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EXECUTIVE SUMMARY 
. . . . . . . . . \ ,  * .: . 4 , .  

An exper imenta l  s tudy  was performed t o  i n v e s t i g a t e  t h e  t u r b i l i i t a i ' i '  . . 

v e l o c i t y  d i s t r i b u t i o n s  near  p o s t u l a t e d  s leeve  blockages i n  a  model nuc lea r  

fue l  r o d  bundle.  The s leeve  blockages were c h a r a c t e r i s t i c  . o f  f u e l  c l a d  

" s w e l l i n g "  o r  " b a l l o o n i n g "  which m igh t  occur  d u r i n g  l ' o ss -o f - coo lan t  acc i den t s  

(LOCA) i n  p ressu r i zed  wate r  r e a c t o r s .  The s tudy  was conducted t o  p r o v i d e  a i r  

v e l o c i t y  d i s t r i b u t i o n s  near  p o s t u l a t e d  ,blockages, t o  compare t h e  a i r  r e s u l t s  

w i t h  da ta  ob ta i ned  i n  a  p r i o r  wa te r  exper iment,  and t o  ' f u r t h e r  eva lua te  t he . .  

use o f . t h e  COBRA computer program f o r  p r e d i c t i n g  f l o w  d i s t r i b u t i o n s  i n  r o d  

bundles c o n t a i n i n g  f l o w  b lockages.  

The expe r i ~nen ta l  f l o w  model, i d e n t i c a l  t o  tha' t  used i n  a  p r i o r  wa te r  

s tudy,  'was an unheated 7x7 . r o d  bundle  cons i  s . t i ng  o f  0.392- inch d iameter  . . 

r ods  w i t h  a  p i t c h  of 0.539 inches.  .Sleeve blockages were p o s i t i o n e d  on t h e  . ..  

c e n t e r  n i n e  rods  of t h e  bundle  t o  c r e a t e  area r e d u c t i o n s  o f  90 pe.rcent i n  :, 

t h e  c e n t e r  f o u r  subchannels o f  t h e  bundle.  These area r e d u c t i o n s  were n o t  

in tended  t o  d e f i n e  those t h a t  m igh t  occur  d u r i n g  an actual.'LOCA, b u t  were . 

chosen t o  p r o v i d e  a severe t e s t  ' f o r  e v a l u a t i o n  o f  subchannel ( c o r e )  computer 

programs. Local  mean a x i a l  v e l o c i t i e s  were measured us i ng  a  one-component 

l a s e r  Doppler  anemometer ('LDAr). The exper iment  was performed i n  a i . r  a t  . 
4 80°F a t  a Reynolds number o f  1.0 x 10 which modeled f l o w i n g  'steam a t  a  

p o i n t  i n  t ime  d u r i n g  a  pos. tu la ted LOCA a t . w h i c h  a l l  o f  t h e  f l o o d i n g  wate r  ' .  

(0.5 in . ' /sec)  would be conver ted  t o  h i g h  q u a l i t y  steam. . . 

The exper imenta l  r e s u l  t i  i n d i c a t e d  t h a t  a  '90 p e r i e n t  b lockage l o c a t e d  

midway between two g r i d  space& c rea ted  a  ' i e v e r e  f l o w  d i s t u rbance .  A x i a l  

v e l o c i t i e s  measured immediate ly  u h t r e a m  o f  t h e  b i o c k a g e  c l u s t e r  were 

ex t reme ly  low and f l o w  r e v e r s a l s  were de tec ted  downstream o f  t h e  b lockage.  

. The r c c i  r c u l  a t i o n  zone e x i s t e d  f o r  approx imate ly  f i v e '  subchannel ' hyd rau l  i c  

d iameters  downstream o f  t h e  b lockage  a x i a l  c e n t e r l i n e .  Flow recove ry  was '' ' 

completed approx imate ly  f i f t y  subchannel h y d r a u l i c  d iameters  downstream uf  

t h e  b l  oc kage. 

A i r  v e l o c i t y  p r o f i l e s  were i n  e x c e l l e n t  agreement w i t h  p r i o r  wa te r  

v e l o c i t y  da ta  ob ta i ned  a t  approx imate ly  t h e  same Reynolds numbers. 



Agreement between the  a i r  and water data i n d i c a t e s  t h a t  Reynolds number 

s i m i l i t u d e  y i e l d e d  v e l o c i t y  p r o f i l e s  near a  s leeve blockage c l u s t e r  which 

were independent of t he  s t a t e  o f  t t ie f l ow ing  f l u i d  as p red i c ted  by bas ic  

f l u i d  mechanic s i m i l i t u d e  theory.  

Subchannel average v e l o c i t y  p r e d i c t i o n s  o f  t he  COBRA computer program 

were i n  good agreement w i t h  subchannel average v e l o c i t i e s  est imated us ing  

t h e  measured l o c a l  v e l o c i t y  data. Because the  code success fu l l y  p red i c ted  

bo th  the  a i r  and the  p r i o r  water v e l o c i t y  data w i t h  a  blockage c l u s t e r  

l oca ted  midway between two spacers, i t  i s  recommended t h a t  COBRA be used t o  

a i d  ' i n  t h e  d e f i n i t i o n  o f  f u t u r e  f l o w  blockage experiments. 

~ d d i  t i o n a l  in fo rmat ion  i s  needed t o  de f i ne  " r e a l  " f l o w  blockdyes, heat. 

l r - d r ~ s f ~ \ r  e f f eces  o t  blockages, and in f luences o f  blockages on two-phase f lows 

t h a t  might  occur du r ing  a  LOCA. It i s  f u r t h e r  recommended t h a t  mu1 t i - r o d  

b u r s t  experiments be u t i l i z e d  t o  de f i ne  " r e a l "  f l o w  blockage loca t i ons ,  

shapes, and s e v e r i t i e s  expected t o  occl l r  i n  n1.1cl~ar f u e l  rod  bundlcs du r ing  

a  LOCA. The e f f e c t s  o f  these " r e a l "  blockage con f i gu ra t i ons  on t u r b u l e n t  

f l o w  phenomena i n  rod  bundles can then be exper imenta l l y  evaluated us ing 

LDA techniques. I n  add i t i on ,  i t  i s  recommended t h a t  LDA methods s i m i l a r  t o  

those presented here in  be used t o  determine v e l o c i t y  d i s t r i b u t i o n s  near 

blockages s i m i l a r  t o  those proposed for  rod  bundle heat t r a n s f e r  s tudies,  

such as FLECHT. Flow d i s t r i b u t i o n s  cou ld  a i d  i n  t he  s e l e c t i o n  and placement 

o f  thermal ins t rumenta t ion  and a s s i s t  w i t h  the  i n t e r p r e t a t i o n  o f  the  heat 

t r a n s f e r  r e s u l t s .  Future f l o w  blockage experiments i n  two-phase f l ow ing  

media t y p i c a l  o f  those expected du r ing  a  LOCA should be conducted as s t a t e -  

o f - t h e - a r t  two-phase f l o w  ins t rumenta t ion  i s  developed. Experiments o f  

t h i s  type a r e  needed t o  v e r i f y  and improve core  s a f e t y  ana lys i s  codes 

(COBRA) under two-phase f l o w  cond i t i ons  . It i s  recommended t h a t  l ase r -  

o p t i c a l  methods be i n v e 5 t i g a t e d  and developed t o  pcrmi t measurements o 

v e l o c i t y  and vo id  f r a c t i o n  i n  two-phase f lows.  
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8 : 

water  r e a c t o r  (PWR) , f u e l  kod overhea t ing  may 'bccur.  As c l a d  t i hpe fa tu , res  
' . ;. . '. . ,  . <. 

i nc rease  d u r i n g  a  LOCA, i n t e r n a l  fue l  r o d  pressures may cause c l a d  " s w e l l i n g "  "' 1 

o r  "ba l l oon ing "  which cou ld  l ead  t o  c o o l a n t  blockages. It i s  impo r tan t  

t h a t  f low and heat  t r a n s f e r  phenomena near such blockages a r e  w e l l  understood 
' 

t o  p e r m i t  d e t a i l e d  sa fe ty  analyses t o  be performed f o r  p o s t u l a t e d  LOCAs. 

Consequently, as a  f i r s t  s t ep  i n  g a i n i n g  such an understanding,  a  program 

was i n i t i a t e d  t o  s tudy  t h e  e f f e c t s  o f  blockages on f l o w  d i s t r i b u t i o n s  i n  

r o d  bundles. The program had t h e  f o l l o w i n g  o b j e c t i v e s :  1  ) t o  eva luate,  
develop, and app ly  l a s e r  Doppler anemometry (LDA) methods f o r  measurement . 

, 

o f  f l o w  and t u rbu lence  i n  t he  v i c i n i t y  o f  blockages and 2 )  t o  improve t h e  
(1  data base f o r  v e r i f i c a t i o n  of  subchannel ( co re )  codes such as COBRA-IIIC. 

The i n t e n t  o f  t he  program was t o  per fo rm a  l o g i c a l  sequence o f  f l o w  blockage 

exper iments us ing  water,  a i r ,  a i r - w a t e r ,  and steam-water i n  model nuc lea r  

f u e l  r o d  bundles. Such i n f o r m a t i o n  was n o t  a v a i l a b l e  f o r  r e l a t i v e l y  l a r g e  

r o d  bundles i n  any o f  t h e  above mentioned f l o w i n g  media. I n  a d d i t i o n  t o  

p r o v i d i n g  bas i c  subchannel v e l o c i t y  and t u rbu lence  data which c o u l d  be 

r e l a t e d  t o  blockages under f l o w i n g  steam c o n d i t i o n s  i n  r e a c t o r  acc iden t  

environments, i t  was a n t i c i p a t e d  t h a t  t h e  LDA experiments us ing  s i n g l e  

phase water  and a i r  c o u l d  a i d  i n  deve lop ing  s t a t e - o f - t h e - a r t  two-phase f l o w  

i ns t rumen ta t i on .  Such i n s t r u m e n t a t i o n  cou ld  subsequent ly be used i n  s tud ies  

using a i r - w a t e r  and, f i n a l l y ,  us i ng  steam-water f l o w  t y p i c a l  o f  t h a t  expected 

d u r i n g  a  LOCA. 

The p resen t  s tudy,  us i ng  a i r  as t h e  f l o w i n g  medium, was a  f o l l ow -on  t o  

t he  s tudy r e p o r t e d  i n  Reference 2 where water  was used as t h e  work ing  f l u i d  

and two blockage s e v e r i t i e s  p l  us two blockage l o c a t i o n s  were i n v e s t i g a t e d .  

The abbrev ia ted  s tudy  r e p o r t e d  h e r e i n  used t h e  same exper imenta l  method used 

. i .n t h e  water  t e s t ,  b u t  o n l y  one b lockage s e v e r i t y  (90 p e r c e n t )  a t  one a x i a l  
4 

l o c a t i o n  w i t h i n  t h e  bundle was i n v e s t i g a t e d .  The a i r  c o n d i t i o n s ,  Re = 1  x 10  , 
approximated those o f  steam a t  a  p o i n t  i n  t ime  d u r i n g  a  p o s t u l a t e d  l o s s -  

o f - c o o l a n t  acc iden t  (LOCA) a t  which a l l  o f  t h e  f l o o d i n g  water  (0 .5  i n l s e c )  

would be conver ted  t o  h i g h  q u a l i t y  steam. 



The purpose o f  t h i s  r e p o r t  i s  t o  present  a i r  v e l o c i t y  p r o f i l e s  obta ined 

near  a  p a r t i a l  f l o w  blockage. ~ ' o m ~ a r i s o n s  of t h e  a i r  v e l o c i t y  p r o f i l e s  

w i t h  water v e l o c i t y  p r o f i l e s  obta ined i n  a p r i o r  experiment, and comparisons 

o f  t he  experimental  v e l o c i t y  data w i t h  p r e d i c t i o n s  of i  t he  COBRA code a r e  

p r o v i  ded. 
P 
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2.1 CONCLUSIONS 

The p resen t  exper imenta l  s tudy  has p rov ided  i n f o r m a t i o n  rega rd ing  t he  

t u r b u l e n t  a i r + v e l o c i t y  d i s t r i b u t i o n s  r e s u l t i n g  f rom d i s tu rbances -c rea ted  by 

p o s t u l a t e d  s leeve blockages i n  a  model nuc lea r  f u e l  r o d  bundle. The 

i n fo rma t i on  was ob ta ined  w i t h  a  l a s e r  Doppler anemometer by measuring t h e  

l o c a l  mean a x i a l '  v e l o c i t y  a t  se lec ted  a x i a l  l o c a t i o n s  i n  t h e  bundle.  The 

r e s u l t s  o f  t h e  exper imenta l  i n v e s t i g a t i o n  p e r m i t t e d  t h e  f o l l o w i n g  conc lus ions :  

The peak-to-average v e l o c i t y  r a t i o s  i n  w e l l  developed f l o w  were ., 

appcox ima te l y . l . 2 ,  which agree well.  w i t h  t u r b u l e n t  p i p e  f l o w  . . , 
. .  ... , 

t heo ry  and o t h e r  a v a i l a b l e  r o d  bundle exper imenta l  v e l o c i t y  . , , .., 
. . . . . . . , 

data.  (2,3,4,5) 
. . . , . . 

, . 
0 . . A .90 . pe rcen t  blockage l o c a t e d  midway between two spacers c rea ted  

severe f l o w  d is tu rbances .  Immediately upstream o f  t h e  b lockage 

c l u s t e r ,  ex t reme ly  low ~ e l ~ ~ i t i e ~ ,  U/UB 2 0.2, were measured. 

Flow r e v e r s a l  s, U/UB 5 -0.03, were de tec ted  downstream o f  t h e  

b l  ockage. The r e c i r c u l a t i o n  zone extended approx imate ly  f i v e  
, . - .  

sub'channel hydraul  i c  d iameters  (2.5 i n .  ) downstream o f  t h e  . . 

b lockage . . a x i a l  cen te r1  i ne. 

e The. fl,ow was . . e ssen t i  a1 1 y  recovered f rom t h e  n f l  uence o f .  t he  

b lockage f i f t y  subchannel h y d r a u l i c  diame.ters downstream o f  t h e  

... c l u s t e r .  , 

e A i r  v e l o c i t y  p r o f i l e s  ob ta ined  i n  t h i s  s tudy  were i n  e x c e l l e n t  

agreement w i t h  wate r  v e l o c i t y  p r o f i l e s  ob ta ined  i n  a  p rev ious  

b lockage s tudy.  ( 2 )  I t  was shown t h a t  Reynolds number s i m i l i t u d e  

, y i e l d e d  v e l o c i t y  p r o f i l e s  near  a  s leeve  b lockage c l u s t e r  which 

were independent o f  t h e  s t a t e  o f  t h e  f l o w i n g  f l u i d ,  i . e . ,  gas o r  

l i q u i d .  Reynolds number model ing agrees w i t h  b a s i c  f l u i d  mechanic 

s i m i l i t u d e  t heo ry  f.or f l o w  c o n t r a c t i o n s  and expansions. ( 6  

0 .  A i r  ve'l.dci"ty d a t a  cou1.d 'no! ..be measured w i  t h  a  frequency t r a c k e r  

" - s i gna l  processor  i n  r eg ions  o f  h i g h l y  t u r b u l e n t  f l ow .  V e l o c i t y  



profi les  measured with a spectrum analyzer and profiles obtained 

with a frequency tracker were in-good agreement i n  regions of 
1 esser  turbulence. 

A modified version of the COBRA-IIIC computer program(1 ) sa t i s -  
fac tor i ly  predicted the velocity data near a 90 percent blockage 
cluster .  The locations of minimum velocities were predicted 
exceptionally well both upstream and downstream of the cluster .  
The computed velocity recovery profi les  were in good agreement 
with measured profi les .  

2 .2  RECOMMENDATIONS 

After considering the rc3ult3 of t h i 3  experimental s tudy,  i t  i s  

recommended tha t  the following investigations be undertaken: 

Multi-rod burst experiments should be performed to define "real"  
flow' blockage locations, shapes, and sever i t ies .  The ef fec ts  of 
"real" blockages on turbulent flow phenomena in rod bundles can 
then be thoroughly evaluated. using LDA techniques. 

Although the present experiment provides valuable information on . 

velocity dis t r ibut ions near a postulated flow blockage, the 

implications concerning heat t ransfer  are inconclusive a t  t h i s  
time. Heat t ransfer  experiments in rod bundles containing 
blockages, such as FLECHT ,('I should 'be performed and integrated 
with flow experiments of the type performed in the present study. 
Flow experiments would aid i n  the selection and placement of 

thermal instrumentation and a s s i s t  the interpretation of the heat 
t ransfer  experimental resu l t s .  

The original intent  of th i s  experimental program was to  perform a 

sequence of blockage experiments in water, a i r ,  air-water, and 
f ina l ly  in steam-water. The water experiment reported in 
Reference 2 and the a'ir experiment reported herein have been 

successfully completed;. i t  i s  therefore recommended that  two- 
phase flow blockage experiments a t  expected LOCA conditions be 
performed, once the state-of-the-art  advances in two-phase flow 
measurement techniques. 



