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I. SUMMARY 

The r e s u l t s  o f   t h e   d e t a i l e d   d e s i g n   o f   t h e   h i g h - l i f t   b l a d e   c o n f i g u r a t i o n  
t u r b i n e   f o r   T a s k  I11 of  NASA Cont rac t  NAS3-14304 are presented .  The h i g h - l i f t  
d e v i c e   s e l e c t e d   f o r   u s e   i n   t h e   t h r e e - s t a g e   c o n s t a n t - i n s i d e - d i a m e t e r   t u r b i n e  is 
a ten   degree   t angent ia l ly   l eaned   s tage   th ree   vane .  A l l  o ther   b laderows  use  
p l a i n   b l a d i n g .  The o v e r a l l   c a l c u l a t i o n  scheme  used i n   t h e   a n a l y s i s  of t h e  
l eaned   vane   t u rb ine  is d e s c r i b e d ,   a n d   t h e   r a d i a l - e q u i l i b r i u m   e q u a t i o n   u s e d   i n  
t h e   c a l c u l a t i o n  is p resen ted .   Var ious   deg rees   o f   vane   t angen t i a l   l ean   and  
axial sweep are i n v e s t i g a t e d ,   a n d   t h e   f i n a l   v a n e   d e s i g n  is d i scussed .   De ta i l ed  
aerodynamic  design  data  are summarized.  Steady-state stresses are p r e d i c t e d  
and  compared t o   t h e   p l a i n   b l a d e   s t e a d y - s t a t e  stresses. No stress problems are 
expec ted   dur ing  a i r  t u r b i n e   t e s t i n g .  



11. INTRODUCTION 

The  development  of  high-bypass-ratio  turbofan  engines  for  future air- 
c ra f t   p ropu l s ion  schemes requires   the  development   of   fan  dr ive  turbines   with 
increasingly  higher  work output.  The requirements  of  minimized  weight and 
s i z e  of  such  turbofan  engines  produced a need for   tu rb ines   wi th   increas ingly  
h igh   s t age   l oad ing .   In   o rde r   t o   ma in ta in   h igh   t u rb ine   e f f i c i enc ie s  a t  high 
s tage  loading,   advances  are   required  in   the  technology of producing  increased 
aerodynamic  load  capabi l i ty   in   turbine  blading by means  of improved design 
techniques  and  high-l i f t   devices .  

The spec i f i c   ob jec t ives   o f   t h i s  program are to :  

I n v e s t i g a t e   a n a l y t i c a l l y  and experimentally  aerodynamic means 
for   increas ing   the   tu rb ine   s tage   loading  and turbine  blade  load- 
ing   cons i s t en t   w i th   h igh   e f f i c i ency   fo r   mu l t i s t age   h igh   l oaded  
f an   d r ive   t u rb ine   conf igu ra t ions .  

Develop suf f ic ien t   des ign   in format ion  t o  de t e rmine   t he   r e l a t ive  
importance of changes in   engine   s ize ,   weight ,  and  performance 
and give  pr imary  considerat ion  to   use  of  tandem r o t o r s  and 
s t a t o r s ,  where  applicable,  to  reduce  weight  or  extend  or  improve 
the  blading  performance. 

Modify an ex is t ing   th ree-s tage   h ighly   loaded   tu rb ine   r ig  and 
adapt   the   r ig   to   an   overa l l   per formance  test program  of s u f f i c i e n t  
ex ten t  so  as to  obtain  blade  element  performance. 

This is a  24-month a n a l y t i c a l  and  experimental   invest igat ion program t o  
provide a turbine  high-stage-loading  and  high-blade-loading  aerodynamic 
technology  that  w i l l  be   spec i f ica l ly   appl icable   to   mul t i s tage   fan   d r ive  
tu rb ine   conf igu ra t ions   fo r  advanced  high-bypass-ratio  turbofan  propulsion 
system  application. The program w i l l  be   divided  into two phases  encompassing 
n ine   t ask  items o f   ac t iv i ty .  

