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SSME SINGLE CRYSTAL TURBINE BLADE DYNAMICS 

Lar ry  A. Moss and Todd E. Smith 
Sverdrup Technology Inc .  

Lewis Research Center 
Cleveland, Ohio 44135 

SUMMARY 

I 
W 

A study was performed t o  determine t h e  dynamic c h a r a c t e r i s t i c s  o f  the 
Space S h u t t l e  main engine (SSME) h igh  pressure f u e l  turbopump (HPFTP) blades 
made of s i n g l e  c r y s t a l  (SC) m a t e r i a l .  This e f f o r t  examined both the f i r s t  and 
second stage d r i v e  t u r b i n e  blades o f  the HPFTP. The nonro ta t i ng  n a t u r a l  f r e -  
quencies were determined exper imental ly and a n a l y t i c a l l y .  
r e s u l t s  of the SC second stage blade were used t o  v e r i f y  the a n a l y t i c a l  proce- 
dures. The a n a l y t i c a l  study examined the  SC f i r s t  stage blade n a t u r a l  frequen- 
c ies  w i t h  respect t o  c r y s t a l  o r i e n t a t i o n  a t  t y p i c a l  opera t ing  cond i t i ons .  The 
SC blade dynamic response was predic ted t o  be less  than the  d i r e c t i o n a l l y  
s o l i d i f i e d  (DS) blade. No new engine order in te r fe rences  were in t roduced and 
one was e l im ina ted .  Crys ta l  a x i s  o r i e n t a t i o n  o p t i m i z a t i o n  i nd i ca ted  the t h i r d  
mode i n t e r f e r e n c e  w i l l  e x i s t  a t  any SC o r i e n t a t i o n .  

The exper imental  

INTRODUCT 10N 

There a re  many concerns surrounding the cu r ren t  SSMt f i r s t  stage H P F l P  
blades made of d i r e c t i o n a l l y  s o l i d i f i e d  (DS) MAR-M-246 t H f  m a t e r i a l ,  The 
b lades '  design l i f e  goal was 55 launches ( r e f .  1). However, the DS blades have 
been serv iceab le  f o r  on ly  two t o  f i v e  launches. The shortened se rv i ce  l i f e  
r e s u l t s  i n  a s i g n i f i c a n t  cos t  i n  re fu rb i sh ing  a s h u t t l e  f o r  i t s  nex t  f l i g h t .  
Replacement costs  o f  the DS blades only account f o r  about 7 percent  o f  the 
t o t a l  reb lad ing  costs .  Reassembly and t e s t i n g  expendi tures account f o r  more 
than h a l f  o f  the t o t a l  reb lad ing  costs. Improving the blade l i f e  w i l l  reduce 
both t i m e  and money requ i red  f o r  mainta in ing and reb lad ing  the  pump. 

The b lade l i f e  i s  being shortened due t o  c rack ing  caused from a combina- 
t i o n  o f  both low cyc le  f a t i g u e  (LCF) and h igh  c y c l e  f a t i g u e  (HCF). The LCF i s  
a r e s u l t  o f  the DS blades exposure t o  severe thermal t rans ien ts .  Temperatures 
range f rom a cryogenic atmosphere before s t a r t  up, t o  a maximum o f  about 
235OoF, w i t h  a s teady-s ta te  operat ing temperature o f  1550 O F .  HCF r e s u l t s  f r o m  
l o w e r  ampl i tude v i b r a t o r y  s t r e s s ,  superimposed upon h igh  steady s t r e s s .  

One method of improving blade l i f e  I s  w i t h  an advanced c a s t i n g  process. 
Past exper ience and cu r ren t  app l i ca t ions  w i t h  commercial and m i l i t a r y  a v i a t i o n  
have shown It i s  f eas ib le  and advantageous t o  manufacture blades w i t h  one c rys -  
t a l ,  known as s ing le  c r y s t a l  (SC) mater ia l .  The SC ma te r ia l  e l im ina tes  a l l  
g r a i n  boundaries w i t h i n  the blade. 
e s s e n t i a l l y  e l im ina ted  a f a t i g u e  f a i l u r e  mechanism associated w i t h  g r a i n  bound- 
a ry  separat ion.  Therefore, the  SC mater ia l  p roper t i es  ( f a t i g u e  and creep) a re  
improved over those o f  the DS ma te r ia l  and are  more r e s i s t a n t  t o  the  severe 
opera t ing  demands o f  the turbopump blades. 

The exc lus ion  o f  g r a i n  boundaries has 



BACKGROUND 

There a r e  63 SSME HPFTP blades mounted w i t h i n  the  f i r s t  stage r o t o r  
( f i g .  1) .  The mounted blades have a t i p  diameter o f  approximately 11 in .  
( r e f .  2) .  The blades cons is t  o f  f o u r  sect ions;  a i r f o i l ,  p la t fo rm,  shank, and 
f i r  t r e e  ( f i g .  2) .  The a i r f o i l  i s  h i g h l y  cambered and the  cross sec t i on  i s  
nea r l y  constant along the  s l i g h t l y  tw is ted  blade span. 
sec t i on  mates w i th  the  r o t o r .  

The four- lobed f i r  t r e e  

The SC mater ia l  o r i e n t a t i o n  i s  determined f r o m  Laue' X-RAY D i f f r a c t i o n  
P o l a r  p ro jec t i ons  o f  the m a t e r i a l ' s  <111> ax i s ,  a r e  developed. Techniques. 