Since LDA techniques were s u c c e s s f u l l y  used t o  o b t a i n  v e l o c i t y  

measurements i n  wate r  and i n  a i r ,  i t  i s  recommended t h a t  l a s e r -  

o p t i c a l  methods be i n v e s t i g a t e d  t o  advance t h e  s t a t e - o f - t h e - a r t  

i n  o b t a i n i n g  , .oca l  v o i d  f r a c t i o n  and phase v e l o c i t y  measurements 
" 

i n  two-phase f l ows .  

e P r e d i c t i o n s  performed w i t h  t h e  COBRA code should con t i nue  t o  be 

compared w i t h  f u t u r e  f l o w  b lockage da ta  . and . i t s  c a p a b i l i t y  should 

be improved as a r e s u l t  o f  t h e  comparisons. Since COBRA has 

s u c c e s s f u l l y  p r e d i c t e d  t h e  water  and a i r  v e l o c i t y  da ta  w i t h  a 

blockage l o c a t e d  midway between two spacers, i t  should be used t o  

a i d  i n  t h e  d e f i n i t i o n  o f  f u t u r e  f l o w  b lockage exper iments.  
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3.0. EXPERIMENTAL METHOD 

Experimental  m~asurements,  ,. . o f  16&1 a x i a l  a i r  v e l o c i t i e s  were made i n  

an unheated model: f u e l '  r o d  bundle. w i t h  an ... e x i s t i n g  . . . . . . . . . . . . . .  LDA sy i tem:  The 7x7 r o d  

bundle con ta ined  s leeve blockages c h a r a c t e r i s t i c  o f  f u e l  c l a d .  " swe l l  i n g "  

and/or " b a l l  oon i i g l l  o f  thk ' "cen te r  n i n e  rods  and c r e a t e d  a r e a  reduc t i ons  o f  

90 percen t  i n  t h e  c e n t e r  f o u r  subchannels. The -experiments were. performed 
4 .  i n  a i r  a t  80°F and  at^ a  ~ e y n o l d s  number o f  1  . O  x 10 (Us  = 38 f t / s e c ) .  

Th i s  f l o w  c o n a i t i o n  modeled: t ' h a t o f  steam a t  a  p d i n t  i n  t ime  d u r i n g  a  

p o s t u l a t e d  LOCA a t  which a l l  o f  t h e  f l o o d i n g  water  (0.5 . in /sec)  would be 

conver ted t o  h i g h  -steam. . . . - 

The model r o d  bundle was p o s i t i o n e d  i n  an e x i s t i n g  v e r t i c a l  f l o w  

housing. The housing con ta ined  windows on t h e  f r o n t  and back p l a t e s  t o  

pe rm i t  a  l a s e r  beam t o  pass compl'etely th rough  t h e  r o d  bundle.  Flow f rom 

an a i r  l oop  en te red  t h e  bottom o f  t h e  t e s t  assembly and e x i t e d  a t  t h e  top.  

The LDA system was p o s i t i o n e d  a t  d e s i r e d  a x i a l  l o c a t i o n s  w i t h  a  l i f t  t a b l e .  

Traverses th rough t h e  bundle a long  s p e c i f i c  subchannel rows were made t o  

o b t a i n  v e l o c i t y  p r o f i l e s .  

 he f o l l o w i n g  sec t i ons  desc r i be  t h e  equipment r e q u i r e d  t o  per fo rm t h e  

a i r  f l o w  blockage exper iment,  '.the exper imenta l  procedure, and t h e  e x p e r i -  

mental da ta  ob ta ined  d u r i n g  t h e  t e s t i n g  phase o f  t h e  s tudy.  

3.1 EQUIPMENT 

The bas i c  equipment r e q u i r e d  t o  per fo rm the  a i r  f l o w  blockage exper iment  

cons i s ted  o f  an a i r  loop,  a  t e s t  assembly made up o f  a  f l o w  housing and a  

7x7 r o d  bundle,  a  laser ' :  Doppler anemoineter, . . and s i gna1 ,p rocess ing  ins t rumenta-  

t i o n .  The f o l l o w i n g  sec t i ons  p resen t  d .e ta i l ed  d iscuss ions  o f  each p iece  o f  

equipment used i n  t he  study. 
7 .  . . .  

3.1.1 A i r  Loop 

The f l o w  b lockage exper iment was performed i n  t he  a i r  l oop  shown.,. . . .  : 

s chema t i ca l l y  i n  F i g u r e  1.  A  b lower  . ,  . r a t e d  a t  775 cfm a t  18 ps ig 'was  used 

t o  produce t he  d e s i r a b l e  a i r  ' f l o w r a t e  . - .  . th rough  . . .  t h e  t e s t  assembly. An ' a f t e r -  

c o o l e r  was p rov ided  t o  a t t a i n  a n e a i r  o p e r a t i n g  temperature o f  80°F. Three 
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FIGURE 1 Air T e s t  LOOP 
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f l o w  c ~ n t r A  dev ices--adamper ,  a  c o n t r o l  "a1 ve, and a  bypass va l  ve--were 
". . . .  . . 

./ : . <,'.' 
used t o  ob ta i ' n ' t he  t e s t  f l o w r a t e  as measured w i t h  an o r i f i c e  meter /pressure 

* . 
t ransducer  combinat ibn.  ~ i m ~ e r a t u r e s  an2 a b s o l u t e  . p r e i s u r q s  . were measured 

j u s t  upstream o f  t h e  o r i f j c e  meter and a t  t h e  t e s t  'assemjsly i n l e t .  + " ' A f t e r  

t he  a i r  passed th rough t h e  t es t ' assemb ly ,  i t  was exhau i ted  t o  t h e  atmosphere 

through a  l a r g e  12- inch  duc t .  . .  

Ammonia. c h l o r i d e  1 i g h t - s c a t t e r i n g  were i n j e c t e d  i n t o  t h e  

p i p i n g  system j u s t  upstream o f  t h e  t e s t  sec t i on .  A i r  was used .:to a g i t a t e  

h y d r o c h l o r i c  a c i d  and ammonia' hydrox ide  t o  p e r m i t  m i x i n g  t h e i r .  vapors i n  a  

tube t o  form s t a b l e  ammonia c h l o r i d e  .par t ic l 'es .  C'ontrol va lves  on t h e  : r  

supply  1  i nes  t o  t he  m i x i n g  tube were p rov ided  t o  p e r m i t  p roper  m i x t u r e  ' 

r a t i o s  a.nd. . . seeding f l o w r a t e s .  . . .  . _ 

. . .  3.1.2 Tes t  Assembly 

The t e s t  assembly used i n  t h e  p resen t  s tudy 'was i d e n t i c a l  ..to t h a t  used . . 

i n  the"b.l.oc_kage exper imenta l  i n v e s t i g a t i o n  r e p o r t e d  i n  ~ e f e r e n c e  2. 

F i gu re  2  shows an assembly. v iew o f  t h e  t e s t  sec t i on .  A i r  en te red  the. ! .  

bot tom o f  t h e  f l o w  housing, f lowed v e r t i c a l l y  upward th rough t h e  t e s t  : 

sec t i on ,  emerged a t  t h e  t o p  o f  t h e  f l o w  housing, and en te red  t h e  exhaust . . . . 

duc t .  .Rubber expansion coup le rs  were used a t  t h e  i n l e t  t o  a i d  i n  i s o l a t i n g  
, , 

t he  t e s t  assembly f rom the  normal v i b r a t i o n s  o f  t h e  f l o w  loop .  

An 8 - i nch  l ong  f l o w  c o n d i t i o n i n g  s e c t i o n  w'as p laced  a t  t h e  i n l e t  t o  

t he  t e s t  assembly. The f l o w  c o n d i t i o n e r  cons i s ted  o f  f o u r  e c c e n t r i c  . 
p e r f o r a t e d  pl..ates w i t h  114- inch ho les  (60% open) i n  a  t r i a n g u l a r  a r r a y  

f o l l o w e d  by a  bank o'f 114- inch tubes 3-1/4 inches. long.  The p l a t e s  

d i S t r i  b i t i d  t h e  f l o w  u n i f o r m l y  across t h e  t e s t  assembly cross sect ion; '  

t he  tubes served as f l o w  s t r a i g h t e n e r s  which es ta 'b l i shed  a  f i x e d  s c a l e  o f  

tu rbu ience .  ' '  

. . . . . - . . 
F igu re  3 p resen ts  a  c ross  s e c t i o n a l  v iew of,;the . t e s t  .assembly a t  t h e  

blockage a x i a l  c e n t e r l i n e .  F r o n t  and back p l a t e s  c o n t a i n i n g  windows and 

s o l i d  s t a i n l e s s  s t e e l  s i d e  p l a t e s  c o n t a i n i n g  p ressure  taps  made up t h e  f low 

housing body. The back p l a t e  con ta ined  t h e  i n l e t  and o u t l e t  nozz les  and 

was permanent ly i n s t a ' l l e d . i n  t h e  t e s t  f a c i l i t y .  The. . . f r o n t  and back p l a t e s  
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were b o l t e d  toge the r  w i t h  t h e  s i d e  p l a t e s  p laced between them. A cont inuous 

O-r ing sea1:ed t h e  i n t e r f a c e  between p la tes .  I n t e r n a l ,  dimensions o f  t he  

f l o w  housing (4.065 inches square) were mainta ined by t h e  r e s t r a i n i n g  . 

shoulder  n e x t  t o  t h e  O- r ing  groove on the  f r o n t  and back p la tes .  

The f r o n t  and back p l a t e s  each conta ined n ine  windows, 2 inches h igh  

by 4  inches wide, l o c a t e d  on 6- inch  a x i a l  i n t e r v a l s .  The o p t i c a l l y  f l a t  

and para1 l e l  windows were f a b r i c a t e d  from b o r o s i l  i c a t e  crown g lass.  The 

windows were sealed w i t h  O-r ings and h e l d  i n  p lace  by t h i c k  cover p la tes .  

Shims were p laced between the  windows and cover p l a t e s  t o  p o s i t i o n  t h e  

windows f l ush  w i t h  t h e  i n n e r  sur face  o f  t he  f l o w  housing (+0.002 i n c h ) .  

The model f u e l  bundle was a square unheated 7x7 r o d  a r r a y  as shown i n  

F igu re  4. The bundle was t h a t  used i n  t h e  water  blockage study presented 

i n  Reference 2. Various s i zes  ( r o d  numbers) of square a r rays  were considered 

d u r i n g  p r e l i m i n a r y  design t o  assure t h a t  t h e  f l o w  housing w a l l s  would n o t  . '  

i n f l u e n c e  b locked subchannel f lowra tes .  A p r e t e s t  ana l ys i s  performed w i t h  

t he  COBRA-I I I C  program t o  t h e  water  experiment(,2) .' i n d i c a t e d  t h a t  t h e  

f1o.w housing w a l l s  would n o t  f o r c e  a  s i g n i f i c a n t  amount o f  f l o w  through 

- 8 0  percent  b locked subchannel s  (cen ter  f o u r  subchannel s )  o f  a ,  7x7 r o d  

bundle. Th i s  can be seen g r a p h i c a l l y  i n  F igu re  5  where t h e  r a t i o  o f  

b locked subchannel minimum f l o w  t o  i n l e t  f low i s  presented. as a  f u n c t i o n  o f  

bundle s i ze .  Only t h e  cen te r  r o d  conta ined a  s leeve blockage i n  t h e  case 

o f  t h e  1x1 and 3x3 r o d  bundles, whereas t h e  center  n ine  rods conta ined 

s leeve blockages f o r  t he  5x5, 7x7 and 9x9 r o d  bundles. The f l o w  r a t i o  

became sma l l e r  as t h e  r o d  a r r a y  was increased, i . e . ,  l e s s  f l o w  was fo rced 

through t h e  b locked subchannels, u n t i l  t he re  was e s s e n t i a l l y  no change 

between a  7x7 and a  9x9 r o d  bundle. A  7x7 r o d  a r r a y  was chosen s ince  an 

e x i s t i n g  f l o w  housing would accept i t  w i t h  r o d  diameters and r o d  p i t c h e s  

t y p i c a l  o f  those found i n  p ressur ized  water reac to rs .  

Model rods were f a b r i c a t e d  from 118 i n c h  Sch 10s s ta in less .  s t e e l  p ipe  

' (OD = 0.392 inches)  57 inches i n  leng th .  Brass lower and upper t i e  p la tes ,  

shown i n  F igu re  6, p o s i t i o n e d  t h e  49 rods t o  form t h e  bundle. Flow. channels 

i n  t h e  t i e  p l a t e s  were s i z e d  t o  assure un i f o rm v e l o c i t y  d i s t r i b u t i o n s  over  

t h e  c ross  s e c t i o n  o f  t h e  bundle. A r o d  p i t c h  o f  0.539 i n c h  was mainta ined . 
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BUNDLE ARRAY' 

FIGURE 5 Blocked Subchannel Flow as 
a Funct ion o f  Bundle Size 



FIGURE 6. Bundle T i e  Plate 



w i t h  three simple "egg cra te"  spacers fabr icated from brass as p ic tu red  i n  

the end view o f  Figure 7. Four "dimples" contacted each rod t o  f i r m l y  hold 

i t  i n  place. 

Brass sleeve f l ow  blockages shown i n  Figure 8 were placed on the 

center n ine rods t o  character ize c lad  swell  i ng /ba l l  ooning. The blockages 

were 3 inches i n  leng th  w i t h  one-inch tapers a t  each end. Flow atea reduc- 

t i o n s  o f  90 percent could be a t ta ined  i n  the center f ou r  subchannels. This 

seve r i t y  corresponded t o  area reductions o f  45 percent i n  the subchannels 

adjacent t o  the  s?deS O f  the c l u s t e r  ar~d 22 perwceitL i n  the subchannel3 ncx t  

t o  the  corners o f  the blockage. The shape and sever i t y  o f  the blockage 

c l u s t e r  used i n  the present a i r  experiment were i den t i ca l  t o  those used i n  

a p r i o r  water experiment(2) and were no t  intended t o  def ine those whidh 

w i l l  a c t u a l l y  e x f s t  dur ing a LOCA. The shape o f  the blockage sleeves wds 

formul ated a f t e r  consider ing experimental r esu l t s  o f  h igh temperature 

expansion and ru,pture behavior o f  Z i rca loy  tubing. (8) The sever i t y  o f  

90 percent was chosen s ince i t  was used i n  the p r i o r  water experiment and 

because i t  created gross f l ow disturbances i n  the rod bundle. Gross f l ow  

disturbances were requ i red t o  adequately " t es t "  the capabi 1 i t y  o f  the COBRA 

computer program i n  p red i c t i ng  mald is t r ibuted f low p r o f i l e s .  Determination 

o f  p ro to typ ic  LOCA blockage 1 oc,ations, shapes, and sever1 t i e s  must await 

r e s u l t s  o f  experiments designed t o  obta in  such informat ion.  

A jack  support spider was provided a t  the top o f  the bundle t o  permit  

a screw jack t o  v e r t i c a l l y  pos i t i on  the rod bundle i n  the f l ow housing. A 

v e r t i c a l  t r a v e l  o f  seven inches was possib le and, s ince the windows were on 

s ix - inch  center l ines,  data a t  any ax ia l  l oca t i on  w i t h i n  the bundle could be 

obtained. 

3.1.3 Laser Doppler Anemometer 

Turbulent f l ow  measurements were made w i t h  a laser  Doppler anemometer 

(LDA). The LDA i s  a h i gh l y  advanced system f o r  obta in ing measurements o f  

l oca l  mean v e l o c i t y  and possesses a d e f i n i t e  improvement over u ther nleasure- 

ment methods i n  t h a t  the noncontact probing does n o t  d i s t u r b  the f low. An 

important feature  o f  a l l  LDA systems i s  t h a t  the output  s ignal  i s  a 
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ca l i b ra t i on - f r ee  frequency l i n e a r l y  r e l a ted  t o  f low ve loc i t y .  Single known 
components of f l ow ve loc i t y  can be measured independently o f  o ther  ve loc i t y  

.: 3 .  "* ' 7 

components, and ve loc i t y  measurementp ' i n  reversing f lows are possible. 

The LDA system used i n  the present experiment i s  shown schematical ly i n  

Figure 9 and was i den t i ca l  t o  t h a t  used prev ious ly(2)  and discussed i n  

d e t a i l  by Brayton and Goethert. The d i f f e r e n t i a l  Doppler mode, o r  " f r i n g e  

mode," o f  operation was used since i t  could eas i l y  be al igned and operates 

e f f e c t i v e l y  where the i n t e n s i t y  o f  s i a t t k r e d  l i g h t  i s  low. As previously 
mentioned i n  Section 3.1.1, ammonia ch lo r ide  p a r t i c l e s  were used as l i g h t -  

sca t te r ing  media. 

The beam from a 15 MW He-Ne laser  was d iv ided w i t h  a beam s p l i t t e r .  

