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ABSTRACT 

An u l t r a s o n i c  waveguide employing t o r s i o n a l  and e x t e n s i o n a l  a c o u s t i c  
waves has been developed f o r  use as a l e v e l  and temperature  senso r  i n  
p re s su r i zed  and b o i l i n g  water n u c l e a r  power r e a c t o r s .  Fea tu res  of t h e  
device  inc lude  cont inuous  measurement of l e v e l ,  d e n s i t y ,  and tempera ture  
producing a realtime p r o f i l e  of these parameters  a long  a chosen pa th  
through t h e  reactor v e s s e l .  

The n e x t  s t e p  toward a p r a c t i c a l  l e v e l  s enso r  f o r  use i n  a r e a c t o r  
v e s s e l  should  concen t r a t e  on n u c l e a r  q u a l i f i c a t i o n  in  a j o i n t  e f f o r t  
w i t h  a vender a n d  a u t i l i t y .  

v i i  





1. INTRODUCTION 

A r e s u l t  of t h e  post-TMI-2 s t u d i e s  w a s  t h e  Kemeny Commission mandate 
t o  t h e  Nuclear Kegulatory Commission (NRC) t o  "cons ider  t h e  need f o r  
a d d i t i o n a l  i n s t rumen ta t ion  t o  a i d  i n  unders tanding  of p l a n t  s t a t u s .  
Through the  e f f o r t s  of t h e  "MI-2 Lessons Learned Task Force, t h e  NKC 
recommended t h e  i n s t a l l a t i o n  of a d d i t i o n a l  i n s t rumen ta t ion  ( i f  r e q u i r e d )  
t o  "provide unambiguous, ea sy - to - in t e rp re t  i n d i c a t i o n s  of inadequate  core  
cooling."'  

.t 1 

3 The Advisory Committee on Reactor Safeguards s t a t e d :  

"The Committee b e l i e v e s  t h a t  i t  would be prudent t o  cons ider  
e x p e d i t i o u s l y  the  p rov i s ion  of in s t rumen ta t ion  t h a t  w i l l  
provide an unambiguous i n d i c a t i o n  of the  l e v e l  of f l u i d  i n  
t h e  r e a c t o r  ves se l . .  * .  " 

Under normal ope ra t ing  cond i t ions ,  a l i q u i d  l e v e l  s enso r  l o c a t e d  
i n s i d e  a r e a c t o r  v e s s e l  would be exposed t o  temperatures up t o  375"C, 
p re s su res  t o  15.2 MPa, and i n t e n s e  r a d i a t i o n  f i e l d s .  NRC r e q u i r e s  t h a t  
i n - v e s s e l  i n s t rumen ta t ion  su rv ive  a "design-basis acc iden t "  and provide 
useful. i n d i c a t i o n s  both dur ing  an  excur s ion  and a f t e rward  as w e l l .  

Some manufacturers of p re s su r i zed  water r e a c t o r s  (PWRs) have speci- 
f i e d  t h a t  an in-vesse l  l i q u i d  Level s enso r  must no t  be "event dependent;" 
t he  sensor  must provide an i n d i c a t i o n  t h a t  can be independently v e r i f i e d  
e i t h e r  by r e fe rence  t o  o t h e r  p l a n t  parameters o r  through " s e l f -  
c a l i b r a t i o n . "  The post-TMT acc iden t  s t u d i e s  showed t h a t  i n s t rumen ta t ion  
i n d i c a t i n g  a s i n g l e  and s t a t i o n a r y  l i q u i d  l e v e l  reading  of " f u l l "  
throughout months of normal ope ra t ion  would be d i s r ega rded  dur ing  an  
excurs ion .  The d e s i r e d  a l t e r n a t i v e s  are t o  provide  l i q u i d - l e v e l  s enso r s  
u t i l i z i n g  d i v e r s e  measurement p r i n c i p l e s  or one sensor  with m u l t i p l e  
o u t p u t s  such as t he  one descr ibed  i n  t h i s  study. 

The NRC then sponsored the  e v a l u a t i o n  of d i f f e r e n t i a l - p r e s s u r e  
d e v i c e s ,  hea ted- junc t ion  thermocouples, and u l t r a s o n i c  torsional-wave 
senso r s  a t  Oak Ridge National Laboratory (ORNL).  A l l  of t hese  approaches 
seemed promising s o l u t i o n s ,  and subsequent e v a l u a t i o n  has developed and 
extended t h a t  promise. The remainder of t h i s  d i s c u s s i o n  w i l l  focus on 
t h e  torsional-wave u l t r a s o n i c  technique and how i t  can f u l f € 1 1  t h e  
requirements of t he  NRC and of t he  PWR vendors.  

A l i q u i d - l e v e l  sensor  system based on the  u l t r a s o n i c  technique is a 
promising long-term s o l u t i o n  f o r  monitoring core  cool ing  adequacy because 
of i t s  multiparameter c a p a b i l i t i e s  : i t  can d i s p l a y  temperature and 
d e n s i t y  p r o f i l e s  along a chosen pa th  through t h e  r e a c t o r  ( inc lud ing  t h e  
co re ) .  The d e n s i t y  d a t a  can be used t o  i n d i c a t e  voids  ( b o i l i n g ) ,  f r o t h ,  
and a c t u a l  l e v e l  as w e l l  as co l l apsed  leve l . '  
parameters w i th  the  ou tpu t s  of o t h e r  p l a n t  s enso r s  provides t h e  d e s i r e d  
even t  independence. 

C o r r e l a t i o n  of t hese  
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Compatibil-i ty with c u r r e n t  r e a c t o r  des igns  and t h e  a b i l i t y  t o  per- 
form under both normal and a c c i d e n t  condi t ions  i s  realized by the  s i m p l e ,  
a l l - m e t a l  c o n s t r u c t i o n  of the sensor  and by i s o l a t i o n  of t h e  transduc-er 
from the  r e a c t o r  core  area. The remote l o c a t i o n  of t he  e l e c t r o n i c s  and 
t h e  absence of moving par ts  i n s i d e  t h e  r e a c t o r  v e s s e l  c o n t r i b u t e  to  t h e  
reliability of t h e  probe and minimize maintenance requirements.  



2. PRINCIPLE OF OPERATION 

The p r i n c i p l e s  of a c o u s t i c  s t r e s s - p u l s e  gene ra t ion  and propagat ion  
i n  waveguides are w e l l  known, and w i l l  be desc r ibed  only b r i e f l y  here.  
Add i t iona l  in format ion  and ex tens ions  t o  the  techniques  descr ibed  he re  
may be found i n  t h e  r e fe rences  c i t e d  i n  t h i s  s e c t i o n .  

