presented. The flow downstream of the vane was found to be essentially steady 
and was dominated by large Reynolds stresses in the wakes and secondary flow 
regions. In contrast, the flow downstream of the rotor was highly unsteady. 
Two different rotor exit flow regimes were identified, corresponding to 
maximum and minimum interaction of the rotor leading edges with the upstream 
vane wakes. During the maximum interaction, the vane wakes merged with the 
rotor wakes, the midchannel flow was fairly uniform, and two strong secondary 
flow vortices were present. During minimum interaction, the vane wakes 
entered the rotor passages between the airfoils, the midchannel flow was 
nonuniform, and the secondary flow vortices were less well defined. 

Joslyn, H. D., Caspar, J. R., and Dring, R. P.: Inviscid Modeling of 
Turbomachinery Wake Transport, AIAA Journal of Propulsion and Power, Vol. 2 ,  
No. 2,  March-April 1986, pp. 175-180. 

The problem of unsteady wake-airfoil interaction and wake transport is of 
importance in nearly all fluid mechanical devices that involve rotating 
machinery. In this study, an inviscid airfoil-to-airfoil potential flow 
analysis is used to predict the transport of the wakes of upstream stators 
through both rotating compressor and turbine airfoil passages. 
of wake rotation on airfoil lift and the dependence of wake distortion on 
airfoil geometry are both shown. Flow visualization results obtained in both 
a large scale compressor and a large scale turbine rig show good comparison 
with the predictions of the inviscid model. 

The dependence 

Joslyn, H. D. and Dring, R. P.: Surface Indicator and Smoke Flow Visualiza- 
tion in Rotating Machinery, presented at the First International Symposium on 
Transport Phenomena, Honolulu, HI, 1985, Heat Transfer and Fluid Flow in 
Rotating Machinery ed. Wen-Jei Yang, Hemisphere Publishing Co., pp. 156-169. 

Historically, the observation of fluid motion has unveiled complex flow 
phenomena, verified concepts and aided in the development of analytical 
models. Flow visualization was the first and, in many instances, the only 
experimental technique available to study complex fluid dynamics problems. 
Currently, there is little information in the open literature to demonstrate 
the value and application of flow visualization in rotating turbomachinery 
research. Since 1977 the United Technologies Research Center Large Scale 
Rotating Rig (LSRR-1) has been committed to studying in detail the complex, 
three dimensional flow fields of rotating axial flow compressors and turbines. 
As is shown in this paper, the capability to conduct flow visualization 
studies on the rotating airfoil and endwall surfaces and in the rotating 
airfoil passages is a valuable aide in not only identifying the aerodynamic 
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mechanisms present, but also in understanding their impact on the various 
parameters used by engineers to characterize turbomachinery flow fields. 
Specific applications of the surface indicator technique include studies of 
turbine film cooling, three dimensional flows on turbine airfoils, analytical 
modeling of turbine pressure surface flows and compressor suction surface 
flows, and compressor hub corner stall/blockage effects. Smoke flow 
visualization results from a preliminary study of wake-airfoil interaction are 
also presented. 

Butler, T. L., Sharma, 0. P., Joslyn, H. D. and Dring, R. P.: Redistribution 
of an Inlet Temperature Distortion in an Axial Flow Turbine Stage, AIAA Paper 
No. AIAA-86-1468, presented at the Twenty-Second Joint Propulsion Conference, 
Huntsville, AL, June 1986. 

Results of an experimental program aimed at determining the extent of the 
redistribution of an inlet temperature distortion in an axial flow turbine 
stage are presented. The experiments were performed in a large scale, low 
speed turbine where fluid seeded with C02, was introduced upstream of the 
guide vane and its progress through the turbine was tracked by sensing COP 
concentration at various locations inside the stage. Data were obtained both 
with and without the inlet temperature distortion. 
obtained downstream of the vane showed very little change with heating, 
indicating that the vane flow field remains relatively unaffected by the 
introduction of the temperature distortion. Inside the rotor passage however, 
fairly dramatic changes in the COP contours on the airfoil surfaces were 
observed for the temperature distortion case. A segregation of hot and cold 
fluid was observed with the higher COP concentration, higher temperature fluid 
migrating to the rotor pressure side and the lower C 0 2  concentration, lower 
temperature fluid migrating to the rotor suction side. Significant increases 
in spanwise flow migration were also observed. Two separate physical 
mechanisms are postulated which tend to enhance one another to explain the 
observed experimental trends. Calculations were performed using a three 
dimensional Euler solver f o r  the vane and rotor f o r  both test cases. Results 
s h o w  that ‘the calculation is able to qualitatively simulate the experimental 
results. 

C 0 2  concentration contours 

Joslyn, H. D., Butler, T. J. and Dring, R. P.: Trace Gas Measurements of 
Spanwise Mixing in a Turbine Stage, submitted for presentation at the 1987 
ASME Gas Turbine Conference in Anaheim, CS. 

The problem of predicting turbine temperature profile attenuation, i.e., 
the radial redistribution of the combustor exit gas temperature profile by 
spanwise mixing through the turbine has been and continues to be of major 
concern in the industry. Without this predictive capability, optimal cooling, 
increased performance and increased durability cannot be achieved except by 
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long and costly development test programs. An experimental technique using a 
trace gas to simulate an axisymmetric turbine inlet temperature profile in a 
single stage turbine is demonstrated. Spanwise mixing (attenuation) of the 
simulated inlet profile by three-dimensional aerodynamic mechanisms is deter- 
mined from trace gas concentration measurements made, in a single stage turbine 
model. Trace gas concentration contours are consistent with pitch angle 
measurements downstream of the stator and with flow visualization on the rotor 
airfoil surfaces and hub endwall. 