Each beam was passed through a Bragg Cel l  where the frequency o f  one beam 

was s h i f t e d  by fsl MHz wh i le  the frequency o f  the other beam was s h i f t e d  by 

fS2 MHz. Frequency s h i f t i n g  was desired t o  permit  measurements o f  zero and 

negative flows, i - e . ,  the Doppler frequency o f  scat tered l i g h t  from a 

p a r t i c l e  having zero ve loc i t y  was fs MHz (fsl - fs2 = fs MHz). Therefore, 

negat'i ve ax i  a1 vel  oc i  t i e s  produced Doppl e r  s ignal  s havi ng frequencies 1 ess 

thank fS  MHz and pos i t i ve  ax i a l  ve l oc i t i es  produced Doppler frequencies 

greater than fs MHz .* 
The two beams were passed through a lens and focused a t  a po in t  i n  the 

f low channel. The in te rsec t ion  volume (measuring volume) o f  the two beams 

was ca lcu la ted t o  be ~ 0 . 0 0 8  inches i n  diameter and ~ 0 . 0 8 9  inches i n  length  

which ind icates the " loca l ized"  charac te r i s t i cs  o f  the measurements. A lens 

system and 200 aperture were used t o  c o l l e c t  scat tered l i g h t  from p a r t i c l e s  

passing through the measuring vo,lumc and focub lhe  l i g h t  on the photomult i-  

p l  i e r  (PM) tube. The aperture a1 so prevented extraneous l i g h t  from enter ing 

* In  the i n i t i a l  stages o f  the experiment, Br-dyy Cel ls  were no t  used because 
d i f f i c u l  t i e s  were encountered i n  obta in ing good Doppler s igna ls  under a i r  
f low condi t ions.  Af ter  the expe r imcn t~ l  runs we& completed wi thout  Bragg 
Cel ls ,  i t  was noted t h a t  near zero v e l o c i t i e s  were obtained downstream 
o f  the blockage c lus te r .  The Bragg 'Gel1 system was "debugged" and used 
t o  remeasure vel oc i  t y  p r o f  i 1 es a1 on4 se1 ected traverses as i ndi cated i n  
Appendix C. 
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the PM tube. The PM tube collected radiant energy resulting from the 
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Note tha t  thesv&locity was tha t  perpendicular ( z  direct ion)  YQ. the in te r -  
ference fr inges,  i .e . ,  nov'mal to  the bisector of the beam intersecting 
angle 8 and i n  the plane of the incident laser  beams. 

0 

For the LDA system presented i n  Figure 9,. A = 6328A and 8 was measured 
I..C - 

to  be', to..&?. Therefpye, the f i n a l :  re1 ationshi for  the axial velocity Was %-!;j$i.,: 
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The measuring volume was located in the flow c 

hydraul i c 1 i f t / t raversing tab1 e capable of positioning the 1 aser and optics 

as an integral unit .  The table  was supported on precision l inear  ball 
bearings and was driven by variable speed servo-motors. The motor speed 
control and position control made i t  possible to  locate the beam inter-  
section volume to w i t h i n  0.001 inch in both the x and y coordinates i n  a 

*In ac tua l i ty ,  three different  angles were used during the course of the 
experiment, 8 = 10.66O, 10.80°, and 9.70°, resulting i n  proportionality 
constants of 11.030 11.175, and 12.456, respectively. 
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h o r i z o n t a l  p lane .  The h y d r a u l i c  l i f t i n g  c a p a b i l i t y  o f  t h e  t a b l e  p e r m i t t e d  

t h e  l a s e r  and o p t i c s  t o  be p o s i t i o n e d  a t  d e s i r e d  a x i a l  l o c a t i o n s .  
. "  ... .,_ . 

3.1.4 S igna l  Process ing I n s t r u m e n t a t i o n  

The s i g n a l  p rocess ing  i n s t r u m e n t a t i o n  used t o  c o n d i t i o n ,  i n t e r p r e t ,  and 

a b t a i n  t h e  a x i a l  v e l o c i t y  da ta  f rom t h e  Doppler  s i g n a l  i s  presented i n  

F i gu re  11 . The system b a s i c a l l y  c o n s i s t e d  o f  a  ~ e w l e t t - ~ a c k a r d  spectrum 

ana l yze r  w i t h  a  t r a c k i n g  genera to r ,  a  DISA f requency t r a c k e r ,  and an 

o s c i  11 oscope. 

The spectrum a n a l y z e r l t r a c k i n g  genera to r  combinat ion was used as t h e  

p r ima ry  da ta  a c q u i s i t i o n  dev i ce  s i n c e  t h e  f requency t r a c k e r  d i d  n o t  opera te  

s a t i s f a c t o r i l y  i n  r eg ions  o f  h i g h l y  t u r b u l e n t '  a i r .  f l o w .  The spectrum ana l yze r  

r ece i ved  a  s i g n a l  f rom t h e  PM tube  and a  f requency spectrum ( s i g n a l  amp l i tude  

versus f requency)  was ;d i  sp l  ayed on t h e  CRT. The t r a c k i n g  genera to r ,  a  

spec ia l  s i g n a l  source whose RF o u t p u t  f requency t r a c k s  ( f o l  l ows )  o t h e r  

s i g n a l s  i n  t h e  f requency domain, was then  used t o  a c c u r a t e l y  read  t h e  

Doppler  f requency cor respond ing  t o  t h e  peak amp l i tude  as measured by  t h e  

spectrum ana l yze r .  ' 

The f requency t r a c k e r  was used as a  back-up u n i t  t o  t h e  spectrum 

ana l yze r  s i n c e  i t  would n o t  " h o l d  t r a c k "  i n  r eg ions  o f  h i g h l y  t u r b u l e n t  a i r  

f l o w .  When i n  use, t h e  f requency t r a c k e r  improved t h e  s i g n a l - t o - n o i s e  r a t i o  

o f  t h e  Doppler  s i g n a l  and conver ted  t h e  Doppler  f requency i n t o  an analog 

v o l t a g e  which was l i n e a r l y  r e l a t e d  t o  l o c a l  mean a x i a l  f l o w  v e l o c i t y .  The 

t r a c k e r  had f requency t r a c k i n g  c a p a h i l i t i e s  i n  t h a t  once i t  was " locked-on" 

t o  t h e  Doppler  f requency,  i t  f o l l o w e d  f requency f l u c t u a t i o n s  about t h e  mean 

w i t h i n  each a v a i l a b l e  f requency range. A meter  o u t p u t  was s u p p l i e d  on t h e  

t r a c k e r ;  however, a d i g i t a T  v o l t m e t e r  was used t o  measu reb t racke r  v o l t a g e  

o u t p u t  t o  o b t a i n  more accu ra te  de te rm ina t j ons  o f -Dopp le r  f requenc ies .  

3 .2  EXPERIMENTAL PROCEDURE 

Loop f l o w  and temperature were s e t  a t  d e s i r e d  values..  The l o o p  had 

ve ry  s t a b l e  f l o w ,  pressure,  and temperature c o n t r o l s  and d i d  n o t  r e q u i r e  

ad justments  d u r i n g  da ta  a c q u i s t i o n .  
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once. the loop was operating a t  selected conditions, the LDA optical 

system was adjusted to produce an optimum Doppler signal as observed on the 

oscilloscope and spectrum analyzer. The inside surfaces of the windows were 

located to  within +0.010 inch by observ.i.ng the loss of signal on the spectrum 

analyzer as the measuring .volume was traversed into the windows. Data 

acquis'tion was started approximately 0.100 inches from a window and continued 

to be taken incrementally (usually every 0.100 inch) along a selected t ra -  

verse across the rod bundle. The measuring volume was positioned to with- 

in 0.001 inches re la t ive  to i t s  adjacent data locations with the l i f t /  

. traversing table.  

A t  each data location, the spectrum analyzerltracki'ng generator comb'ina- 

tion was adjusted so that  the peak amplitude of the signal was aligned with 

t.he center graticule of the analyzer C R T  as shown in Figure 12 .  The. tracking 

generator marker was also adjusted t o  correspond to the center g r a t i ~ u 1 . e ~  

i  . e . ,  ',peak amp1 i  tude point of the spectrum; ' Both the tracking'generator 

market and the frequency spectrum were aligned with the center graticule 

since t h e  generator would track the center frequency i f  i t  " los t  trackn:'of 

the frequency spectrum peak, i . e . ,  Doppler frequency. Therefore, t h i s  

method of alignment provided an automatic "back-up" i f  the generator,stopped 

tracking the spectrum since the ,center frequency corresponded to the Doppler 

frequency. The frequency tracker,  i f  in use, was checked to assure proper 

adjustment. The tracking generator output (Doppler frequency), the frequency 

tracker o u t p u t  (Doppler frequency), the x, y locations and the other pertinent 

loop information were then recorded. The l i f t / t ravers ing  table was'used t o  
reposition the measuring volume. Pressure loss data between taps 1-5 were 

obtained intermittently throughout the course of the experiment. 

After the desired data a t  one axial location were obtained, the l i f t /  

traversing table was used to  ra i se  or lower the LDA optics t o  a new axial 

location. The above test ing procedure was then repeated. 
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3.3. EXPERIMENTAL DATA 

Data ob ta ined  d u r i n g  t h e  course o f  t h i s  exper imenta l  i n v e s t i g a t i o n  a r e  

presented i n  Appendix C. ,'%:.The' da ta  have been reduced t o  eng inee r i ng  u n i  t s  

and t a b u l a t e d  .based.on run  number. The .sec t i ons  which f o l l o w  'd iscuss t h e  

da ta  p o i n t  l o c a t i o n s ,  t h e  da ta  r e d u c t i o n  methods, and t h e  accu racy .o f  t h e  

data.  

3.3.1 Data P o i n t  Loca t ions  

The 90 pe rcen t  b lockage c l  u s t e r  was pos i  t i d n e d  midway between spacers #1 

and #2 as shown i n  F igu re  13. Data were ob ta ined  a t  t he  i n d i c a t e d  a x i a l  

l o c a t i o n s  a long  t h e  l e n g t h  o f  t h e  bundle.  The d is tances  accompany.ing t h e  

da ta  p lane  des jgna t i ons  were re fe renced  t o  t h e  b lockage a x i a l  c e n t e r l i n e .  A  

nega t i ve  d i s t a n c e  i n d i c a t e s  t h e  r e s p e c t i v e  da ta  p lane  was upstream o f  t h e  

blockage c l u s t e r  w h i l e  a  p o s i t i v e  d i s t a n c e  i n d i c a t e s  a  downstream da ta  

p l  ane. 

The l oca t i ons .  o f  t h e  t r ave rses  performed a t  any one a x i a l . ' l o c a t i o n  
. . 

(da ta  p lane)  a r e  presented i n  F i g u r e  14. Symmetry o f  t h e  bundle c ross  

s e c t i o n  p e r m i t t e d  l i m i t a t i o n  o f  da ta  a c q u i s i t i o n  t o  t h e  i n d i c a t e d  quadrant 

as concluded i n  Reference 2.  For w a l l  subchannel s  ( y  = 0..110 i nches ) ,  o n l y  

one measurement was o b t a i n e d ' a t  a  l o c a t i o n  one-ha l f  t h e  d i s tance  f rom t h e  

w a l l  t o  t h e  ou t s i de .edge  o f  t h e  f i r s t  r o d  row. 

Data Reduct ion Methods 

A  d i g i t a l  computer program was w r i t t e n  t o  reduce t he  exper imenta l  da ta  

t o  d e s i r e d  eng ineer ing  u n i t s .  P l o t t i n g  ro11t.ines were used t o  d i s p l a y  a 

s i g n i f i c a n t  amount o f  t h e  data.  For  each da ta  p o i n t ,  i t  was necessary t o  

s h i f t  t h e  measurement l o c a t i o n  t o  a  c o n s i s t e n t  s e t  o f  r e fe rence  coord ina tes  

and conve r t  t h e  Doppler f requency t o  l o c a l  mean a x i a l  v e l o c i t y .  

3.3.2.1 Loca t i on  Co r rec t i ons  

The measurement l o c a t i o n  c o r r e c t i o n s  were made by r e f e r e n c i n g  a l l  

x l o c a t i o n s  t o  Ltle l o c a t i o n  x  = 1.763 inches ( x  c e n t e r l i n e  o f  t h e  subchannel 

row c o n t a i n i n g  sybehannel # l ) , .  :and . r e fe renc ing  a l l  y  l o c a t i o n s  t o  t h e  

nominal cen te r1  i nes y  = 0.11 0, .0': 685, 1 .224, and 1.763 inches o f  t h e  
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F igu re  14. The x  l o c a t i o n s  were referenced t o  x  = 1.763 inches by examining 

a  p a r t i c u l a r  v e l o c i t y  p r o f i l e  i n  a  data p lane and s h i f t i n g  t h e  p r o f i l e  u n t i l  

t h e  peak v e l o c i t y  p o i n t  i n  t h e  subchannel con ta in ing  x  = 1.763 inches co r re -  

sponded t o  x  = 1.763 inches.  The necessary x  s h i f t  was then app l i ed  t o  

each p o i n t  ob ta ined i n  t h a t  p a r t i c u l a r  data plane. A t  most data planes, t h e  

~ e l o c ' i t y ~ p r o f i l e  a t  y  = 0.685 inches was used t o  determine t h e  x  c o r r e c t i o n  

f a c t o r  s i nce  t h e  v e l o c i t y  p r o f i l e  a long t h e  x  t r ave rse  was very  d i s t i n c t  

even near  t h e  blockage c l u s t e r .  The y l o c a t i o n s  were referenced t o  t h e  

nominal y  subchannel ruw c e n t c r l i n e s  hy s imp ly  assuming t h a t  t he  c e n t e r l i n e  

t rave rses  corresponded t o  the  row c e n t e r l i n e s .  

3.3.2.2 Mean A x i a l  V e l o c i t x  

The c a l c u l a t i o n  o f  mean a x i a l  v e l o c i t y  ' from the  Doppler frequency 

ob ta ined w i t h  t he  spectrum ana l yze r / t r ack ing  generator  combinat ion was 

performed us ing  t h e  f o l l o w i n g  r e l a t i o n s h i p .  

where 

U - l o c a l  mean a x i a l  v e l o c i t y ,  f t l s e c  

fSa I -  Doppler frequency measured w i t h  t h e  spectrum analyzer ,  MHz 

S 
- frequency s h i f t ,  MHz 

f~ 

Doppl cr f requency r e s ' u l t i n g  f rom lhe a i r  f l o w  v e l o c i  t y  , MHz. 

The c a l c u l a t i o n  o f  , l oca l  mean a x i a l  v e l o c i t y  f rom t h e  Doppler trequency 

measured w i t h  t he  DISA frequency t r a c k e r  was performed, by f i r s t  conve r t i ng  

t h e  vo l t age  ou tpu t  f r o m ' t h e  DC vo l tmeter  t o  a  frequency. The r e l a t i o n s h i p  - - f s )  MHz 
f~ = ( E ~ ~  10.0 

was used where 

Range - f u l l  s c a l e . v a l u e  o f  t h e  range used on the  frequency tracker, MFz 

E~~ - DC vo l  tm5ter  ou tpu t ,  V O ~  t s  

10.0 - f u l l  sca le  v'al ue oaf t h g  DC vo l  temeter, v o l t .  



.. . . . . . ' .. . .. 
Then, t h e  r e l a t i o n s h i p . '  , . . ... . . , .  

. .  . 
U = l l . D 3  f D ' f t / s e c  

was used t o  determine l o c a l  mean a x i a l  v e l o c i t y  va lues.  

3.3.3 Accuracy of '  Data 
. . 

... ( . l o )  An e ' r ro r  ana l ys i s  u s i n g  t h e  e r r o r  and  u n c e r t a i n t y  methods o f  schen'tk 

was 'performed t o  es t ima te  da ta  accuracy. These methods. a r e  s i m i l a r  t o '  those '  

o f  d e s c r i b i n g  u n c e r t a i n t i e s  i n  s i n g l e  sample exp6r iments presented by K l  i n e  

and McCl i ntock  ) and those o f  compounding e r r o r s  presented by Wi lson .  (1.2), 

The methods and a n a l y s i s  a r e  presented and. descr ibed  - i n  d e t a i l  i n  Appendix B. 

Table 1  .summarizes t h e  r e s u l t s  o f ,  t h e  u n c c r t a i n t y .  ,analysi> based on Run #AB-457 
: s . . . . 

, . .. 
o f  t he  t e s t  m a t r i x  presented. i n  Appendix C .  . t 

,. . . . 

. . TABLE 1  . u n c e r t a i n t y  va lues (Run #AB+) . .' . .  
. . 

U n c e r t a i n t y  
Parameter Nominal Value ' .  . 'Va lue . 'Percent 

. Mean V e l o c i t y  (Spectrum Ana lyzer ) ,  USA 20.6 f t / s e c  21.23 f t l s e c  t 6  

Mean  el o c i  ty (Frequency Tracker ) ,  UTRK 20.6 f t l s e c  t0 .378  f t l s e c  22 

x  Data P o i n t  Loca t i on ,  x  +0.001 i n .  

y Data Traverse Loca t ion ,  y -10.005 i n .  

A x i a l  Data Plane Loca t ion ,  z  t0 .050 i n .  

