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A l ow-cos t  o p t i c a l  da ta  a c q u i s i t i o n  system was designed t o  measure d e f l e c - -  
t i o n  o f  v i b r a t i n g  r o t o r  b lade  t i p s .  The bas i c  p r i n c i p l e  o f  t h e  new des ign  i s  
t o  reco rd  raw da ta ,  which i s  a s e t  o f  b lade a r r i v a l  t imes,  i n  mcniory and t o  
pe r fo rm a l l  p rocess ing  by so f tware  f o l l o w i n g  a run .  l h i s  approach y i e l d s  a 
s imple and inexpens ive  system w i t h  the l e a s t  p o s s i b l e  hardware. 

F u n c t i o n a l  elements of t h e  system were breadboarded and operated s a t i s f a c -  
t o r i l y  d u r i n g  r o t o r  s i m u l a t i o n s  on the bench, and d u r i n g  a da ta  c o l l e c t i o n  r u n  
w i t h  a two-bladed r o t o r  i n  t h e  Lewis Research Center Spin R ig .  

Sof tware was w r i t t e n  t o  demonstrate t h e  s o r t i n g  and p rocess ing  o f  da ta  
s t o r e d  i n  t h e  system c o n t r o l  computer, a f t e r  r e t r i e v a l  f rom t h e  da ta  a c q u i s i -  
t i o n  system. The demonstrat ion produced an accu ra te  g r a p h i c a l  d i s p l a y  o f  
d e f l e c t i o n  versus t ime. 

I N 1  HODUCT I O N  

An o p t i c a l  da ta  a c q u i s i t i o n  system o f  t h e  t y p e  desc r ibed  i n  r e f e r e n c e  1 
can s imu l taneous ly  measure t h e  v i b r a t i o n  d e f l e c t i o n s  o f  a l l  t h e  blades on a 
s p i n n l n g  r o t o r ,  and can p r o v i d e  a complete v i b r a t i o n  r e c o r d  f o r  each r o t o r  
b lade.  U n l i k e  a s t r a i n  gauge measurement system w i t h  i t s  s l i p - r i n g  c a p a c i t y  
l i m i t a t i o n s ,  t h e  o p t i c a l  system can measure t h e  response a t  seve ra l  p o s i t i o n s  
o f  every b lade  on a m u l t i - b l a d e d  r o t o r .  The o p t i c a l  system measures v i b r a t i o n  
d e f l e c t i o n  d i r e c t l y ,  w i t h o u t  t h e  c a l i b r a t i o n  problems i n h e r e n t  t o  a s t r a i n  
gauge measurement system. S igna l  process ing and a n a l y s i s  i s  f a c i l i t a t e d  i n  
t h e  o p t i c a l  system because d a t a  i s  taken i n  d i g i t a l  form. 

A major  disadvantage o f  t h i s  o p t i c a l  system i s  t h a t  i t s  r e l a t i v e  complex. 
i t y  makes i t  c o s t l y  and d i f f i c u l t  t o  m a i n t a i n  o r  r e p a i r .  The r e s u l t s  o f  an 
in-house e f f o r t  t o  s i m p l i f y  t h e  system and produce a l ow-cos t  v e r s i o n  a re  
p resen ted  i n  t h i s  r e p o r t .  Th i s  e f f o r t  was prompted by the  need f o r  a d d i t i o n a l  
o p t i c a l  da ta  a c q u i s i t i o n  c a p a b i l i t y  a t  t h e  Lewis Research Center t o  cover i nde -  
pendent o p e r a t i o n  o f  another  Spin Rig ( r e f .  2 ) .  and an advanced v e r s i o n  o f  a 
R o t a t i n g  System Dynamics R ig .  . 

R E V I E W  OF 1HE ORIGlNAL SYSILM 

The o r i g i n a l  o p t i c a l  da ta  a c q u i s i t i o n  system, as r e p o r t e d  i n  r e f e r e n c e  1, 
comprises a s e t  o f  f i x e d  o p t i c a l  probes which sense b lade  passage, a microcom 
p u t e r  system which r e c e i v e s  and processes da ta  f r o m  t h e  probes,  and a c o n t r o l  
computer which s o r t s  t h e  da ta  i n t o  a usable form a f t e r  each da ta  c o l l e c t i o n  r u n  
( f i g .  1 ) .  



Three o p t i c a l  probes a r e  l o c a t e d  a t  each o f  every o t h e r  v i e w i n g  p o r t  o f  
32 p o r t s  t h a t  a re  e q u a l l y  spaced around t h e  pe r ime te r  O F  t h e  s p i n  r i g  case 
( f i g .  2 ) .  One probe mon i to rs  t h e  p o s i t i o n  o f  t h e  l e a d i n g  edge o f  t h e  b lade 
t i p ,  another  rnonltors t h e  t i p  midchord,  and t h e  t h i r d  mon i to rs  t h e  b lade  t i p  
t r a i l i n g  edge. I n  t h i s  manner bending, t o r s i o n ,  and camber v i b r a t i o n  modes can 
be i d e n t i f i e d .  A s i n g l e  a d d i t i o n a l  probe senses t h e  s t a r t  o f  each r e v o l u t i o n  
w i t h  t h e  passage o f  a t i m i n g  mark on t h e  r o t o r  s h a f t .  

Each probe conta ins a h i g h - r e s o l u t i o n  o p t i c a l  r e f l e c t i v e  sensor and asso 
c i a t e d  suppor t  e l e c t r o n i c s  ( r e f .  2 ) .  l h e  sensor i s  a focused LED e m i t t e r  and 
matched p r o t o d e t e c t o r  i n  a s i n g l e  package. A v i s i b l e  l i g h t  beam e m i t t e d  by t h e  
LED I s  focused a t  t h e  b lade  t i p s .  
speed t h e  event  i s  de tec ted ,  conver ted t o  a T I L  compa t ib le  l o g i c  s i g n a l ,  and 
s e n t  t o  t h e  microcomputer system. 