The v e l o c i t y  of a c o u s t i c  waves i n  an e las t ic  medium is  p ropor t iona l  

5 
t o  t h e  square  r o o t  of a r e s t o r i n g  f o r c e  (determined by the  e las t id  con- 
s t a n t s )  d iv ided  by an i n e r t i a l  t e r m ,  

v = ~ ( s t i f f n e s s ) / ( i n e r t i a )  . 1) 

For the  case of a rod i n  which the  t r a n s v e r s e  dimensions a r e  much smaller 
than  t h e  wavelength, t h e  t r a n s v e r s e  s t r a i n  i s  n e g l i g i b l e ,  and t h e  e las t ic  
modulus i s  Young's modulus, Y. The corresponding v e l o c i t y  of the  
e x t e n s i o n a l  wave is 

w =fi 7 

where P is the  s e n s o r ' s  dens i ty .  If  t he  medium suppor ts  s h e a r ,  t h e  
a p p r o p r i a t e  elastic modulus i s  t h e  modulus of r i g i d i t y  or the  shea r  
modulus, G. The v e l o c i t y  of t he  t o r s i o n a l  wave, f o r  a rod of c i r c u l a r  
c r o s s  s e c t i o n ,  i s  g iven  by 

For a waveguide of nonc i r cu la r  c r o s s  s e c t i o n ,  Eq. 3 must be modified 
t o  r e f l e c t  t h e  p rope r ty  of a s o l i d  rod t o  buckle when twis ted .  The 
a p p r o p r i a t e  term is the t o r s i o n a l  c o n s t a n t ,  3, and has u n i t s  of area t o  
t h e  f o u r t h  power.6 
t h e  s t i f f n e s s .  The c o r r e c t  expres s ion  for  t h e  t o r s i o n a l  v e l o c i t y  i s  then  

This t o r s i o n a l  cons t an t  has the  e f f e c t  of i n c r e a s i n g  

v = q m  9 ( 4 )  

where I i s  the  p o l a r  moment of i n e r t i a  of the  rod about the  a x i s  of 
shea r .  Spinner and Valore7 r e l a t e d  t h e  t o r s i o n a l  resonances of rectangu- 
l a r  ba r s  t o  t h e  shea r  modulus by means of a shape f a c t o r ,  and gave an 
approximate formula f o r  t h e  r a t i o  of I t o  J f o r  bars  of r e c t a n g u l a r  c r o s s  
s e c t i o n s .  Extending t h e i r  i dea  t o  the  g e n e r a l  case r e s u l t s  i n  

v = K \ P G / I - '  (5 )  

for t h e  t o r s i o n a l  v e l o c i t y  i n  an a r b i t r a r i l y  shaped rod ,  where X i s  a 
c o n s t a n t  of unspec i f i ed  shape dependence. FOK a c i r c u l a r  c r o s s  s e c t i o n ,  
K is  u n i t y  and decreases  a6 the shape d e p a r t s  from t h a t  of a circle.  

3 



4 

Expressions f o r  J, :I, and K f o r  some s i m p l e  shapes can be obtained 
a n a l y t i c a l l y  i n  c losed form ( s e e  t h e  examples i n  r e f .  6 ) .  Other shapes 
r e q u i r e  complex computattonal methods t o  so lve  Poisson's equat ion 
numerical ly .  

A c u r r e n t  pulse  I n  a c o i l  surrounding a ferromagnet ic  rod creates a 
magnetic f l u x  t r a n s i e n t  i n  t h e  rod whi-ch causes  a change i n  l e n g t h  
( J o u l e  e f f e c t ) . *  
e x t e n s i o n a l  wave w i t h i n  t h e  rod. Conversely,  a t r a v e l i n g  stress pulse  
produces a l o c a l  dimensional change ( s t r a i n )  which causes a change i n  
magnetic f l u x  i n  a ferromagnet ic  rod ( V i l l a r i  e f f e c t ) .  This changing 
magnetic f l u x  is de tec ted  by a c o i l  placed on t h e  rod. 

This genera tes  an a c o u s t i c  pul.se which propagates as a n  

In  a similar manner, a sudden change i n  shear  w i l l  genera te  a 
t o r s i o n a l  wave. A shear  stress can be produced magnet ical ly  by applying 
an azimuthal magnetic b i a s ;  t he  l o n g i t u d i n a l  magnetlc pulse  produced i n  
t h e  e x c i t a t i o n  c o i l  w i l l  then i n t e r a c t  with t h e  azimuthal f i e l d ,  causing 
the rod t o  shear  (Wiedernann e f f e c t I e 9  The vec tor  sum of the  two magnetic 
f i e l d s  is a r a p i d l y  growing, then diminishing h e l i c a l  f i e l d  which pro- 
duces a t w i s t i n g  s t r a i n  i n  t h e  rod. The t o r s i o n a l  pu lse  i s  de tec ted  i n  a 
manner s imi la r  t o  t h e  e x t e n s i o n a l  p u l s e ,  t h e  only d i f f e r e n c e  being t h a t  
an azimuthal magnetic b i a s  is  requi red  a t  t h e  pick-up c o i l  a l so .  There 
are  o t h e r  means of producing t o r s i o n a l  waves, t h e  most common being mode 
conversion. l o  
f e r e n c e  of a rod,  convert ing a l o n g i t u d i n a l  motion t o  a shear  motion. 

Here, an e x t e n s i o n a l  motion is  coupled t o  t he  circum- 

For a waveguide immersed i n  a f l u i d  of d e n s i t y  P, t h e  e x t e n s i o n a l  
propagat ion is  minimally a f f e c t e d ,  and t h e r e  i s  a s m a l l  l o s s  of energy 
t h e  end of 6he sod due t o  the f l u i d  which suppor ts  compressional-wave 
motion. However, t h e  t o r s i o n a l  motion of t h e  rod can e a s i l y  couple t o  
t h e  f l u i d ,  t r a n s f e r r i n g  both energy and momentum. Thus, not only w i l l  

a t  

t h e  v e l o c i t y  be diminished, but t h e  amplitude w i l l  a l s o  be decreased due 
t o  v i s c o s i t y  e f f e c t s .  
i n t o  an e m p i r i c a l  formula by mul t ip ly ing  t h e  v e l o c i t y  -in a i r  by 

Lynnworthl1 incorpora ted  the v e l o c i t y  reduct ion  

f = I + -  pf ( I  - ;), 
2P, 

where ps is the  d e n s i t y  of t he  s e n s o r ,  pf is  the f l u i d  d e n s i t y ,  and K i s  
def ined  i n  Eq. 5. This express ion  is  v a l i d  only for sensors  having rect- 
angular  c ros s  s e c t i o n s  and whose d e n s i t y  i s  g r e a t e r  than the f l u i d  
d e n s i t y .  Since K < 1, € is always less than 1 ,  so t h e  t o r s i o n a l  v e l o c i t y  
decreases  upon immersion i n  a f l u i d .  Note t h a t  a t h e o r e t i c a l l y  c o r r e c t  
express ion  f o r  f must a l s o  always be less than o r  equal  t o  u n i t y ,  s i n c e  
t h e  case  of coupl ing energy and momentum i n t o  t h e  sensor  from t h e  SUK- 

rounding f l u i d  i s  not considered. Environmental noise  could couple  t o  
t h e  s e n s o r ,  but s i g n a l  averaging and frequency s e l e c t i o n  e l i m i n a t e  such 
e f f e c t s .  