Joslyn, H. D. and Dring, R. P.: An Experimental and Analytical Study of 
Turbine Temperature Profile Attenuation, AFOSR Contract No. F49620-86-C-0020, 
completion date: August 1988. 

An experimental and analytical program is being carried out to gain an 
understanding of the underlying three dimensional aerodynamic mechanisms that 
influence turbine inlet temperature profile attenuation. In particular, the 
experimental effort is designed to first, define by detailed measurements the 
aerodynamic mechanisms that drive the attenuation, and second, to determine 
the degree to which the various mechanisms distort (attenuate) a simulated 
turbine inlet temperature profile as it proceeds through a one and one-half 
stage turbine model. 
formulated to narrow the gap that exists between current analytical 
capabilities which are limited to stationary turbine passage flows and the 
requirements of the design engineer for an accurate method to predict the heat 
transfer on a rotating turbine blade with strong three dimensional secondary 
flows and Coriolis forces. The results will (1) provide guidance for the 
further development of accurate three dimensional codes to predict turbine gas 
path temperature distributions that result from the redistribution (attenua- 
tion) of the turbine inlet temperature profile, and (2) provide a rationale to 
the turbine designer for the optimization of turbine hot section cooling 
schemes. 

The analytical portion of the program has been 

78 



RADIUS (ins.) 

METAL ANGLE (degr.) 

WEDGE ANGLE (degr.) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

T A B L E  lo 
A I R F O I L  GEOMETRY 

AIRFOIL: FIRST STATOR (HUB) 
PITCH (ins.): 6.88865 

X( ins. ) 

0.00000 
0.05932 
0.11864 
0.17796 
0.23728 
0.29660 
0.35592 
0.41524 
0.47456 
0.53388 
0.59320 
0.74150 
0.88980 
1.03810 
1.18640 
1.33470 
1.48300 
1.63130 
1.77960 
1.92790 
2.07620 
2.22450 
2.37280 
2.52110 
2.66940 
2.81770 
2.96600 
3.11430 
3.26260 
3.41090 
3.55920 
3.70750 
3.85580 
4.00410 
4.15240 
4.30070 
4.44900 
4.59730 
4.74560 
4.89390 
5.04220 
5.19050 
5.33880 
5.39812 
5.45744 
5.51676 
5.57608 
5.63540 
5.69472 
5.75404 
5.81336 
5 .E7268 
5.93200 

LEADING EDGE 

0.44485 

90.00395 

31.79000 

yL( ins. ) 

5.98844 
5.76650 
5.68598 
5.63254 
5.59498 
5.56902 
5.55114 
5.53364 
5.51555 
5.49688 
5.47760 
5.42681 
5.37219 
5.31366 
5.25111 
5.18440 
5.11341 
5.03800 
4.95798 
4 .E7318 
4.78339 
4.68839 
4.58791 
4.48160 
4.36922 
4.25033 
4.12450 
3.99119 
3.84973 
3.69938 
3.53930 
3.36863 
3.18656 
2.99229 
2.78525 
2.56517 
2.33245 
2.08792 
1.83271 
1.56797 
1.29464 
1.01365 
0.72592 
0.60905 
0.49120 
0.37243 
0.25271 
0.13213 
0.01077 

-0.08624 
-0.10952 
-0.09755 
0.00001 

TRAILING EDGE 

0.10988 

22.44246 

6.85000 

Yu( ins. ) 

5.98844 
6.21038 
6.29089 
6.34433 
6.38189 
6.40786 
6.42556 
6.44182 
6.45743 
6.47239 
6.48668 
6.51919 
6.54678 
6.56894 
6.58508 
6.59454 
6.59667 
6.59063 
6.57559 
6.55065 
6.51481 
6.46704 
6.40627 
6.33143 
6.24143 
6.13530 
6.01210 
5.87111 
5.71175 
5.53366 
5.33677 
5.12118 
4 .E8723 
4.63534 
4.36603 
4.07986 
3.77749 
3.45958 
3.12684 
2.78000 
2.41981 
2.04697 
1.66229 
1 .SO524 
1.34645 
1.18596 
1.02380 
0.86004 
0.69471 
0.52783 
0.35947 
0.18966 
0.00001 
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TABLE l b  
AIRFOIL GEOMETRY 

RADIUS (ins.) 

METAL ANGLE (degr.) 

WEDGE ANGLE (degr.) 

8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

AIRFOIL: FIRST STATOR (MIDSPAN) 
PITCH (ins.): 7.71 11 8 

X( ins. ) 

0.00000 
0.05932 
0.11864 
0.17796 
0.23728 
0.29660 
0.35592 
0.41524 
0.41456 
0.53388 
0.59320 
0.74150 
0.88980 
1.03810 
1.18640 
1.33470 
1.48300 
1.63130 
1.77960 
1.92790 
2.07620 
2.22450 
2.37280 
2.52110 
2.66940 
2.81110 
2.96600 
3.11430 
3.26260 
3.41090 
3.55920 
3.70150 
3 .85580 
4.00410 
4.15240 
4.30070 
4.44900 
4.59130 
4.14560 
4.89390 
5.04220 
5.19050 
5.33880 
5.39812 
5.45144 
5.51676 
5.51608 
5.63540 
5.69472 
5.15404 
5.81336 
5.81268 
5.93200 

LEADING EDGE TRAILING EDGE 

0.44484 0.10987 

90.00000 21.420OO 

31.80000 6.64000 

YL( ins .  ) 