The f i r s t  phase w i l l  cover  Task Items I, I1 and 111 of the  program  which 
are to   inves t iga te   requi rements   o f   se lec ted  advanced  high-bypass-ratio  turbo- 
fan  systems,   to   carry  out   parametr ic   turbine  vector   diagram  s tudies ,   to  con- 
duct a cascade test and evaluation  program,  to select one   des ign   for   fu ture  
study,  to  complete a detai led  aerodynamic  turbine  design  for   an  exis t ing  r ig ,  
to   complete   the  detai led  blading  aerodynamic  design  for   the  r ig ,   to   perform 
de ta i led   b lad ing   mechanica l   des ign   for   the   r ig ,   to   per form  the   tu rb ine   r ig  
mechanical  design, and to   prepare  the  turbine  r ig   modif icat ion  drawings 
requi red   to   u t i l i ze   the   ex is t ing   th ree-s tage   h ighly- loaded-fan   tu rb ine   r ig .  
The second  phase w i l l  cover Task Items I V  through I X  of t h i s  program 
to  f ab r i ca t e ,   p rocure ,   v ib ra t ion  bench t e s t ,  fatigue  endurance test, and 
inspect   the   turbine  r ig   modif icat ions;   to   instrument  and c a l i b r a t e   t h e   r i g  
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veh ic l e ;   t o   conduc t  a test program  and t o   r e p o r t   p r o g r e s s ,   a n a l y s i s ,  and 
des ign ,  as well  as test and  performance  results.  

The  Task I vec tor   d iagram  s tudy   resu l t s   have   been   repor ted   (Reference  1). 
Based on t h e   r e s u l t s  of t h i s   s t u d y ,  a ve loc i ty   d i ag ram was chosen   fo r   t h ree  
h igh ly - loaded   t u rb ine   conf igu ra t ions :   (1 )  a t u r b i n e   u s i n g   p l a i n   b l a d e s ,  
(2 )  a t u r b i n e   u s i n g  tandem blades  and (3) a n o t h e r   t u r b i n e   u s i n g   h i g h - l i f t  
devices .   The  purpose of t h i s   r e p o r t  is to   p re sen t   t he   Task  I11 d e t a i l e d  
d e s i g n   o f   t h e   t u r b i n e   u s i n g   h i g h - l i f t   d e v i c e s .  

3 



111. PRELIMINARY  DESIGN 

A. REQUIREMENTS 

The   des ign   r equ i r emen t s   fo r   t he   t u rb ines   t o   be   s tud ied  were based on 
eng ine   f an   d r ive   t u rb ine   r equ i r emen t s .  An e x i s t i n g   t h r e e - s t a g e   h i g h l y  
l o a d e d   f a n   d r i v e   t u r b i n e   r o t a t i n g   r i g  was mod i f i ed   fo r   t he  test and  per- 
formance  phase  of   this   program.  Scal ing of t h e   t u r b i n e   t o   u t i l i z e   t h e  
e x i s t i n g   f a c i l i t y  was d i scussed   i n   Re fe rence  2 ,  a n d   t h e   f u l l   s i z e   a n d  
sca l ed   t u rb ine   r equ i r emen t s  are repea ted   here .  

Pa rame te r   Fu l l   S i ze   Sca led  

Average  Pitch  Loading, gJAh 
2cup2 1 . 5  1 . 5  

Equiva len t   Spec i f i c  Work, E/OCr, (Btu/lbm) 3 3 . 0   3 3 . 0  

Equivalent   Rotat ive  Speed,  N /  E, ( rev/min)  cr  2000 3169 

Equivalent  Weight  Flow, W E  ~ / 6 ,  (lbm/sec) 70 c r  28 

In l e t   Swi r l   Ang le   (deg rees )  0 0 

Exit   Swirl   Angle  Without  Guide Vanes (degrees)  - <5  - <5 

Maximum Tip Diameter (inches)  45.0  28.4 

Number of  Stages 3  3 

108.4 4 3  :16 

.0635 .0635 

87.7 138.98 

On the   bas i s   o f   t hese   des ign   r equ i r emen t s ,  a ve loc i ty   d iagram was 
chosen t o  be   u sed   i n   t he   des ign  of a l l  t h r e e   t u r b i n e s .  The s e l e c t i o n  of 
t h i s   v e l o c i t y   d i a g r a m  w a s  d i scussed   i n   Re fe rence  1, and t h e   f i n a l   v e l o c i t y  
d i a g r a m   c a l c u l a t i o n   r e s u l t s  were p resen ted   i n   Re fe rence  2 .  The t u r b i n e  
aerodynamic  flowpath  used i n  the   des ign   of  a l l  t h r e e   t u r b i n e s  is p resen ted  
i n   F i g u r e  1. 