Inspec t ion  of Eq. 4 ,  i n  which i n e r t i a l  e f f e c t s  of the f l u i d  are 
inc luded  i n  I ,  shows t h a t  t h e  express ion  f o r  t h e  average d e n s i t y  of t h e  
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f l u i d  sur rounding  t h e  sensor  i s  p r o p o r t i o n a l  t o  t h e  d i f f e r e n c e  of t h e  
square  of t h e  t r a n s i t  t i m e s  ( i n v e r s e  of t h e  v e l o c i t i e s )  i n  and out of t h e  
f h i d  

2 P = const (t2 - to) , 

where t is  t w i c e  t he  Length of t h e  senso r  d iv ided  by t h e  v e l o c i t y  of 
Eq. 4 ,  and the  s u b s c r i p t  "0" refers t o  t h e  va lue  obta ined  i n  vacuum (or  
more p r a c t i c a l l y ,  a i r ) .  

The temperature dependence of t h e  sensor  i s  i m p l i c i t  s i n c e  t h e  
d e n s i t y  and l eng th  of t he  senso r  material are temperature dependent, as 
are t h e  e las t ic  moduli. The method of temperature c o r r e c t i o n  is as 
follows: A c a r e h l  c a l i b r a t i o n  of t h e  temperature dependence of t h e  
e x t e n s i o n a l  and t o r s i o n a l  t r a n s i t  t i m e s  i s  obta ined  f o r  a p a r t i c u l a r  
p i e c e  of probe material. To measure d e n s i t y ,  the e x t e n s i o n a l  t r a n s i t  
t i m e  i s  obta ined  and the temperature is i n f e r r e d  and used t o  c o r r e c t  t h e  
t o r s i o n a l  da t a .  





3. INITIAL DEVELOPMENT AND EVALUATION 

The previous  work by Arave12 and Lynnworth13 demonstrated t h e  
p o t e n t i a l  f o r  a p p l i c a t i o n  of t h e  u l t r a s o n i c  waveguide technique  t o  power- 
r e a c t o r  i n s t rumen ta t ion .  
number of s p e c i f i c  ques t ions  p e r t a i n i n g  t o  t h e  in s t rumen ta t ion  needs,  
t he  phys ica l  s t r u c t u r e ,  and the environment of a nuc lea r  r e a c t o r .  

P r i o r  work done a t  ORNLI4-l5 i d e n t i f i e d  a 

These ques t ions  involve  both the  problems of a c o u s t i c  gene ra t ion  and 
p ropaga t ion  of u l t rasound i n  waveguides ( b a s i c  problems), and those  being 
concerned with a p a r t i c u l a r  a p p l i c a t i o n  ( eng inee r ing  problems). The 
i n i t i a l  concerns i n  each ca tegory  w i l l  be d i scussed  below, and the 
secondary problems that a rose  w i l l  be examined. 

3.1 TEST EQUIPMENT 

To c a r r y  out  t he  tests necessary  f o r  a pro to type  in s t rumen t ,  means 
f o r  optimum s t r e s s - p u l s e  gene ra t ion  and a c c u r a t e  t ime- in t e rva l  measure- 
ment needed s tudy .  A p u l s e r  f o r  gene ra t ing  t h e  a c o u s t i c  stress waves i n  
t h e  m a g n e t o s t r i c t i v e  material w a s  designed and b u i l t .  Capable of pro- 
ducing pu l ses  up t o  20 A with  v a r i a b l e  widths from 2 t o  20 p s ,  t he  p u l s e r  
was a b l e  t o  s a t u r a t e  magne t i ca l ly  the  t r ansduce r  material. l’hus t he  
maximum p o s s i b l e  stress pu l ses  were genera ted  i n  both the  n i c k e l  t ub ing  
and i n  t h e  i ron-cobal t  wire used i n  t h e  tests. A pick-up c o i l  of about 
1000 t u r n s  provided adequate s i g n a l  s t r e n g t h  (up t o  2 V)  f o r  obse rva t ion  
by an o s c i l l o s c o p e  and f o r  process ing  by the  e l e c t r o n i c s .  The l eng th  of 
t he  c o i l s  and width of the  e x c i t a t i o n  pu l se  were parameters used to 
a d j u s t  t h e  stress pu l se  width f o r  minimum d i s p e r s i o n  and maximum 
amplitude.  

T e s t s  w e r e  c a r r i e d  out  wi th  e i t h e r  1.6-mm i ron-cobal t  w i r e  o r  3 . l - m m  
n i c k e l  t ub ing  as the  magne tos t r i c t ive  t r ansduce r .  The sensor  p o r t i o n  w a s  
t y p i c a l l y ,  but not l i m i t e d  t o ,  1- X 3-mm s t a i n l e s s  steel s t r i p s  of 
v a r i o u s  l eng ths .  E i t h e r  braz ing  o r  laser welding was  used t o  j o i n  t h e  
senso r  t o  t h e  t r ansduce r  s e c t i o n .  Sensor zones,  def ined  by material 
d i s c o n t i n u i t i e s  l a r g e  enough t o  r e f l e c t  s u f f i c i e n t  energy, were produced 
by e i t h e r  no tch ing  the  sensor  o r  adding material a t  d e s i r e d  p l aces  a long  
i t s  l eng th .  

A n  e l e c t r o n i c  c o n t r o l  device  w a s  b u i l t  t o  a l low v a r i a b l e  b lanking  t o  
f o l l o w  a p a r t i c u l a r  echo as i t s  p o s i t i o n  i n  t i m e  changed due t o  d e n s i t y  
and temperature e f f e c t s .  Typica l  t o r s i o n a l  echoes i n  a f l a t ,  zoned probe 
c o n s i s t  of m u l t i p l e  peaks forming a d i spe r s ive - type  p a t t e r n  due t o  
coupling t o  f l e x u r a l  v i b r a t i o n a l  modes of t he  f l a t  r ibbon. The i n t e r v a l  
between a d j a c e n t  peaks i s  less than t h e  e n t i r e  t i m e  the p a t t e r n  w i l l  
change upon immersion i n  w a t e r  o r  due t o  temperature e f f e c t s .  Thus, a 
f i x e d - i n t e r v a l  dev ice ,  which e f f e c t i v e l y  s e t s  a window around the  echo of 
i n t e r e s t ,  would be u s e l e s s .  