6.80766 
6.44830 
6.43405 
6.41912 
6.40354 
6.38729 
6.37035 
6.35273 
6.33441 
6.31540 
6.29568 
6.24325 
6.18623 
6.12447 
6.05781 
5.98603 
5.90896 
5.82633 
5.73787 
5.64326 
5.54212 
5.43404 
5.31852 
5.19498 
5.06273 
4.92096 
4.76813 
4.60490 
4 -42825 
4.23111 
4.03254 
3 .E1219 
3.57948 
3.33397 
3.07798 
2.81269 
2.53931 
2.25873 
1.97172 
1.67884 
1.38062 
1.07737 
0.76951 
0.64511 
0.52020 
0.39451 
0.26816 
0.14111 
0.01364 

-0.11456 
-0.24329 
-0.31263 
0 .ooooo 

Yu( ins .  1 

6.80766 
7.15365 
7.17319 
7.19210 
7.21034 
7.22791 
1. 24.416 
7.26089 
7.27624 
7.29080 
7.30453 
7.33502 
7.35957 
7.37758 
1.38835 
7.39114 
7.38513 
7.36940 
7.34300 
7.30490 
7.25403 
7.18927 
7.10949 
7.01363 
6.90066 
6.16961 
6.61989 
6.45078 
6.26202 
6.05354 
5.82550 
5.51826 
5.31230 
5.02816 
4.12650 
4.40803 
4.01 350 
3.72369 
3.35942 
2.98141 
2.59066 
2.18773 
1.17352 
1.60482 
1.43448 
1.26252 
1.08901 
0.91397 
0.13745 
0.55950 
0.38014 
0.19943 
0.00000 
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TABLE: IC 
AIRFOIL GEOMETRY 

RADIUS (ins.) 

METAL ANGLE (degr.) 

WEDGE ANGLE (degr.) 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

AIRFOIL: FIRST STATOR (TIP) 
PITCH (ins.): 8.53371 

X( ins. 1 

0.00000 
0.05932 
0.11864 
0.17796 
0.23728 
0.29660 
0.35592 
0.41524 
0.47456 
0.53388 
0.59320 
0.74150 
0.88980 
1.03810 
1.18640 
1.33470 
1.48300 
1.63130 
1.77960 
1.92790 
2.07620 
2.22450 
2.37280 
2.52110 
2.66940 
2 .E1770 
2.96600 
3.11430 
3.26260 
3.41090 
3.55920 
3.10750 
3.85580 
4.00410 
4.15240 
4.30070 
4.44900 
4.59730 
4.74560 
4 .e9390 
5.04220 
5.19050 
5.33880 
5.39812 
5.45744 
5.51676 
5.51608 
5.63540 
5.69472 
5.75404 
5.81336 
5 .E7268 
5.93200 

LEADING EDGE TRAILING EDGE 

0.44487 0.10986 

90.00401 0.25751 

31.79000 6.79000 

YL( i n s .  ) 

7.57702 
7.35507 
7.27456 
7.22112 
7.18355 
7.15759 
7.13967 
7.12193 
7.10338 
7,08402 
7.06383 
7.00967 
6.95010 
6.88487 
6.81377 
6.73650 
6.65274 
6.56207 
6.46407 
6.35817 
6.24376 
6.12004 
5.98609 
5.84072 
5.68263 
5.51023 
5.32200 
5.11693 
4 .a9526 
4.65850 
4.40859 
4.14141 
3.87650 
3.59714 
3.31031 
3.01688 
2.71730 
2.41223 
2.10214 
1.78726 
1.46798 

0.81723 
0.68529 
0.55272 
0.41958 
0.28587 
0.15177 
0.01698 
-0.08620 
-0.10950 
-0.09754 
0.00001 

1.1445e 

yU( ins. 1 

7.57702 
7.79897 
7 .E7949 
7.93293 
7.97049 
7.99646 
8.01409 
8.02987 
8.04449 
8.05803 
8.07044 
8.09615 
8.11406 
8.12374 
8.12465 
8.11627 
8.09803 
8.06935 
8.02955 
7.97793 
7.91381 
7.83635 
7.74477 
7.63818 
7.51566 
7.37624 
7.21892 
7.04264 
6.04631 
6.62883 
6.38910 
6.12648 
5.84072 
5.53208 
5.20125 
4 .a4935 
4.47775 
4.08802 
3.68183 
3.26080 
2.82654 
2.38047 
1.92403 
1.73880 
1.55219 
1.36422 
1.17502 
0.98458 
0.79299 
0.60033 
0.40661 
0.21192 
0.00001 
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RADIUS (ins.) 
METAL ANGLE (degr.) 
WEDGE ANGLE (degr.) 

TABLE 20 
AIRFOIL GEOMETRY 

AIRFOIL: FIRST ROTOR (HUB) 
PITCH (ins.): 5.41251 

LEADING EDGE TRAILING EDGE 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
41 
48 
49 
50 
51 
52 
53 

X( i n s . )  

0.00000 
0.06341 
0.12682 
0.19023 
0.25364 
0.31705 
0.38046 
0.44387 
0.50728 
0.57069 
0.63410 
0.79262 
0.95115 
1.10967 
1.26820 
1.42672 
1.58525 
1.74371 
1.90230 
2.06082 
2.21935 
2.31781 
2.53640 
2.69492 
2.85345 
3.01197 
3.17050 
3.32902 
3.48755 
3.64607 
3.80460 
3.96312 
4.12165 
4.28017 
4.43870 
4.59722 
4.75575 
4.91427 
5.07280 
5.23132 
5.38985 
5.54837 
5.70690 
5.77031 
5.83372 
5.89713 
5.96054 
6.02395 
6.08736 
6.15077 
6.21418 
6.27759 
6.34100 