3.3.3.1 A x i a l  Ve1 o c i  ty From Spectrum Analyzer  

V e l o c i t y  measurements ob ta i ned  w i t h  t he  spectrum ana lyzer  were found t o  

have an u n c e r t a i n t y  o f  ~ ~ - 1 6  percen t .  The e r r o r  was . p r i m a r i l y  due t o  1  ) t h e  

accuracy o f  t h e  measurement o f  t h e  Doppler  f requency, and 2 )  t h e  smal l  angle 

r e q u i r e d  between i n c i d e n t  l a s e r  beams t o  p e r m i t  measurements near t h e  blockage. 

A  r e l a t i v e l y  l a r g e  u n c e r t a i n t y  i n  t he  Doppler  f requency was i n h e r e n t  

s i nce  t he  spectrum ana lyzer  i s  n o t  capable o f  h i g h l y  accura te  measurements. 

The t r a c k i n g  genera to r  g r e a t l y  improved t h e  f requency measurement; however, 

t he  u n c e r t a i n t y  i n v o l v e d  i n  t h e  a l ignment  o f  t h e  f requency spectrum on t he  

CRT c e n t e r  g r a t i c u l e  and t h e  nonsymmet.ric shape o f  t h e  spectrum i t s e l f  

r e s u l  t e d  i n  an es t imated  Doppler f requency u n c e r t a i n t y  o f  ~ ~ 2 0 . 1  MHz. 



3.3.3.2 Axial Velocity From DISA Frequency Tracker 

Velocity measurement accuracies obtained with the  frequency t racker  

were estimated t o  be +2 percent.  The uncertainty was primarily due to the 

small angle required between the  l a se r  beams t o  permit measurements near ,  the 

blockage c lu s t e r . .  I t  i s  important to  remember t h a t ,  even though the 

estimated accuracy of the  measurements obtained w i t h  the t racker  a r e  be t t e r  

than those obtained with the  spectrum analyzer,  measurements could not be 

performed w i t h  the t racker  during much of the  t e s t  in  regions of highly 

turbul en t  f 1 ow. 

3.3.3.3. Measurement 'Locations 

Each measurelllent locat'ion was pysi tioned within -10.001 inches of i t s  

neighbors in the x d i rec t ion ,  and each data t raverse  was 1oca.ted w l t t ~ i r ~  

k0.005 inches in the  y d i rec t ion  r e l a t i v e  t o  the adjacent rod rows. The 

axia l  locat ions  of the  data planes were known within 50.050 inches r e l a t i v e  

t o  the  blockage axial  center1 ine.  



4.0 EXPERIMENTAL RESULTS . A N D  DISCUSSION " ' - '  ' . 
. .  . - .  , . 

. . 

Resul t i o b t a i n e d  during the experiment are presented and discussed in 

the following section. Unless otherwise noted, velocity measurements 

presented in th i s  section were obtained with the spectrum analyzer since'the 

frequency tracker did not perform sa t i s fac tor i ly  throughout much of the 

tes'ting phase of the experiment. The f i r s t  section presents the velocity 
, . 

distributions ,near a  90 percent' blocka.ge located midway between two grid 

spacers. The next section compares the a i r  velocity data obtained in th i s  

investigation with water velocity profiles presented and discussed in a  prior 

experimbnt. The final section compares velocity data obtained using the  

spectrum analyzer with data obtained using a  frequency tracker to  determine 

the consistency between the two signal processing instruments. ; 

, ,V.elocity dis t r ibut ions obtained a t  specif ic  axial locations along the' . . , .  

length ,-of the bundle and along a1 1 data traverses a t  one axial location are . . 

presented .. . . in t h i s  section. The velocity profiles obtained along the length 
. . 

of the bundle indicated that  a  90 percent blockage located midway between 

two grid spacers created a  severe flow disturbance. Axial veloci.ties 

measured immediately upstream of the blockage cluster  were.extremely low and 

flow reversals were detected downstream of the blockage. The recirculation 

zone existed for  approximately five subchannel hydraulic diameters down- , 

stream of the blockage axial centerline.* Flow recovery was completed f i f t y  

subchannel hydraul i c  diameters downstrcslr~ o f  t t ~ e  blockage c lus te r .  Velocity 

profiles obtained along a l l  data traverses a t  an axial location 2.5  inches 

downstream of the blockage centerline indicated that  the recirculation zone 

was la te ra l ly  r e s t r i c t ed ' to  the 90 percent blocked subchannel s .  

*Note that  no attempt was'made to re la te  t h e  length of the recirculation 
zone t o  a  blockage char.acteristic length. Until suf f ic ien t  data have 
been obtained with d i f fe rent  blockage severi t ies  and dimensions, i t  i s  
premature . to "guessJ';.the best character is t ic  length to  use t o  express 
the length of,  th,e rec.i.rculation . ,  . zone. 



4.1 .1. Vel o c i  t y  Reduction and Recovery 

V e l o c i t y  p r o f i l e s  obta ined a t  s p e c i f i c  a x i a l  d is tances  (da ta  p lanes)  

upstream o f  t h e  90 percent  blockage c l u s t e r  a re  presented i n  F igure  15. 

Each o f  t h e  p l o t s  making up F igure  15 presents l o c a l  mean a x i a l  v e l o c i t i e s  

normal ized r e l a t i v e  t o  bundle average v e l o c i t y  as funct ions of d is tance from 

t h e  w a l l  ( x  =' 0  corresponds t o  t h e  w a l l  ) .  Each data t rave rse  was obta ined 

a t  y. = 1.763 inches as i n d i c a t e d  i n  t he  cross sec t i ona l  view o f  t h e  bundle. 

Distances accompanying the  data plane designat i 'ons i n d i c a t e  upstream 

(negat ive  s ign )  l o c a t i o n s  r e l a t i v e  t o  the blockage a x i a l  - c e n t e r l i n e .  

A t  a  l o c a t i o n  8.5 inches upstr-eani o f  the  blockage c e n t e r l i n e ,  % 0.75 inches 

downstream o f  spacer #1 , t h e  v e l o c i t y  p r o f i l e  shows the  e f f e c t s  o f  Lhe 

spacer by i t s  "ragged" appearance and a  peak-to-average v e l o c i t y  r a t i o  o f  

~1  .l. A t  an a x i a l  l o c a t i o n  4.8 inches upstream o f  t he  blockage c l u s t e r ,  t he  

v e l o c i t y  p r o f i  1  e  shows cons i s ten t  peaks a t  subchannel centers and v a l l  eys , a t  

r o d  gaps. Ax ia l  v e l o c i t y  peak-to-average r a t i o s  o f  ' ~ 1 . 2  were measured which. 

a re  i n  good agreement w i t h  those known t o  e x i s t  f o r  w e l l  d ~ v e l o p e d  t u r b u l e n t  

p ipe  f l o w  and e x i s t i n g  r o d  bundle data. ( 2 y 3 y 4 ' 5 )  The v e l o c i t y  p r o f i l e  

i n d i c a t e s  t h a t  t he  f l o w  c o n d i t i o n i n g  sec t i on  a t  t he  t e s t  assembly entrance 

d i s t r i b u t e d  the  f l o w  u n l f u m i i l y  across t h e  bundle cross sec t ion .  

I n  t h e  tapered reg ion  of t he  blockage, 1.7 and 1.3 inches upstream o f  

t h e  center1 ine ,  t h e  i n f l u e n c e  of t he  blockage c l u s t e r  was present  as 

i n d i c a t e d  by the r e l a t i v e l y  low v e l o c i t i e s  i n  t he  i n n e r  s~~hchanne ls  and the  

h ighe r  v e l o c i t i e s  i n  t h e  ou te r  subchannels. V e l o c i t y  r a t i o s  i n  the  innermost 

subchannel , subchannel #1 (SC ff 1  ) , d c c r e a s ~ d  from ' ~ 1 . 2  t o  '~0.15.  Low 

v e l o c i t i e s  are  r e a l i z a b l e  s ince  SC #1 had an area reduc t i on  o f  90 percent  

and f l o w  was fo rced around t h e  blockage c l  us te r .  Peak-to-average v e l o c i t y  

r a t i u s  i n  the  ou te r  ~ubchanne ls  increased from c ~ 1 . 2 - t o  ' ~ 1 . 3  which a l so  

i n d i c a t e s  t h a t  f l u w  was beinq d i , ve r ted  around the  blockage. 

 el o c i  ty p r o f i  1  es obta ined immediately downstream o f  the  blockage 

c l u s t e r  a re  presented i n  F igure  16. Note t h a t  downstream l o c a t i o n s  are 

designated by the  p l u s  s ign  preceding t h e  data plane d is tance values. 

V e l o c i t y  d i s t r i b u t i o n s  obta ined 1.3, 1.5, and 2.5 inches downstream o f  t h e  

blockage c e n t e r l i n e  i n d i c a t e  t h a t  zero and negat ive  f lows were measured. 
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The flow reversals define a recirculation zone confined to  SC #1 i n  the 

la teral  direction. The low inner subchannel veloci t ies  were accompanied by 

relat ively high outer subchannel velocities as indicated by the high peak- 

to-average velocity ra t ios  of $1.4. Axially, the recirculation zone 

persisted for  a t  l e a s t  2.5 inches ($5 subchannel hydraulic diameters) 

downstream of the blockage centerline. Flow reversals were not detected 

3.4 inches ($7 diameters) downstream of the blockage c lus te r ,  and flow 

recovery was s ignif icant  7.5 inches downstream of the blockage centerline.  

The data points not included i n  the velocity profiles a t  data planes #9 

and #13 are  missing since the flow was very turbulent, making i t  impossible 

to  obtain Doppler signals.  The frequency spectrum actually disappeared from 

the spectrum analyzer CRT screen and the frequency tracker could not follow 

the Doppler frequency. Note that  the signal was los t  a t  the entrance to  

SC #I ,  b u t  was regained near the rod gap corresponding t o  the bundle 

cen'terl i ne . - % 
L < . r b  

. " Velocity profi les  obtained further downstream from the blockage are  

sh'own in Figure 17. A t  an axial location 13 inches downstream from the 

bjockage, the flow a t  the center1 ine of the bundle (x = 2.032 inches) had 
, "j 

recavered to  within $90 percent of tha t  which existed 4.8 inches upstream of . " 

the  blockage c lus te r  (Figure 15, data plane #12). Approximately 50 sub- 

channel hydraulic diameters downstream of the blockage, the flow had [ 

essent ial ly  recovered from the disturbance created by the blockage cluster .  

4.1.2 Velocity Profiles a t  One Axial Location 

Velocity profi les  measured along a l l  data traverses obtained a t  a 

single cross section, data plane #lo,  a re  presented in Figure 18 to  indicate 

the local character is t ic  of the recirculation zone i n  the la te ra l  direction. 

The lower plot contains velocity profi les  obtained a t  y = 1.763 and 1.224 inches. 

Velocity magniludes dre relat ively h ~ g h  in the outer subchannels along each 

traverse. Velocity profi les  in the inner q~rhchannel s a t  y = 1.763 i nchcs 

indicate tha t  zero and negative veloci t ies  existed, i . e . ,  a recirculation 

zone was detected. Velocities obtained in inner subchannels a t  y = 1.224 inches 

were not negative indicating that  the recirculation zone was res t r ic ted  to  

the 90 percent blocked SC #1 in the la te ra l  direction. 
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FIGURE 17 Velocity Pro f i l es  r a r  Downstream-of a 90 Percent Blockage 
Located Midwiy Between Two Sgacers, Us = 38 f t l s e c  



0.4 . 0.8 1.2 1.6 2.0 2.4 

DISTANCE FROM WALL, X i n .  

1.2 

m 0.8 
3 
1 
13 

0.4 

B - SLEEVE BLOCKAGE LOCATIONS 

- 0 0 
A A A A ~ ~ A %  A A ~ ~ A ~  A A 

A A A  - - - - - - 0 RUN NO. AB 665-668 ( Y  = 0.110") - 
- A RUN NO. AB 642-664 ( Y  = 0.685") - 
- - 

Q . O - - - - - -  - - - - - - - - - - -  
- 

1 1 I I 1 I I I I I I I 

FIGURE 18 Velocity Profiles a t  Data Plan #10 (t2.5 i n )  
w i t h  a 90 Percent Blockage, Us = 38 f t l s e c  

1.2 iAss%Q-&a - 
O \ A A  ) 

0.8 

0 . 4  

0.0 

- Qha 
e A RUN JO. AB 619-641 o & A A ~ ~ ~ ~ A A A  

1 0 RUN NO. AB 945-969 0 
- 0 - - 0 - 0 0 - -------- 0 0 - -Oo 0- - - 

I I 1 1 . I I I I I I I I 

0.0 0.4 0.8 1.2 1.6 2.0 7 .4  

DISTANCE FROM WALL. X i n .  



Veloc i t ies  presented Jn the upper p l o t  o f  Figure 18 were obtained i n  

the outer  subchannels of the bundle a t  y  = 0.685 and 0.110 inches. The 

outer  subchannel v e l o c i t i e s  are re1 a t i v e l y  high s ince f low was d iver ted 

around the b l  ockage c l  us te r  . 
4.2 COMPARISONS OF A I R  VELOCITY DATA WITH EXISTING EXPERIMENTAL DATA 

Comparisons of a i r  ve l  oc i  ty  data obta i  ned i n  t h i s  experiment w i t h  water 

v e l o c i t y  data obtained i n  a p r i o r  experiment(2) are presented i n  t h i s  

section. The comparisons were made t o  show t h a t  Reynolds number s im i l i t ude  

r csu l  t c d  i n  ve lnc i t y  p ro f i l es  near a  sleeve blockage c l us te r  which were 

independent o f  the s ta te  o f  the f l u i d ,  i .e., gas o r  l i q u i d ,  as Ind icd led I n  
basic f l u i d  mechanic s i m i l i t u d e  theory. (6) The resu l t s  o f  the comparisons 

i nd i ca te  t h a t  a i r  v e l o c i t y  p ro f i l es  and water ve loc i t y  p r o f i l e s  were i n  

exce l len t  agreement. 

4.2.1 Ve1 o c i  t y  Reduction and Recovery 

I n  Figure 19, a i r  v e l o c i t y  data obtained i n  the present experimental 

study are compared t o  water ve loc i t y  data reported i n  Reference 2. The 
4 Reynolds and Eul er numbers o f  t he  f lowing a i r  ( ~ e ,  % 1  .0 x  10 , Eu, 2 0.42) 
4 were approximately equal t o  those o f  the water (Rew % 1.4 x  10 , Euw ," 0.44). 

I n  the upstream tapered reg ion o f  the-blockage c lus te r ,  -1.3 inches, the a i r  

and water v e l o c i t y  p r o f i l c s  obtained dl011g an x t raverse at: y = 1,763 inches 

essent ia l  l y  coincide. I n  the downs cream Lilpdred region, + I  . 3  inches, the 

two ve loc i t y  p r o f i l e s  are i n  good agreement; however, the water p r o f i l e  

contains some scattered ve loc i t y  data points.  Farther downstream o f  the 

blockage ax ia l  center l ine,  the a i r  and water p r o f i l e s  compare wel l .  

It can be seen t h a t  i n  outer  subchannels, X < 0.8 inches, normalized 

a i r  vel  oc i  Lies werc cons is tent ly  higher than normal i zed  water ve loc i t i es  . 
No f i n a l  conclusion has been fomu la ted  as t o  the cause o f  the higher a'ir 

ve loc i t i es .  A possible explanation f o r  t h i s  d i f fe rence  could be t h a t  

ammonia ch lor ide p a r t i c l e s  co l lec ted on the  windows dur ing the a i r  experi- 

ment and, due t o  extraneous scattered l i g h t ,  may have af fec ted measurements 

i n  the wa l l  subchannels. The d i f ference i s  o f  minor s ign i f icance and does 

not  a f f e c t  the major r e s u l t s  o f  the study. 



FIGURE 19 Comparisons o f  Air Velocity Data with Water Velocity D a t a  
Near a 90 Percent Blockage Located Midway Between Two Spacers 
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Perhaps a b e t t e r  mental p i c t u re  of what the ve loc i t y  reduct ion and 

recovery p r o f i l e s  along the length  o f  the  bur-idle ac tua l l y  were can be 

conveyed by examining Figure 20. Normalized subchannel #1 center ve loc i t i es  

are  presented along the length  o f  the bundle f o r  both a i r  data and ex i s t i ng  

water data. ( 2 )  For the most par t ,  the ax ia l  ve l oc i t y  p r o f i l e s  are i n  

excel 1 en t  agreement. 

The upstream and downstream minimum ve loc i t y  magnitudes and 1 ocations 

coincide w i t h  one annther. Note t h a t  the normalized a i r  ve l oc i t y  immediately 

downstream o f  spacer #1 i s  s i g n i f i c a n t l y  lower than ve loc i t y  values a t  other 

data planes possessing we1 1 developed f low. The lower value was caused by 
spacer #I which promoted turbulence, and therefore forced the downstream 

v e l o c i t y  p r o f i l e  t o  become " f la t tened" .  The f low recovery p r o f i  1 es f o r  both 

sets o f  v e l o c i t y  data are essen t i a l l y  the same, agreeing w i t h i n  10 percent 

a t  any one data locat ion.  