B. CONCEPTS CONSIDERED 

S e v e r a l   h i g h - l i f t   t u r b i n e   c o n c e p t s  were considered  during  the  pre-  
l iminary  design  phase.  The o b j e c t i v e  of u s ing   h igh - l i f t   dev ices  was t o  
see an  improvement in   tu rb ine   per formance .  Among the   dev ices   cons ide red  
were: 

4 



C. 

Aerodynamic j e t  f l a p s   u t i l i z i n g   t r a i l i n g   e d g e   o r   t a n g e n t i a l  
b lowing   and/or   suc t ion ,  

Endwall   treatment  such as ext rac t ion   of   boundary   l ayer  a i r  
f rom  an   ups t ream  s ta tor  hub o r   t i p   r e g i o n  and i n j e c t i o n  of 
t h i s   b l e e d  a i r  as a j e t  f l a p   i n  a downstream s t a t o r ,  

S t r eaml ine   space r   r i ngs  o r  f l o w   s p l i t t e r s  on t h e   d i f f u s i n g  
r o t o r ,  

A l t e r n a t e  tandem blade   des igns   such  as p a r t i a l   s p a n  tandem 
b l a d i n g  , 
Use of s t a t o r s   w i t h  axial sweep o r  t a n g e n t i a l   l e a n .  

P r e l i m i n a r y   s t u d i e s   i n d i c a t e d   t h a t   s t a t o r s   w i t h  axial  sweep or  
tangent ia l   l ean   could   be   e f fec t ive ly   used   to   improve   the   per formance  
of   th i s   tu rb ine .   Because  i t  w a s  be l i eved   t ha t   t h i s   concep t   has  more 
p o t e n t i a l   f o r   u s e   i n   a n   a c t u a l   e n g i n e   a p p l i c a t i o n ,   t h i s   c o n c e p t  was 
s e l e c t e d   t o   b e   u s e d   i n   t h e   d e s i g n  of t h e   h i g h - l i f t   t u r b i n e .  

ANALYSIS OF STATOR LEAN AND SWEEP 

The a n a l y s i s  of t h e   t u r b i n e   u s i n g   s t a t o r s   w i t h   t a n g e n t i a l   l e a n   o r  
axial sweep was per formed  wi th   the   a id  of a d i g i t a l  computer  program 
which   descr ibes   the  axisymmetric f low  f i e ld   i n   t he   r eg ion   o f   t u rbo -  
machinery  blading.   The  overal l   calculat ion  scheme  of   the  computer  
program is  summarized  here.  The  flow i s  cons idered  a t  a number of axial  
s t a t ions ,   and   t he   r ad ia l - equ i l ib r ium  equa t ion ,   ene rgy   equa t ion ,   and  con- 
t i n u i t y   c o n d i t i o n  are employed a t  each   of   them  to   de te rmine   the   d i s t r i -  
bu t ion   o f   f l ow  p rope r t i e s  from  hub t o   t i p .  I t  i s  necessary,   however,  
t h a t   t h e s e   d i s t r i b u t i o n s   o b t a i n e d   s e p a r a t e l y  a t  e a c h   s t a t i o n   b e   c o n s i s t e n t  
from s t a t i o n   t o   s t a t i o n ,   a n d   t h a t   t h e   r a d i a l   a c c e l e r a t i o n   w h i c h  a f l u i d  
pa r t i c l e   unde rgoes  as i t  passes  from s t a t i o n   t o   s t a t i o n   b e   a c c o u n t e d   f o r  
i n   t he   r ad ia l - equ i l ib r ium  equa t ion .   Th i s  is done by assuming  that   the  
shape  of a m e r i d i o n a l   s t r e a m l i n e  i s  adequa te ly   r ep resen ted  by a s p l i n e  
cons t r a ined  a t  each axial s t a t i o n   c o n s i s t e n t   w i t h   t h e   c o n t i n u i t y   c o n d i t i o n ,  
and a t  upstream  and  downstream  boundary  stations by a s e l e c t e d   o r i e n t a t i o n  
and  shape. The r a d i a l  a c c e l e r a t i o n  is expressed   in  terms of the   mer id iona l  
s t r eaml ine   s lope   and   cu rva tu re .  