The <lll> a x i s  i s  referenced w i t h i n  the HPFTP blade according t o  i t s  p ro jec ted  
" r o t a t e "  angle and " t i l t "  angle. The t i l t  angle i s  measured between the  111 
a x i s  and the b lade 's  span d i r e c t i o n .  The r o t a t i o n  angle i s  referenced accord- 
i n g  t o  the <111> ax i s  p r o j e c t i o n  on the  X-Y p lane o f  t he  blade. 
t i o n  i s  measured counterclockwise f r o m  the  blade chord ( l ead ing  edge t o  t r a i l -  
i n g  edge) w i th  respect t o  the  t r a i l i n g  edge ( f i g .  3 ) .  

P o s i t i v e  r o t a -  

The c r y s t a l  growth d i r e c t i o n  i s  a long the  ma te r ia l  < O O l >  a x i s .  
<OOl>  a x i s  i s  exact ly  a l igned I n  the  b lade 's  span d i r e c t i o n ,  the  t i l t  angle I s  
a t  54.74" ( f i g .  3 ) .  
same as the DS blade ma te r ia l .  

When the 

The s o l i d i f i c a t i o n  d i r e c t i o n  a long the  < O O l >  a x i s  i s  the 

APPROACH 

The purpose of  t h i s  p re l im ina ry  eva lua t i on  was t o  p r e d i c t  the SC blade 
na tu ra l  frequencies and f i n d  poss ib le  c r i t i c a l  engine order e x c i t a t i o n s .  This 
i n v e s t i g a t i o n  was a l i m i t e d  scope study and was no t  intended t o  be d e t a i l e d  
study. This study examined both the  f i r s t  and second stage d r i v e  t u r b i n e  
blades o f  the HPFTP. The e f f o r t  was both exper imental  and a n a l y t i c a l .  

Experiments w e r e  used t o  v a l i d a t e  the  a n a l y t i c a l  procedures. Only SC 
second stage blades were ava i l ab le .  Bench experiments f o r  f i v e  
SC MAR-M-246 + H f  second stage blades a t  d i f f e r e n t  c r y s t a l  o r i e n t a t i o n s  were 
conducted t o  determine t h e i r  nonro ta t ing  n a t u r a l  f requencies and mode shapes. 
Comparisons o f  these r e s u l t s  w i t h  the a n a l y t i c a l  r e s u l t s  were  made t o  con f i rm 
the v a l i d i t y  o f  the MSC/NASlHAN model o f  the second stage blade. 

The f i r s t  and second stage f i n i t e  element models were s i m i l a r  as f a r  as 
f i n i t e  element method, element types, and boundary cond i t ions .  Therefore,  i t  
was assumed t h a t  v a l i d a t i o n  o f  the second stage blade model would be s u f f i c i e n t  
f o r  the  f i r s t  stage blade model. 

The a n a l y t i c a l  e f f o r t  examined the  SC PWA-1480 f i r s t  stage H P F l P  b lade 
dynamic cha rac te r i s t i cs  w l  t h  respect t o  c r y s t a l  o r i e n t a t i o n s  under t y p i c a l  
opera t ing  condi t lons.  Two opera t ing  cond i t ions ,  27 500 and 35 000 rpm, were 
inves t iga ted .  Each speed had a unique blade temperature d i s t r i b u t i o n .  Addl- 
t i o n a l  i nves t i ga t i ons  attempted t o  determine optimum c r y s t a l  o r i e n t a t i o n s  which 
would most e f f e c t i v e l y  avoid c r i t i c a l  engine order  e x c i t a t i o n s .  



EXPERIMENTAL PROCEDURES 

To s imulate t h e  blade i n  the actual  r o t o r ,  the SC blades were brazed i n  a 

A r i g i d  attachment was achieved by f l o w i n g  a braze type 

s t a i n l e s s  s t e e l  b lock ( f i g .  4 ) .  The f i r  t r e e  lobes were ground smooth t o  f i t  
i n t o  a tapered channel i n  the b lock.  This  gave an e x c e l l e n t  b raz ing  sur face 
f o r  bonding purposes. 
f l u x  ma te r ia l ,  PAL-NIRO-1, around the area o f  the  f i r  t ree .  

F i ve  SC MAR--M-246 + Hf second stage blades were tested.  Each blade had a 
d i f f e r e n t  c r y s t a l  o r i e n t a t i o n  as l i s t e d  i n  t a b l e  I. The t e s t s  were conducted 
a t  nonro ta t ing ,  room temperature condi t ions.  Two exper imental  methods were 
used t o  i d e n t i f y  the  modal frequencies and approximate the  mode shapes o f  the 
SC blades. These methods invo lved a modal analyzer and in te r fe romet ry .  

FF1' Modal Analyzer 

Tes t ing  was performed w i t h  the a id o f  a Hewlet t  Packard HP 5423A FFT Modal 

The c h i p  and accelerom- 

Analyzer ( f i g .  5 ) .  A magnetic c h i p  was at tached t o  the  blade a i r f o i l  t i p  and 
exc i ted  by an electromagnet ic c o i l .  The blade response was measured by an 
accelerometer at tached t o  the blade t i p  t r a i l i n g  edge. 
e t e r  l oca t i ons  were chosen t o  ob ta in  s t rong responses f o r  a l l  modes o f  
i n t e r e s t .  