As  a b lade  edge passes by t h e  probe a t  h i g h  

The microcomputer system c o n t a i n s  d a t a  a c q u i s i t i o n  boards,  one f o r  each 
o p t i c a l  probe, which reco rd  t h e  " t i m e "  t h a t  r e f l e c t e d  s i g n a l s  f rom each b lade  
a r e  de tec ted .  Two high-speed frequency s y n t h e s i z e r s  i n c l u d e d  i n  the system 
se rve  as t h e  system r e f e r e n c e  c l o c k s  d u r i n g  a l t e r n a t e  r e v o l u t i o n 3  o f  t he  r o t o r .  
l w o  a r e  used s ince one does n o t  program r a p i d l y  enough t o  m a i n t a i n  a cons tan t  
number o f  c l o c k  pulses per r e v o l u t i o n .  

A counter  axsoc iated w i t h  t h e  syn thes i ze rs  counts c l o c k  pulses d u r i n g  each 
r e v o l u t i o n  o f  t h e  r o t o r ,  and i s  r e s e t  t o  zero a t  t h e  s t a r t  o f  ench r e v o l u t i o n  
t o  beg in  each measurement t i m i n g  p e r i o d .  This  count rep resen ts  t h e  t i m e  c o r -  
responding t o  any angu la r  p o s i t i o n  o f  t h e  r o t o r  d u r i n g  each r e v o l u t i o n ,  and 
t h e  t o t a l  number o f  counts  pe r  r e v o l u t l o n  can range f rom 6400 t o  78 592, as 
chosen by t h e  exper imenter.  Th i s  i n f o r m d t i o n  i s  s t o r e d  on each board i n  a 
4 K x 8 - b i t  memory. 

A t  t h e  s t a r t  o f  a d a t a  c o l l e c t i o n  run,  t h e  f requency o f  t h e  syn thes i ze rs  
i s  i n i t i a l l y  s e t  by so f tware  t o  g i v e  the  c l o c k  counts per  r e v o l u t i o n  necessary 
f o r  t h e  d e s i r e d  d e f l e c t i o n  r e s o l u t i o n ,  and d u r i n g  t h e  r u n  i s  so f tware  com- 
pensated f o r  any minor v a r i a t i o n s  i n  r o t o r  speed. l h e  maximum a l l o w a b l e  
d e f l e c t i o n  ( f r o m  e i t h e r  d i r e c t i o n  o f  c e n t e r  o r  ze ro )  i s  r e l a t e d  t o  d e f l e c t i o n  
r e s o l u t i o n  by a f a c t o r  o f  128 because o f  t h e  8 - b i t  memory word s i z e .  

l o  dea l  w i t h  m i s s i n g  and/or extraneous b lade  s i g n a l s ,  a " t i m e  window" f o r  
da ta  acceptance f rom each p o r t  i s  p rov ided  on t h e  d a t a  a c q u i s i t i o n  boards.  
Only one b lade  pulse i s  accepted d u r i n g  each window sampl ing p e r i o d .  An a r t i -  
f i c i a l  p u l s e  i s  i n s e r t e d  i f  a b lade  s i g n a l  i s  n o t  p r e s e n t  d u r i n g  the  window 
t irne. 

Blade a r r i v a l  t imes a r e  s t o r e d  i n  memory on each board. Dur ing  a da ta  
c o l l e c t i o n  run, t h e  b l a d e  a r r i v a l  t imes ob ta ined  d u r i n g  a " n o r m d l i z a t i o n  run "  
w i t h o u t  e x c i t a t i o n  a r e  s u b t r a c t e d  f rom those measured w i t h  v i b r a t i o n  a p p l i e d .  
l h i s  removes t h e  tares due t o  nonuni form spacing o f  p o r t s  o r  b lades .  Thi3 
p rocess ing  I s  c o n t r o l l e d  by a microprocessor  on each board which conver t s  t h e  
d i f f e r e n c e  i n  blade a r r i v a l  t imes t o  b l a d e  d e f l e c t i o n .  A t  t he  c o n c l u s i o n  o f  a 
dd ta  c o l l e c t i o n  run, a l l  d e f l e c t i o n  da ta  a r e  t r a n s m i t t e d  t o  a Hewlet t -Packard 
HP-1000 system c o n t r o l  computer, which s o r t s  and processes t h e  da ta  t o  g i v e  a 
complete ( though  d i s c r e t e )  v i b r a t i o n  versus t i m e  h i s t o r y  f o r  edch r o t o r  b lade.  
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O B J E C I I V E  AND CONCEPlS OF NEW D k S I G N  
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l h e  des ign  o b j e c t i v e  was t o  s i m p l i f y  t h e  o r i g i n a l  system w i t h o u t  compro- 
m i s i n g  those c h a r a c t e r i s t i c s  which a re  b a s i c  t o  t h e  o v e r a l l  performance. 
Performance benchmarks o f  s p e c i a l  concern (wh ich  a r e  covered i n  m o r e  d e t a i l  
elsewhere i n  t h i s  r e p o r t )  were the  maximum a l l o w a b l e  d e f l e c t i o n ,  d e f l e c t i o n  
r e s o l u t i o n ,  maximum ( u n a l i a s e d )  frequency, and frequency r e s o l u t i o n .  

Severa l  new des ign  concepts r e s u l t  i n  a much s imp le r  systeni and reduce 
i t s  c o s t .  The b a s i c  p r i n c i p l e  i s  t o  record t h e  raw da ta ,  which i s  a s e t  o f  
b lade  a r r i v a l  t imes,  i n  memory and t o  pe r fo rm a l l  p rocess ing  by so f tware  
f o l l o w i n g  a r u n .  A s  w i t h  t h e  o r i g i n a l  system, a " n o r m a l i z a t i o n  r u n "  w i t h o u t  
e x c i t a t i o n  precedes a da ta  c o l l e c t i o n  run  w i t h  v i b r a t i o n  a p p l i e d ;  however, 
w i t h  t h e  new system a l l  p rocess ing  o f  b lade a r r i v a l  t imes and t h e  convers ion 
t o  b lade  d e f l e c t i o n  i s  done by software, i n  t h e  system c o n t r o l  computer a f t e r  
comp le t i on  o f  a run .  This  t rades  o f f  hardware f o r  sof tware,  reduc ing  the 
c o m p l e x i t y  and c o s t  o f  da ta  a c q u i s i t i o n  boards.  The frequency syn thes i ze rs  
a r e  e l i m i n a t e d  by " t i m e  stamping" t h e  b lade a r r i v a l  t imes, measured f rom t h e  
s t a r t  o f  a r u n  r a t h e r  than f r o m  t h e  s t a r t  o f  each r e v o l u t i o n .  