The exce l len t  agreement between the a i r  ve l pc i t y  p ro f i l e s  and the water 

v e l o c i t y  p r o f i l e s  ind ica tes  t h a t  dynamic s i m i l a r i t y  was ensured w i t h  Reynolds 

number and consequently, Eul e r  number model i ng . The ve l  oc i  ty  p r o f  i 1 es near 

the sleeve blockage c l u s t e r  were Indryec~dent o f  the s ta te  of the  f lowing 

f l u i d ,  i .e., gas o r  l i q u i d ,  which agrees w i t h  basic f l u i d  mechanic theory 

f o r  low Mach number f l ow  through contract ions and expansions. ( 6 )  

4.2.2 Ve loc i t y  P r o f i l e s  a t  a Selected Ax ia l  Location 

Figure 21 presents v e l o c i t y  p r o f i l e s  obtained i n  a i r  and those obtained 

i n  water") a t  an a x i a l  d istance 2.5 inches downstream from the blockage 

ax ia l  center l ine.  As shown, the v e l o c i t y  p r o f i l e s  are i n  good agreement 

w i t h  the exception o f  those obtained a t  y = 1.224 inches where some daLd 

sca t t e r  was encountered. The traverses a t  y = 1.224 inches were midway 

between a rod row i n  which inner  ruds contained blockaye sleeves and a row 

wi thout  blockages. The nonsymmetrical disturbances created i n  the inner  

subchannels are thought t o  be the cause o f  the data scat ter .  
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4.3 COMPARISONS OF SPECTRUM ANALYZER DATA WITH FREQUENCY TRACKER DATA 

Figure 22 presents comparisons o f  v e l o c i t y  data obtained using the 

spectrum analyzer l t rack ing generator combination w i t h  the data measured w i t h  

the frequency t racker .  The spectrum analyzer i s  no t  known f o r  h i gh l y  accurate 

measurements. However, i t s  accuracy was g rea t l y  improved by the t rack ing  

generator, and i t  was o f  i n t e r e s t  t o  compare analyzer r esu l t s  w i t h  the more 

accurate frequency t racker  resu l t s .  Only data obtained a t  ax i a l  locat ions 

where the f low exh ib i ted  r e l a t i v e l y  low turbulence are presented since the 

frequency t racker  d i d  no t  perform s a t i s f a c t o r i l y  i n  h igh ly  tu rbu len t  f l ow 

regions . 
From the p ro f i l e s  presented i n  Figure 22, i t  i s  qu i t e  evident t ha t  the 

ve loc i t y  data obtained w i t h  the two s ignal  processors are i n  exce l lent  agree- 

ment. The v e l o c i t y  data obtained 13 inches downstream o f  the blockage c l u s t e r  

ind ica te  t ha t  t racker  measurements were cons is tent ly  higher ( ~ 5  percent) 

than the spectrum analyzer measurements. No exact cause o f  the discrepancy 

has been formulated; however, since the data were obtained a r e l a t i v e l y  shor t  

distance downstream o f  a spacer, the increased turbulence created by the 

spacer may have caused the t racker  readings t o  be high. This speculat ion 

was made a f t e r  considering the f a c t  t ha t  the frequency t racker  cons is ten t l y  

" l o s t  t rack"  i n  h i gh l y  tu rbu len t  f low, and the Doppler frequency was biased 

on the high end o f  the frequency meter scale j u s t  p r i o r  t o  los ing  t rack.  
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5.0 COMPARISONS WITH COBRA PREDICTIONS 

Comparisons o f  t h e  measured v e l o c i t y  da ta  w i t h '  p r e d i c t i o n s ,  ob ta ined  

us ing  t h e  COBRA code a r e  p resen ted  i - n  t h i s  sec t i on .  The c o m p a t ~ ~ o n s  a r e  o f  

major  importance i n  t h e  c o n t i n u i n g  development o f  t h e  COBRA code f o r  sub- 

channel ( co re )  analyses a t  p o s t u l a t e d  nuc lea r  reac,tor acc iden t  condj.t i ions. 

Simi 1  a r  measured and p red ic ted ,  v e l o c i t y  comparisons were performed ~s.i.ng.,,,:~ : 

water  i n  a  p r i o r  i n v e s t i g a t i o n ( ' )  a n d i t  was conf i rmed t h a t  COBRA could: . . . 

p r e d i c t  water  v e l o c i t i e s  s t a i s f a c t o r i l y  w i t h  a  blockage l o c a t e d  .midway 

between two spacers.  Such a c o n f i r m a t i o n  i s  r e q u i r e d  f o r  low d e n s i t y  a i r  

f l o w  t o  add t o  t h e  da ta  base r e q u i r e d  f o r  f u t u r e  analyses o f  two-pha.se 

steam-watey,f l ,ows . . expected t o  e x i s t  d u r i n g  ac tua l  LOCAs. .,.. , 

Subchannel average v e l o c i t y  p r e d i c t i o n s  o f  t h e  COBRA computer program 

were i n  good agreement w i t h  subchannel average v e l o c i t i e s  c a l c u l a t e d  us ing  

t he  measured l o c a l  v e l o c i t y  data.  The v e r s i o n  o f  COBRA used t o  per form the  

p r e d i c t i o n s  and t he  i n p u t  model a r e  d iscussed f i r s t .  Then, t h e  methods used 

t o  es t ima te  subchannel average v e l o c i t i e s  f rom measured l o c a l  a x i a l  v e l o c i t y  

va lues w i l l  be presented.  F i n a l l y ,  COBRA average subchannel v e l o c i t y  

p r e d i c t i o n s  w i l l  be compared t o  measured values w i t h  a  90 pe rcen t  s leeve  

blockage c l u s t e r  p o s i t i o n e d  midway between two g r i d  spacers.  

5.1 COBRA VERSION AND INPUT MODEL 

The l o c a l  a i r  v e l o c i t y  da ta  cou ld  n o t  'be p r e d i c t e d  w i t h  COBRA-I11 (1  

us ing  s tandard s teady -s ta te  t echn iq~ res  ~i nc? i n s t a b i  1  i t i e s  i n  t h e  numerical  

s o l u t i o n  were encountered. Therefore,  p r e d i c t i o n s  o f  t h e  v e l o c i t y  da ta  were 

performed w i t h  a  mod i f ied  v e r s i o n  o f  COBRA-IIIC us ing  a "two s tep "  approach 

as f o l l o w s :  

( 1  ) S teady-s ta te  p r e d i c t i o n s  w i t h  a  70 pe rcen t  b lockage were 

performed. 

( 2 )  A t r a n s i e n t  s o l u t i o n ,  which extended t h e  70 pe rcen t  blockage 
' 

s o l u t i o n  t o  a  90 percen t  blockage s o l u t i o n ,  was then  performed. 

Du r i ng  each t r a n s i e n t  t ime  increment',  a  s l  i g h t l y  g r e a t e r  

b lockage s e v e r i t y  was i n t r oduced  i n t o  'the i n p u t  geometry. A f t e r  



a 90 percent  s e v e r i t y  had been obtained, s u f f i c i e n t  t ime steps 

were completed t o  assure convergence t o  t he  c o r r e c t  s o l u t i o n .  It 

i s  impor tan t  t o  no te  t h a t  t he  s o l u t i o n  was t r a n s i e n t  w i t h  respec t  

t o  blockage s e v e r i t y  on ly ;  and t h a t  a l l  o t h e r  i n p u t  parameters 

remained cons tan t  w i t h  t ime. 

The i n p u t  parameters used t o  p r e d i c t  t he  a x i a l  v e l o c i t y  data a re  

summarized i n  Table 2. As i nd i ca ted ,  t h e  values o f  t h e  parameters a re  

t y p i c a l  o f  those commonly used i n  nonheated bundle The b lock-  

aqe l o s s  c o e f f i c i e n t s  were those determined in .Reference 2. They were 

v a r i e d  from subchannel t o  subchannel and ranged from 0 t o  0.5 depending on 

subchannel l o c a t i o n  re1  a t i v e  t o  the  blockage c l u s t e r .  The spacer l o s s  

c o e f f i c i e n t s  as w e l l  as t h e ' f r i c t i o n  f a c t o r  r e l a t i o n s h i p  were a l s o  obta ined 

from.. Re'ference 2. 

'TABLE 2.  ' COBRA I n p u t  Parameters 

Parameter , - - 
\ ' 

Cross Flow Resistance 

Transverse .Momen turn 

Tu rbu len t  Momentum Fac tor  

Bare Rod F r i c t i o n  Factor  

Subchannel Spacer Loss C o e f f i c i e n t  

Subchannel Blockage Loss C o e f f i c i e n t  

For Subchannel #1 

For Subchannel #2 

Other Subchannels 

Model Lenqth ( i n . )  

C a l c u l a t i o n  Increment ( i n .  ) 

T o t a l  T rans ien t  Time (sec)  

Turbu len t  M ix ing  

Temperature ( O F )  

COBRA 
Symbol Value 



The geometry model presented i n  F igu re  2 3 . i d e n t i f i e s  t he  l o c a t i o n  o f  

t he  subchannels. The model was a  one-e ighth s e c t o r  o f  t h e  t o t a l  bundle 

c ross  s e c t i o n  and was j u s t i f i a b l e  based on geometr ic  symmetry as p r e v i o u s l y  

v e r i f i e d .  Dimensions o f  t h e  model were a s - b u i l t  dimensions measured 

d u r i n g  and a f t e r  bundle assembly. The r o d  d iameters  were measured t o  be 

0.392 inches.  The r o d  p i t c h  was 0.539 inches and t h e  rod - t o -wa l l  spacing 

was 0.220 inches.  The s leeve blockages were modeled as f l o w  area reduc t i ons .  

The area reduc t i ons  i n  t h e  tapered  r e g i o n  o f  t h e  b lockage sleeves we re .  

assumed t o  vary  l i n e a r l y  a long  t h e  l e n g t h  o f  t he  tapers .  

5.2 SUBCHANNEL AVERAGE VELOCITY ESTIMATES 

P r i o r  t o  comparing t he  measured a x i a l  v e l o c i t y  p r o f i l e s  w i t h  COBRA 

p r e d i c t i o n s ,  t h e  l o c a l  measured v e l o c i t y  da ta  were used t o  es t ima te  sub- 

channel average v e l o c i t i e s .  Subchannel average v e l o c i t i e s  were r e q u i r e d  t o  

compare w i t h  average va lues computed by COBRA. 

' . 'For subchannels # I ,  #2, and. #3, an a rea-we igh t ing  approach i n  conjunc- 

t i o n  w i t h  t h e  assumption o f  h i g h l y  t u r b u l e n t  f l o w  was used t o  es t ima te  

subchannel average v e l o c i t i e s  f rom exper imenta l  l o c a l  v e l o c i t y  data.  The 

subchannel c ross  sec t i ons  were s i m p l i f i e d  by r e p l a c i n g  t h e  round rods w i t h  

square rods o f  equal area as shown i n  F i g u r e  24. Th i s  g r e a t l y  s i m p l i f i e d  

t h e  a rea-we igh t ing  c a l c u l a t i o n s  w i t h o u t  a l t e r i n g  t he  ac tua l  c ross  s e c t i o n a l  

subchannel f l o w  areas.  Sub-area boundaries were d e f i n e d  as be ing  one -ha l f  

t h e  d i s tance  between a  da ta  l o c a t i o n  and i t s  ad jacen t  ne ighbors.  Weight ing 

f ac to r s  f o r  each sub-area wcrc ob ta ined  by J , i v~ id ' i r ~g  t h e  a p p r o p r i a t e  sub-area 

by t he  t o t a l  subchannel f l o w  area. Subchannel average v e l o c i t i e s  were 

c a l c u l a t e d  by summing t h e  p roduc ts  o f  t h e  w e i g h t i n g  f a c t o r s  and c o r r e -  
. 

sponding measured v e l o c i t i e s .  

Average v e l o c i t i e s  f o r  subchannel s #4 th rough f l O  wcre deter-mi I I ~ J  by 

i n s p e c t i n g  t h e  v e l o c i t y  p r o f i l e s  a t  nond is tu rbed  da ta  p lanes,  e.g., #12, and 

e s t i m a t i n g  t h e  r a t i o  o f  t h e  average subchannel v e l o c i t y  t o  t h e  c e n t e r p o i n t  

subchannel v e l o c i t y .  Average subchannel v e l o c i t i e s  a t  und is tu rbed  da ta  

p lanes were kr~own t o  be approx imate ly  equal t o  t h e  average bundle v e l o c i t y .  

Th i s  approach was a l s o  used f o r  subchannels #1, #2, and # 3  a t  l o c a t i o n s  n o t  

i n f l u e n c e d  by t h e  b luckage c l u s t e r .  
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FIGURE 24  S i m p l i f i e d  Subchannel Geometry Used f o r  
Cal c ' u l a t i ng  Subchannel Average V e l o c i t i e s  



I n  Tab le  3, a se lected.number  of  c a l c u l a t e d  bund le  f l ow ra tes  u s i n g  t h e  

measured LDA v e l o c i t y  da ta  a r e  compared t o  bundle f l o w r a t e s  measured w i t h  

t h e  l o o p  o r i f i c e  meter .  Ca l cu la ted  f l o w s  were determined by summing t h e  

f l o w r a t e s  i n  each subchannel , 

and m u l t i p l y i n g  t h e  sum by  e i g h t  t o  account f o r  a l l  e i g h t  sec to r s  making up 

t h e  bundle c ross  s e c t i o n .  As i n d i c a t e d ,  the  c a l c u l a t e d  f l o w r a t e s  agreed 

e x c e p t i o n a l l y  w e l l  w i t h  t h e  measured f l o w r a t e s .  

TABLE 3. Comparisons o f  Ca l cu la ted  and 
Measured Bundle F l  owrate's 

Percent  D i  ff. 

Data Plane ' Ca lcu la ted .  Measured Fc)  100 
- NO. Flow, cfm Flow, cfm 

1  ( t 25 .5  i n . )  . 
4 (+7.5 i n . )  171 168 -1.8 

6  ( + 3 . 7  i n . )  171 . . 166 -3.0 

8 ( -1 .7  In:) 172 168 -2.4 

10 ( t 2 . 5  i n . )  169 166 -1.8 

5.3 COBRA PREDICTIONS 

COBRA p r e d i c t i o n s  o f  t h e  measured a i r  v e l o c i t y  da ta  a r e  presented i n  

F igu res  25, 26, and 27. I n  each f i g u r e ,  t h e  r a t i o  o f  average subchannel 

v e l o c i t y  t o  bundle average v e l o c i t y  i s  presented as a  f u n c t i o n  o f  a x i a l  

d i s t a n c e  a long  t h e  l e n g t h  o f  t h e  bundle.  i he  measured da ta  p o i n t s  a r e  

a c t u a l l y  subchannel average v e l o c i t i e s  es t imated  u s i n g  measured l o c a l  a x i a l  

v e l o c i t i e s  as d iscussed i n  t h e  p rev ious  sec t i on .  

P r e d i c t i o n s  o f  subchannel # I ,  #2, and #3 average v e l o c i t i e s  a re  shown 

i n  F i g u r e  25. COBRA p r e d i c t e d  subchannel #1 average v e l o c i t i e s  ex t reme ly  

w e l l .  The p r e d i c t e d  norma l i zed  minimum v e l o c i t y  magnitude upstream o f  t h e  



blockage c l u s t e r  was h igher ,  0.45 versus 0.32, than  t h e  measured va lue;  

however, t h e  p r e d i c t e d  minimum v e l o c i t y  1  o c a t i o n  co inc ided  w i t h  ' the measured 

l o c a t i o n .  J e t t i n g  p r e d i c t e d  a t  t he  ent rance t o  t h e  b lockage c l u s t e r  was n o t  

de tec ted  expe r imen ta l l y .  J e t t i n g  may n o t  have been measured because t h e  LDA 

measuring volume cou ld  n o t  be p o s i t i o n e d  c l o s e  enough t o  t h e  b lockage a x i a l  
.-j-, 

c e n t e r l i n e .  Th i s  geomet r i ca l  r e s t r i c t i o n  was encountered s i nce  t h e  e x t e r i o r  , 

s leeve blockages "b locked o u t "  t h e  i n c i d e n t  l a s e r  beams due t o  'the ang le  €I 

between beams. 

The p r e d i c t e d  recovery  p r o f i l e  i n  subchannel #1 downstream o f  t h e  

blockage was i n  e x c e l l e n t  agreement w i t h  t h e  measured p r o f i l e .  Again, 

j e t t i n g  p r e d i c t e d  a t  t h e  e x i t  o f  t h e  b lockage was n o t  expe r imen ta l l y  

measured f o r  t he  p o s s i b l e  reason d iscussed above. COBRA p r e d i c t i o n s  o f  

subchannel #2 and #3 v e l o c i t i e s  agree s a t i s f a c t o r i l y  w i t h  measured va lues 

(21 0  pe rcen t ) .  
. . 

F igures  26 and 27 p r e s e n t  COBRA p r e d i c t i o n s  o f  subchannel #4, #5, #6, 

#7, #8, #9, and #10 average v e l o c i t i e s .  The p r e d i c t e d  v e l o c i t y  p r o f i l e s  

-agree w e l l  w i t h  t h e  measured p r o f i l e s .  Note t h a t  es t imates  o f  measured 

subchannel average . v e l o c i t y  va l  ues a r e  s l  i g h t . 1 ~  h i ghe r  than  p r e d i c t e d  

va lues.  Th i s  t r e n d  would i n d i c a t e  t h a t  t h e  p r e d i c t i o n s  a re  low o r  t h e  

:est imates of  subchannel average v e l o c i t i e s  a r e  high. '  I n  any event,  COBRA.. 