0.34867 0.19Ooo 

39.56323 25.97078 

31.19000 5.31000 

YL( i n s .  1 

2 .E6604 
2.66555 
2.59706 
2.55545 
2.53057 
2.51881 
2.51882 
2.53062 
2.55553 
2.59558 
2.63747 
2.73147 
2.81137 
2.87832 
2.93322 
2.91676 
3.00948 
3.03180 
3.04408 
3.04653 
3.03939 
3.02278 
2.99681 
2.96157 
2.91708 
2.86339 
2.80050 
2.72831 
2.64670 
2.55547 
2.45445 
2.34348 
2.22234 
2.09081 
1.94860 
1.79535 
1.63070 
1.45405 
1.26487 
1.06245 
0.84595 
0.61435 
0.36649 
0.26245 
0.15541 
0.04543 
-0.06777 
-0.16117 
-0.19892 
-0.20989 
-0.19908 
-0.16158 
-0.01989 

Yv( i n s .  1 

2.86604 
3.08102 
3.21151 
3.33187 
3.44343 
3.54722 
3.64406 
3.73464 
3.81950 
3.89912 
3.91388 
4.14166 
4.28528 
4.40773 
4.51126 
4.59755 
4.66791 
4.72339 
4.76471 
4.79261 
4.80757 
4.80981 
4.79963 
4.77715 
4.74242 
4.69531 
4 -63584 
4.56359 
4.47823 
4.37924 
4.26599 
4.13761 
3.99304 
3.83080 
3.64903 
3.44572 
3.21968 
2.97070 
2.69996 
2.40938 
2.10143 
1.71875 
1.44378 
1.30685 
1.16841 
1.02861 
0.88753 
0.74527 
0.60194 
0.45759 
0.31233 
0.16622 

-0.01989 
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TABLE 2b 
AIRFOIL GEOMETRY 

AIRFOIL: FIRST ROTOR (MIDSPAN) 
PITCH (ins.): 6.05879 

LEADING EDGE TRAILING EDGE 

RADIUS (ins.) 0.34S72 0.19000 
METAL ANGLE (degr.) 45.1864&, 25.97073 
WEDGE ANGLE (degr.) .31 ,24000 5.3 I000 

1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

X( ins. ) 

0.00000 
0.06341 
0.12682 
0.19023 
0.25364 
0.31705 
0.38046 
0.44387 
0.50728 
0.57069 
0.63410 
0.79262 
0.95115 
I. 10967 
1.26820 
1.42672 
1.58525 
1.74377 
1.90230 
2.06082 
2.21935 
2.37781 
2.53640 
2.69492 
2.85345 
3.01197 
3.17050 
3.32902 
3.48755 
3.64607 
3.80460 
3.96312 
4.12165 
4.28017 
4.43870 
4.59722 
4.75575 
4.91427 
5.07280 
5.23132 
5.38985 
5.54837 
5.70690 
5.77031 
5.83372 
5.89713 
5.96054 
6.02395 
6.08736 
6.15077 
6.21418 
6.27759 
6.34100 

YL( ins. ) 

3.41970 
3.21919 
3.15069 
3.10908 
3.08419 
3.07242 
3.07243 
3.08422 
3.10912 
3.14694 
3.18401 
3.26583 
3.33349 
3.38822 
3.43094 
3.46228 
3.48271 
3.49248 
3.49176 
3.48053 
3.45868 
3.42596 
3.38201 
3.32633 
3.25830 
3.17735 
3.08283 
2.97433 
2.85162 
2.71488 
2.56463 
2.40136 
2.22577 
2.03852 
1 .a4022 

' 1.63139 
1.41252 
1.18402 
0.94623 
0.69955 
0.44403 
0.18008 

-0.09214 
-0.20337 
-0.31578 
-0.42949 
-0,54448 
-0.63800 
-0.67575 
-0.68673 
-0.67591 
-0.63841 
-0.49672 

Y"( ins. ) 

3.41970 
3.62774 
3.14347 
3.84906 
3.94593 
4.03518 
4.11769 
4.19414 
4.26511 
4.33106 
4.39238 
4.52752 
4.63984 
4.73220 
4.80674 
4.86506 
4.90837 
4.93760 
4.95347 
4.95652 
4.94712 
4.92555 
4.89193 
4.84632 
4.78863 
4.71868 
4.63616 
4.54063 
4.43151 
4.30799 
4.16905 
4.01334 
3.83912 
3.64406 
3.42595 
3.18387 
2.91861 
2.63221 
2.32774 
2.00832 
1.67680 
1.33571 
0.98699 
0.84573 
0.70359 
0.56065 
0.41698 
0.27261 
0.12765 

-0.01791 
-0.16397 
-0.31052 
-0.49672 
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TABLE 2c 
A I R F O X L  GEOMETRY 

RADIUS (ins.) 

METAL ANGLE (degr.) 

WEDGE ANGLE (degr.) 