7 
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A more s e r i o u s  problem with t h e  commercial instrument  concerned i t s  
b a s i c  mode of s i g n a l  d e t e c t i o n :  zero c r o s s i n g  of t he  echo s i g n a l  follow- 
i n g  an echo peak. For a l a b o r a t o r y  device i n  an i d e a l  environment with 
no n o i s e  and no i n t e r f e r i n g  echoes due t o  o t h e r  modes of e x c i t a t i o n  o r  
secondary r e f l e c t i o n s ,  t h i s  m y  be s a t i s f a c t o r y .  In a device based on 
s e l e c t i n g  t h e  ZeKO cross ing  of t h e  s i g n a l ,  any s m a l l  peak which appears  
c l o s e  by can produce l a r g e  e r r o r s .  Even more s e r i o u s  is noise  due t o  
mechanical v i b r a t i o n s  and shocks; here  t h e  amplitudes are as much as 2 t o  
10 t i m e s  t he  s i g n a l .  Thus, e r r o r s  of hundreds of percent  would be t h e  
r u l e  with t h e  commercial instrument  under r e a l - l i f e  r e a c t o r  condi t ions  
even i f  t h e  s i g n a l  were s t r o n g l y  f i l t e r e d .  

Figure 1 shows how t h e  funet ioi is  descr ibed  above were i n t e g r a t e d  
i n t o  a complete instrument  f o r  measuring t h e  l e v e l ,  d e n s i t y ,  and temper- 
a t u r e  of a test  l i q u i d .  The measurement sequence wa5 c o n t r o l l e d  by t h e  
microcomputer, which received parameters from and passed t ime- in te rva l  
measurements t o  t h e  o p e r a t o r ' s  computer f o r  logging and d i s p l a y  purposes.  
An o s c i l l o s c o p e  w a s  used t o  monitor t h e  wave forms and t o  make more 
p r e c i s e  measurements than allowed by the microcomputer ' s  4-MHz clock 
frequency. 

The e l e c t r o n i c s  were designed t o  f u l f i l l  s e v e r a l  f u n c t i o n s  : 
a c c u r a t e  de te rmina t ion  of t h e  echo peak p o s i t i o n ,  precise c o n t r o l  of 
timers gated by t h e  peak-posit ion informat ion ,  easy adjustmeat  of t h e  
enable  window p o s i t i o n ,  arid i n t e r f a c i n g  t o  a c o n t r o l l i n g  computer. 

3.2 ENGINEERING PROBLEMS 

This s e c t i o n  examines such problems as e lectr ical  signal.  propagat ion 
and a c o u s t i c  pu lse  propagation over d i s t a n c e s  C O Q ~ ~ O ~  t o  remote nuc lear  
i n s t r u m e n t a t i o n ;  behavior of t h e  sensor  i n  r a d i a t i o n  f i e l d s ,  flowing 
water, and voids  ; and concerns about mounting t h e  sensor  and t ransducer  
r e l a t i n g  to  t h e  problem of nuc lear  v e s s e l  penetrat i -on.  Each of t hese  
t o p i c s  w i l l  be d iscussed  i n  turn.  

3.2.1 Propagat ion of Electr ical  S i g n a l s  

The e lec t r ica l  s i g n a l s  requi red  f o r  remote sensor  opera t ion  need t o  
propagate  i n  cables  up t o  100 m i n  l e n g t h  without  s i g n i f i c a n t  l o s s e s .  
In tests t r a n s m i t t i n g  t h e  high-current e x c i t a t i o n  pulse  and rece iv ing  
t h e  echo pulse  over 120 m of cab le ,  t h e  observed l o s s  was less than 
10 db This  is acceptab le  s i n c e  the  s ignal- to-noise  r a t i o  remained 
l a r g e r  than  20. 

3.2.2 Acoust ic  At tenuat ion  

The t o t a l  sensor  l e n g t h ,  inc luding  any necessary a c o u s t i c  J-ead-in 
from t h e  t ransducer  s e c t i o n ,  w i l l  be comparable t o  t h e  v e r t i c a l  dimen- 
s i o n s  of a r e a c t o r  v e s s e l ,  so a t t e n u a t i o n  i n  t h e  waveguide becomes an 
important  cons idera t ion .  Tests on a r e c t a n g u l a r  waveguide with a 2: I 
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F i g .  1. Block diagram of test equipment .  
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a s p e c t  r a t i o  show t h a t  a c o u s t i c  echoes w i l l  have s u f f i c i e n t  s t r e n g t h  
f o r  r e l i a b l e  processing by t h e  e l e c t r o n i c s  a f te r  r e f l e c t i o n  from t h e  end 
of a 25-m long probe. Deta i led  measurements w e r e  made on a 13- sec t ion .  
The measured a t t e n u a t i o n  c o e f f i c i e n t  w a s  11% per meter, i n d i c a t i n g  t h a t  
a c o u s t i c  a t t e n u a t i o n  over reac tor -sca le  d i s t a n c e s  w i l l  pose no problems. 
Figure 2 d e p i c t s  t h e  d a t a  obtained i n  t h i s  a t t e n u a t i o n  test. The depar- 
t u r e s  from t h e  expected exponent ia l  behavior are i n d i c a t i v e  of l o c a l  
v a r i a t i o n s  i n  the  m a t e r i a l  along i t s  length .  

3.2.3 Flowing Water and Voids 

A tes t  s tand  f o r  s u b j e c t i n g  a probe t o  raptdby flowing water i n  both 
t h e  a x i a l  d i r e c t i o n  and across  t h e  sensor  w a s  designed f o r  water ve loc i -  
ties of up t o  20 m / s .  I n  a c t u a l  p r a c t i c e ,  only 5 m/s water v e l o c i t y  w a s  
ob ta ined  due t o  t h e  small s i z e  of pump used i n  t h e  tes ts .  

During t h e  axial  flow with v e l o c i t i e s  varying from 0 t o  5 m/s, t h e  
only  n o t i c e a b l e  e f f e c t  on t h e  l e v e l  s i g n a l  w a s  a j i t t e r  of t he  echo peak 
i n  t i m e  and amplitude due t o  f l u c t u a t i o n s  i n  t h e  water l e v e l .  When a i r  
was i n j e c t e d  t o  test t h e  e f f e c t  of two-phase flow, t h e  mechanical 
v i b r a t i o n s  of t h e  system increased  i n  amplitude and i n t e n s i t y .  The 
t o r s i o n a l  t r a n s i t  t i m e s  showed v a r i a t i o n s  up t o  10% due t o  r a p i d l y  chang- 
i n g  column he ight  as the voids grew and co l lapsed .  These e f f e c t s  were 
most n o t i c e a b l e  when the void f r a c t i o n  w a s  above 50%. 