Modal f requencies between 0 and 25 000 Hz w e r e  determined f r o m  the t rans-  
f e r  f u n c t i o n  as measured from the blade t i p  t r a i l i n g  edge ( f i g .  6 ) .  Displace- 
ments f rom numerous accelerometer locat ions on the  blade were processed by the 
analyzer t o  determlne the mode shapes. The mode shapes f o r  the  f i r s t  th ree  
modes were recognized as t o  whether the blades'  mot ion was bending, t o r s i o n ,  
o r  edgewise. The mode shapes a t  the  higher modes were d i f f i c u l t  t o  c l a s s i f y .  

Since the blades a re  smal l ,  adding mass t o  the blade w i t h  both the mag- 
n e t i c  c h i p  and accelerometer reduces the modal f requencies.  Therefore, ho lo-  
graphy was used t o  determine the  cor rec t  values. 

Holography 

l e s t i n g  was performed i n  the holographic l abo ra to ry  a t  the  NASA Lewis 
Research Center. The blades w e r e  i n d i r e c t l y  exc i ted  by a P iezoe lec t r i c  D i r e c t  
Contact E x c i t e r  which was located a t  the mounting b lock.  The P iezoe lec t r i c  
D i r e c t  Contact E x c i t e r  was ab le  t o  e x c i t e  the blade through base e x c i t a t i o n  
w i thou t  coming i n  contact  w i t h  the blades' a i r f o i l  sec t ion .  Speckle i n t e r -  
ferometry was used t o  i d e n t i f y  natura l  frequencies by v i s u a l  inspec t ion  o f  the 
v i b r a t o r y  modes ( f i g .  7 ( a ) ) .  The modal f requencies and mode shapes were 
recorded and photographed. 

The r e s u l t s  us ing t h i s  procedure were checked aga ins t  the  modal analyzer 
t e s t  r e s u l t s  because holography has been known t o  produce nonexis tent  o r  
"phantom" modes. Since the blades are h i g h l y  cambered, ho lographic  mode shape 
p i c t u r e s  f o r  the  edgewise and f i r s t  t o rs ion  mode a re  s i m i l a r .  The mode shapes 
f rom the  modal analyzer were used t o  d i s t i n g u i s h  the edgewise mode f r o m  the 
f i r s t  t o r s i o n  mode. 
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ANALYTICAL PROCEDURES 

F i n i t e  Element Model 

MSC/NASlRAN was used t o  per form the  ana lys is  ( r e f .  3 ) .  The f i n i t e  element 
model cons is ted o f  1025 s o l i d  eight-node hexahedron elements w i t h  3 degrees o f  
freedom per node ( f i g .  8) .  

The base of  the  blade was f u l l y  const ra ined a t  the center  o f  the  uppermost 
f i r - t r e e  attachment lobe ( f i g .  2 ) .  
t h i s  attachment p o i n t  t o  the  blade t i p .  
t o  s imulate the  blades' span length  under ac tua l  r o t o r  cond i t ions .  

A geometric non l inear ,  l a r g e  displacement, s t a t i c  ana lys i s  was used t o  
determine the steady s t a t e  displacements o f  the  blade under c e n t r i f u g a l  and 
thermal loading.  Then a normal modes ana lys is  was performed on the  updated 
geometry t o  est imate the  n a t u r a l  f requencies and mode shapes o f  the  blades. 

The i n - d i s k  span leng th  was de f ined from 
The i n - d i s k  span leng th  was assumed 

Mat e r i a 1 Proper t 1 es 

The s i n g l e  c r y s t a l  ma te r ia l  p roper ty  s p e c i f i c a t i o n  was obtained from 
reference 4 by de f i n ing  an o r t h o t r o p i c  ma te r ia l  compliance ma t r i x .  
a l i z e d  s t i f f n e s s  ma t r i x  was obtained by i n v e r t i n g  the  compliance m a t r i x  as 
shown i n  f i g u r e  9. 
SC M A R - M - 2 4 7  mater ia ls  a re  shown i n  t a b l e  11. Since, the  e l a s t i c  p roper t i es  
o f  SC MAR-M-246 t H f  were unavai lab le,  the  p roper t i es  o f  M A R - 4 - 2 4 7  were  used 
because they are very s i m i l a r  according t o  NASA Lewis Research Center 's  Mate- 
r i a l s  D iv i s ion .  

The gener- 

The s t i f f n e s s  c o e f f i c i e n t s  f o r  the SC PWA-1480 and 

A c y l i n d r i c a l  coord inate system was de f ined t o  spec i f y  the  c r y s t a l  o r i en -  
t a t i o n  w i t h i n  t h e  b lade. The v a r i a t i o n  i n  the  s i n g l e  c r y s t a l  o r i e n t a t i o n  was 
accommodated by supply ing the appropr ia te  d i r e c t i o n  cosines f o r  the  m a t e r i a l  
coord inate system. The SC m a t e r i a l  p roper t i es  suppl ied i n  t a b l e  I1 correspond 
t o  the  c r y s t a l  proper t ies along the  <loo>, <OlO>,  and <OOl> d i r e c t i o n s .  
Young's Modulus was g rea tes t  a long the  c r y s t a l  ' s  <lll> d i r e c t i o n .  