An i t e r a t i v e  method  of s o l u t i o n  is impl i ed .   Mer id iona l   s t r eaml ine  
s h a p e s   a r e  assumed  based on r e s u l t s  f rom  the   p rev ious   i t e r a t ion ,  and  flow 
d i s t r i b u t i o n s  a t  each axial s t a t i o n  are found.  These  imply new mer id iona l  
s t r e a m l i n e   s h a p e s ,   a n d   t h i s   i t e r a t i v e   c a l c u l a t i o n  i s  a l lowed  to   cont inue  
un t i l   t he   changes   i n   s t r eaml ine   shapes   be tween  two s u c c e s s i v e   c a l c u l a t i o n s  
are s m a l l  enough t o   s a t i s f y  a predetermined  tolerance.  
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A s ign i f i can t   f ea tu re   o f   t he   compute r   p rog ram is  t h e   i n c l u s i o n   o f  
terms i n   t h e   r a d i a l - e q u i l i b r i u m   e q u a t i o n   w h i c h   r e p r e s e n t   t h e   b l a d e   a c t i o n  
by a d i s t r i b u t e d  body f o r c e   f i e l d   a n d   t h e   b l a d e   t h i c k n e s s  by d i s t r i b u t e d  
blockage. The equat ion ,   which   appears   in   Reference  3 ,  where in   phys ica l  
i n t e r p r e t a t i o n  of t he   i nd iv idua l   t e rms  is presen ted ,  is r e s t a t e d   h e r e :  

+ wrcz $1 + 1 - Fu 
M M  

X Dz 2 + Fr 
r u  

(1) 
1 - Mm 1 - Mm 

The h e a t   a d d i t i o n   t e r m   h a s   b e e n   o m i t t e d   s i n c e ,   i n   t h e   a b s e n c e   o f   t r a n s i e n t s ,  
t h e   b l a d e   s u r f a c e   a n d   t h e   f l u i d   a d j a c e n t   t o  i t  are a t  t h e  same temperature .  
As sugges t ed   i n   Re fe rence  3 ,  the  computer  program  includes a t e r m   t o   r e p r e s e n t  
t h e   h e a t i n g   e f f e c t  of i n t e rna l   f l u id   f . r i c t ion ,   wh ich   encompasses  a l l  l o s s  
sources   inc luding   shock  waves: 

- 
1 - Mm 2 a 

The l o s s - r a t e   c o e f f i c i e n t ,  wz, is d e f i n e d   i n   R e f e r e n c e  3. 

The r a d i a l  and   tangent ia l   components   o f   the   b lade   force  may be  
expressed   in   t e rms  of t h e  axial change i n   a n g u l a r  momentum by means  of 
t h e   f o l l o w i n g   r e l a t i o n s h i p s :  

and 
Fr = Fu t a n  5 

By u s i n g   t h e   f a c t   t h a t   t h e   s e c o n d   d e r i v a t i v e   o f   t h e   m e r i d i o n a l   s t r e a m l i n e  
shape   can   be   r e l a t ed   t o   t he   mer id iona l   s t r eaml ine   cu rva tu re ,  l /rm, and 
t r igonomet ry   t o  relate ve loc i ty   components ,   equa t ion  (1) may b e   r e w r i t t e n  
as fo l lows:  
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a r  1 - M L  I 

+ 
J J 

The terms on the  r ight-hand  side  of  equation 5 have  been  grouped  such  that 
t h e   f i r s t  set of  braces  includes terms which are present  anywhere i n   t h e  
f low  f ie ld   while   the  second set of braces   includes terms which  occur  only 
when c a l c u l a t i o n s   i n s i d e   t h e   a x i a l   e x t e n t  of a blade row are des i red .  By 
spec i f i ca t ion  of the   appl icable   input  parameters, the  intrabladerow  calcula- 
t ion  may be  performed in   o rde r   t ha t   t he   e f f ec t s  of s t a t o r   l e a n  and  sweep 
may be  determined. 