A decrease i n  t h e  number o f  boards r e q u i r e d  f u r t h e r  reduces c o s t  and leads 
t o  a more r e l i a b l e  system because o f  a lower component count .  The requi rement  
f o r  b u i l t - i n  s e l f - t e s t  f e a t u r e s  f o r  board d i a g n o s t i c s  was waived (wh ich  w i l l  
be seen t o  be reasonable because o f  t h e  s h a r p l y  reduced board comp lex i t y  and 
component c o u n t ) ,  y i e l d i n g  a d d i t i o n a l  s i m p l i f i c a t i o n  and component r e d u c t i o n .  
A system w i t h  fewer boards and lower component count i s  e a s i e r  and cheaper t o  
adapt t o  f u t u r e  improvements i n  i n t e g r a t e d  c i r c u i t s .  

A f u r t h e r  s i g n i f i c a n t  c o s t  reduc t i on  can be expected i f  t h e  c o n t r o l  compu 
t e r  i s  a personal  computer i n s t e a d  o f  a minicomputer (Hewlet t -Packard HP-1000). 
However, t h i s  concept was n o t  implemented b e f o r e  t h i s  r e p o r t  was completed. 

DESIGN OF THE NEW SYST€M 

Data A c q u i s i t i o n  Boards 

A system w i t h  fewer da ta  a c q u i s i t i o n  boards and fewer components can be 
designed if each board accepts d a t a  f r o m  more than one o p t i c a l  probe. This  i s  
p o s s i b l e  because t h e  pulses f rom any probe a r e  r e l a t i v e l y  w i d e l y  spaced i n  
t ime, compared t o  the  temporal v a r i a t i o n  o f  any p u l s e  due t o  b lade  v i b r a t i o n .  
The s i g n a l s  f rom one o r  more o t h e r  probes can be i n t e r s p e r s e d  i f  a known 
o r d e r i n g  of  t h e  pulses i s  mainta ined.  Th is  approach does n o t  reduce t h e  t o t a l  
memory s i z e  b u t  saves s u b s t a n t i a l  d u p l i c a t i o n  o f  o t h e r  components, such a 
coun te rs  and l a t c h e s .  ( I t  a l s o  eases t h e  problem o f  c l o c k  coun te r  wrap around 
t h a t  i s  d iscussed l a t e r . )  I n  t h e  extreme case, a l l  16 probes m o n i t o r i n g  a 
common b l a d e  t i p  r e g i o n  could be connected t o  a s i n g l e  board; however, i t  can 
be shown t h a t  f o r  a 56-b laded r o t o r  t h e  maximum a l l o w a b l e  b lade  d e f l e c t i o n  t h a t  
would n o t  cause scrambled s i g n a l s  would be o n l y  35 m i l s .  Th i s  cou ld  be an 
accep tab le  va lue  f o r  some r o t o r s ,  bu t  i t  does n o t  compare f a v o r a b l y  w i t h  t h e  
102 m i l  swing a l l o w a b l e  f rom t h e  o r i g i n a l  system, f o r  an i d e n t i c a l  d e f l e c t i o n  
r e s o l u t i o n  o f  0 .8  m i l s .  Reducing the probe i n p u t s  per  board by a f a c t o r  o f  
t w o  w i l l  i n c r e a s e  t h e  maximum a l l owab le  d e f l e c t i o n  by a f a c t o r  O F  2 t o  70 m i l s .  
A board c o n f i g u r a t i o n  hav ing f o u r  o p t i c a l  probe i n p u t s  was chosen because i t  
a l l o w s  a maximum a l l o w a b l e  d e f l e c t i o n  o f  140 m i l s ,  which exceeds t h e  
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performance o f  t h e  o r i g i n a l  system i n  t h i s  a rea .  A t y p i c a l  i n p u t  c i r c u i t  
hav ing  t h i s  c o n f i g u r a t i o n  i s  shown i n  f i g u r e  3. 

One p a i r  o f  probes ( p o r t s  0 and 2 )  i s  separated f rom t h e  o t h e r  p a i r  
( p o r t s  4 and 6 )  by i n p u t  gates G1 and 62. T h i s  a l l o w s  o p t i o n a l  de lay  t o  be 
added t o  s i g n a l s  f rom one probe p a i r .  
combined a t  output  g a t e  63 ,  and appear a t  t h e  o u t p u t  o f  t h i s  g a t e  as a compos- 
i t e  t r a i n  o f  i n t e r s p e r s e d  b lade  d e t e c t i o n  pu lses .  l h e s e  pulses l a t c h  t h e  count  
f rom a high-speed wrap around c l o c k  counter ,  and i n i t i a t e  w r i t i n g  t h e  count 
i n t o  t h e  c u r r e n t  address o f  memory ( f i g .  4 ) .  A s  a r e s u l t ,  a t i m e  corresponding 
t o  each b lade  passage i s  stamped i n t o  memory. 