I 

L 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

AIRFOIL: FIRST ROTOR (TIP) 
PITCH (ins.): 6.70506 

LEADING EDGE TRAILING EDGE 

X( ins. ) 
0. ooooc 
0.06341 
0.12682 
0.19023 
0.25364 
0.31705 
0.38046 
0.44387 
0.50728 
0.57069 
0.63410 
0.79262 
0.95115 
1.10967 
1.26820 
1.42672 
1.58525 
1.74377 
1 .go230 
2.06082 
2.21935 
2.37787 
2.53640 
2.69492 
2.85345 
3.01197 
3.17050 
3.32902 
3.48755 
3.64607 
3.80460 
3.96312 
4.12165 
4.28017 
4.43870 
4.59722 
4.75575 
4.91427 
5.07280 
5.23132 
5.38985 
5.54837 
5.70690 
5.77031 
5.83372 
5.89713 
5.96054 
6.02395 
6.08736 
6.15077 
6.21418 
6.27759 
6.34100 

0.34881 

46.66805 

31.26000 

yL( ins. ) 

3.97348 
3.77294 
3.70443 
3.66280 
3.63790 
3.62612 
3.62611 
3.63787 
3.66275 
3.69488 
3.72462 
3.78887 
3.83974 
3 .E7814 
3.90472 
3.91989 
3.92388 
3.91674 
3.89838 
3.86851 
3.82665 
3.77210 
3.70385 
3.62049 
3.52015 
3.40033 
3.25903 
3.09581 
2.91352 
2.71517 
2.50562 
2.28505 
2.05587 
1.81890 
1.57520 
I. 32521 
1.06966 
0.80884 
0.54319 
0.27306 
-0.00136 
-0.27975 
-0.56201 
-0.67597 
-0.79046 
-0.90562 
-1.02119 
-1.11481 
-1.15257 
-1.16355 
-1.15274 
-1.11524 
-0.97355 

0.19000 

25.96767 

5.31000 

yV( ins. 1 

3.97348 
4.17548 
4.27381 
4.36353 
4.44573 
4.52127 
4.59084 
4.65499 
4.71419 
4.76883 
4 .e1924 
4.92848 
5.01637 
5.08539 
5.13737 
5.17369 
5.19537 
5.20321 
5.19778 
5.17950 
5.14862 
5.10529 
5.04954 
4.98122 
4.90012 
4.80585 
4.69788 
4.57543 
4.43751 
4.28296 
4.10990 
3.91608 
3.69853 
3.45544 
3.18730 
2.89675 
2.58780 
2.26420 
1.92951 
1.58629 
1.23664 
0.88207 
0.52368 
0.37945 
0.23478 
0.08974 

-0.05569 
-0.20141 
-0.34153 
-0.49387 
-0.64045 
-0.78728 
-0.97355 
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RADIUS (ins.) 

METAL ANGLE (degr.) 

WEDGE ANGLE (degr.) 

3 
4 
5 
6 
1 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

TABLE 3a 
AIRFOIL GEOMETRY 

AIRFOIL: SECOND STATOR (HUB) 
PITCH (ins.): 5.41251 

X(ins.) 

0.00000 
0.06452 
0.12904 
0.19356 
0.25808 
0.32260 
0.38712 
0.45164 
0.51616 
0.58068 
0.64520 
0.80650 
0.96780 
1.12910 
1.29040 
1.45170 
1.61300 
1.77430 
1.93560 
2.09690 
2.25820 
2.41950 
2.58080 
2.74210 
2.90340 
3.06470 
3.22600 
3.38730 
3.54860 
3.70990 
3.87120 
4.03250 
4.19380 
4.35510 
4.51640 
4.67770 
4 .83900 
5.00030 
5.16160 
5.32290 
5.48420 
5.64550 
5.80680 
5.87132 
5.93584 
6.00036 
6.06488 
6.12940 
6.19392 
6.2504 4 
6.32296 
6.38748 
6.45200 

LEADING EDGE 

0.34999 

41.01 068 

29.91 000 

YL( ins. ) 

3.68263 
3.48015 
3.41120 
3.36955 
3.34493 
3.33372 
3.33462 
3.34773 
3.37461 
3.41583 
3.45739 
3.55269 
3.63560 
3.70599 
3.76376 
3 .BO880 
3.84106 
3.86048 
3.86704 
3.86072 
3.84153 
3 .BO950 
3.76468 
3.70714 
3.63698 
3.55430 
3.45921 
3.35188 
3.23245 
3.10111 
2.95802 
2.80339 
2.63745 
2.46037 
2.27244 
2.07384 
1.86483 
1.64569 
1.41663 
1.17789 
0.92975 
0.67246 
0.40629 
0.29738 
0.18710 
0.07548 
-0.03748 
-0.13608 
-0.17738 
-0.18997 
-0.17996 
-0.14267 
0.00000 

TRAILING EDGE 

0.19000 

4.9861 9 

8.91000 

Yu( ins. ) 

3.68263 
3.89472 
4.01869 
4.13494 
4.24410 
4.34672 
4.44324 
4.53408 
4.61958 
4.70006 
4.77578 
4.94580 
5.09069 
5.21287 
5.31424 
5.39634 
5.46037 
5.50735 
5.53806 
5.55317 
5.55319 
5.53852 
5.50948 
5.46629 
5.40908 
5.33790 
5.25273 
5.15348 
5.03995 
4.91189 
4.76892 
4.61058 
4.43628 
4.24527 
4.03662 
3.80928 
3.56222 
3.29479 
3.00662 
2.69784 
2.36890 
2.02068 
1.65431 
1.50296 
1.34900 
1.19252 
1.03361 
0.87238 
0.70890 
0.54327 
0.37560 
0.20595 
0.00000 
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TABLE 3b 

AIRFOIL GEOMETRY 

RADIUS (ins.) 

METAL ANGLE (degr.) 
WEDGE ANGLE (degr.) 