A t  each ax ia l  s t a t i o n  where  the  rotating  bladerow is i n f l u e n t i a l ,   t h e  
enthalpy of t h e   f l u i d  i s  r e l a t e d   t o   t h e   f l u i d  swirl ve loc i ty  by the  energy 
equation  which may be  found in   t he   fo l lowing  form i n  Chapter VI11 of 
Reference 4 :  

The s t a t i c   c o n d i t i o n  of   the  f luid is described by the  use of the  equation 
of s t a t e ,  

and t h e   s p e c i f i c   h e a t s  are assumed to   be  constant .   Appl icat ion of t he  
con t inu i ty   cond i t ion   i n   t he  form  found i n  Chapter VI11 of  Reference 4 ,  

r h 

i n  combination  with  the  previous  four  equations  yields a complete 
description  of  the  f low a t  each axial  s t a t i o n .  With the   f low  f ie ld  
completely  described,  loading  parameters  and  forces on the  blading and 
walls are ca lcu la ted  from s t a t ion   da t a   u s ing   geomet r i c   cha rac t e r i s t i c s  
of the  system  where  required. 
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IV.  DETAILED  DESIGN 

A. TANGENTIAL LEAN 

The v e l o c i t y   d i a g r a m   c a l c u l a t i o n   r e s u l t s   p r e s e n t e d   i n   R e f e r e n c e  2 
show a n   i n c r e a s e   i n  s ta t ic  p r e s s u r e   a c r o s s   t h e   s t a g e   t h r e e   r o t o r   h u b ,  
and a l a r g e  s ta t ic  p res su re   g rad ien t   f rom hub t o   t i p  a t  t h e   r o t o r   i n l e t .  
Because   o f   the   p resence   o f   these   condi t ions ,   e f for t s   to   improve   tu rb ine  
per formance   th rough  the   appl ica t ion   of  a h i g h - l i f t   d e v i c e  were concent ra ted  
on s t age   t h ree .   Ana lyses  of t h e   t u r b i n e  were per formed  wi th   the   s tage  
t h r e e   s t a t o r   v a n e s   t a n g e n t i a l l y   l e a n e d   t e n   d e g r e e s   a n d   f i f t e e n   d e g r e e s .  
F igure  2 c o m p a r e s   t h e   s t a g e   t h r e e   p r e s s u r e   p a r a m e t e r   f o r   t h e   t e n   a n d  
f i f t e e n   d e g r e e   s t a t o r   l e a n  cases t o   t h e   p r e s s u r e   p a r a m e t e r   f o r   t h e   p l a i n  
b l ade   t u rb ine   des ign   wh ich   u sed  a s t a t o r   w i t h   n o   l e a n .  It  is s e e n   t h a t  
a s i g n i f i c a n t   r e d u c t i o n  was a c h i e v e d   i n   t h e  s t a t i c  p r e s s u r e  rise a c r o s s  
t h e   r o t o r  hub r e l a t i v e   t o   t h e   p l a i n   b l a d e   t u r b i n e   d e s i g n .  The f i g u r e  
shows t h a t   w i t h   t h e   t e n   d e g r e e   t a n g e n t i a l l y   l e a n e d   s t a t o r ,   t h e   r o t o r  
hub  becomes e s s e n t i a l l y   a n   i m p u l s e   s e c t i o n :   t h e   p r e s s u r e   p a r a m e t e r  is 
n e a r l y   z e r o ,   i n d i c a t i n g  no d i f f u s i o n   f r o m   t h e   r o t o r   i n l e t   s t a t i o n   t o   t h e  
r o t o r   e x i t   s t a t i o n .   F i g u r e  3 shows a r e d u c t i o n   i n   t h e   s t a t i c   p r e s s u r e  
gradient   f rom hub t o   t i p   f o r   t h e   t e n   d e g r e e   l e a n  case. The re fo re ,   t he   t en  
d e g r e e   t a n g e n t i a l l y   l e a n e d   s t a t o r  was s e l e c t e d  as t h e   h i g h - l i f t   d e v i c e .  

The e f f e c t s  o f   t h e   t a n g e n t i a l l y   l e a n e d   s t a t o r  are f u r t h e r   i l l u s t r a t e d  
i n   F i g u r e s  4 through 6. F igure  4 c o m p a r e s   t h e   s t a t o r   e x i t   s t a t i o n   a x i a l  
v e l o c i t y  as a f u n c t i o n   o f   r a d i u s   f o r   t h e   v a r i o u s   d e g r e e s   o f   s t a t o r   l e a n .  
F igu re  5 compares  the  parameter PC, v e r s u s   r a d i u s   f o r   t h e  cases s t u d i e d .  
F igure  6 shows t h e   e f f e c t s  of t h e   l e a n e d   s t a t o r   o n   t h e   t e n   p e r c e n t   f l o w  
stream tubes .   The   l eaned   s t a to r   causes   t he  mass f l o w   t o   s h i f t   r a d i a l l y  
inward as i t  passes   t h rough   t he   ro to r .  