For the  cross-flow tes t s ,  t h e  i n l e t  t o  t h e  probe housing was a t  t h e  
s i d e  and d i r e c t e d  toward t h e  middle of t h e  sensor. The same r e s u l t s  as 
d iscussed  above were found f o r  t h i s  c o n f i g u r a t i o n :  v a r i a t i o n s  i n  t h e  
t o r s i o n a l  t r a n s i t  times corresponding t o  a c t u a l  l e v e l  and d e n s i t y  v a r i a -  
t i o n s .  However, an a d d i t i o n a l  and p o t e n t i a l l y  s e r i o u s  e € f e c t  was  noted. 
The l a t e ra l  f o r c e s  due t o  the flowing water and impulse f o r c e s  when a i r  
was added t o  t h e  stream. would pinch the  sensor  between t h e  impinging f low 
and t h e  housing s t r u c t u r e ,  thus blocking t h e  t ransmiss ion  of t h e  tor-  
sional. wave. The r e s u l t  was a sensor  which had an a c o u s t i c  te rmina t ion  
f o r  Che t o r s i o n a l  mode a t  t h e  point  of r e s t r i c t i o n .  

These are s e v e r a l  ways t o  overcome t h i s  e f f e c t  i n  a flowing-medium 
environment. The most obvious one i s  t o  d i v e r t  t he  f low from t h e  f l a t  
p o r t l o n  of t h e  s e n s o r ,  which is s e n s i t i v e  t o  l a te ra l  f o r c e s .  I f  t h i s  
s o l u t i o n  were adopted, t h e  l e v e l  information provided by t h e  probe would 
then be col lapsed  l e v e l  and noC give  any i n d i c a t i o n  of p o s s i b l e  voids  
( b o i l i n g ) .  However, an a l t e r n a t e  p o s s i b i l i t y  remains of designing t h e  
probe housing t o  break up the  l a t e ra l  f o r c e s  w h i l e  s t i l l  allowing voids  
formed o u t s i d e  the  housing t o  contac t  t h e  sensor .  Y e t  another  approach 
is t o  des ign  t h e  probe i t s e l f  so t h a t  i t  would be d e f l e c t e d  under a 
lateral. f o r c e  but not  r e s t r i c t e d .  A probe rsith a s ta r  cross s e c t i o n  
would be such a design wherein a t w i s t i n g  of t h e  sensor  through an a n g l e  
g r e a t e r  than t h a t  determined by two adjacent  t e e t h  would r e q u i r e  a l a r g e r  
f o r c e  than t h e  moving f l u i d  could produce. 
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F i g .  2. Acoust ic  a t t e n u a t i o n  i n  a stainless steel senso r .  
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3.2.4 Material Fa t igue  

Since the  u l t r a s o n i c  method i s  based on c r e a t i n g  and propagating 
stress pu l ses  i n  var ious  materials, t h e  ques t ion  o f  long-term aging due 
t o  repea ted  s t r e s s i n g  o f  the material .  may arise. Even though t h e  
stresses i n  ques t ion  are w e l l  below t h e  reg ion  of p l a s t i c  deformation ( a t  
a f e w  p a r t s  i n  100,000), some concern has been expressed due t o  t h e  
number of t i m e s  (around 1 . 3  X 10') t h e  sensor  i s  t o  be s t r e s s e d  dur ing  
i t s  u s e f u l  l i f e t i m e .  

Two tests were designed t o  s tudy  any p o s s i b l e  e f f e c t s  of s e l f -  
induced aging. One was a l.ong-term test ( l a s t i n g  s e v e r a l  months) i n  
which pu l ses  at a sate of 30 HZ exc i t ed  a tes t  probe, and another  i n  
which 3.3 X 10' p u l s e s  were obta ined  i n  a week (equi.valent t o  f i v e  years  
of continuous ope ra t ion ) .  Neither tes t  i n d i c a t e d  any change i n  the  elas- 
t i c  moduli of t he  materials ( i ron-cobal t  a l l o y ,  annealed n i c k e l  tub ing ,  
and 300 serles s t a i n l e s s  s t e e l )  t o  w i th in  0.5%. S t r e s s i n g  w e l l  w i t h i n  
the  e l a s t i c  deformation reg-lon of the material does not a f f e c t  t he  
material's e l a s t i c  p r o p e r t i e s .  

3.2.5 Radia t ion  Damage 

The senso r ,  i n  some cases, w i l l  pass through o r  a longs ide  t h e  
r e a c t o r  core. Thus, t he  amount of r a d i a t i o n  damage may be s i g n i f i c a n t .  
To estimate the magnitude of the  e f f e c t  of r a d i a t i o n  damage on the  elas- 
t i c  moduli and hence on the  a c o u s t i c  v e l o c i t y ,  a 0.74- by 2.30-mm sensor  
870 m i n  l e n g t h  w a s  placed next t o  and j u s t  o u t s i d e  the  core of t he  Oak 
Kidge Research Reactor (a 30-MW l igh t -water  r e s e a r c h  r e a c t o r  a t  ORNL). 
The es t imated  thermal f l u x  w a s  around 5 X 10l1 neu t rons / ( cm2*s )  a t  t h a t  
l o c a t i o n .  An a c o u s t i c  l ead  c o n s i s t i n g  of a 1.59lmn-diam, 7-m long 
s t a i n l e s s  s tee l  wire with an i ron-cobal t  t r ansduce r  a t  one end allowed 
easy  monitoring of the a c o u s t i c  v e l o c i t y  i n  the  sensor  s e c t i o n .  Measure 
r n e i i t s  over one r e f u e l i n g  cyc le  show t h a t  r a d i a t i o n  damage is  indeed 
p resen t  and inc reases  the  e l a s t i c  moduli (hardens the  m a t e r i a l ) .  The 
d a t a  i n d i c a t e  t h a t  t h e  changes f n  e l a s t i c  modulus are small (about 1%) 
and s a t u r a t e  wtth a l /e  time of about 6.5 weeks. Ex t r apo la t ion  o f  t h e s e  
d a t a  t o  a p a r t i c u l a r  power r e a c t o r  would r e q u i r e  knowledge of the  f a s t -  
neut ron  spec t  r u m .  

3.2.6 Temperature E f f e c t s  - 

The temperature behavior o f  a sensor r e q u i r e s  c a l i b r a t i o n  due t o  t h e  
combined e f f e c t s  of temperature on sensor l e n g t h ,  d e n s i t y ,  and e l . a s t i c  
moduli (the dimensional change of t he  s e n s o r ' s  cross s e c t i o n  is assumed 
n e g l i g i b l e ) .  Two materials most l i k e l y  used i n  a r e a c t o r  a p p l i c a t i o n ,  
n i c k e l  and 300 series s t a i n l e s s  s tee l ,  w e r e  c a l i b r a t e d  i n  the  l abora to ry .  
The s t a i n l e s s  s t e e l  behaved e s s e n t i a l l y  1.1 n e a r l y  with r e s p e c t  t o  the  
square of t he  t r a n s i t  t i m e s ,  and could be represented  by 

(t/to)2 = 9 4- A T , 



where t h e  c o e f f i c i e n t  A w a s  found t o  be -1-0.0004 per  degree t o  wi th in  10% 
f o r  both the e x t e n s i o n a l  and t o r s i o n a l  waves over a range from 20 t o  
400°C. The n i c k e l  tub ing  e x h i b i t e d  a r a d i c a l  depa r tu re  from the  l i n e a r  
case--even a rough f i t  requi red  a cub ic  as w e l l  as a q u a d r a t i c  term. A 
materlal behaving i n  such a f a sh ion  would, of cour se ,  not be chosen f o r  a 
temperature sensor .  