AIRFOIL: SECOND STATOR (MIDSPAN) 
PITCH (ins.): 6.05879 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
31 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

Wins.  1 
0.00000 
0.06452 
0.12904 
0.19356 
0.25808 
0.32260 
0.38712 
0.45164 
0.51616 
0.58068 
0.64520 
0.80650 
0.96780 
1.12910 
1.29040 
1.45170 
1.61300 
1.77430 
1.93560 
2.09690 
2.25820 
2.41950 
2.58080 
2.74210 
2.90340 
3.06410 
3.22600 
3.38730 
3.54860 
3.70990 
3.87120 
4.03250 
4.19380 
4.35510 
4.51640 
4.67770 
4.83900 
5.00030 
5.16160 
5.32290 
5.48420 
5.64550 
5.80680 
5.87132 
5.93584 
6.00036 
6.06488 
6.12940 
6.19392 
6.25844 
6.32296 
6.38748 
6.45200 

TRAILING EDGE LEADING EDGE 

0.34999 0.19000 

45.66800 z5.00000 

Z7.50000 6.50000 

YL( ins .  1 

4.10291 
3.47786 
3.52885 
3.51793 
3.62510 
3.67035 
3.71368 
3.75508 
3.19454 
3.83206 
3.86762 
3.94196 
4.01599 
4.07162 
4.11482 
4.14552 
4.16311 
4.16934 
4.16244 
4.14298 
4.11101 
4.06655 
4.00965 
3.94037 
3.85879 
3.76498 
3.65906 
3.54111 
3.41127 
3.26967 
3.11644 
2.95172 
2.77 568 
2.58849 
2.39030 
2.18130 
1.96166 
1.73160 
1.49128 
1.24090 
0.98064 
0.71074 
0.43141 
0.31707 
0.20126 
0.08400 

-0.03471 
-0.15484 
-0.27639 
-0.39934 
-0.52368 
-0.64939 
0.00000 

Yu( ins .  1 

4.10291 
4.30650 
4.40610 
4.50013 
4.58895 
4.67285 
4.75110 
4 .E2695 
4 .E9160 
4.96425 
5.02707 
5.16834 
5.28865 
5.38963 
5.41259 
5.53859 
5.58849 
5.62296 
5.64258 
5.64778 
5.63888 
5.61615 
5.57973 
5.52972 
5.46611 
5.38882 
5.29171 
5.19255 
5.07300 
4.93863 
4.78891 
4.62316 
4.44053 
4.24001 
4.02052 
3.78134 
3.52218 
3.24330 
2.94535 
2.62941 
2.29682 
1.94914 
1.58790 
1.43996 
1.29018 
1.13867 
0.98552 
0.83080 
0.67459 
0.51699 
0.35805 
0.19786 
0.00000 
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RADIUS (ins.) 

METAL ANGLE (degr.) 

WEDGE ANGLE (degr.) 

1 
2 
3 
4 
5 
6 
7 
0 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 

TABLE 3c 
AIRFOJL GEOMETRY 

AIRFOIL: SECOND STATOR (TIP) 
PITCH (ins.): 6.70506 

LEADING EDGE TRAILING EDGE 

0.35006 

50.491 15 

25.12000 

X( ins. ) YL( ins. ) 

0.00000 
0.06452 
0.12904 
0.19356 
0.25808 
0.32260 
0.38712 
0.45164 
0.51616 
0.58068 
0.64520 
0.80650 
0.96780 
1.12910 
1.29040 
1.45170 
1.61300 
1.77430 
1.93560 
2.09690 
2.25820 
2.41950 
2.58080 
2.74210 
2.90340 
3.06470 
3.22600 
3.38730 
3.54860 
3.70990 
3.87120 
4.03250 
4.19380 
4.35510 
4.51640 
4.67770 
4.83900 
5.00030 
5.16160 
5.32290 
5.48420 
5.64550 
5.80680 
5.87132 
5.93584 
6.00036 
6.06488 
6.12940 
6.19392 
6.25844 
6.32296 
6.30748 
6.45200 

4.53429 
4.33178 
4.26282 
4.22116 
4.19652 
4.18530 
4.18619 
4.19929 
4.22602 
4.25762 
4.28729 
4.35297 
4.40647 
4.44777 
4.47683 
4.49364 
4.49819 
4.49045 
4.47047 
4.43822 
4.39375 
4.33706 
4.26823 
4.18728 
4.09426 
3.98924 
3.87229 
3.74348 
3.60289 
3.45062 
3.28615 
3.11139 
2.92465 
2.72666 
2.51749 
2.29731 
2.06620 
1.82436 
1.57187 
1.30889 
1.03553 
0.75199 
0.45841 
0.33818 
0.21639 
0.09302 

-0.03190 
-0.13607 
-0.17738 
-0.18996 
-0.17995 
-0.14267 
0.00000 

0.19000 

24.98778 

4.09000 

yU( ins.) 

4.53429 
4.73619 
4 .E1836 
4.89463 
4.96641 
5.03396 
5.09751 
5.15728 
5.21343 
5.26613 
5.31552 
5.42538 
5.51708 
5.59199 
5.65117 
5.69551 
5.72567 
5.74219 
5.74550 
5.73590 
5.71360 
5.61814 
5.63135 
5.57140 
5.49876 
5.41323 
5.31449 
5.20215 
5.07566 
4.93435 
4.77738 
4.60366 
4.41196 
4.20118 
3.97077 
3.72071 
3.45177 
3.16495 
2.86176 
2.54389 
2.21304 
1.87091 
1.51902 
1.37585 
1.23140 
1.08577 
0.93902 
0.79122 
0.64244 
0.49272 
0.34214 
0.19073 
0.00000 
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TABLE 5 

PITCH AVERAGED UNSTEADINESS RESULTS AT Cx/Um = 0.78 

TOTAL fiT RANDOM 6 PERIODIC 6 
1 st STATOR EXIT 

0 GRID OUT 0.030 0.022 0.01 9 

0 GRID IN 0.036 0.031 0.01 7 

ROTOR EXIT 

0 GRID OUT 0.155 

0 GRID IN 0.155 

2nd STATOR EXIT 

0 GRID OUT 0.061 

0 GRID IN 0.061 

89 

0.120 

0.137 

0.058 

0.058 

0.096 

0.069 

0.020 

0.01 7 
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TABLE 6 

EXPERIMENTAL UNCERTAINTY 

Flow angles 

Flow coefficient ( C # J m  ) 