B. AXIAL SWEEP 

S tud ie s  were conducted  to   determine  whether  a combinat ion  of   tangent ia l  
lean  and axial sweep i n   t h e   s t a g e   t h r e e   s t a t o r  would g i v e  a performance 
improvement.  Figure 7 compares   t he   t en   deg ree   t angen t i a l ly   l eaned   s t a to r  
w i th  no a x i a l  sweep t o   t h e   t e n   d e g r e e   t a n g e n t i a l l y   l e a n e d   s t a t o r   w i t h   f o r w a r d  
a x i a l  sweep s u c h   t h a t   t h e   s t a t o r   l e a d i n g   e d g e  is r a d i a l .   F i g u r e  8 shows 
tha t   th i s   combina t ion   of   l ean   and  sweep reduced  the  improvement i n   p r e s s u r e  
parameter  gained by t h e   l e a n e d   s t a t o r   w i t h  no  sweep. It was b e l i e v e d   t h a t  
t h e   u s e  of a f t  sweep ( s t a t o r  hub t r a i l i n g   e d g e   s h i f t e d   i n   t h e   a f t   d i r e c t i o n  
r e l a t i v e   t o   t h e   t i p   t r a i l i n g   e d g e )  would show  some improvement,   but  only a t  
the  expense of i n c r e a s i n g   t h e   a l r e a d y   l a r g e   a x i a l   g a p   b e t w e e n   t h e   s t a g e  two 
r o t o r  hub t r a i l i n g   e d g e   a n d   t h e   s t a g e   t h r e e   s t a t o r  hub leading   edge .   Fur ther  
examinat ion   of   s ta tor  axial  sweep was not   pursued.  
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C. BLADING AERODYNAMIC DESIGN 

A s  a r e s u l t  of t h e   s t u d i e s   d i s c u s s e d   a b o v e ,   t h e   s t a g e   t h r e e   t e n  
d e g r e e   t a n g e n t i a l l y   l e a n e d   s t a t o r  was s e l e c t e d   t o   b e   u s e d   i n   t h e   h i g h -  
l i f t  tu rb ine .   The   use   o f   the   l eaned   s ta tor   had  a s l i g h t   i n f l u e n c e  on the  
s t a g e   t h r e e   b l a d e   i n l e t   a n g l e s  as shown i n   F i g u r e  9.  It w a s  decided 
t h a t   t h i s   i n f l u e n c e  w a s  no t  of  enough s i g n i f i c a n c e   t o   r e q u i r e  a new 
s t a g e   t h r e e   b l a d e   d e s i g n  as  e v i d e n c e d   b y   t h e   v e l o c i t y   d i s t r i b u t i o n  com- 
p a r i s o n s   i n   F i g u r e s  10 through 1 2 .  Thus, a l l  b l a d i n g   f o r   t h e   h i g h - l i f t  
tu rb ine   remained   the  same as t h e   p l a i n   b l a d e   t u r b i n e   h a r d w a r e   w i t h   t h e  
except ion  of t h e   s t a g e   t h r e e   s t a t o r .  

The s t a g e   t h r e e   l e a n e d   s t a t o r   u s e s   t h e  same number  of vanes as t h e  
s t a g e   t h r e e   p l a i n   b l a d e   s t a t o r .  The vanes were l eaned   i n   such  a manner 
t h a t   t h e   s t a t o r   t o t a l   t h r o a t  area was not   changed  f rom  that   of   the   plain 
b l a d e   s t a t o r .  The   vane   s ec t ion   p ro f i l e s   wh ich   had   been   gene ra t ed   fo r   t he  
p l a i n   b l a d e   t u r b i n e  were maintained.   The  sect ions were s t acked  on 
t h e   t r a i l i n g   e d g e ;   h o w e v e r ,   b e c a u s e   t h e   t a n g e n t i a l l y   l e a n e d   s t a t o r   t r a i l i n g  
edge is  longe r   t han   t ha t  of t h e   p l a i n   s t a t o r ,  new v a n e   s e c t i o n   l o c a t i o n s  
were requi red ,   and   the  new l o c a t i o n s  are s p e c i f i e d   i n   F i g u r e   1 3 .   T h e  
vane   s ec t ions  are shown i n  a reduced  copy  of  the  precision master (F igure  
14 )   u sed   i n   t he   vane   f ab r i ca t ion .  