l h e  s i g n a l s  from b o t h  probe p a i r s  a r e  

Depending on t h e  r o t o r  c o n f i g u r a t i o n ,  d e l a y  may be r e q u i r e d  t o  separate 
probe s i g n a l s  which a re  c o i n c i d e n t  o r  o v e r l a p  i n  t ime .  
n a l s  f o r  a n o n v i b r a t i n g  56-bladed r o t o r  a r e  c o i n c i d e n t  a t  p o r t s  0 and 4 ,  as 
w e l l  as a t  p o r t s  2 and 6 ( f i g .  5 ) .  The optimum de lay  s h i f t s  t h e  s i g n a l  f r o m  
t h e  probe a t  p o r t  4 t o  a p o s i t i o n  midway between s i g n a l s  f rom p o r t s  0 and 2, 
thereby maximizing t h e  a l l o w a b l e  b lade  d e f l e c t i o n ,  as shown i n  f i g u r e  5 .  Th i s  
a l s o  p o s i t i o n s  t h e  s i g n a l  f rom t h e  probe a t  p o r t  6 t o  midway between between 
probe s i g n a l s  f r o m  p o r t s  2 and 0. No de lay  i s  r e q u i r e d  f o r  r o t o r  c o n f i g u r a -  
t i o n s  where t i m e  co inc idence o r  o v e r l a p  i s  n o t  a problem, as shown i n  f i g u r e  6 
f o r  t h e  n o n v i b r a t i n g  2-b laded r o t o r  case, f o r  two p o s s i b l e  ways o f  connec t ing  
probes t o  boards.  

F o r  example, probe s i g -  

Ihe optimum delay f o r  a da ta  board w i t h  f o u r  o p t i c a l  probe i n p u t s  f rom 
consecu t i ve  even numbered p o r t s  can be shown t o  be 

1 5  t = -- 
sn 

where 

t optimum de lay  t ime i n  seconds 
s r o t o r  speed i n  rpm 
n number o f  r o t o r  b lades.  

Delay can be op t im ized ,  p r i o r  t o  each s e r i e s  o f  da ta  c o l l e c t i o n  runs, by 
s e t t i n g  s w i t c h - s e l e c t a b l e  comparator l i n e s  i n  t h e  d e l a y  c i r c u i t  t o  g i v e  t h e  
r e q u i r e d  number o f  c l o c k  counts .  The c l o c k  count  r e q u i r e d  i s  g i v e n  by 

c l o c k  count = t f  ( 2 )  

where 

t optimum de lay  t ime i n  seconds 
f c l o c k  frequency i n  h e r t z .  

Because f o u r  o p t i c a l  probes share a s i n g l e  memory, t h e  memory address s i z e  
on each board must be increased f r o m  4 t o  16 K t o  o b t a i n  t h e  same number o f  
da ta  p o i n t s  per probe as i n  t h e  o r i g i n a l  system. However, t h e  t o t a l  memory 
address s i z e  o f  t h e  system remains unchanged. 

A p e n a l t y  paid f o r  t h e  s i m p l i c i t y  o f  t h e  new system i s  t h a t  t h e  s i z e  o f  a 
memory word must increase.  The 8 - b i t  memory word s i z e  o f  t h e  o r i g i n a l  system 
i s  n o t  adequate where a hlgh--speed wrap-around c l o c k  counter  i s  used t o  measure 
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t ime .  
n o t  wrap-around b e f o r e  t h e  n e x t  b lade a r r i v e s  t o  o b t a i n  meaningfu l ,  nonscram- 
b l e d  t i m i n g  reco rds .  
c l o c k  speeds as h i g h  as 20 MHz, f o r  the w o r s t  case c o n d i t i o n  of a two-b laded 
r o t o r  o p e r a t i n g  a t  3000 rpm. 
t ime  r e l a t i o n s h i p s ,  which a r e  based on t h e  connec t ion  scheme g i v e n  i n  t a b l e  I :  

Though coun te r  wrap-around can be handled by so f tware ,  t h e  coun te r  must 

A 1 6 - b i t  word s l ze  s a t i s f i e s  t h i s  r a c i n g  l i m i t a t i o n ,  w i t h  

" h i s  conc lus ion  i s  d e r i v e d  f rom the  f o l l o w i n g  

where 

t b  

F f r a c t i o n  o f  a r e v o l u t i o n  between adjacent  v iew ing  p o r t s  connected t o  a 

s r o t o r  speed i n  rpm. 

t ime i n  seconds between b lade  s igna ls  a r r i v i n g  a t  a board, f o r  a two- 
b laded r o t o r  

board 

2n 
= F -  

( 3 )  

( 4 )  

where 

T t ime i n  seconds b e f o r e  a counter  wrap-around 
n number o f  b i t s  i n  a memory word 
F c l o c k  f requency i n  h e r t z .  

- T - &  = 1.31 tb - 7 . 5 f  

f o r  n = 16, s = 3000 rpm, f = 20 M H z .  

A d d i t i o n a l  measures were taken t o  f u r t h e r  s i m p l i f y  t h e  des ign o f  t h e  da ta  
The hardware " t i m e  window" a c q u i s i t i o n  boards and reduce t h e  component count .  

used i n  t h e  o r i g i n a l  system t o  c o r r e c t  f o r  m i s s i n g  and/or extraneous b lade  
s i g n a l s  was e l i m i n a t e d ,  s i n c e  i t  can be rep laced  by an e q u i v a l e n t  s o f t w a r e -  
generated window. A so f tware  window a l so  has t h e  advantage o f  g r e a t e r  f l e x l -  
b i l i t y  i f  f u t u r e  m o d i f i c a t i o n s  a r e  requ i red .  
s i g n i f i c a n t l y  reduces t h e  number o f  components used and t h e i r  comp lex i t y  ( a s  
shown l a t e r  i n  t h i s  r e p o r t ) ,  improved r e l i a b i l i t y  as w e l l  as e a s i e r  maintenance 
and t r o u b l e - s h o o t i n g  can be expected. 
d i a g n o s t i c s  was waived, though t h i s  c a p a b i l i t y  was deemed e s s e n t i a l  i n  the  
o r i g i n a l  system. 