Flow speed 

Pressure coefficient (Cp) 

Rotor wheel speed (U,) 

Wheel speed dynamic head (Qum) 

Reynolds number 

Temperature (an individual reading) 

Free-stream temperature 

Stanton Number 

Thermocouple location 
- absolute 
- relative in stagnation region 

f 0.5O 

f 1% 

f 2% 

f 2% 

f 0.1% 

f 0.5% 

f 2% 

kO.5 Fo 

f 1.5 Fo 

f 4% 

f 0.020 ins. 
f 0.005 ins. 
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FIG. 2 TURBINE STAGE AT 15% A X I A L  GAP 
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I 1 FIG. 3 LARGE SCALE ROTATING RIG 1 1/2 STAGE TURBINE CONFIGURATION 
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EDGE TANGENCY 

TANGENT TO 
LEADING AND 

TRAILING EDGES 
AT MIDSPAN 

\ 

F I G .  4 DIAGRAM OF SURfACE DISTANCE (SI NOMENCLATURf 

86-6-40-1 
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I 

CORRELATOR 
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PLOlTER 
(MOSLEY) 

AUTOCORRELATION COEFFICIENT 
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D.C. 
VOLMETER 
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VOLTMETER 
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 EL'^ 

SPECTRAL ANALYZER 
(SPECTRAL DYNAMICS 

MODEL SD340) 
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DISTRIBUTION 

, FIG. 5 BLOCK DIAGRAM Of INSTRUMENTATION ARRANGEMfNT fOR OBTAINING 
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Constant control A* temperature traverse 

Computer 

anemometer 

Linearirer 

Signal 
conditioning 

Spectrum 
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(1) Raw data 
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On-line printer 
reduced PLA 
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FIG. 6 INSTRUMENTATION AND DATA ACQUISITION SYSTEM 
fOR VELOCITY AND UNSTEADINESS DATA 
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ORIGINAL FPCE 16 
OF POOR QUALil'Y 

I I , I I I I 1 I I I I I I I I I I i l  J0 
c m t  2 3 4 5 6 7 8 

METAL MASTER AIRFOIL 

r m 1  P I 3  4 5 e5 7 8 9 1 0  

STEEL SKELETON 

I I / I i I 1 1 I 1 i 1 1 I L 1 1 1 lL1 c m t  l l i  1 2 1 1 3 I I 4 1 I L L  5 6 I 1 7 I I 8 I I 9 1 0  I I 1 
c m t  2 3 4 5 e 7 8 e t 0  

SUCTION SURFACE OF CAST AIRFOIL PRESSURE SURFACE OF CAST AIRFOIL 

FIG. 7 STAGES DF FABRICATION FOR THE FIRST STAGE ROTOR 

84-2-25-2 
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AIRFOIL WITH INSTRUMENTATION CAVITY CLOSED COMPLETED TEST AIRFOIL 

FIG. 8 STAGES Of FABRICATON FOR THE f I R S T  STAGE ROTOR 

84-2-25-1 
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6, = 5.932 in. TOTAL ARC LENGTH = 20.334 in. 

0-0 et S'= l l . l l  an. 
81 I I I I I I I 

X - inches 
NOTE - ORIGIN OF ARC LENGTH (S) IS THE AXIAL TRAILING EDGE 

(MAXIMUM X), S INCREASES MOVING COUNTERCLOCKWISE 

SUCTION SURFACE AIRFOIL TC'S 1-60 
PRESSURE SURFACE AIRFOIL TC's 40-97 

2 1  0.968 I 0096 

0.434 
7 

I 1 
11* I 0.799 I 0.602 

1s I 0767 I 0.686 ml 
0663 0939 1-1 
0.575 

0.524 1.192 

0.324 1.445 

0.169 1.529 

0.155 1.614 

I I 

1.799 

o.Oo0 1.808 

O.Oo0 1816 

0.005 
I 

48 I 0.008 I 1.850 

1.875 

I - '  I 

I 

58 0076 1.9% 

* AT THESE AXIAL STATIONS T.C.s LOCATED AT 50% SPAN AND k 

FIG. 8 INSTRUMENTATION DIAGRAM FOR 

ORIGINAL PAGE B 
OP: POOR QUALIIY 

8.3. 16.6 

THE 

AND 25% AWAY FROM MIDSPAN 

FIRST STAGE STATOR 
84-5~26--1 
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ORXGTNAL PAGE IS 
~ -POOR QUALITY 6 

5 

4 

g 3  

I 

c 
0 c .- 

> 2  

1 

0 

6, =6.341 in. TOTAL ARC LENGTH = 18.753 in. 
S-0 ot S0- lD .40  in. 