Table  I summar izes   the   t en   degree   t angent ia l ly   l eaned   s tage   th ree  
vane  design  data .   Nomenclature   used  in   the summary i s  d e f i n e d   i n   F i g u r e  
15. 
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V. MECHANICAL DESIGN 

A. VIBRATORY BEHAVIOR 

Because  none  of  the  rotor  blading was changed  from tha t   o f   the   p la in  
blade  turbine,  a new vibratory  behavior   analysis  was not   required.  The 
predicted  vibratory  behavior  of the   b lades  may be found i n  Reference 2. 

B. STEADY-STATE BEHAVIOR 

Because  the  ten  degree  tangent ia l ly   leaned  vane changed the  s t a t i c  
pressure  gradient   ahead  of   the  s tage  three  blade,  new spanwise  blade  loading 
d i s t r ibu t ions   r e su l t ed .   F igu re   16 ’  compares t h e  new blade  loadings  to   the 
plain  blade  loading.  Steady-state  mechanical stresses were ca lcu la ted  on 
t h e   b a s i s  of t h e  new b lade   l oad ings   fo r   t he   f r ee   s l i p   t i p   sh roud   boundary  
condi t ion  (blade  f ixed a t  the  base  of   the   shank,   adjacent   t ip   shrouds 
a l lowed   t o   s l i p   r e l a t ive   t o   each   o the r ) ,   wh ich  w a s  be l ieved   to   be   the  
most real is t ic  for   s teady-s ta te   opera t ion .  The r e s u l t s   o f   t h e   a n a l y s i s ,  
as summarized i n  Table 11, show t h a t  a l l  of   the  important   s teady-state  
stress and vibratory  capabi l i ty   parameters   remain  vir tual ly  unchanged 
from those  of  the  plain  blade  turbine.  The blade  remains  qui te   acceptable ,  
and no stress problems are expected  during a i r  tu rb ine   t e s t ing .  

C. KEY DETAIL DRAWINGS 

The mechanical  design  f lowpath  for  the air  turb ine  test r i g  is shown 
i n   F i g u r e  17 .  The key d e t a i l  drawings  used i n   t h e  assembly  of  the  tangentially 
leaned  s tage  three  vane are: 

Drawing 4013098-613 Turbine, Vane -- High-Lift 
Stage 3 NASA HLMSFT 

Prec is ion  Master 4012241-991 High-Lift Vane 3 
NASA HLMSFT 

Other key d e t a i l  drawings  used in   the   tu rb ine   assembly  were summarized i n  
Reference 2. 
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TABLE I. STAGE THREE TANGENTIALLY LEANED VANE 

Parameter - Hub 

Uiameter ( t r a i l i n g   e d g e ,   i n . )   1 7 . 8 0  

c1 (degrees)  46.13 

al, (degrees)  56.99 

'Zwei  9 

Aw, ( in . )   1 .00  

t ,  ( in . )   0 .559 

n 100 

nd ( C  = .975 nv = .97) 30.700 

d = ndo/n  ( in .  ) 0.307 

t ( in . )   0 .020 

0, 

incompressible   0 .860 

o f  

0 

e' 

te/ ( t e  + do>  0.061 

Chord,  ( in.)   1.062 

t m a x  t h i c k n e s s   ( i n .  ) 0,090 max. ' 
Unguided turning  (degrees)   8 .80 

Overturning  (degrees)  0.70 

Wedge angle   (degrees)   5 .50 

T a n g e n t i a l   l e a n ,  5 ,  (degrees)  

P r e c i s i o n  Master No. 4012241-991 

-" 

DESIGN DATA 

P i t c h  

22.61 

39.60 

52.20 

0.879 

1.30 

0.710 

100 

43.800 

0.438 

0.020 

0.044 

1.374 

0.109 

8.10 

1.00 

5.30 

10.00 

27.42 

38.00 

51.65 

0.852 

1.60 

0.861 

100 

53.700 

0.537 

0.020 

0.036 

1 .681  

0.128 

6.40 

2.80 

5.00 

-" 