Since t h e  new board des ign  

l h e r e f o r e  t h e  requi rement  f o r  on-board 

Contro l  Board 

The master c l o c k  and wrap-around c l o c k  counter  a r e  l o c a t e d  on a separate 
c o n t r o l  board which a l s o  has c o n t r o l  c i r c u i t s  f o r  i n t e r f a c i n g  w i t h  an e x t e r n a l  
computer ( f i g .  7 ) .  Dur ing the  a c q u i s i t i o n ,  s torage,  and r e t r i e v a l  phases o f  a 
d a t a  c o l l e c t i o n  run  t h e  c o n t r o l  c i r c u i t s  enable o r  d i s a b l e  c o n t r o l  l i n e s  t o  t h e  
da ta  a c q u i s i t i o n  boards as c a l l e d  upon by so f tware .  
board (1/Rev Data Sec t i on )  records the t i m e  when each r o t o r  r e v o l u t i o n  begins,  
as mon i to red  by a separate o p t i c a l  probe. Th is  i n f o r m a t i o n  i s  used i n  t h e  

A s e c t i o n  o f  t h e  c o n t r o l  
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measurement o f  r o t o r  speed. €xcep t  f o r  c l o c k  f requency and memory address 
s i ze ,  t h e  1/Rev Data S e c t i o n  of  t h e  c o n t r o l  board i s  s i m i l a r  i n  des ign t o  a 
t y p i c a l  d a t a  a c q u i s i t i o n  board.  

Wrap-around o f  t he  c l o c k  counter  can be taken i n t o  account by sof tware,  
b u t  i t  must n o t  occur i n  l e s s  than one r e v o l u t i o n  t o  o b t a i n  u s e f u l  t i m i n g  
reco rds .  A c l o c k  f requency of 1.25 MHz overcomes t h i s  l i m i t a t i o n  a t  r o t o r  
speeds as low as 1500 rpm, and i s  r e a d i l y  a v a i l a b l e  by u s i n g  t h e  16 m o s t  s i g n i -  
f i c a n t  b l t s  f rom t h e  2 0 - b i t  c l o c k  c o u n t e r .  The f o l l o w i n g  t i m e  r e l a t i o n s h i p s  
suppor t  t h i s  conclus ion:  

60 t = -  
r s  

where 

t r  t i m e  i n  seconds f o r  a r o t o r  r e v o l u t i o n  
s r o t o r  speed i n  rpm. 

f o r  n = 16, s = 1500 rpm, f = 1.25 MHZ.  

A 2 K address s i z e  was chosen so t h a t  t h e  memory f i l l  t i m e  f o r  t h e  c o n t r o l  
board would be the same as f o r  t h e  da ta  a c q u i s i t i o n  boards when o p e r a t i n g  w i t h  
a two-b laded  r o t o r .  For o t h e r  r o t o r  c o n f i g u r a t i o n s ,  t h e  16 K da ta  board memo 
r i e s  f i l l  b e f o r e  the c o n t r o l  board memory and t e r m i n a t e  t h e  da ta  c o l l e c t i o n  
run .  l h e  t i m e  t o  f i l l  t he  2 o r  16 K memory i s  d e f i n e d  by 

where 

t t ime  i n  seconds t o  f i l l  memory 
M memory address s i z e  
s r o t o r  speed i n  rprn 
N da ta  p o i n t s  per r e v o l u t i o n .  

COMPARISON OF NEW SYSlF-M W I l H  ORIGINAL SYSTEM 

The d e f l e c t i o n  r e s o l u t i o n  and maximum a l l o w a b l e  d e f l e c t i o n  o f  t h e  new 
system a r e  compared i n  t a b l e  I 1  w i t h  values g i v e n  by t h e  o r i g i n a l  system, f o r  
a t e s t  r o t o r  diameter o f  20 i n .  A c l o c k  f requency o f  20 MHz i s  r e q u i r e d  t o  
g i v e  t h e  same r e s o l u t i o n  a t  15 000 rpm as g i v e n  by t h e  o r i g i n a l  system. A t  
h i g h  speed ( 1 5  000 rpm) t h e  new system a l l o w s  a g r e a t e r  b lade  t i p  d e f l e c t i o n  
f o r  t h e  same s p a t i a l  r e s o l u t i o n .  A t  low speed, t h e  r e s o l u t i o n  o f  t h e  new 
system I s  b e t t e r  ( e . g . ,  by a f a c t o r  o f  5 a t  3000 rpm) because t h e  c l o c k  always 
runs a t  f u l l  speed. ( l h e  c l o c k  speed i n  t h e  o r l g i n a l  system i s  p r o p o r t i o n a l  
t o  r o t o r  speed t o  keep a cons tan t  number of c l o c k  counts  pe r  r e v o l u t i o n . )  The 
a l l o w a b l e  b l a d e  t i p  d e f l e c t i o n  f o r  t h e  new system inc reases  as t h e  number o f  
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b lades decreases, u n l i k e  t h e  case w i t h  the  o r i g i n a l  system where i t  i s  indepen- 
dent  o f  r o t o r  b lade  c o n f i g u r a t i o n .  Fo r  t h e  two systems, r e s o l u t i o n  and maximum 
a l l o w a b l e  d e f l e c t i o n  a r e  g i v e n  as f o l l o w s :  

O r i g i n a l  System 

nd 
Res = -- 

C 

where 

Res d e f l e c t i o n  r e s o l u t i o n  i n  inches 
d r o t o r  d iameter  i n  inches 
c c l o c k  count pe r  r e v o l u t i o n .  

128nd 
MAD = -C = 128 x Res 

where 

MAD maximum a l l o w a b l e  d e f l e c t i o n  i n  inches 
d r o t o r  d iameter  i n  inches 
c c l o c k  count per r e v o l u t i o n  

New System 

nd s 
Res  = __ 60f  

where 

( 9 )  

Res d e f l e c t i o n  r e s o l u t i o n  i n  inches 
d r o t o r  d iameter  i n  inches 
s r o t o r  speed i n  rpm 
f c l o c k  f requency i n  h e r t z .  