.appears t o  have s a t i s f a c t o r i l y  p r e d i c t e d  average subchannel v e l o c i t y  va lues 

near  t h e  blockage c l u s t e r .  
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ass is tance ;  A. C u r r i e  f o r  r e p o r t  e d i t i n g ;  and t h e  g raph ics  and t e c h n i c a l  

p u b l i c a t i o n s  sec t i ons  o f  BNW f o r  p r e p a r a t i o n  o f  t h e  f i n a l  rep0r . t .  
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NOMENCLATURE 

. . 
- subchannel area,  

U 

b o  - laser  beam radius a t  focal point, 

B L ~  - blockage axi a1 center1 ine,  

i 

D 

fS'fSl 9fS2 

F ,  Flow 

c 

- distance between fringes,  

- designates data plane, 

- DC voltage, 

1 / 2  - Euler number, UB (p /2g  AP,l - 5 )  . , 

- frequency of incident laser.  beam, 

- Doppler frequency, 

- frequency s h i f t ,  

- bundle flowrate, 

- cal cuiated bundle f l  owrate, 

Fm - measured bundl e f 1 owrate, 

f t  - turbulent momentum fac tor ,  

9 - gravitational constant, . .  
K i j  - crossflow resistance, 

Ks 1 - subchannel spacer loss coeff ic ient ,  

Ks 2 - subchannel blockage loss coeff ic ient ,  

n - number of readings, 

P - pressure, 

PT - pressure tap location, 

"1 -5 - pressure loss between taps  1 and 5 ,  

R ' - re'sul t a n t ,  . . 



Re - Reynolds number, 

Range - f u l l  sca le  value of a frequency t racker  range, 

s - standard devia t ion,  

SIR - t ransverse momentum, 

- time, 

T ,Temp - temperature, 

U , U l o c a l ,  USA - 1 Otal mean axial  velucity ublai ned with spectrum analyzer, 

U B , U B  - bundle average vel oci t y  , 

U~~~ - local mean axial  velocity obtained with frequency t racker ,  

U / U B ,  VRATIO - r a t i o  of local mean velocity t o  bundle average veloci ty ,  

- subchannel average velocity , 

W - uncertainty,  

x - x coordinate,  

X I  ,Y1 Jl - deviations from a correct  reading, 

Xc ,Yc  - measured variables , 
. . .  

Y - y coordinate , 

- y t raverse  locat ion,  

- dis tance between rod rows, 

- z coordinate,  

- calcul a,L lurid1 i r ~ ~ r . e l r ~ e ~ i  t , 

- wave1 ength, 

- densi ty ,  

- angle between :incident 1 aser  beams. 
. . 



APPENDIX B 

UNCERTAINTY ANALYSIS 



. . .  . . 
I . 

APPENDIX B 
. .  . . . 

UNCERTAINTY ANALYSIS . . .  . . , 

. . . . . , . . 
. . , . .  . . 

THEORETICAL APPROACH . .. . . 
Accuracies o f  t h e  r e s u l t s  o f  the  blockage study were est imated us ing  

t h e  u n c e r t a i n t y  method presented by Schenck. ( l o )  cons ide r  t he  general  case 

o f  a  r e s u l t  R, which i s  a f unc t i on  o f  t h e  t w o  measured v a r i a b l e s  X c  and Yc:  - 
R + r1 = f (Xc  + xl, Yc + y l ) .  

. .  . . . 

. -  . ., ' 

. . . .  
I f  t h i s  func t io 'n  i s  cont inuous and has d e r i v a t i v e s ,  i t  can. be . expanded . i'n a  

" ~ a ~ l  b r  se r i es  ,", us ing  t h e  f i r s t  two terms only :  

O r ,  s ince  R = f (Xc,  Yc): 
. . . . 

where t h e  lower case l e t t e r s  (r l ,  xl, and yl)  app ly  t o  dev ia t i ons  f rom the  
. . . .. . " 

c o r r e c t  readi:ngs ,"and .. .' 
. . 

2 
~ x 1 y 1  tends t o  zero a n d  s: = Lr l /n (s tandard  d e v i a t i o n )  s o  t h a t  

and, f o r  t h e  u n c e r t a i n t y  i n t e r v a l  W 

where W f o r  t h i s  a n a l y s i s  i s  t h a t  p r e c i s i o n  index enc los ing  95 percent  

o f  a1 1 readir iys or. values :. : ... . ,  . . . . 



ANALYSIS DETAILS 

V e l o c i t y  Unce r ta in t y  

The u n c e r t a i n t y  o f  t he  '1,ocal a x i a l  v e l o c i t y  measurements can be est imated 

by  r e f e r r i n g  t o  the  r e l a t i o n s h i p ,  

It can be. assumed t h a t  t h e  u n c e r t a i n t y  o f  t h e  wavelength 'of  t he  l a s e r  l i g h t  

i s  n e g l i g i b l e .  It was est imated, by cons ider ing  spectrum ana lyze r l t r ack ing  

generator  ' accuracies, t h a t  the Doppl e r  TrequenCy UnCertal n t y  was WfD k J . 1  MHz. 

The h a l f  angle u n c e r t a i n t y  was ca l cu la ted  t o  be 0.06" 'using the above 

u n c e r t a i n t y  methods. Since h=6328;, 0  % lo0  , and l e t  fD = 1.84 M H ~  ( ~ u n  #AB-457) 

then, 

f 0 2  2 2 2 W: = ( f D p s i n O O / )  W x  + (h /2s in0 /2 )  W 
, , D 

3 3 . cot012)' WiI2. 

The u n c e r t a i n t y  term associated w i t h  h goes t o  zero s ince  W A  20. Therefore, 

W = 21.23 f t l s e c .  
U 

Therefore, t h e  percent accuracy o f  t he  s p ~ c t r ~ ~ m  analyzer  v e l o c i t y  

measurement was 

WU/U = 1 .23/20.6 % 26% (Spectrum Analyzer) .  
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The u n c e r t a i n t y  o f  t he  frequency t r a c k e r  v e l o c i t y  measurement can be 

est imated i n  e x a c t l y  t h e  same manner w i t h  t he  excepti,on t h a t .  W 2 20.05 MHz. f D  
Therefore, 

. , 

WU/U = 0.426120.6 2 +2% (Frequency Tracker ) .  

Data P o i n t  Locat ion  Unce r ta in t y  

The u n c e r t a i n t y  i n  t h e  l o c a t i o n  o f  a  p a r t i c u l a r  data p o i n t  r e l a t i v e  t o  

i t s  neighbors i n  t h e  x  d i r e c t i o n  ( p a r a l l e l  t o  t he  l a s e r  beam) was 2.0.001 inches. 

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

l i f t / t r a v e r s i n g  t a b l e .  

U n c e r t a i n t i e s  o f  t he  l o c a t i o n s  o f  t h e  data t raverses  i n  t he  y  d i r e c t i o n  

(perpend icu la r  t o  t h e  l a s e r  beam) r e l a t i v e  t o  ad jacent  rod  rows can be 

est imated as fo l l ows :  
t 

. '  where 

yT = y  l o c a t i o n  of t h e  da ta  t rave rse  midway between r o d  rows 

Ay = d is tance between rod  rows as measured w i t h  t he  LDA. 

The u n c e r t a i n t y  o f  measuring t h e  d is tance between rods was est imated t o  be 

+0.010 inches . Therefore,  



' =  t0.005 inches. 
'YT . . 

The axial location of a particular data plane relative to the blockage, 

axial centerline could be determined within %+0.050 inches. This uncertainty 

estimate was determined by considering measurement accuracy and trueness of 

the horizontal travel of the 1 i ftltraversing tab1 e during any one' data 

traverse. 
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TABLE C - 1  . . T A ~ ~ U L A T : ~ , O N  OF EXPEH~I.(ENTAL 'LDA DATA 

' 5  '. 
AB 1. 
AR 2. 
AB. 3. 

, 40 . 
AR . 5.  
AB 6. 
AB. 7. 
A0 . 8 . .  
A8 : .- 9.. 
Ae :  l a .  
4 0 .  :11t 
AB.. 12. 
AB 13. 

. A A  . 14. 
' A e .  . 15 t  
AB , 16. 
A0 17. 
A8 -. 18. 
AB ' 19. 
A8 : '20.. 

, 2 1 .  
40  . 22. 
AB . .23m 

. . 

AR . 27.. 
4 0  26. 

25. 
AB 24 ,  

DATA PLANE No. 1, AXIAL PISTANCE FRUM BLOCKAGE CENTERLINE = 25.45 YN. P r 14.93 P S I  
RE . 10400( 1nEZ.A n 10.66 UEjREES .FREQt SHIFT 0 0.0 MHZ, . .. .. 

TEMP ' .OH. , i . Y . . U R  F - D O P  . -U  ( L O C A ~ )  VRAT10 . T R A C ~ E . R  c ( ~ O P I  U ( L O C L L )  V R A ~ I ~  : 

f FLQW IA.' i f i t  : ,  ' F P S ] : .  s e a l .  S.A. s.A.. :FREQ.RQ. T I ~ A ~ ; K ~ R  TRACKER '. TRACKER " 
CFY . .. MHZ ,. . FPS :" , 1 00iTS. fPS , .. . 

. . , .. . 

80.~1 168.0 . t l 3 3  1 38.00 4.44 49.62 l r 3 0 6  . 15.0 2 - 9 4  49.28 1.297 
80.Cn 168.0 .P33 l . 7 6 J  38.00 4.29 47.94 1.262 , 15.0 . 2.94 49.28'  1.297 , , .  

80.c 1bA.O . r 9 3 3  1.7hd . 30.00 3.95 4 4 . 1 4 '  . 1.162 15-0 '  2.72 45.59. .  1t2:Qq 
80.C~ 0433 1:lbJ 38.00 '3.76 . 42.0'2 1 . 1 0 6  ' 15.0 2 . 5 8 '  4 3 - 2 5 .  1*13.8: ' - '  
80.c : . .b33 1 . 7 e 3  38'.-00 3.90 4 3 . 5 8  1 1 4  , 15.0 2.68 41 .92  1.16.2 . '  

8O.C 168e.9 . tb33 1,763 38.00 4.11 45.93 1.209 15.0 2.84 ' 4 7 . 6 1  1.253 " 

8O.C lbf le0  r133. 1,703 38.00 4r0'i) 45.71 1.203 '15.1) 2.83 47.44 . 1 t 2 4 8  
A0.C 168.6 . 0933 1 ; 7 b ~  38.00 3.78 42.24 1.1.12 15.0 2.66 44r59._ . ,  1.1:73., 
80.a . i b 8 . 0  , .033 - l . 7b3  380.00. 3.7;;1 . , 41.68 1.097 i 5 t p  . 2.56 42.91 - 1.129." 
80:a 168.0 ' 1.633 l . f b ~  38.00. .  3.7.u. . 42.24 ' 1.112. '15.0 2.64 44.25 1.1,64. 
80.0 19810 '1.133 l i7b.d  3AtOO. 4.00 44.70 1.176 15.0 2.78 ' . 46.60 1 . 2 . 2 ~ "  ' 
80.0 166.0, 1.233 1.7ha 38..00 4.11. 45.93 1.209 , 15.0 2.83 41.44 1.248' 
80.0 168.0 1.333 l . 70?  38r00  3.A5 43.02 1.132 15.0 ' 2.66 44;59 1.173 

. R 0 * 0  lbR.0 I r V j 3  1.7.hJ 38.00:. 3.5) 39.56 1.041 . 15.6 . 2.48 41.57 1 r094  ..., 
Ao..a 1bU.0. ' I r ~ 3 3 . 1 ; 7 ~ 3 . 3 8 t 0 0  3.60 40.23. I t 0 5 9  15.0 2.50 41.91 1.10) ... 
80.0  ~ 8 8 . 0  1.933 i f 7 6 3  38.00' 3.80 42.47 . 1.117 15.0 2.63 44.09 1 . 1 6 0 .  
0 188.0 1.1'33 l i 7 h J  38.00 3.97 44b36 1.167 15.0 2.76 46.26. 1 .211 
80.0, 16R.0 106.33 1*7?3.  38 .00  3.96 44.25 1.164 15.0 2.74 45143 ' 1.195 
80t.O 1QR.O 1.933 ' .  1:703 38.00 3.70 41.35 lmnA8 15.0 2.59 42.74 : 1.125 

' 8 0 . 0  l?t3.0. 2.0'33 1;7bd 38r00,  3.50 39.11 , '  1.029. '15 .0  '2.43 40.73 ' 1.972 . 
8n.q le8 .o  2.133 1.763 3 8 - 0 0  3.58 . 4 0 * 0 1  1 * ? 5 3  1 5 * 0  2.53.  42.41 ' 1.116. . 

. R o t 0  l e 8 . 0  2.233 ' l :763 a 38.00 3.86 4 3 r i 4  1.135 15.0 2 .61  44.76.'  ' 1 . 1 7 8 - ,  , 

.8o .o .  ib8,o - 2.333- l ' i703 38.00 . 4.00 . .  44.70 ' .  1.176 1 5 . 0  2 .71 .  45.43 1 .195.  . 
, . . . 

. . .  , .  
. . . ,  

81.0  16A.O t233  1,2L*,  33.00 4.46 40eA4 ' 1.312, ' 15.0 . ' 2.75 4 6 . 1 0 ' .  : 1.213: - .  
61.0, 168.0. .BAS 1;22* 30.00 4.18 46.71 1.229 15 .0 .  2.91 . ' 4 8 . 7 0  1.2!4': '  
81.0 , 168 .0  1.22% la224  3R.00.  4.09 45.71 1.203 . 15.0 2.84 4 1.253 :, 

81rO. 1bR.O 1.763 1:22* 38.00 4.18 46.71'  1.229 1 5 * 0  . 2.89 7 1.257 > 
. . 

81.0 l 9 8 t O  0233 l , 2 & *  38 .00 '  0.00 OoDO 0,000 . 1 5 r 0  - 0 6  1zO1 . 0 2 6 :  . 
8 1 r 0 , '  1bR.O rbAS 1 ,224 '  3 a 0 0 0  ' 4 . 2 5 ' '  47.49 1.250 :15*0  2.9) 4 ~ ~ 7 8 .  1.284 . 

-81.0 l b 6 . 0  '1 .223 . l a 2 d + .  38.00 , 4 * 1 1  . 45.93 1.209 '15.0 2 - 8 9  7 7  1 . 2 5 7 '  
: 81.0 . 1 b 8 r O .  1.763 1,2<4 ' 38.00.  e.20, , 46.94.  1 9 2 3 5 .  '15.6 2.8f . 46.11 - . 1.266 , .  . 

, : . . . . . . ,. 
- .  . . 

-, 

81.0 l b a * ~  ' a233 -665 38 -90  4.19 46.49 . 1.223 15.0 . 2 - 8 1 .  47.10 . I t 2 3 9  
81.0 "168.0 . a685 :6b3 38.00 4.2b '; 47 6 ' 1 0 2 5 3  15.0 , ,  ..2.89 . 47m17 . 1.257, 
81.0 . l e u t o  :i-.223 ' ; 6 a 9 . . 3 8 . 0 0 . 4 . 3 5  48.61 1 . 2 7 9 '  '15.0 . ~ . o o '  . 5 0 . 2 9 ,  1.323 ' . . 
81.0 ,lbRtO . k r 7 6 3 :  ' ; 6 ~ 9  38.00. .  4 t 3 y  . 49;06 ' :1 .291- .  15.0 -2.97 4 9 0 7 8  1 .316 . 

. . 

81.0. 1b5.3 0233 ' . l l U  31.39. '4.2'1 . 47.72 '1.276 15.0 2.88 ' 46.28 '1.291 
. 8 1 * 0  105.3 .bAS . l l u  38.00 4.19 46 -82 ,  1.232 15.0 2 - 0 7  46.11 1.266 
81.0 165.3 1.223  ill^ 3 8 - 0 0  4 . 3 ? .  46.72 10.282 15.0 2.93 49.11 1.292 
81.0 1b5.3 1.763 ' , l l U  38.00 4 r 2 ?  47.30 1.247 15.0 . . . . . . . . .  

2 - 9 2  48 .95 '  1.288 
., . t ,  



DATA PLANE No. 2,  AXIaL UISTANCE FROM BLOCKAGE CENTERLINE = 13.05 i N *  P = 14.94 PSI 
RC = 10200.  - I P E I A  a 10.66 UELREES FREQI SHIFT 0 0 . 0  MHZ. 