Load 'I ng 

The s imulat ion of the  SSME t u r b i n e  blade under ac tua l  opera t ing  cond i t i ons  
was based on mission p r o f i l e  in fo rmat ion  obtained from the  manufacturer.  
i n fo rma t ion  was used t o  model the  c e n t r i f u g a l  and thermal load ing  cond i t i ons .  
Aerodynamic loading cond i t ions  were  neglected f o r  these analyses. F igure  10 
o u t l i n e s  a t y p i c a l  turbopump r o t o r  speed v a r i a t i o n  du r ing  the  8 min launch 
per iod .  
was a t  e i t h e r  o f  two d i s t i n c t  r o t o r  speeds ( A  and E!). 
speeds du r ing  pump acceleration/deceleration were considered l e s s  s i g n i f i c a n t  
f rom a v i b r a t i o n  ana lys is  v iewpoint .  

This 

This f igure  i nd i ca tes  the  m a j o r i t y  o f  t ime spent du r ing  pump opera t ion  
Times spent a t  o ther  

A temperature-time p l o t  which descr ibes the  f i r s t  s tage t u r b i n e  discharge 
gas temperature fo r  a t y p i c a l  miss ion i s  shown i n  f i g u r e  11. 
f i g u r e  10 ind icates a sudden change i n  gas temperature i s  l i n k e d  t o  an i ns tan -  
taneous change i n  r o t o r  speed. the i n v e s t i g a t i o n  o f . e i t h e r  speed A o r  E! 
from f i g u r e  10 w i l l  un iquely  d e f i n e  a gas temperature f r o m  f i g u r e  11. 

Comparison t o  

Thus 
The h igh  
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heat f l u x  r a t e  under steady-state engine opera t ion  r e s u l t s  i n  a very qu ick  
blade temperature change between engine speeds. 
mal s t ress  dynamics was beyond the  i n t e n t  o f  t h i s  study. The e f f e c t  o f  the  
m a t e r i a l  so f ten ing  was considered as o f  pr imary importance f o r  t he  modal ana- 
l y s i s  "at-speed." 

An i n v e s t i g a t i o n  o f  the  t h e r -  

The s teady-state opera t ing  temperature o f  the  blades a t  t he  two speeds was 

The blade shank area was main- 
assumed constant  throughout the  blade a i r f o i l .  
was assumed l i n e a r  through the  p la t fo rm region.  
ta ined a t  a constant  temperature (900 O F )  dur ing  the  ana lys i s .  

The temperature d i s t r i b u t i o n  

RESULTS 

Hodel V e r i f i c a t i o n  

The exper imental  modal frequencies f o r  the  f i v e  tes ted  SC MAR-M-246 t H f  
second stage blades are presented i n  t a b l e  I. Although the modal f requencies 
f o r  each b lade were d i f f e r e n t ,  the holographic mode shapes f o r  a l l  f i v e  blades 
were n e a r l y  i d e n t i c a l .  The mode shapes f o r  blade No. 12238 a re  shown i n  
f i g u r e  7(b) .  Even though these modes a r e  no t  pure beam modes, they can be 
c l a s s i f i e d  us ing  beam terminology. Mode 1 proved t o  be f i r s t  bending i n  the 
f l a t w i s e  d i r e c t i o n .  Modes 2 and 3 were d i f f i c u l t  t o  d i s t i n g u i s h .  The two 
modes appear the  same because of t he  blades'  h igh  camber. Data f rom the  F F T  
method i n d i c a t e d  mode 2 t o  be f i r s t  to rs ion  and mode 3 t o  be bending i n  the  
edgewise d i r e c t i o n .  Mode 4 was second bending. A t  the  h igher  modes, mode 5 
appeared t o  be the  l y r e  mode and mode 6 ( n o t  shown) was a t i p  mode. 

These experimental r e s u l t s ,  modal f requencies and mode shapes, were  com- 
pared w i th  r e s u l t s  f rom a f i n i t e  element model o f  s i m i l a r  m a t e r i a l  and c r y s t a l  
o r i e n t a t i o n s .  These r e s u l t s  were used t o  v e r i f y  and determine the  accuracy of 
the f i n i t e  element model f o r  t he  second stage blade. 

The f i n i t e  element ana lys is  resu l t s  a re  presented i n  t a b l e  I. The analy-  
t i c a l  r e s u l t s  f r o m  blade No. 12238 had e x c e l l e n t  agreement w i t h  the  holographic 
r e s u l t s  ( f i g s .  7(a) and ( b ) ) .  The f i r s t  f i v e  mode shapes dup l fca ted  the ho lo -  
grams. Comparisons between the f i r s t  f o u r  frequency r e s u l t s  i nd i ca tes  the 
f i n i t e  element model was s l i g h t l y  s t i f f e r  than the exper imental  cases. 

E f f o r t s  were focused upon the poss ib le  so f ten ing  e f f e c t s  o f  the braze 
m a t e r i a l  between the  mounting b lock and blade. Attempts were made t o  model the 
braze m a t e r i a l  a t  t h i s  i n t e r f a c e .  The braze ma te r ia l  had no e f f e c t  on the 
modal f requencies o f  t he  blade as shown i n  t a b l e  111. 

The frequency was found t o  be very s e n s i t i v e  t o  blade span length.  A 
2 percent  jncrease i n  span length  decreased some frequencies by up t o  
11 percent  ( t a b l e  I V ) .  Each tes ted  blade was measured t o  determine i t s  tes ted  
span length .  The in -b lock  span length was measured from the blade t i p  t o  the 
t o p ' o f  the braze where the f i r  t r e e  i s  f i x e d .  The in -b lock  span length  was 
s l i g h t l y  longer than the i n - d i s k  span length .  The a n a l y t i c a l  r e s u l t s  o f  the 
second stage blades compared very w e l l  w i t h  the experimental r e s u l t s  when us ing 
the i n -b lock  span length  as shown i n  tab le  I. 