I f  o n l y  one p o r t  i s  connected t o  a board, t h e  maximum a l l o w a b l e  d e f l e c t i o n  
( b e f o r e  scrambled s i g n a l s  occur)  i s  h a l f  t h e  c i r c u m f e r e n t i a l  spacing between 
b lade  t i p s .  W i t h  a l l  f o u r  p o r t s  connected, and chosen so t h a t  t h e  s i g n a l  t r a i n  
i s  even ly  i n t e r s p e r s e d  (under i d e a l i z e d  n o n v i b r a t i n g  c o n d i t i o n s ) ,  t h e  a l l o w a b l e  
d e f l e c t i o n  i s  reduced by a f a c t o r  o f  four  i n  a l l  cases except  f o r  32- and 64- 
b laded r o t o r s .  I n  t h i s  case, t h e  a l l owab le  d e f l e c t i o n  i s  reduced by a f a c t o r  
o f  2 .  l h e s e  r e l a t i o n s h i p s  a re  summarized as f o l l o w s :  

1 nd MAD (:I) x 2 = 4; ( f o r  32 o r  64 b lades )  

where 

MAD maximum a l l o w a b l e  d e f l e c t i o n  i n  inches 
ts  
d r o t o r  d iameter  i n  inches 
n number o f  r o t o r  blades 

c i r c u m f e r e n t i a l  b lade  t i p  spacing i n  inches 
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MAD = (J.) x 1- = ( f o r  a l l  o t h e r  r o t o r s )  4 8n 

A d d i t i o n a l  s y s t e m  c h a r a c t e r i s t i c s  a r e  compared i n  t a b l e  111. l h e  new 
system i s  equ iva len t  i n  a l l  areas w h i l e  hav ing t h e  advantage o f  reduc ing ,  by a 
f a c t o r  o f  4 ,  t h e  number o f  da ta  a c q u i s i t i o n  boards r e q u i r e d  t o  mon i to r  a common 
b lade  t l p  r e g i o n  ( l e a d i n g  edge, midchord, o r  t r a i l i n g  edge). Hardware r e q u i r e -  
ments l i s t e d  i n  t a b l e  I V  a r e  s h a r p l y  reduced i n  t h e  new system. Note t h e  
complete absence in  t h e  new system o f  t h e  more complex c h i p  types,  such as 
microprocessors and f i f o ,  eprom, and dram memories. Note t h a t  the b u l k  o f  t h e  
da ta  i n  t h e  o r i g i n a l  system i s  s t o r e d  i n  dram, whereas t h i s  i s  done i n  sram i n  
t h e  new system. 
s u b s t a n t i a l l y  l o w e r  power requi rements.  C o s t l y  f requency s y n t h e s i z e r s  a r e  n o t  
r e q u i r e d  i n  t h e  new system because o f  t h e  use o f  " t i m e  stamping" w i t h  a wrap- 
around coun te r .  Midchord probes and t h e i r  assoc ia ted  d a t a  a c q u i s i t i o n  boards 
a r e  n o t  i n c l u d e d  i n  e i t h e r  system f o r  t h i s  comparison. The 56- and 2 - b l a d e d  
r o t o r s  t h a t  have been t e s t e d  show l i m i t e d  camber mode a c t i v i t y  due t o  b lade  
s t i f f n e s s ,  making mldchord probes o f  l i m i t e d  use. 

The reduced component count should g i v e  h i g h e r  r e l i a b i l i t y  and 

A disadvantage o f  t h e  new s y s t e m ,  and a minor inconvenience i f  t h e  r o t o r  
c o n f i g u r a t i o n  I s  changed f r e q u e n t l y ,  i s  t h a t  t h e  r o t o r  c o n f i g u r a t i o n  determines 
t h e  manner i n  which the  da ta  a c q u i s i t i o n  boards a r e  connected t o  t h e i r  respec- 
t i v e  v iew ing  p o r t s .  Th i s  i s  i l l u s t r a t e d  i n  t a b l e  I f o r  a s e t  o f  f o u r  da ta  
a c q u i s i t i o n  boards numbered 1 t o  4 .  S i x  p o s s i b l e  connec t ion  schemes a r e  l i s t e d  
f o r  r o t o r  c o n f i g u r a t i o n s  o f  f rom 2 t o  64 b lades.  B o a r d - t o - p o r t  connect ions a r e  
arranged t o  g i v e  the bes t  maximum d e f l e c t i o n  va lue  f o r  each case. 

Except f o r  r o t o r  case 6 ,  o p t i c a l  probes f rom f o u r  p o r t s  a r e  connected t o  
each board.  For r o t o r  case 6 ,  s i g n a l  s e p a r a t i o n  becomes a problem s ince  t h e  
probe s i g n a l s  f r o m  a 32-  o r  64 -b laded  r o t o r  a r e  t i m e  c o i n c i d e n t  a t  a l l  32 
p o r t s ;  however, i f  o n l y  two probes a r e  connected t o  each board,  and one s i g n a l  
i s  delayed w i t h  respect t o  t h e  o t h e r  by use o f  t h e  on-board de lay ,  they can be 
separated ( w i t h  a 2 : l  r e d u c t i o n  i n  maximum f requency ) .  Doubl ing t h e  number o f  
da ta  boards would r e s t o r e  the  maximum frequency and t h e  system would s t i l l  be a 
f r a c t i o n  o f  t h e  s ize o f  t h e  o r i g i n a l  system. Th is  d o u b l i n g  was n o t  cons idered 
warranted, however, f o r  t h e  l i m i t e d  a p p l i c a t i o n  t o  3 2 -  o r  64 -b laded  r o t o r s .  

SYSTEM TESTS 

The s i m p l i f i e d  o p t i c a l  da ta  a c q u i s i t i o n  system was breadboarded t o  eva lu -  
a t e  t h e  new design and demonstrate s a t i s f a c t o r y  d a t a  cap tu re ,  s torage,  and 
r e t r i e v a l .  The breadboard con ta ined  c o n t r o l  board e l e c t r o n i c s  and c i r c u i t r y  
f o r  a s i n g l e  data a c q u i s i t i o n  board.  Bench t e s t s  were conducted f o r  s imulated 
r o t o r  b lade  c o n f i g u r a t i o n  and r o t o r  speed c o n d i t i o n s .  I n p u t s  f rom t h e  f o u r  
o p t i c a l  probes w e r e  s imu la ted  by p u l s e  genera to rs ,  and a l o g i c  p a t t e r n  genera- 
t o r  was used t o  manually c o n t r o l  command l i n e s  which a r e  n o r m a l l y  c o n t r o l l e d  by 
t h e  HP- 1000 computer. 