1 2  
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Table 11. STEADY-STATE  MECHANICAL  STRESSES AND 
ESTIMATED  VIBRATORY CAPABILITIES 

Mechan ica l   S t r e s ses   (k s i )  

A i r f o i l  Hub 

c e n t r i f u g a l  
m a x i m u m  gas  bending (LE) 
r e s u l t a n t   s p a n  w i s e  LE 
stress ( f r e e   s l i p  mode)TE 

Hi-c 
Midcv 

uncorrected  gas   bending LE 
(lmi  and mi,  f r e e  TE 
s l i p  mode) H i -  c 

Mid cv 

co r rec t ed   gas   bend ing  LE 
(lmi  and mi, TE 
f r e e   s l i p  mode) H i -  c 

Midcv 

Under  Tip  Shroud 

u c e n t r i f u g a l  
u r e s u l t a n t   s p a n  wise LE 

stress ( f r e e   s l i p  mode)TE 
H i - c  
Midcv 

Es t ima ted   V ib ra to ry   Capab i l i t i e s  

(5 = a  + a  mean C l m i  + ‘mi (ksi) 

at Hub LE (‘thermal neg1ecte.d) 

Est imated T (OF) HLE 

Est imated Minimum Margin 
Vibra tory   Al lowable   S t ress  
(ksisa)   (Based  on AIS1  410 S t a i n l e s s  
steel  a v e r a g e   s t r e n g t h  less t h r e e  
s t a n d a r d   d e v i a t i o n s )  

Stage  Three  Blade 
” 

9.41  
14.76 
24.12 
19.01 

2.21 
8.03 

14.32 
14.91 
-8.41 
-1.65 

11.74 
11.95 
-6.82 
-1.34 

7.18 
27.66 
22.73 
-0.89 

2.13 

24.17 

113.00 

36.20 
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Figure  1. Turbine  Aerodynamic  Flowpath. 
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18 



-7 ”“_ 

/ 
”- 

”””” 

””- 

/ 
””- 

Figure 6.  Effect  of  Stage Three Vane Lean on 
Streamline Through Stage Three. 

19 



S t a g e  3 Vane 

Des ign  Axia l   Sweep 

- - - Forward  Axial  Sweep 

F i g u r e  7 .  Vane Axial  Sweep. 
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Figure 10. Stage Three Blade Hub Velocity  Distribution. 



1.40 

1.20 

1.00 

B 
L 
c1 
m 

0.80 
\ 
P 

x 
c1 
4 

8 
d 
rl 0.60 

'c1 

N 
d 
rl 

i 
0.40 

0.20 

0 

Note: N o  Change from Design Inlet  Angle 
when Using 10' Leaned Vane. 

0 0.10  0 .20  0 .30  0 .40 0.50 0.60 0. IO 0.80  0.90 1.00 

Normalized Axial Width, X/AW 

Figure 11. Stage  Three  Blade  Pi tch  Veloci ty   Distr ibut ion.  



1.40 

1.20 

1.00 

I 
k 
c, tn 

0.80 

cn * 
A 
c, 
rl 

rl 0.60 
g 
s 
P 

N 
Id 
r4 

i 
z 0 0.40 

l- 
j 
I 

J- 
I 

0.20  " 

- Design Inlet Angle 

"_ Inlet  Angle with 10'  Vane  Lean 

0 1  1 I I 1 I I I t 

0 0.10 0.20 0,30 0.40 0.50 0 . 6 0  0.70 0.80 0.90 1.00 

Normalized Axial Width, X/Aw 

Figure  12.   Stage  Three  Blade  Tip  Velocity  Distribution. 



I 

Figure   13 .  Stage Three 10-Degree Tangentially  Leaned  Vane. 



I -  

F-F 

"+t 3 4  

,. ' ,/' 

/5R 4-A 

Figure  14.  Stage   Three  Vane P r e c i s i o n  Master 
(4012241-991). 
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Figure 15.  Design  Data  Nonienclature. 
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Figure   16 .   Stage   Three   Blade   Spanwise   Loading  Dis tr ibut ion.  
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Figure 17. Mechanical  Design Flowpath. 