5 



The subsequent analyses on the  f i r s t  stage blades us ing  PWA-1480 m a t e r i a l  
were performed for  an i n -d i sk  c o n d i t i o n  a t  a b lade span length  o f  1.34 i n .  as 
determined f rom the Engineering Drawings and Spec i f i ca t i ons  ( r e f .  2) .  It was 
determined t h a t  t h i s  span length  would bes t  s imulate the  blade under ac tua l  
r o t o r  condi t ions.  The blade was f i x e d  a t  i t s  upper most lobe on the  f i r  t r e e  
( f i g .  2 ) .  

The SC f irst stage blades a re  e a s i l y  manufactured w i t h  t h e i r  c r y s t a l  
growth d i r e c t i o n  a l igned i n  the  b lades '  span d i r e c t i o n ,  s i m i l a r  t o  the  DS 
blades. The SC blades suppl ied f o r  t he  bench t e s t s  had t i l t  angles w i t h i n  10' 
o f  54.74'. Therefore, a to le rance o f  210' was app l ied  t o  the  t i l t  angle.  The 
analyses were performed f o r  the f o l l o w i n g  t i l t  angles: 44.74', 54.74', and 
64.14'. 

Parametric Study 

A parametric study was performed on the  SSME F i r s t  Stage HPFTP blades 
i n v e s t i g a t i n g  the e f f e c t  o f  c r y s t a l  o r i e n t a t i o n  on the  blades n a t u r a l  frequen- 
c ies .  Figures 12 t o  29 g r a p h i c a l l y  represent  frequency, as a f u n c t i o n  o f  r o t a -  
t i o n  angle f o r  three d i s t i n c t  t i l t  angles. The e f f e c t s  o f  o r i e n t a t i o n s  on the 
f i r s t  s i x  b lade modes us ing SC PWA-1480 mate r ia l  a re  shown. The analyses us ing  
SC PWA-1480 mater ia l  were conducted a t  both non ro ta t i ng  room temperature condi-  
t i o n s  and operat ing cond i t ions .  Resul ts o f  the  parametr ic study a re  as 
f 01 l o w s  : 

(1) The general t rends o f  t he  modal f requencies as a f u n c t i o n  o f  c r y s t a l  
o r i e n t a t i o n  f o r  nonro ta t ing  and r o t a t i n g  cond i t i ons  a re  the same a t  each mode. 
The frequencies a t  a t i l t  angle o f  54.74' a re  p e r i o d i c  f o r  every 90' o f  
r o t a t i o n .  

( 2 )  For  the f i r s t  th ree  modes the  t i l t  angle has a s l i g h t l y  g rea ter  i n f l u -  
ence on the modal f requencies.  But t h i s  e f f e c t  i s  smal l ,  1.e. l ess  than 
5 percent  change i n  frequency f o r  +, 0' change i n  t i l t  angle. 

( 3 )  For the h igher  modes, f o u r  
ence i s  reversed. There are  l a r g e r  
angle ra the r  than t i l t  angles. Aga 
small. 

through s i x ,  the  o r i e n t a t i o n  angle i n f  l u -  
v a r i a t i o n s  i n  frequency due t o  r o t a t l o n  
n, the  percent  change i n  frequency i s  

(4 )  Comparlsons o f  the frequencies a t  two d i f f e r e n t  pump speeds, 
27 500 and 36 000 rpm, were very s i m i l a r .  The thermal so f ten ing  e f fec ts  domi- 
nate the  c e n t r i f u g a l  s t i f f e n i n g  e f fec ts .  The temperature d i s t r i b u t i o n s  du r ing  
pump opera t ion  caused a s l g n l f i c a n t  so f ten ing  e f f e c t  on the  b lade 's  s t r u c t u r a l  
s t i f f n e s s .  

Campbell Diagrams 

The Campbell Diagrams f o r  the  SC PWA-1480 blades were const ructed.  Con- 
s ide ra t i ons  were g iven w i t h i n  the  diagrams t o  a +_5 percent  d e v i a t i o n  i n  e x c i t a -  
t i o n  frequency. C r i t i c a l  engine orders were based on the  f o l l o w i n g  Upstream 
cond i t ions  as determined from Rocketdyne ( r e f .  5); 
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(1) Engine order  11, 13, 15, 24, 26, and 28 - These engine orders a re  
based on the  13 upstream s t r u t s .  
diameter w h i l e  seven s t r u t s  a re  a t  the remaining 180'. The s t r u t s  a re  n o t  
equa l l y  spaced. 

S i x  s t r u t s  a re  located a t  180' w i t h i n  the  

(2 )  Engine order  41 - This engine order i s  based on the  41 equa l l y  spaced 
upstream nozzles. 