RUN T E ~ P  NOM. ' I Y UB F-DO? U(L0CAL) VRATIO TRACKER E ( D O ~ )  u(LOCALI VRATIO.  
IDPNo. - P FLOW IN.  ;N. FPS S e A ? ' ,  S.4. ' .S.A. FREQaRG. T ~ A ~ K C R  TRACKER TRACKER 

CFM MHZ FPS . MHZ/loV. COLTS . FPS 



PLANE NO. 3. A X I a L  IjISTANCE FROM BLOCKAOE CENTERLINE -4.80 i ~ ;  
. RE 1040(). 'I~EIA 1 10.66 D E Q ~ E E S  FREQ. SH1FT.n 0.0 MHZ; 

FLON IN. iN. 
CFM 

UB F-DDP 
FPS 5.A. 

WHZ 

38.21 4.06 
38.21 4.06 
38.21 3.76 
38.21 3.63 
38.21 3.81 
38.21 4.10 
38.21 4.06 
38.21 4.05 
38 -21  3.9n 
38.21 4.00 
38.21 4.05 
38.21 4.11 
38.21 3.9? 
38.21 3.74 
38.21 3.73 
38.21 3.93 
38.21 3.9y 
38.21 4.06 
38.21 3.91 
38.21 3 -77  
38.21 3.68 
3'3.21 3.9'1 
38.21 2 - 9 8  
38.21 3 - 9 7  
38.21 3.93 
38.21 3.96 
30.21 4.05 
38 -21  4.1y 
38.21 4.11 
38.21 3.Al 
38.21 3.43  
38.21 3.96 
38e.2.l .3'09:u 
38.2,l 3.yJ 
38.21 3.72 
38.21 3-57 
38.21 ,3&60. 
3 .  1 3 ..9.8 
3 7,.'9 1 .. <. 1 ? 

. , . . .  . 

37.91 ' 4 -07  
.?.7...91 3.95 
37.91 3.94 
37.91 4.03 

IJ (LOCAL) VRATIO TRACKER F coop) 
s . A. S.A. FREQ.RG. TPAFKER 
FPS MHZ/IoV. VOLTS 

45.37 1.188 15.0 2 - 6 8  
45.37 1.188 15.0 2.78 
42.02 1.100 15.0 2 -62  
40.57 1.062 15.0 2; 56 
42.58 1.114 15.0 2.66 
45.82 1.199 15.0 2 -80  
45.59 1.193 15.0 2.85 
45.26 1.185 15.0 2.78 
44.48 1.164 15.0 2.78 
44.70 1.170 15.0 2.76 
45.26 1.185 .15.0 2.84 
45.93 1.202 15.0 2182 
43.92 1.150 15.0 2.70 
41.79 1.094 15.0 2.60 
41.68 1.091 15.0 2.62 
47.92 1.150 15.0 2.73 
44.59 1.167 15.0 2.80 
45.37 1.188 15.0 2.76 
43.69 1.144 15.0. 2.6? 
42.13 10103 15.0 2.57 
41.12 1.0076 15.0 2.63 
44.36 1.161 15.0 2.7 3 
44048 1.164 15.0 2.78 
44.36 1.161 15.0 2.77 
43.92 1.150 1 5 * 0  2.70 
44.25 1.158 15.0 2.72 
45.37 1.188 15.0 2,8a 
46.82 1.226 15.0 2, a?  
45.93 1.202 15.0 2.83 
42.58 1*:114 15.0 2.66 

:.42m.80 ; , l a 1 2 0  ; 1,5,!.0 : .  2..69 
43.14 -. .;:1;'129 f 31.5,*,0 ;: 
..44 ?48 .: .: 1;.:1.64 ; :~k5~.:0 . :. .2*78 
.44:r:?5 ,1..:158 *1:5,*;0 ; .: .Z.72 

, 4 1 i 5 7  1.088 15.0 Z. 58 
39.A9 1.044 15.8 2.46 

,.40.!?3 y, 2 .:1-*;053 i -1.5,?0 : ,, ,2c. 56 
C$e;48 .y>&r:.164 Je1:5.*,o *.;s2.79 
;4.6..68 3,,;.s..-;?29 :-1;5,.,0 :. ,2:.86 

- .  . . .: t L  . y : .  . ' ' . . .. " .-. ,_ , , 

4S.49 ,. ;1..2OO 15.0,. - .2.69 . . .  . 
. ,. .$.4,,03 . 4.+:.:14 ,, -, '1:.164 1,;-161 . ..1,5*;0, 15,.0..-12.;1.9 - . .,2.76 

45.04, 1.188 15.0 2.76 

U (LOCAL 
TRACKER 

FPS 

44 59 
46. 26 
43.92 
42.91 
44.59 
46.94 
4'!.77 
46.60 
4G.26 
46;60 
47.61 
47.27 
45,26 
43058  
43.92 
45.76 
46 94 
46.26 
44.76 

. 43.08 
44.09 
45.76 
46.60 
46.43 
45 a 26 
45.59 
47 27 
4 8 * 1 1  
47.44 
4f  m92 

,;4.4.09 . 
-: .4$e26 -. 
-.46>.60 

..ss:*59 
,434 25 
41.24 

... 42.91 . 
' . -4qm 10 
.47..94 ' - ,. 

745.09 . . 
. .  . -46,77 

, ,46826 . 
4b.026 , 

V R A T I O  
TRACKER 



R U N  TEMP NOM. x 
ID;N9. F ' FLOW IN,. " 

CFM 

U (LOCAL1 VQAT I0 T R A C K E R  F (nOPI 
S a A .  , S.A. FREQmRG. T ~ A c K C R  
FPS H b i t / l ~ V , .  V O L T S  

V R A  T 10 
T R A C K E R  



D ~ Y A  pLnNE NO. 4, A ~ I A L  PISTANCE FROM BLOCKAOE CENTERLINE = 7.50 i N .  P 14.98 P S I  
WE 1 1020O6 I'nElA = 10.66 UF(':iREES FREQ. SHIFT 0.0 M n t .  

RUN 
IOiNO, 

MOM, X 
FLOW IN, 
!FM 

U (LOCAL) 
S.A. 
FPS 

VRATIO TRACKER 
SeA. F R E Q e R O m  

P(HZ/~OV. 

1.377 15.0 
1,284 15.0 
1.192 15.0 
1.174 15.0 
1.213 1 5 * 0  
'1.266 15.0 
l o 3 0 8  1 5 - 0  
1.8293 15.0 
1.*1.!4 1 5 ~ 0  

. .1 eO99 1 5 * 0 .  
18,052 15.0 
1.043 15.0' 
1.004 15.0 

,948 15 -0  
a822 5.00 

. * a 1 3  5.0. 
...?Qo 5.0 

, 7 6 9  5.0 . 
'm757 . 5 * 0  

*730 5.0 
,757 .5mn: 
e?72 5.0 
.8,00 5.0. 

.U ( LOCAL ) 
TRACKER 

FPS 

49.62 
47.94 
45.93 
44.76 
46.43 
48 -44  
4 r . a  
4d.44 
.45*93 
43 r 15 

. 42.58 
4 )  e91 
40.06 
3Y 06 
30 e.20' 
2 y , 9 5  
28.83 
28. ?2 
27.16 
26 -80  
27071  
2'1 9'60 
2!.27 

45~ ,:in 
49.1.1 
46.26 
45.59 
4b e'43 
47 .,94 
4, 7.8 
47-44 
44.92 
43.75 
44 e92 
4Cj.43 
44.59 

VRATIO 
TRACKER 

1.323 
1.278 
1.225 
1 . 1 9.3 
1.238 
1.292 
1.314 

. .  1; 2 9 2  

. 1.225 
' l i  167 

1.135 
1.1 1 7  
1 068 
1.041 . 

.8n7 

.?Y9 
. . 769 
. i 7 5 2  

= ,724 
..7.17 
.739 

... .736 
-749 
, , . . 

:ie 2'97 
.. 11."2?2 
1 - . ' 2 i ~  
.1:.~2.00 

:..2.22 
1,. 262 '. 2 8-4 
1 a.248 
'1 1 8,2 
. l  15.1 
1.182 
1 195 
1.173 

IN. FPS S.A. 
MHz 



V R A T I O  . 
TRACKER 

NOH, 
PLOW 
CFM 

UR ' F-DOY 
FPS S*.A* 

MH:? 

u . (LOCAL)  v R A T I O  TRACKER E (nol?) 
S.A. S.A. FREQ.RQ, TRA;KER 

. F P S  M h Z / l o V .  VOLTS 



RUN 
In.NO. 

. . . . . . . . 
. 

. . . . 
. . 

T A ~ , U L ~ T ~ O N  OF :EXPERIMENTAL :LDA, D A T A  

, .  . 
. . 

D A t a  P ~ A N E ' I ~ O ,  6, A ~ I ~ L  VISTANCE FROM BLOCKAOE CENTERLINE m. 3.7b, 5 ~ .  P 0 14.81 P S I  . 
.RE = 10300. 'IHE!A a 9.53 UEQREES 

TEMP NOM. x Y .  ' FREQ, S.A. DOP.FREQ. U(L0CAL) UB V R A T B O  
F FLOW 1 IN. . S H I F T  FRtQ.  f e n .  - S.A. FPS S.A*  

CFM . R } I  z ~ n r '  MHZ FPS ' . . 

'79 .5  lb4.9 . P j 3  1 ,703 '  1.0 5 4.18 :5,?.10 37.59 1.386 . 
- 

79.5 l b 4 . 9 .  .?33 1-763 1.0 5.UO 4.08 ' 50.86 3.7.59 1,353 
79.5 !b4,'9 ,533 1,703 1.0 ,4.83 3.83 47.74 37.59 1,270 
79.5 lb4.9 .533 1;763 1.0 4.85 3.85 47.99 , 37.59 1 277 
79;5* 164.9 ,633 1;7b3 1.0 4.78 3.78 ' ' 47.12 37.59 11253. . , 

79.5 Ib4.9 ,.I33 1;703 1.0 4 . 8 4 '  3.87 49.24 37.59 1,283 
79.5 104.9 .*33 l;7o3 1.0' 4.88 3,R8 48.36 37.59 1,286 

48.11 37.59 1,280 79.5 164.9 ,933 1-703 1.0 4,86 3.86 
79.5 164.9 1.033 l i 7 e 3  1.0 4 . 1  3.51 43.75 37.59 1 184 
70.5 :b4,9 1.133 i;703 1.0 . 4.yR 3.08 38.39 37.59 l f 0 2 1  
79.5 lb4.9  1,C33 1';703 1.0 3.61 2.81 35.03 37.59 .932 

- 7 9 . 5  164.9 1.333 l;763 1.0 3.77 2.77 34.53 37.59 1918 
79,s 164.9 1.433 1;763 1.0 3.!4 2.74 34.15 37.59 908 

.79,5 504.9 1.333 1.703 0 3 . 5  2.55 . 31.79 37.59 f845 
'-79.5 Lb4.9 1.633 1;763 1.0 3 . 2 9 .  2,29 28.54 31 -59  -759 

21.81 37,.59 -580 ' . . . . 79.5 2b4.9 1 1;703 1.0 2 .75 .  1.75 
20.32 37.59 ' .SQO 7 9 . ~  204.9 1.633 l;703 1.0 2.~9 1.63 .. 

79.5 2b4.9. 1.933 1;7a3 1.0 2.(R 1.28 ., 15.96 37,59 . .424 .. . 
79.5 ,  104.9 2.033 1.703 1.0. 2.16 1.16 14.46 37.59 ,385 - . 
7q.5 :04,9 2.133 1;7b3 1.0 2.15 1.15 14.33,  37.59 ,381 
79.5 Lb4.9 2,233 l;7e3 0 2.27 1.27 ' 15.03. 37.59 . ,421 
6 0  .a ib4.9 2.333 1 ~ 7 0 3 :  1.0 2.55 1.55 , 19.32 37.30 ' ,518 , 

. . 
. . 

< .  ' . . . 

... . 
. . . . 

. . 
, . . . . . 

. , 
; '  . .. . . . . . 



TA;uL~~T?,($~ .OF EXPEHITMENTAL LDA DATA 

DATA PLANE .go-. 6 ,  A ~ I & L  PISTANCE FROll BLOCKAGE CZNTERLINE = 3.80 T N *  P . - =  14 .02  P S I  ' 

Ri' o 10300;  lhE!A = 10.66 UEGREES FREO* SHIFT .= 0.0 MHZ. 

RUN TEMP NOM. X Y UB F-&p  LOCAL) VRATIO TRACKER ~ ( n 0 P )  U(LOCAL) VRATIO- '. . 

IDoNO. F FLOW IN. IN. FPS S e n *  S.A. SoA. FREO,.RQ. TRAFKER TRACKER TRACKER 
CFt4 MHz FRS M H Z / ~ O V .  VOLTS FPS 



RUN TEMP NOM, 1 Y UB F-DOP (I(LOCAL) V R A T I O  TRACKER ~ ( 6 0 ~ )  u ( L O C A L 1  V R A T I O  
ID;NO. F FLOW 1 i N *  FPS S.Ar S.A. S.A. F R E Q ~ R O .  T R A F K ~ R  T R ~ C K E R  TRACKER 

CFM MHZ FRS M H Z / ~ O V .  $OLTS ~ P S  





RUN 
10:NO. 

DATA PLeNE NO. 7.  A ~ I A L  YISTANCE FROM RLOCKAOE CENTERLINE a -1.30 i ~ ;  
R E  8 1 0 3 0 0 ,  'IhE!A 10 .66  OEI~REES FREQr SHIFT = 0.0 HHZ. 

TEMP NOH. a .Y UB F-DO? U ~ L O C A L )  VRATIO TRACKER E ( D G P )  
F FLOW . I N .  IN. FPS SeAe S-Am SoAe FREO*RQ. TG~;KER 

CFM MHZ FPS M H Z / I O V ~  V O L T S  

P r 14.90 P S I  

U (  LOCAL) VRATIO 
TRACKER TRACKER 

F_PS 



. . . .  . 

RUN 'TEMP NOM, 
. ' ID*NO. . F tLOW 

CFM 

X Y UE F-DOP u (LOCAL)  V R A T I O  TPACKER E ( n O P )  UILOCAL) V R A T i O  
I N F F S  S.4. SoAa S.A. FREQ.RQ. T R A ~ K ~ R  TRACKER TRACKER 

MHZ , ..FpS M H Z / l b V .  WOLTS !PS 



DATA PLANE NO. 8. ArIUL OISTANCE F R C M  RLOCKAGE CENTERLINE = -1.70 I N .  P t 14-86  P S I  -- 
RE = 10300. fmE!A = 10.66 UEGREES FREQ. S H I F T  r Or0 MHZ, 

RUN TEMP 
1D;NO. F 

. . 
AR ik59. i :  81.0: 
bB ,66n.' 8 1  ;o: 
AB 461; , ,g.ql . 'O'  
AR 4.62.;: ; ' e l  m0 
A R  "463.-' ; e l  9.0 
ne 4,64. :i;.R) .o. 
AR 465. 81.:0 
A 8  466. 81.0' 
AB 4'67'. 81 S O !  
AB 46R';; 81.0 
A B 4 6 9 ;  P1.0 
AB 470.' ; 81.0 
AB 471 .. R1.0' 
dB 472. .R1.08 
A R  413. .. 81.0 
A 8  474; 81.0' 
A0 475.. : 8 i .o  

'AB 476; . . 81  r 0  
AR 477. 81.0 
AR 47R. e0 
AR 479, ' R1.0 

IdOH. 5 
F L O W  IN, 
CFM 

l f iRe5 r l S l  
168.5 .?51 
lb6.5  a351 
l b 9 - 5  a451 
1b8.5 a551 
168.5 ebS1 
,168.5 *!51 
168,s 0851  
168.5 evS1 
168.5 1.051 
168.5 1.151 
1b8.5 1.251 
164.5 1.351 
.1b4.5 1.451 
.I~R.'Y I . .~s!  
lbt3.5, 1.651. 
lh8.5 1.151 
'lbR.5 l.USla 
16R.5 l a y 5 1  
lbR:e5 . 2 ~ 0 5 1  

' 168-5. >2*1:51. 
'lbfl.5 2.251 

: 168.05 . 21951' 
. .  . 
O R .  : a 2 5 1  
168e5 . . e351. 
i 6 A i 5  ' 0451. 

"108.5 ' 9931 
jeR.5 ,, a65.1. 

' 168.5:. !S1. 
]bR.'S . . *~SJ..' 
1b8;S . '  .y$1' 

; ] b R e 5 .  l e051?  
jb8.S..  1.151 
168.5 1.251- 
168.5 i - 3 5 1 .  

' ibR.5 . 1 .?51 
l W . 5  - .  1 .%1. 
lbR;5 ,. 1.651 
lbA.5.  1.!51 

' . lb8 .5< 1.851, 
' 166.5 ~ 1 my51 
168.5 2 0 0 5 1  

. ) 6 8 * 5 '  2r!51 
168.5 ''2.251 

ue F-DO? 
FPS S.A. 

MHz 

U (LOCAL) 
S.A. 
FPS 

50.62 
48.50 
44.70 
44. 14 
47.16 
481.16 
47.49 
44.14 
43 36 
44.92 
43236 
40.57 
35-20 
34.64 
33.41 . '  
31 *18  
31.29 
27 49 
21.01 
21.79 . 