A f t e r  complet ion o f  a s imu la ted  da ta  c o l l e c t i o n  run ,  t h e  l o g i c  p a t t e r n  
genera to r  was used t o  manual ly  scan da ta  s t o r e d  i n  s e l e c t e d  areas o f  b o t h  t h e  
da ta  board and c o n t r o l  board memories. For a g i v e n  r o t o r  b lade  c o n f i g u r a t i o n  
and r o t o r  speed, the i nc remen ta l  c l o c k  count ( d i f f e r e n c e  i n  t h e  c l o c k  count 
s t o r e d  a t  ad jacent  memory l o c a t i o n s )  I s  p r e d i c t a b l e  and r e p e t i t i v e  i f  t h e  
system i s  ope ra t i ng  s a t i s f a c t o r i l y .  Th i s  increment  i s  3 5 7  counts on t h e  da ta  

8 



board and 5000 counts on t h e  c o n t r o l  board f o r  a 56-bladed r o t o r  a t  15 000 rpm, 
and i s  16 384 counts on b o t h  boards f o r  a 2-b laded r o t o r  a t  4511 rpm. These 
counts were v e r i f i e d  d u r i n g  breadboard t e s t s .  

The breadboard was then  t e s t e d  i n  t h e  s p i n  r i g  w i t h  a 2-bladed t e s t  r o t o r  
o p e r a t i n g  a t  4571 rpm. No e x t e r n a l  e x c i t a t i o n  was a p p l i e d  t o  t h e  r o t o r .  
O p t i c a l  probes from f o u r  ad jacen t  p o r t s  were connected t o  t h e  da ta  a c q u i s i t i o n  
board. Again an increment  o f  16 384 counts was expected; however, minor  v a r i a -  

t h e  o p t l c a l  probes can i n f l u e n c e  t h i s  count.  T h e i r  e f f e c t s  though smal l  were 
observed I n  t h e  t e s t  da ta ,  i n d i c a t i n g  t h a t  t h e  system i s  respons ive  t o  these 
var  l a t 1 ons . 

e t l o n s  I n  r o t o r  speed, and i m p e r f e c t i o n s  i n  r o t o r  geometry and p o s l t i o n l n g  o f  

SOFTWARE PROGRAM 

A so f tware  program was w r i t t e n  i n  F o r t r a n  t o  s o r t  and process t h e  b lade  
a r r i v a l  t imes and r o t o r  r e v o l u t i o n  t i m i n g  i n f o r m a t i o n  ob ta ined  d u r i n g  a da ta  
c o l l e c t i o n  run.  These records a r e  converted by t h e  s o f t w a r e  t o  b lade  d e f l e c -  
t i o n s ,  r o t o r  speed, and a g r a p h i c a l  d i s p l a y  o f  d e f l e c t i o n  versus t ime  f o r  each 
b lade  o f  a 2 t o  64 -b laded  r o t o r .  Acceptable l i m i t s  f o r  t h e  b lade  a r r i v a l  t imes 
a r e  s e t  by a so f tware  window which determines any m iss ing  and/or extraneous 
b lade  s i g n a l s .  

Because t h e  system c o n t r o l  computer was n o t  l i n k e d  t o  t h e  new da ta  acqu i -  
s i t i o n  system, t e s t  da ta  f rom an a c t u a l  da ta  c o l l e c t i o n  r u n  was n o t  a v a i l a b l e .  
S ince t h e  program assumes t h a t  t e s t  data f rom a r u n  has a l r e a d y  been t r a n s -  
f e r r e d  f rom t h e  c o n t r o l  board and da ta  a c q u i s i t i o n  boards t o  t h e  system c o n t r o  
computer, and a r e  ready f o r  process ing,  s imu la ted  t e s t  d a t a  was used t o  demon- 
s t r a t e  t h a t  t h e  so f tware  program produces s a t i s f a c t o r y  b l a d e  v i b r a t i o n  records 
A s u b r o u t i n e  was added t o  generate the r e q u i r e d  da ta  t a b l e  f o r  t h i s  s i m u l a t i o n  
For a 2-bladed r o t o r  w i t h  a s a w t o o t h - l i k e  b lade  mot ion,  an accu ra te  g r a p h i c a l  
d i s p l a y  o f  d e f l e c t i o n  versus t i m e  was produced f o r  each b lade.  

CONCLUDING REMARKS 

The new o p t i c a l  d a t a  a c q u i s i t i o n  system has met a l l  s p e c i f i e d  des ign  
o b j e c t i v e s .  New concepts i nco rpo ra ted  i n t o  i t s  des ign  have s i g n i f i c a n t l y  
reduced t h e  hardware requi rements f o r  t h i s  t y p e  o f  measurement system, w i t h o u t  
compromising bas i c  performance c h a r a c t e r i s t i c s .  Performance was improved f o r  
most o p e r a t i n g  c o n d i t i o n s .  

Most system m o d i f i c a t i o n s  can be made i n  so f tware .  However, a change i n  
t e s t  r o t o r s  may r e q u i r e  a m o d i f i c a t i o n  i n  t h e  e x t e r n a l  i n p u t  connect ions t o  
t h e  d a t a  a c q u l s i t i o n  boards, s ince  r o t o r  c o n f i g u r a t i o n  determines t h e  manner 
i n  which t h e  boards a r e  t i e d  t o  t h e i r  r e s p e c t i v e  v iew ing  p o r t s .  