Campbell Diagrams a t  nominal o r i en ta t i ons  (spanwise ma te r ia l  s o l i d i f i c a - -  
t i o n  d i r e c t i o n )  f o r  t he  SC PWA-1480 blade ( t i l t  = 54.74', r o t a t e  = 0.0') were 
compared aga ins t  the  DS MAR-M-246 + H f  blade. C r i t i c a l  crossings f o r  t he  DS 
blade a r e  a t  the  f i r s t  mode - 11 th  engine order  - 27 500 RPM, second mode - 
24th engine order - 27 500 RPM, t h i r d  mode - 24th engine order - 35 000 RPM, 
and the  f o u r t h  mode - 28th engine order - 35 000 RPM ( f i g .  30). Whereas, c r i t -  
i c a l  cross ings f o r  the  SC blade a re  a t  the f i r s t  mode - 11 th  engine order  - 
27 500 RPM, a t  t he  second mode - 24th engine order  - 27 500 RPM, and a t  the  
t h i r d  mode - 24th engine order - 35 000 RPM ( f i g .  31). 

From a dynamics v iewpoint  the  SC blade appears t o  be a s l i g h t  improvement 
over the  DS blade s ince one engine order i n t e r f e r e n c e  was e l im ina ted  a t  t he  
f o u r t h  mode. The encouraglng aspect a t  t h i s  p o i n t  i s  t h a t  no new engine order  
i n te r fe rences  were in t roduced w i t h  the ma te r ia l  s u b s t i t u t i o n .  

The c r i t i c a l  engine order exc i ta t i ons  can be reduced by r e o r i e n t i n g  the  
c r y s t a l  w i t h i n  the  to lerance l i m i t s  o f  the  54.74" t i l t  angle.  C r i t i c a l  engine 
order e x c i t a t i o n s  may occur a t  two loca t ions  when the c r y s t a l  was o r ien ted  a t  
a t i l t  angle o f  64.74' and r o t a t e  angle o f  60.0'. F igure  32 shows t h a t  these 
cross ings may occur a t  the  f i r s t  mode - 11 th  engine order  - 27 500 RPM and a t  
the  t h i r d  mode - 24th engine order  - 35 000 RPM. The second mode f a l l s  between 
the  24th and 26th engine order a t  27 500 RPM. E x c i t a t i o n  could occur a t  t h i s  
mode depending on the  v a r i a t i o n s  i n  pump speed. 

Poss ib le  c r i t i c a l  engine order exc i ta t i ons  are  occu r r i ng  w i t h i n  the 
b lades '  f i r s t  th ree  modes under operat ing cond i t ions  a t  nominal o r i e n t a t i o n s .  
Previous analyses had shown t h a t  these modes were p r i m a r i l y  in f luenced by v a r i -  
a t i ons  i n  the c r y s t a l  t i l t  angle. The c r y s t a l  <Ill> a x i s  o r i e n t a t i o n  was 
var ied  between the extremes o f  spanwise t o  chordwise. Figures 33 t o  4 4  show 
the  blades modal frequency va r ia t i ons  w i t h  respect  t o  t i l t  angle. A l i g n l n g  the 
c r y s t a l ' s  s t i f f  a x i s  w i t h i n  the  blades spanwise d i r e c t i o n  ( t i l t  = 0') increases 
the  f i r s t  modal frequency (bending mode) and decreases the  second modal f r e -  
quency ( t o r s i o n  mode). The opposi te was t r u e  when a l i g n i n g  the c r y s t a l ' s  s t i f f  
a x i s  w i t h i n  the  blades chordwise d i r e c t i o n  ( t i l t  = 90'). 

Common p r a c t i c e  i n  analyz ing Campbell Diagrams i s  t o  t o  apply a +_5 percent  
d e v i a t i o n  i n  e x c i t a t i o n  frequency a t  t he  f i r s t  mode. 
a t  the upper modes. Therefore, a +5 percent  d e v i a t i o n  i n  r o t o r  speed and e x c i -  
t a t i o n  frequency was conserva t ive ly  appl ied t o  a l l  the engine orders and t o  a l l  
t he  n a t u r a l  responses o f  the  SC blade r e s p e c t f u l l y .  This to le rance would 
account f o r  any v a r i a t i o n s  i n  r o t o r  speed and b lade- to-b lade d i f f e rences  due t o  
manufactur ing.  

This  d e v i a t i o n  decreases 

Attempts were  made t o  f i n d  an o r i e n t a t i o n  which would e l im ina te  o r  m in i -  
m i z e  t he  c r i t i c a l  engine order exc i ta t i ons .  F igure  45 shows. t h a t  o r i e n t i n g  the 

111 a x i s  i n  the  spanwise d i r e c t i o n  e f f e c t s  the  f i r s t  and.th1t-d mode between 
severa l  c r i t i c a l  engine orders.  Whereas, f i g u r e s  46 and 47 show t h a t  o r i e n t i n g  
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t he  <111> a x i s  I n  the  chordwise d i r e c t i o n  can be b e n e f i c i a l .  
c r i t i c a l  exc i ta t i ons  were reduced when compared t o  the  DS blade and the  SC nom- 
i n a l  o r i e n t a t i o n  as shown i n  t a b l e  V. However, f o r  any SC o r l e n t a t i o n  the  
t h i r d  mode in te r fe rence  w i l l  e x i s t  when cons ider ing  a 25 percent  d e v i a t i o n  o f  
e x c i t a t i o n  frequency ( f i g  . 41 ) . 