F igure  3 shows the  r e s u l t s  of a temperature c a l i b r a t i o n  of a s t a i n -  
less s teel  sensor .  The p l o t  shows t h e  t o r s i o n a l  de lay  as a f u n c t i o n  of 
the  e x t e n s i o n a l  de l ay  where both have been normalized t o  t h e i r  va lues  a t  
O O C .  The temperature is shown a s  a parameter along t h e  curve,  w i th  0°C 
a t  t h e  axes '  i n t e r s e c t i o n .  Although 50°C s t e p s  are shown i n  t h e  f i g u r e ,  
t h e  a c t u a l  d a t a  were obta ined  wi th  increments of 20°C. The curve i s  a 
second-degree f i t  through t h e  d a t a  po in t s .  

3.2.7 Res t o r a t  i o n  of Tor s iona l  S igna l  

Loss of t o r s i o n a l  s i g n a l  dur ing  a p r e s s u r i z e r  test a t  high tempera- 
t u r e s  w a s  observed dur ing  an earlier s tudy  a t  ORNL. The r e s i d u a l  mag- 
n e t i c  b i a s  i n  t h e  i ron-cobal t  a l l o y  used f o r  t h e  t r ansduce r  s e c t i o n  
d tsappeared  as t h e  material was sub jec t ed  t o  tempera tures  h igher  than 
about 250°C. Since a convenient means of sensor  i n s t a l l a t i o n  i n  a PIJR i s  
t o  p l ace  the  t r ansduce r  s e c t i o n  wi th in  t h e  p r e s s u r e  boundary, this w a s  a 
s e r i o u s  cons ide ra t ion .  The Wiedemann ef  €ect8 i n d i c a t e d  t h a t  t h i s  l o s s  of 
t o r s i o n a l  b i a s  could be recovered and augmented by apply ing  a dc c u r r e n t  
a long  the  l eng th  of the  rod,16 pass ing  under both e x c i t a t i o n  and pick-up 
c o i l s .  

Subsequent tests, i n  which the e n t i r e  t r ansduce r  s e c t i o n  w a s  p laced  
i n  an oven, showed t h a t  t h e  t o r s i o n a l  s i g n a l  could be maintained over t h e  
e n t i r e  PWR temperature range. F igure  4 shows t h e  r e s u l t s  of applying a 
b i a s  c u r r e n t  t o  t h e  rod. Note t h e  approximate p r o p o r t i o n a l i t y  of t he  
s i g n a l  amplitude t o  the  b i a s  c u r r e n t .  

3.2.8 Method of Measurement 

Since the r e t e n t i v i t y  of n i c k e l  w a s  found t o  be much less than  t h a t  
of t h e  i ron-cobal t  a l l o y ,  t h e  az imutha l  b i a s  was a l s o  used when n i c k e l  
w a s  the t r ansduce r  material. When t h e  t r ansduce r  is near magnetic s a t u -  
r a t i o n  i n  t h e  azimuthal d i r e c t i o n ,  t h e  gene ra t ion  of e x t e n s i o n a l  waves is 
g r e a t l y  reduced, and v i c e  ve r sa .  Thus the  measurement cycle evolved i n t o  
a t h ree - s t ep  process :  t u r n  on t h e  t o r s i o n a l  b i a s  and make the  t o r s i o n a l  
measurement; swi tch  t o  the  e x t e n s i o n a l  b i a s  (dc  c o i l s  wound over o r  a long  
s i d e  of t he  pick-up c o i l )  and make t h e  e x t e n s i o n a l  measurement; and 
demagnetize t h e  t r ansduce r  by apply ing  a n  ac c u r r e n t  of d iminish ing  
ampl i tude  t o  t h e  e x t e n s i o n a l  b i a s  c o i l s  t o  be ready f o r  t h e  next 
t o r s i o n a l  b i a s  a p p l i c a t i o n .  Demagnetization before  the e x t e n s i o n a l  c y c l e  
accomplishes l i t t l e ,  but t h e  r e s i d u a l  magnet iza t ion  l e f t  a f t e r  that  
measurement would permit a s i g n i f i c a n t  e x t e n s i o n a l  s i g n a l  t o  appear 
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Fig .  3 .  Normalized torsioiial  delays RS a function of 
norrmlized extensional delay t ime.  
labeled along the curve .  
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dur ing  t h e  subsequent t o r s i o n a l  measurement d i v i d i n g  t h e  pulse  energy 
between t h e  two modes and complicat ing t h e  i n t e r p r e t a t i o n  of t h e  echo 
p a t t e r n .  

3 . 2 - 9  Vessel Penet ra t ion  

Various c o n f i g u r a t i o n s  f o r  i s o l a t i n g  the transduc.er s e c t i o n  from the 
h a r s h  condi t ions  e x i s t i n g  i n  the i n t e r i o r  of a PWR have been exami.ned. 
Not only must the requireinents of P v e s s e l  p e n e t r a t i o n  be taken i n t o  
account ,  but t h e  t ransmiss ion  c h a r a c t . e r i s t i c s  of acoustic. s i g n a l s  a c r o s s  
p o s s i b l e  pressure  b a r r i e r s  a l s o  must be considered.  

The p o s s i b i l i t i e s  f a l l  i n t o  two broad c a t e g o r i e s :  t h e  t r a n s d u w r  
l o c a t e d  i n s i d e  and o u t s i d e  t h e  pressure  boundary. The advantage of t h e  
f i r s t  is  l i t t l e  o r  no a c o u s t i c  l o s s  from t ransmiss ion  across containment 
boundaries ,  while  t he  second al lows easier access t o  the  t ransducer  and 
i n s u r e s  i s o l a t l o n  of t h e  a s s o c i a t e d  c o i l s  and electr ical  l e a d s  from the  
e r o s i v e  high-temperature steam environment. Several  methods have been 
t e s t e d  and determfned t o  be compatible with r e a c t o r  opera t ing  condi t ions .  