1 I I 1 I I I 

\ 16 

72 \ 

0 1 2 3 4 5 6 7 
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NOTE - ORIGIN OF ARC LENGTH (S) IS THE AXIAL TRAILING EDGE 
(MAXIMUM X), S INCREASES MOVING COUNTERCLOCKWISE 

SUCTION SURFACE AIRFOIL TC'S 1-58 
PRESSURE SURFACE AIRFOIL TC'S 38-93 
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I 

8* 0845 0385 

I 12 I 0811 I 0463 
1 

13 0773 0.542 

14 I 0735 I 0621 
c 1 ;: j 0692 

0 643 

20' 0588 0858 

24 0525 0936 

25 0456 1015 

26 0382 1094 

27 0303 1173 

I 28 I 0226 I 1.252 
I I I I 0155 1 1331 

0095 1410 

0044 1488 

38 0003 1.567 

EFR 0001 1575 0 139 
I I 

40 I 0000 I 1.583 

1 I 

0017 1630 

0023 1638 

0030 1646 

I 49 I 0037 I 1654 I 
50 DO44 1662 

51 I 0052 I 1670 

52 0061 1678 

53 I 0 068 1.686 

54 I 0076 I 1693 

55 1 0083 I 1.701 

c 1 
I 61 I 0211 I 1843 I 
I I I 
I 62 I 0251 I 1.883 I 

63 I 0290 I 1922 

67' I 0371 I 2000 

I 57 1 0096 1 1.717 1 
I 1 

58 0103 1725 

AT THESE AXIAL STATIONS T.C.s LOCATED 
AT 50% SPAN AND 58.3,  16.6 AND 25% 
AWAY FROM MIDSPAN 

F I G .  10 INSTRUMENTATION DIAGRAM FOR THE FIRST STAGE ROTOR 
84-5-26- 
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B,=6.452 in. TOTAL ARC LENGTH = 19.141 in. 

6 
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0 
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r " 3  
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13 
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NOTE - ORIGIN OF ARC LENGTH (S) IS THE AXIAL TRAILING EDGE 

(MAXIMUM X), S INCREASES MOVING COUNTERCLOCKWISE 

SUCTION SURFACE AIRFOIL TC'S 1-59 
PRESSURE SURFACE AIRFOIL TC'S 39-94 WI 

0 990 

0962 0101 
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14 1 0767 I 0566 

15 I 0727 I 0643 
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0 157 
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0002  1573  t I 
1 40 I 0001 I 1.581 I 
I 1 

I 43 I o w 2  I 1604 

I 45 I 0008 I 1.620 

46 0012 1627 

. 
I 50 I 0.038 I 1.658 I 

I 

*AT THESE AXIAL STATIONS T C s LOCATED 
AT 50% SPAN AND 28.3, 16.6 AND 25% 
AWAY FROM MIDSPAN 

FIG. 11 I N S T R U M E N T A T I O N  D I A G R A M  F O R  THE SECOND STAGE S T A T O R  
84-6-26-2 
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CENTER BODY NOSE REMOVED TO SHOW WENDON SLIP-RING (MODEL W212-101) 
INSTALLED IN THE LSRR 

FIG. 12 CENTER BODY NOSE REMOVED TO SHOW WENDON SLIP-RING 
(MODEL W212-101) INSTALLED IN THE LSRR 

86-5-18-5 
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I.S-STAGE TURBINE. sin. 2-13~s. WID OUT, X/BX= 8.58 
RUN NO.= 41 2 WAN nu(;.= 67.595 
RADIUS = 27.88 CXIU aut.= 8.182 

78 .Be 

RUN NO.= 4 1  2 
RIDIUS = 27.88 

t T O l  

3.88. 

2.58 

2.99 

1.58 

1.w 

OUAN RUG.= 2.899 
cx/u nut.= 8.782 

. ee 

.Be 8.58 1 .Be 1.58 2 .Be 
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FIG. 17 ABSOLUTE Y A W  ANGLE AND VELOCITY FROM 5-HOLE PROBE 
TRAVERSE A T  1ST STATOR EXIT (X/Bx = 0.17) 
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1.5-STAGE TW9INE. STA.  3-REL. G R I D  OUT. X/BX: 8.58 
RUN NO.: I/  4 auAw AUC.= -58.299 
RAOIUS = 27.99 CX/U RUG.: 9.776 
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FIG. 18 RELATIVE Y A W  ANGLE AND VELOCITY FROM 5-HOLE PROBE 
TRAVERSE AT ROTOR EXIT (X/Bx = 0.36) 
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FIG. 19 ABSOLUTE Y A W  ANGLE AND VELOCITY FROM 5-HOLE PROBE 
TRAVERSE A T  2 N D  STATOR EXIT (X/Bx = 0.14) 
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ACOUSTIC AND VIBRATION CONTRIBUTIONS TO THE TOTAL UNSTEADY HOT-FILM SIGNAL 

4.6 

f - HZ I 
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26 FLOOR VIBRATION (HOT FILM VIBRATES) 
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FIG. 21 SPECTRAL DISTRIBUTION OF THE UNFILTERED HOT-FILM 
SIGNAL UPSTREAM OF THE FIRST STATOR LEADING EDGE 
FOR THE MINIMUM TURBULENCE (NO GRID) CONFIGURATION 
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FIG. 54 ANALYTICAL/EXPERIMENTAL COMPARISONS FOR THE 
FIRST STAGE STATOR. Cx/U = 0.78 
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FIG. 55 ANALYTICAL/EXPERIMENTAL COMPARISONS FOR THE 
FIRST STAGE ROTOR, CX/U - 0.78 
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FIG. 56 ANALYTICAL/EXPERIMENTAL COMPARISONS FOR THE 
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(a) Amplitude of Skin Friction Fluctuation 
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FIG. 59 Turbulent Flow Over a Flat Plate in an Oscillating Stream 
(a) Amplitude of Skin Friction Fluctuation 
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FIG. 62 Flow Over Stator Pressure Surface 
(a) Mean Pressure Distribution 
(b) First Three Fourier Components of Pressure 
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FIG. 63 Flow Over Rotor Blade Suction Surface 
(a) Mean Pressure Distribution 
(b) First Three Fourier Components of Pressure 
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FIG. 64 Flow Over Rotor Pressure Surface 
(a) Mean Pressure Distribution 
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