The number o f  

SUMMARY AND CONCLUSIONS 

A summary o f  the  conclusions developed from the  ana lys i s  and t e s t s  a re  as 
f 01 1 ows ; 

1. From a dynamics v iewpoint ,  the  SC b lade i s  an improvement over the  DS 
No new engine order  in te r fe rences  were in t roduced w i th  the PWA-1480 blade. 

ma te r ia l  subs t i t u t i on .  The SC blade a t  t he  nominal o r i e n t a t i o n  was found t o  
be b e t t e r  than the DS blade because the  f o u r t h  mode i n t e r f e r e n c e  was e l i m i n -  
ated. However, in te r fe rences  s t i l l  e x i s t  a t  modes 1 t o  3 .  

2. The englne order in te r fe rences  w i t h i n  the  SC blades f i rs t  th ree  modes 
can be minimized by changing the  c r y s t a l  o r l e n t a t i o n .  
t o  a l i g n  the  c r y s t a l s '  111 a x i s  i n  the b lades '  chord d i r e c t i o n  o r  a t  a t i l t  
angle o f  90". However, i t  was found t h a t  f o r  any o r i e n t a t i o n ,  the t h i r d  mode 
in te r fe rence  w i l l  e x i s t .  

The best  o r i e n t a t i o n  i s  

3 .  The blade na tu ra l  f requencies a re  very s e n s i t i v e  t o  support l o c a t i o n .  
Extreme care i s  needed both exper imenta l ly  and a n a l y t i c a l l y  I n  s imu la t i ng  d i sc  
support  condi t ions.  

4. For the f i r s t  th ree  modes the  t i l t  angle has a s l i g h t l y  g rea ter  i n f l u -  
ence on the  modal f requencies than r o t a t e  angle.  But t h i s  e f f e c t  i s  smal l ,  
i .e. ,  l ess  than 5 percent change i n  frequency f o r  210" change I n  t i l t  angle.  

5. The procedure o f  us ing  a t5 percent to le rance o f  e x c i t a t i o n  frequency 
The ac tua l  b lade- to-b lade d i f -  i n  the  Campbell Diagrams may be conservat ive.  

ferences i n  na tura l  f requencies due t o  the manufactur ing processes should be 
determined by t e s t i n g  a l a rge  sample o f  SC blades a t  s l m i l a r  o r i e n t a t i o n s .  

6. This pre l iminary i n v e s t i g a t i o n  was a l i m i t e d  scope study. A more 
d e t a i l e d  study wi th respect t o  thermal, mechanical, and o r i e n t a t i o n  e f f e c t s  i s  
recommended. 
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TABLE 11. - SINGLE CRYSTAL MATtRIAL 
STIFFNESS COEFFICIENTS AS A 

FUNCl  ION OF TEMPERA1 URE 

15.0 
I 14.5 
' 14.0 

I Temperature,l  S t i f f n e s s  c o e f f i c i e n t s  I 

32.5 
31.5 
30.5 

MPSI MPSI 

22.0 
21.8 
21.7 

I MAR-M--247 Mater  i a1 I 
70 39.3 26.2 

PW 

800 
1000 

1400 
1600 
1800 

i cInn 
I LUU 

TABLE 111. - E F F € C l S  OF BRAZE MAlEHIAI- 
ON THL MODAL FREQUENCIES OF 

SC SSMt HPF TP BLADE MODEL 

Modal f r e q u e n c i e s ,  Hz I 

4 
. 5  

a ' -  6 

Modeled w i t h  
b raze  m a t e r i a l  

4 735 
11 818 
14 737 
17 546 
21 503 
24 913 

Modeled w i t h o u t  
b raze  m a t e r i a l  

4 735 
11 819 , 

1 4  739 
17 547 
21 503 
24 914 
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TABLE I V .  - SPAN LENGTH EFFECTS ON MODAL 
FREQUENCI€S OF SC SSME HPFTP 

BLADE MODEL 

D i r e c t i o n a l l y  
s o l i d i f i e d  
mat e r i a 1 

11E 
24€ 
24€ 
28E 
None 
None 

I I Mode I Modal f r e q u e n c i e s ,  Hz 

S i n g l e  c r y s t a l  SC optimum 
mater  1 a1 o r  i e n t a t i  on 

t i l t  = 54.74 t i l t  = 90.0 
r o t a t e  = 0.0 r o t a t e  = 0.0 

11E 1 l E  t o  13E 
24E None 
24E 24E t o  26E 
None None 
None None 
None None 

Span l e n g t h ,  
1.3219 i n .  

5 313 
12  156 
1 6  032 
19 392 
23 140 

Span l e n g t h ,  
1.3432 i n .  

5 129 
10 839 
14  818 
17 552 
21 098 

Percen t  
change 

-10.8 

-8.8 

Mode 

- 
1 
2 
3 
4 
5 
6 



ORIGINAL PAGE EB 

FIGURE 1.  - S S M  HIGH PRESSURE FUEL TURBOPUMP (HPFTP) 

Y 
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7 / ,‘ SUCTION 

3F POOR OTJ ALITY 

/POLAR PROJECTION 

2 
CRYSTAL A 
GROWTH 
DIRECTION 

/POLAR PROJECTION 
(111) 

I 
FIGURE 2. - SSME HPFTP FIRST-STAGE TURBINE BLADE. FIGURE 3 .  - MATERIAL ORIENTATION OF SINGLE-CRYSTAL BLADE. 
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FIGURE 4. - MODAL ANALYZER EXPERIMENTAL APPARATUS 
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FIGURE 5 .  - MODAL ANALYZER EXPERIMENTAL SCHEMATIC. 
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ORIGINAL PAGE IS 
OF POOR QUALITX 

MODE 1 

- 
4632 

1ST BENDING 

4634 

30 OOO r "'i HZ 
23 900 Hz 

25 

20 

10 

5 

FREQUENCY. HZ 

FIGURE 6. - AUTO SPECTRA DATA. 