2 1  12 
26.56 ' . 
2 6 - 0 4  

49.17: 
45.71 .'; 
44.48,. 
45.93 , ' 

47.05. 
46eb4 . ,  

. 4 3  25 
41-66 ; 

'42.35" 
43.47 

'. 44.48 . 
.: 40 m79 

. 39e.1 1 
39.00. . 

4n.01 
. 4 1 * 2 ?  - 

38.33 .. 
3 4 - 0 8  ' 

34.42.. 
33 64 

. 33.75, 

~ ( n o p )  u(LOCAL) VRaTIO 
TRACKER TRACKER -TRACKER 

~ 0 j  1 s  F PS 

2.74 45.93 ' 1.222 
2.89 47.77 1.271 . 
2.77 46.43 1.235 
2.70 45.26 1.204 ' 

2.89 4'!*44 . lo262 
2.93 49.11 1 . 306 
2 - 6 4  47.61 1.266 
2.68 44.92 1.195 
2,67 4 4 - 7 6 .  1.190 
2 - 7 1  45.43 l.ZO8 
2,67 9 4 - 7 6  1.190 
2-54 42.58 1.133 
6 - 2 6 ,  3@,98 . .  ,930. 
6.nV :' 33;.97 ; .904.. 
5 - 8 2  32.52 % e865. : .~  
5.56.  31.07. .82er; 
5 - 5 0  30.73: -817; 
5.08 28.38 . 755 
3.98 2 2 . 2 4 , .  -592  , 

3.90' ~ 21.79 : ,580 .  . 
3.60 2 0 ~ 1 2  e 5 3 5  .,.. 
3.61 , 20..17'-. 53'1 '-. 
4 . 7 1 . .  2q.32 : m69.0 ' . . . . 

. . 
2.77 . .  46.:43 '; 1.2:18 ' ?  

217.9 ... 46..7,7. lr2'27. 
2 - 7 9  .,. 46.10 :- 1.209. : 
2;82; ' 47a.27 ' :  1;240 ; , 
2 8 4 ' 1 :  , 1 2'62, . . 
2:82' .' 4'1.27. 1 .240. .  .. 
2166. 44.92- , 1.1.79: 
2 - 5 9  : 43.41 J 1.139.,.. 



RUN 
IDSNO. 

I 
IN. 

e251 
,351 
-451  
m55 1 

..s51 . r 5 1  
.b5 l  
.y51 ; 

1 e-05 1 
1 151 
1.251 
1.351 
1 *451  
1.551 
1 *b51  
1.751 
l."51 
1 .y51 
2.051 
2.151 
2.251 
2.351 
2.251 

-351  
.be5 

1'.224 
1.763 

Y UR F-O(iP 
IN. FPS S . L *  

MHil 

U (LOCAL 
S.A. 
FPS 

49.95 
48 .61 
44eR1 
44.59 
46.38 
47.16 
44.70 
43.14 
43.25 
44.48 
45.26 
44.48 
41  a68 
4? 24 
42.35 
43.92 
44.36 
43.14 
42 9 1 
43.14 
44.81 
39.67 
47.61 

46.49 
50 a 8 5  
50.62 
52.19 

VRATIO TR~CKER F (nap) 
S.A. FREQeROa TRA~KOR 

MHZ/loV. YOi.TS 

UiLOCAL) VRATIO 
TRACKER TRaCKER 

!.ps 



, . . . . . . - -  . 'DATA PLYNE NO. 9." A >  I 'aL U1STA.NCE FYUM BLO.Cl(AGE CENTE.LINE .' I . 5 0 ' , f ~ .  p i 14.73 PJI 
' 

R E . =  . l 0 3 0 0 .  -rhE!A = ~ , S ~ . V E G R E E S  
. . .  . . 

- .  
.. - . L .  

RUN , TEHP FJOM,. X .  ... y FREQ. . S - A ,  DOB:.EREQ, ' UtLOCAL) UB " R A T I O  
. . : IDZNO. . F ; . FLOW. IN. . JN. SHIFT FRLQ, s.4. 

. \ S.4.. -FPS S.A. 
,-. . CFbq MHz . . . ~ n 2  MHZ FPS 

7 9 . 0  
79 .0  
79 .0  
PO. 0 
'0.0 
'9.0 
?Q,O - 
7 9 . 0  
79 .0  
79 .0 .  
7 9 ; 0 ,  
7O.O. 
79.0 

~ 7 9 . 9  
.79 ;0  
7 9 . 0  

. 1 9 , U  



-- 
D A T A  PLLLNE NO. 9. AxTf iL  UISTANCE FROM ~~LOCKAGE CENTERLINE = 1.55. j N .  P 8 14.81 PSI 

Re n 1030C. l h E l A  = 10.83 UEGREES FREQ, SHIET = 0.0 MHZ. 

RUN TEMP 
ID:?40. F 

x Y 
I N .  IN. 

UR F - D ~ ?  
FPS S.A. 

MHz 

37.80 4.95 
37.80 4.60 
37.80 4.2? 
3 7 - 8 0  4.3: 
37.80 4 - 6 6  
37.80 - - 4 - 5 3  
37.80 4.47 
37.80 4.34 
3 7 - 6 0  4.38 
3 7 - 8 0  4.6'' 
37.80 4.61 
37.80 4.4? 
3'7.80 4.33 
37.80 4.3Y 
37.86 4.63 
37.80 4.6r  
37.80 4.67 
a7.eo 4.51 
37.80 4.41 
37.80 4.46 
37.80 4.51 
37.80 4.75 
37.80 4.80 

J (LOCAL) 
SoAe 
FRS 

VR4TIO TRACKER 
S.A. FREQeRGe 

F ( H Z / ~ O V ~  

U~LOCAL) VRATIO 
TRACKER TRACKER 

f PS 

AB '573. 79.0 
A B 5 7 4 .  79.0 
AB 575.  70.0 
A R  276 .  . 7 9 e 0  
AB. 577.  79.0 
AR 578.  '79.0 
AR 579.  79.0 
A R  590.  .. 79.0 
AR 581.  ' 79.0 
A 0  5 8 2 .  70.0 
A B  503.  ?9.0 
AR 584.  7Sr.0 
AR 585.  '9.0 
AH 586.  '9.0 
AR 587.  '9.0 
A R 5 8 R .  79.0 
AF! 589 .  79.0 
AB 590.  79.0 



PUN TEMP NOM, x Y ~ J B  F - o O r  u ( L O C A L )  V R A T I O  TRACKER F ( ~ o P )  U ~ L O C A L I  V R A T I O  
. I D . N O .  P F L O W .  I N .  j N .  F'PS S.A.  SIA. S.A.  FREQORO.  T ~ A C K E R  TRACKER TRACKER 

~ F M  MHZ F P S  M H Z / l o V *  U O L T S  TPS 



N o t ! .  4 7 FREQo S * A ,  DOP.FREQ. U ( L 0 C A L )  UA V R ~ T I O  
F'LOW IN0  SHIFT FRkg, - 5.4,  
CFrJ SmAm' FPS ' S , A .  

MHZ M H z  MHZ . FPS 



RUN 
. I O F N O .  

AR 641. 
A8 640. 
AR 63Q.  
AH 63As 
A8 637s 
AR 636s 
A R  635. 
A8 634. 
AR 633s 
A @  637. 
.AR 63k. 
4 8  '630. 
A0 629. 
4 8  628. 
A A  627. 
A8 626. 
A8 625. 
A R  624, 
A8 623. 
AR 622. 
A8 621. 
AB 6En. 
A8 619. 

DATA PLPNE NO, 10. A ~ I P L  PISTANCE FROM RLOCKAGE CENTERLINE 2.41 i ~ .  
RE = 102On. l h E ! ~  10.80 UEGREES FREQ* S H I F T  = 0.0 HHZ. 

NOH 
P LON 
CFM 

165.8 
165.m8 
1b5.8 
165.8 
1b5.8 
165.8 
lb5.A 
1b5.R 
1 b5. R 
lb5sR 
165.8 
lb5.8 
1'65.8 
-1b5.8 
1b5.8 
1bS.R 
165.8 
lb508 
lb5.9 
1b5.Q 
165.8 
165.8 
1b5.8 

U:LOCAL) VRATIO TRLCKER ~ ( n 0 P )  
S 0 A 8 SSP. FREQsRQ. T ~ A C K E R  
FPS MHZ/~OVS 90i:TS 

P n 14.57 P S I  



RUN 
1D;'NO. 

.TEMP NOM, 
F ?.LOW 

CFM 

, . 
. x  Y ue F - D Q ~  
I N .  N FPS S.mp* I 

MHZ 

. . .  

u (LOCAL)  
SeA; : 
FRS . 

46.88,: 
52.39 
52.39. 
53.16- 

. . 

. . 

u ~ C O C A L ~  VRATIO 
TRACKER. TRACKER 

FPS .- 



OATA PLANE No. 11,. A y I v L  WISTANCE FW0.6 RLOCKAGE CENTERLINE - 8 . 2 5  IN. P r 1 4 . 8 2  P S I  
R f  = 1 0 2 0 0 1  I ~ E ! A  = 1 0 . p ~ ~  UEGQEES ' FPEQe S H I F T  = 0.0  MHz. 

RUN TEMP NOMI i4 Y U5 F-DOP lJ(LOCcL)  VRATIO TRACKER ~ ( n o p )  U ( L 0 C A L )  V R A T I O  
F FLOW IN, iNe FPS S.A. s ' ~ A .  . S.A. FREO.RO. T ~ A ~ K C R  TRACKER TRACKER 1D;NO. 

CFM MHz F PS W H Z / I O V .  1 0 L T S  FPS 



Y UH <-DO? u ( L O C A L )  
j N a  FPS S.A. S.A. 

M Y 7  . FRS 

V R A T I O  TRACKER €(nOP) U ~ L O C A L )  V R A T I O  
S.4.  FREQeRG. T ~ A : K € R  TRACKER, TRACKER . 

H H ~ / ~ Q V .  VOLTS t PS 



RUN 
1n;tJo. 

TARULUT:!ON Of  EXPEH.1 MENTAL LDA DATA 
. . 

DATA PLANE NO. 12, A y  I ~ L  91ST4NCE FRUh. QLOCKAGE CENTERLINE = -4.75 ,N* P = 14.79 P S I  
RE = !0300. I ~ E ~ A  = 10.80 UEIGREES FREQe SHIFT = 0.0 M H Z ,  

TEMP NOM. X Y UR . F-DOP U (LOCAL) VRATIO TRACKER F  DO^) u ~ L O C A L )  VRATIO 
F FLOW IN. IN-  FPS S.4- 5 . 4 0  S.A. FREQ.RO. I ~ A C K E Q  TRACK.ER TRACKER 

CFY MHz FPS WHL/loVm WOi TS F PS 

79.1 lb6 .7  1 1,763 37.71 4.0! 44.89 1.191 15.0 2,RS 4 7 - 1 5  1-2-50 
79.1 1b6.7 - 2 5 0  1.,70* 37.71 4.13 4 5 - 5 5  1.208 15.n 2179 46.16 1.224 

2 - 6 1  4 4 - 1 6  1.172 7 9 - 1  166.7 -350  1.7h-I 37.71 3 - 8 n  42.RO 1 - 1 3 5  1 5 - 0  
79.1 166.7 e450 1.763 3 7 - 7 1  3 - 9 0  4'3.02 1.141 15.0 2:63 43.84 1.163 
79.1 166.7 '  . 550  1;7bd , 37.71 4.04 4 4 - 5 6  1.182 1 5 - 0  2 7  45.66 1.2.11 
79.1 166.7 -650  1:TbJ 3 7 - 7 1  4.16 4 6 - 1 1  1.223 15.0 2.86 4'7.32 1.255 
79.1 166.7 o f 5 0  1;76* 37.71 4.1! 4 6 - 0 0  1.220 15.0 2,AB 9 1 - 3 2  1.255 
79.1 -1b6 .7  e650 1;7b* 37.71 4 1  45.44 le2OS 1 5 - 0  2 - 7 8  46.00 1.220 
79.1 166.7 a950 1 i 7 - 3  3 7 - 7 1  4.04 44.56 1 0 1 8 2  15.0 2.7a 45.00 1.193 
79.1 lb6.7 1.050. '1.70-I 37.71 4.06 44.78 1,*188 15.0 2.76 . 4b.66 1.211 
79.1 1b6.7 1.150 1 5 7 0 ~  37.71 4.20 46.33 1.229 1 5 - 0  2,RT 47e4R 1.259 

.79.1 lb6 .7  1.250 1;7b* 3 7 - 1 1  4 . 1 3 .  45.55 1 - 2 0 8  15.0 2 - 8 9  46.82 1.242'  
79.1 166.7 1.350 l f 7 b J  37.71 4 - 0 2  44.23 1.173 15.0 2 - 7 2  . 45.00 1.193 
79.1 lb6 .7  1.450 l ;d7a* 37.71 3.82 4.2.13 1.117 .15*0 2.61 43.18 l r l 4 5  

. 79.1 166.7 '  1.550 1;;'7bd. 37.71 3 , R 6  42.58 l,,129 1 5 - 0  2.61 ' 4.3.18 1 - 1 4 5  
. 79.1 lb6.7 l i b 5 0 .  1;7o-I 3 1 - 7 1  3.9' 43.79 12161 15.0 2 45.00 1 - 1 9 3  

79.1 166.7 l e t 5 0  1.';763 37.71 4.07 44.C19 1;1'31 1S.n 2.'78 46.00 1.220 
. 79.1 ,166.7 1.650 1';763 37.71 4.02 44134 1.176 1 5 0 0  2 - 7 4  45.33 1.202 

79.1 1b6.7 l e y 5 0  1;7bd , 3 7 - 7 1  3.91 4 3 - 1 3  1.144 15 .0-  2.63 . 4 3 - 5 1  1.154 ' 
79.1 166.7 2.050 1:7b3 3 7 - 7 1  3.71 41.-25 1.094 15.0. . 2.58 4 2 - 6 9  1.132 
79.1 166.7 . 2 * 1 5 0 , -  1;'/03 37.71 3 - 8 0 '  41 -91  1..112. 15 .0 .  2 - 6 8  43.35 1 150 
79.1 lb6.7 ,2.?50 1;7o* 37.71 4 - 0 0  44.12 . l r 1 7 0  15*+0 ' 2.74 . 4 5 ~ 3 3  1.202 
79.8 166,.7 , 2.250 1:'7b3 3 7 - 7 1  4.0'$; 4 4 - 6 7  1.185 15.0 2.78 .; 46.00 ImtZO 

. , 

, . 
. . 

7 9 - 8  l'b6.7 196 l.%'Zu . 37.71 4.'11 45.33 -1'.202 15.0' 2 - 6 9  44-.51 1.140 
. .  79.8 166.7 .6R5 1:24+ . 37.71 4.'0! -44.d9 . .  1.191 15.0 2,:80 : ; 4 6 - 3 3  1.229 

79.a lb6.7 1.224 l r 2 d 4  3 7 - 7 1  4.OJ 44.45 1.m.179 15.0 2.79 4 6 - 1 6  , l a 2 2 4  . 
7 9 . 8  l bh .7  1.763 1;2C* 3'1.71 4.06 44 ' -56 l i ' 1 8 2  15.0 2.176 '45.66 1.211 

. . 



RUN 
IO.t:o* 

. . - ' 

DATA PLANE NO. 1 3 .  hxI.L YISTANCE FROM R L O C K A O E  CCNTERLINE =. 1.36 jN. . P = I,.;* P S I  
R E  = b 0 3 0 0 ;  I P E I A .  = 9.5: DEGREES . 

TEMP NOt4, x Y 

F t1.W IN. 
CFM! 

FREQ* sof ie DOPmFREQ* U(L0CAL) UB " ~ ~ ~ 1 0  
SHIFT F R t Q ,  S .A .  

MHZ seam FPS S,A. 
MHZ FPS 



T A R U L ~ T ~ O ~  OF EXPEHIM-INTAL LDA 'DATA 

DATA PLANE NO. 13 .  A i I a L  UISTANCE FROM 3LOCKAGE CENTERLINE = 1 .25  ~ N I  P n 14.81 PSI 
RE = 1 0 3 0 0 .  T R E I A  = 1 0 . 8 0  UEGREES FREQ. S H I F T  = 0.0 M H ~ .  

RUN TENP NOM. X Y u8 F-DOP U(L0CAL)  VRATIO TRACKER ~ ( g O p )  U ( L 0 C A L )  VRATIO 
10; NO. F FLOW I N .  j N .  FPS S.6. S.A. S.A. FREOeRG. TRAFKER TRACKER TRACKER 

C F M  MHZ . FPS M t I Z / l ~ v o  VOLTS FPS ' 



PUN 
1 n i N ~ .  

TEMP NOM, 
'F b , ~ o w  

CFM 

X 'i - UR - F-')O? 
IN, . T N *  FPS S.4, 

Mi42 

u(LoCALj VRATIO TRACKER e (DOPI 
S.A.  SeA, FREQ.RQe T ~ A ~ K E R  
FPS MHZ/loV; VOLTS 

49.30 1.311 l S l n .  3.02 
54.38 1.450 ' 15r0 , . 3.33 
53r94 ." 1.438 : 15.0 3.33 - 
55.48 1,479 15.0 3.36 

TRACKER 
FPS 
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