Though t e s t s  were c o n f i n e d  t o  a breadboard c o n t a i n i n g  o n l y  b a s i c  func-  
t i o n a l  elements o f  t h e  new system, the p r i n c i p l e s  o f  " t i m e  stamping" w i t h  a 
wrap-around coun te r  and o f  i n t e r s p e r s i n g  da ta  f rom seve ra l  probes i n  a s i n g l e  
memory were s u c c e s s f u l l y  demonstrated by these t e s t s .  

9 



An o p e r a t i o n a l  so f tware  program was w r i t t e n  which demonstrated t h a t  an 
ampl i tude versus t ime h i s t o r y  f o r  each r o t o r  b lade  can be recons t ruc ted  by t h e  
c o n t r o l  computer, a f t e r  da ta  r e t r i e v a l  a t  t h e  end o f  a da ta  c o l l e c t i o n  run .  

No p r o v i s i o n  was made, be fo re  t h i s  r e p o r t  was completed, f o r  l i n k i n g  w i t h  
t h e  system c o n t r o l  computer o r  f o r  handshaking d u r i n g  t h e  da ta  r e t r i e v a l  phase, 
s ince  t h i s  may be dependent upon t h e  computer t ype  chosen. I f  f e a s i b l e ,  t h e  
use o f  a persona l  computer i n  t h i s  a p p l i c a t i o n  can lead t o  a s i g n i f i c a n t  c o s t  
reduc t i  on. 
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TABLE I. - BOARD-TO-PORT CONNECTION LIST 

P o r t  
number 

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10  
11 
12 
13 
14 
15 
16 
1 7  
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 

Case i a  

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

1 

2 

3 

4 

Data a c q u i s i t i o n  board number 

Case 2a 

1 

2 

1 

2 

1 

2 

1 

2 

3 

4 

3 

4 

3 

4 

3 

4 

Case 3a 

1 

1 

1 

1 

2 

2 

2 

2 

3 

3 

3 

3 

4 

4 

4 

4 

Case 4 

1 

1 

1 

1 

2 

2 

2 

2 

3 

3 

3 

3 

4 

4 

4 

4 

Case 5 

1 
1 
1 
1 

2 
2 
2 
2 

3 
3 
3 
3 

4 
4 
4 
4 

Case 6b 

aNo de lay  r e q u i r e d .  
bFrequency r e s o l u t i o n  i s  improved by a f a c t o r  o f  2, b u t  

maximum frequency i s  reduced by a f a c t o r  o f  2. 

ROTOR CONFIGURATION 

Case 1: n = odd ( n  = 1. 3, 5, 7, ... 57, 59, 61, 63) 
Case 2: n = even, n/2 = odd (n  = 2. 6, 10, 14, 18, 22, 

26, 30, 34, 38. 42, 46, 50, 54, 58, 62) 
Case 3: n & n/2 = even, n/4 = odd ( n  = 4, 12, 20, 28, 36, 

44, 52, 60) 
Case 4: n & n/2 & n/4 = even, n/8 = odd ( n  = 8. 24, 40, 56) 
Case 5: n & n/2 & n/4 8, n/8 = even, 11/16 = odd ( n  = 16, 48) 
Case 6: n 8, n/2 & n/4 i3 n/8 & n/16 = even ( n  = 32, 64) 

where n = number o f  r o t o r  blades. 



TABLE 11. - DEFLECTION RESOLUTION AND MAXIMUM 

ALLOWABLE DEFLECTION 

[Rotor  d iameter  = 20 i n . ]  

System Number R PM Haxlmum 
o f  a l l o w a b l e  

r o t o r  d e f l e c t i o n ,  
b lades - t m i l  

O r l g l n a l  Any number 15 000 "102 t o  1257 
3 000 a102 t o  1257 

56 15 000 140 
3 000 140 

3 000 3927 
New 2 1 5  000 3927 

D e f l e c t i o n  
r e s o l u t i o n ,  

m l  1 

t o  9.8 
a0.8 t o  9.8 

0.6 
.16 
. 8  
.16 

TABLE 111. - SYSTEM CHARACTERISTICS 

[56 Blades, 15 000 rpm.] 

System c h a r a c t e r l s t l c s  1 -  
Memory s l z e  per  board 
No. o f  data boards 
Sample tlme and sample r a t e  

Memory per  b lade  

Time t o  f l l l  memory 

Frequency r e s o l u t l o n  (1/T) 
Maximum una l l ased  frequency ( f / 2 )  

(Tlme f o r  b lade  n t o  g e t  
f r o m  p o r t  N t o  p o r t  (Nt2)  

lMemorr s l z e  x No. o f  boa rds1  

(Memory p e r  b lade )  
Sample r a t e  

No. o f  b lades 

System 

Or1 g i  na 1 

4096 8 - b i t  words 
16 

t = 250 US 
f = 4000 Hz 

11 70 words 

T = 0.292 sec 

3.42 Hz 
2000 Hz 

New 

16 384 1 6 - b l t  words 
4 

t = 250 US 
f = 4000 Hz 

11 70 words 

T = 0.292 sec 

3.42 Hz 
2000 Hz 



TABLE I V .  - HARDWARE REQUIREMENTS 

I t e m  

Data a c q u i s l t l o n  boards 
T o t a l  number o f  boards 

P o r t s  x Probes/Port ( Probes/Board 
IC's per  board 
T o t a l  ICls 
c PU 
F i f o  
Eprom 
Dram 
Sram 

C o n t r o l  Board 
Number o f  boards 
IC's per  board 
T o t a l  I C ' s  

Frequency syn thes tze r  

a T o t a l  memory = 1 H b l t s .  
b T o t a l  memory = 2 Mb i t s .  

System 

O r i g l n a l  

16 x 2 = 32 
1 

68 
21 78 

32 x 1 = 32 
32 x 1 = 32 
32 x 2 = 64 

a32 x 8 = 256 
32 x 2 = 64 

2 
Board 1 = 97 Board 2 = 44 

141 

2 

New 

1 6 ~ 2 . 8  
4 

30 
240 
0 
0 
0 
0 

b8 x 4 = 32 

1 
43 
43 

None 
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