3 .3  BAS IC ACOUST%C PROBLEMS 

There are s e v e r a l  unanswered ques t ions  i n  t h e  l i t e r a t u r e  on u l t r a -  
s o n i c  waveguides used f o r  l e v e l  and d e n s i t y  measurements. The assumed 
l i n e a r  r e l a t i o n s h i p  of t r a n s i t  time versus  d e n s i t y  breaks down when t h e  
d e n s i t y  of t he  medium is  no longer  much smaller than t h a t  of t h e  probe o r  
when the  c r o s s  s e c t i o n  of t he  waveguide is no longer  r e c t a n g u l a r  i n  
shape. A redesived formula f o r  f conta in ing  t h e  i n e r t i a  of t h e  f l u i d  
moved by t h e  sensor  w a s  obtained by cons ider ing  t h e  e o n t r l b u t i o n  t o  the 
“ i n e r t i a l “  t e r m  i n  Eq,  1. Slowing of t h e  t o r s i o n a l  wave probably 
involves  e f f e c t s  such as d rag ,  complex f l u i d  motions,  and e f f e c t s  of 
nearby o b j e c t s .  
c a l c u l a b l e  drag c o e f f i c i e n t  d id  no t  show a strict  p r o p o r t l o n a l i t y  t o  drag  
as t h e  number of f i n s  w a s  increased.  Thus any c o r r e c t  t h e o r e t i c a l  
express ion  of the v e l o c i t y  of t o r s i o n a l  a c o u s t i c  propagat ion i n  
a r b i t r a r i l y  shaped waveguides w i l l  probably be d i f f i c u l t  t o  ob ta in .  

Data obtained wi th  a f inned  probe which had an easily 

The choice of sensor  shape fo r  a given a p p l i c a t i o n  then  remains an 
e m p i r i c a l  problem, wfth only a f e w  h e u r i s t i c a l  observa t ions  about 
t o r s i o n a l  shape c o n s t a n t s ,  d e n s i t y  r a t i o s ,  and drag c o e f f i c i e n t s  t o  guide  
development e 

The ear l ie r  s t u d i e s  a t  OKNL identffied another  p o t e n t i a l  problem-- 
g r o s s  d i s t o r t i o n  of t h e  echoes was observed when the sensor  was operated 
a t  high temperatures .  The e f f e c t  w a s  i d e n t i f i e d  as due t o  d i s p e r s i o n  
which caused the echo signal t o  spread o u t  i n  t i m e  u n t i l  i t s  p o s i t i o n  w a s  
u n c e r t a i n .  When s e p a r a t e  e x c i t a t i o n  and pick-up c o i l s  w e r e  used t o  
provide bet ter .  coupl ing t o  t h e  m a g n e t o s t r i c t i v e  rod,  t h e  lengths  of both 
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c o i l s  and t h e  width of the  e x c i t a t i o n  p u l s e  were matched dimensions of 
t h e  rod. During subsequent temperature tests,  the  echo pulses  d id  not: 
change shape over t h e  e n t i r e  range of 20 t o  650°C. 

The added compl ica t ion  of temperature and d e n s i t y  v a r i a t i o n  of t h e  
p u l s e  echo ' s  shape and he ight  would rmke t h e  pa t t e rn - recogn i t ion  algo- 
r i thms unwieldy. The c u r r e n t  method is t o  estimate t h e  l o c a t i o n  of t h e  
echo based on the  p a s t  h i s t o r y  of the  s e n s o r ,  o b t a i n  an amplitude nor- 
m a l i z a t i o n  using the  f i r s t  echo (normally from t h e  j u n c t i o n  of the  round 
a c o u s t i c  l ead  and t h e  f i r s t  s enso r  s e c t i o n ) ,  and look f o r  t he  echo a t  the  
expected l o c a t i o n  i n  amplitude and t i m e .  

3 . 3 . 1  Density and Level Re la t ions  

Since t h e  only f l u i d  of concern i n  t h i s  s tudy  is water, the  d e n s i t y  
c a l i b r a t i o n  becomes one of c a l i b r a t i n g  t h e  probe f o r  changes i n  l e v e l  o r  
immersion depth.  The small depa r tu re  of the  r e a c t o r  coolan t  d e n s i t y  from 
un-lty due t o  temperature and p res su re  e f f e c t s  w i l l  be ignored here.  

There are two methods of ca l ib ra t ion - -a  quick  method and an 
e l a b o r a t e  one. The quick  method c o n s i s t s  of fully immersing t h e  probe i n  
water and n o t i n g  t h e  t r a n s i t  time of the  t o r s i o n a l  wave and the  ambient 
tempera ture .  The e f f e c t i v e  va lue  of f f o r  t he  sensor  i s  then e m p i r i c a l l y  
determined. Such a method ignores  any p o s s i b l e  v a r i a t i o n s  i n  t r a n s i t  
t i m e  a long  t h e  senso r  due t o  l o c a l  inhomogeneities i n  t h e  ma te r i a l .  
Since such v a r i a t i o n s  are u s u a l l y  s m a l l ,  th is  method has an inaccuracy  of 
less than  5%. 

The more e l a b o r a t e  method c o n s i s t s  of a multi-stepped immersion 
wherein t h e  l e n g t h  of sensor immersed is an independent v a r i a b l e ,  and t h e  
t r a n s i t  times are measured as a func t ion  of t h i s  length .  The d a t a  
ob ta ined  are used as a look-up table, wi th  l i n e a r  or q u a d r a t i c  i n t e r p o -  
l a t i o n  between c a l i b r a t i o n  po in t s .  This method is  used when h igh ly  
a c c u r a t e  va lues  f o r  d e n s i t y  and l e v e l  are des i r ed .  

F igure  5 shows t h e  r e s u l t s  of a c a l i b r a t i o n  of a th ree - sec t ion  
probe. Each of the  t h r e e  s e c t i o n s  has a d i f f e r e n t  s l o p e  due t o  the  
d i f f e r e n t  t rea tment  t he  senso r  rece ived  along i t s  length  during 
f a b r i c a t i o n .  Immersion of the  e n t i r e  probe ( f i rs t  method) r e s u l t s  i n  a 
c a l i b r a t i o n  cons t an t  (f of Eq. 6 )  of 0.957,  whereas the  i n d i v i d u a l  
s e c t i o n s  have f values of 0.952, 0.959, and 0.958, r e s p e c t i v e l y .  The 
worst-case e r r o r  on us ing  the composite c a l i b r a t i o n  of 0.957 f o r  a l l  
khree s e c t i o n s  is 3% of f u l l  scale; f o r  t h e  i n d i v i d u a l  s e c t i o n s  v i a  the  
f i r s t  method, t he  e r r o r  is 2% maximum; and the  e r r o r  es t imated  from 
us ing  the  c a l i b r a t i o n  curve i t s e l f  (second method) i s  less than 1% of 
f u l l  scale of 720 m. 