M O M  2 MODE 3 MODE 4 MODE 5 

9939 13011 16472 
(A) HOLOGRAPHIC FREQUENCIES/MODE SHAPES. 

19611 

2ND BENDING LYRE TORSION EDGEWISE 

10251 13805 16447 

( B )  MSC/NASTRAN FREQUENCIES/MODt SHAPES. 
20159 

FIGURE 7. - SSME HPFTP SECOND-STAGE BLADE 
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AN ORTHOTROPIC MATERIAL STIFFNESS MATRIX I S  DEFINED AS: 
- - 
c l l  ‘12 ‘13 

1025 ELEMENTS 

M 

FIGURE 8. RSC/NASTRAN FINITE ELEPENT MODEL. 

40 OOO 

E 30000 

n 
W W 
L v) 

+ 20 000 

Y 
$ 10000 
v) 

0 I- 

0 100 200 300 400 500 
TINE. SEC 

FIGURE 10. - PUMP FLIGHT DATA: HPFTP SHAFT SPEED, (SEE 
REF. 5.) 

s11 + s12 
C l l  = (Sll - S12)(S11 + 2S12) 

412 
c12 = (s,l - S12)(Sll + 2S12) 

1 
44 

c44 = s 
BY SYMMETRY: 

c11 = c22 = c33 

‘44 = ‘55 = ‘66 

‘12 = ‘23 = ‘13 

FIGURE 9. - SINGLE-CRYSTAL MATERIAL MATRIX FORMULATION. 

G 
I 

100 200 300 400 500 0 
T I E .  SEC 

FIGURE 11. - PUMP FLIGHT DATA; HPFTP TURBINE DISCHARGt 
TEMPERATURE. (SEE REF. 5 . )  
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FIGURE 12. - S W  HPFTP FIRST-STAGE BLADE; PWA-1480: FIGURE 13. - S S E  HPFTP FIRST-STAGE BLADE: PWA-1480; 
NONROTATING: 70 OF: FIRST HOE€. NONROTATING: 70 OF: SECOND MODE. 
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FIGURE 14. - SSRE HPFTP FIRST-STAGE BLADE; PWA-1480: 
NONROTATING: 7 0  OF: THIRD MODE. 
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FIGURE 15. - S W  HPFTP FIRST-STAGE BLADE: PWA-1480: 
NONROTATING: 7 0  OF: FOURTH MODE. 
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FIGURE 16. - SSME HPFTP FIRST-STAGE BLADE: PWA-1480; 
NONROTATING: 70 OF: FIFTH MOM. 
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FIGURE 18. - SSME HPFTP FIRST-STAGE BLADE: PWA-1480: 
27 500 RPH: Taf = 1200 OF AND T..h = 1OOO OF: FIRST 
NODE. (NOTE: Taf = STEADY STATE TEMPERATURE AIR- 
FOIL AND T,h = STEADY STATE TEMPERATURE SHANK. ) 
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FIGURE 17. - SSME HPFTP FIRST-STAGE BLADE: PWA-1480: 
NONROTATING: 70 OF: SIXTH NODE. 
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FIGURE 19. - SSME HPFTP FIRST-STAGE BLADE; PWA-1480: 
27 500 RPH: Taf = 1200 OF AND T,h = 1000 OF: 
SECOND RODE. 
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FIGURE 20. - SSm HPFTP FIRST-STAGE BLADE: PWA-1480: 
27 500 RPH: Taf = 1200 OF AND Tsh = loo0 OF: THIRD 
MODE. 

-q-- 44.75 

90 120 150 180 
CRYSTAL ROTATION ANGLE, DEG 

FIGURE 21. - S S E  HPFTP FIRST-STAGE BLADE: PWA-1480: 
27 500 RPM: T,f = 1200 
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FIGURE 23. - SSME HPFTP FIRST-STAGE BLADE; PWA-1480: 
27 500 RPM: Taf = 1200 OF AND Tsh = lo00 OF: SIXTH 

FIGURE 22. - SSm HPFTP FIRST-STAGE BLADE: PWA-1480: 
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FIGURE 24. - SSME HPFTP FIRST-STAGE BLADE: PWA-1480: 
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NODE. 
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FIGURE 26. - S W  HPFTP FIRST-STAGE BLADE; PWA-1480: 
35 000 RPM; Taf = 1400 OF AND Tsh = 1200 OF; THIRD 
MODE. 
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FIGURE 25. - S S E  HPFT? FIRST-STAGE BLADE: PWA-1480; 
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FIGURE 33. - S S m  HPFTP FIRST-STAGE BLADE: PWA-1480; 
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FIGURE 36. - S S m  HPFTP FIRST-STAGE BLADE: PWA-1480: 
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FIGURE 37. - SSME HPFTP FIRST-STAGE BLADE: PWA-1380: 
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FIGURE 41. - S W  HPFTP FIRST-STAGE BLADE; PUA-1480; 
35 000 RPM; Taf = 1400 OF AND T,h = 1200 OF: THIRD 
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FIGURE 43. - SSm HPFTP FIRST-STAGE BLADE; PWA-1480; 
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