A more c a r e f u l  a n a l y s i s  of Eq. 4 can be made as follows: The 
Ine r t i a l  t e r m ,  P I ,  can be w r i t t e n  t o  inc lude  t h e  c o n t r i b u t i o n  of t he  
f l u i d  which is p r o p o r t i o n a l  t o  the f l u i d  d e n s i t y ,  P f ,  and the  € l u i d  
i n e r t i a l  c o n t r i b u t i o n  which w i l l  be denoted by If' Thus 
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P I  = P f Q  + P S I S  (9 )  

is the  expres s ion  t o  cons ider .  For the  case of no f l u i d ,  the  v e l o c i t y  i s  

v =  

and wi th  f l u i d  

v =  

V G  J / P S I s  

Noting t h a t  the t r a n s i t  t i m e  i s  t w i c e  the l e n g t h ,  1, div ided  by t h e  
v e l o c i t y ,  the  express ion  f o r  t h e  t i m e  f o r  a f u l l y  immersed probe i s  

where t = 2R/v 
geometry and d e e s i t y  of t he  probe and i ts  coupl ing to the  f l u i d ,  w e  
o b t a i n  

If the  term I f / P s I s  i s  c a l l e d  a, a f a c t o r  inc luding  t h e  

A l t e r n a t e l y ,  the  express ion  f o r  l e v e l  of immersion, x, is  given by 

( 1 4 )  

whlch cons ide r s  the  wave t o  t r a v e l  i n  two d i f f e r e n t  sections--one with no 
f l u i d ,  and t h e  o t h e r ,  of l eng th  x ,  surrounded by f l u i d .  Such an a n a l y s i s  
i s  c o r r e c t  i f  it is assumed t h a t  t he  presence of t he  f l u i d  around one 
p o r t i o n  of the  sensor does not  i n f luence  t h e  o t h e r  po r t ion ;  i.e., the  
wavelength must be small compared to  the  sensor  l eng th  and the  r e s o l u t i o n  
des i r ed .  

Thus the dens i ty  i s  a q u a d r a t i c  func t ion  of the  t r a n s i t  t i m e s ,  wh i l e  
t h e  l e v e l  i s  a l inear  func t ion .  The usua l  c l a i m  found i n  t h e  l i t e r a t u r e  
t h a t  t he  measured t i m e  ( o r  e q u i v a l e n t l y ,  v e l o c i t y )  r ep resen t s  t he  i n t e -  
g r a t e d  o r  average d e n s i t y  a long the  sensor  l eng th  must be c a r e f u l l y  
i n t e r p r e t e d .  It i s  t he  t i m e  t h a t  must be i n t e g r a t e d ,  not the  dens i ty .  
Admittedly,  t h e  e r r o r  i s  s m a l l  f o r  s m a l l  d e n s i t i e s  and l a r g e  va lues  of K 
(Eq. 5 ) ;  but f o r  the  more s e n s i t i v e  probes it can be an apprec i ab le  
e f f e c t ,  up t o  6% fox a r ec t angu la r  probe wi th  a K of 0.2. 

3.3.2 Curved Waveguides 

An u l t r a s o n i c  l e v e l  sensor i n s t a l l e d  i n  an e x i s t i n g  p l an t  must con- 
form t o  the  r e s t r i c t i o n s  imposed by s t r u c t u r e s  a l r eady  I n  p lace .  Thus it 
becomes important  t o  know the  l i m i t s  on bending t h e  waveguides: how many 
bends--of what n a t u r e ,  and through what angle--may be made before  the  
t r ansmiss ion  p r o p e r t i e s  are impaired. Losses due t o  curved waveguides 
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f a l l  i n t o  rhe two c a t e g o r i e s  of d i s p e r s i o n  and mode conversion. Even a 
s p e c t r a l l y  piire wave w i l l  couple t o  other  modes of propagat ion i f  an 
i n i t i a l l y  s t r a i g h t  waveguide i s  curved. 

I n  p r a c t i c e ,  i t  w a s  found t h a t  as long a s  the  r a d i u s  of curva ture  of  
any bend w a s  kept  l a r g e r  than 30 t o  100 t i m e s  the wavelength, t h e  l o s s e s  
were s m a l l  (of t h e  order  of a few percent )  even f o r  a 360-deg bend. Such 
r e s u l t s  are c o n s i s t e n t  with t h e  s t r e s s - s t r a i n  behavior of t h e  material i n  
t h a t  any bending through a s i g n i f i c a n t l y  smaller r a d i u s  would produce 
measurable v a r i a t i o n s  in the e las t ic  moduli. Such v a r i a t i o n s  I n  material 
p r o p e r t i e s  give rise t o  v e l o c i t y  va r fa t ions  as a f u n c t i o n  of p a t h ,  
r e s u l t i n g  i n  3 t y p i c a l  d i s p e r s i v e  medium. Since the  optimum wavelength 
of the t o r s i o n a l  pu lses  i n  a 1- by 3-urn sensor  i s  ahout 1 em,  a r a d i u s  o f  
c u r v a t u r e  of 30 ern i s  permissible .  Thfs should impose no undue 
r e s t r i c t i o n s  on r e t r o f i t t i n g  a sensor  to e x i s t i n g  power p l a n t s .  

3 . 3 . 3  Mult i sec t ioned  Senso r s  

One of t h e  s t r e n g t h s  of t h e  u l t r a s o n i c  method i s  i t s  a b i l i t y  t o  
provide m u l t i p l e  outputs  : a p r o f i l e  o f  d e n s i t y  and temperature  a long t h e  
sensor  length .  To accomplish t h i s ,  t h e  sensor i s  d iv ided  i n t o  s e v e r a l  
s e c t i o n s  by in t roducing  a p p r o p r i a t e  d i s c o n t i n u i t i e s  such as notches o f  
added material (lumps). Each adjacent: p a i r  of notches then  d e f i n e s  a 
sensor  zone. Successful  probes r ~ i t h  up t o  5 zones have undergone long- 
term t e s t i n g  under a v a r i e t y  of condi t ions .  I n  p r a c t i c e ,  a maxi-mum of 
perhaps 10 zones would be f e a s i b l e  i.n a l lowing  the echoes t o  be 
d i s t i n g u i s h e d  from the background and secondary peaks. 



4 .  CONCLUSIONS AND RECOMMENDATIONS 

W e  have conducted a d e t a i l e d  s tudy  of an u l t r a s o n i c  waveguide 
employed as a l e v e l ,  d e n s i t y ,  and temperature sensor .  The purpose of 
t h i s  s tudy  was t o  show how such a device  might be used i n  t he  nuc lea r  
power i n d u s t r y  t o  provide r e l i a b l e  l e v e l  in format ion  wi th  a mul t i func t ion  
s e n s o r ,  thus  overcomfng s e v e r a l  of the e r r o r s  t h a t  l ed  to  the acc iden t  a t  
Three Mile Island. 

Some a d d i t i o n a l  work is  needed t o  answer the  ques t ions  r a i s e d  by t h e  
c u r r e n t  s tudy-mos t  impor tan t  are t h e  damping e f f e c t s  of flowing water. 
However, the  p r o b l e m  encountered are not of a fundamental n a t u r e  and 
would be r e so lved  by a modest e f f a r t .  The next  phase should concen t r a t e  
on nuc lea r  q u a l i f i c a t i o n  i n  a j o i n t  e f f o r t  wi th  a vendor and a u t i l i t y  
group. 

. .  

. .  
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