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ABSTRACT 

A damper w a s  invented  t o  remove undes i r ab le  s t r e s s  pu l se s  from a n  

a c o u s t i c  waveguide. Designed t o  be t u n a b l e ,  t he  damper was  cons t ruc t ed  

t o  wi ths tand  a c o r r o s i v e  or otherwise h o s t i l e  environment.  It s e r v e s  t u  

slmplify t h e  design and enhance the performance of a water - leve l  measure- 

ment system, of which the  damper and a c o u s t i c  waveguide are i n t e g r a l  

p a r t s .  

An exper imenta l  damper was cons t ruc t ed  and a p p l i e d  t o  an existing 

l e v e l  probe and measurement system. The r e s u l t i n g  damper, prope r ly  

tuned ,  causes  a c o u s t i c  stress pu l ses  t h a t  pas s  i n t o  i t  along the wave- 

guide eo be a t t e n u a t e d .  

vi i 





1. INTRODUCTION 

This  r e p o r t  d e s c r i b e s  the  i n v e n t i o n  of a tunab le  damper for use 
w i t h  an a c o u s t i c  waveguide i n  h o s t i l e  environments.  The damper is a 
by-product of r e s e a r c h  sponsored by the  U.S. Nuclear Regula tory  

Commission (NKC) Divis ion  of Reactor Sa fe ty  Research. NRC has i s s u e d  

requi rements  f o r  wa te r - l eve l  i n s t r u m e n t a t i o n  f o r  u se  i n  p r e s s u r i z e d  water 

r e a c t o r  vessels t o  provide  an unambigious i n d i c a t i o n  of an approach t o  

and recovery  from inadequate  core  cool ing.  Mot iva t ion  f o r  t h i s  e f f o r t  

stems from the  a n a l y s i s  of the  a c c i d e n t  a t  the  Three Mile I s l a n d  Nuclear 

Power P l a n t ,  du r ing  which a c o n d i t i o n  of low water l e v e l  and inadequa te  

c o r e  coo l ing  w a s  not  recognized  f o r  an extended pe r iod  of t i m e  because 

no d i r e c t  i n d i c a t i o n  of water l e v e l  e x i s t e d  i n  the  r e a c t o r  ves se l . '  

r e s e a r c h  w a s  conducted a t  t h e  Oak Ridge Na t iona l  Laboratory (ORNL), which 

is  ope ra t ed  by Martin Marietta Energy Systems, Inc. ,  f o r  t h e  U.S, 

Department of Energy. 

The 

An u l t r a s o n i c  sensor  and measurement s y s t e m  t o  determine t h e  l e v e l  

of the  f l u i d  i n  which the  senso r  i s  immersed has been developed t o  

s a t i s f y  t h e  aforementioned r equ i r emen t s ,  s p e c i f i c a l l y ,  t h e  water l e v e l  

i n  a nuc lea r  r e a c t o r  v e s s e l . 2  

wi th  t h e  l e v e l  measurement s y s t e m  i n  place is  shown i n  Fig. 1. This 

i n s t r u m e n t ,  desc r ibed  i n  Sect .  2 ,  depends on the r e l i a b l e  d e t e c t i o n  

and p r e c i s e  t i m e - i n t e r v a l  measurement of t r a v e l i n g  a c o u s t i c  p u l s e s  

and r e f l e c t i o n s  t h a t  are in t roduced  i n t o  an a c o u s t i c  waveguide and 

t h a t  propagate  a long  its l eng th .  The a c o u s t i c  waves gene ra t ed  i n  t h e  

waveguide propagate i n  both d i r e c t i o n s  from t h e  t r ansduce r  a long  t h e  

waveguide ( s e e  Fig. 2).  Those t r a v e l i n g  i n  t h e  back-length p o r t i o n  of 

the waveguide cannot be d i s t i n g u i s h e d  from r e f l e c t e d  waves of i n t e r e s t  

r e t u r n i n g  from t h e  sens ing  end of the waveguide wi thout  s p e c i a l  s i g n a l  

c o n d i t i o n i n g .  I n  the  o r i g i n a l  level sensor  d e s i g n ,  t h e s e  u n d e s i r a b l e  

back-end r e f l e c t e d  waves were e l i m i n a t e d  by us ing  a back l e n g t h  long 

enough t o  a l low d e t e c t i o n  of only those echo p u l s e s  from t h e  senso r  

A s i m p l i f i e d  view of a nuc lea r  r e a c t o r  

1 
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Fig, 2. Acoustic waves launched in both directions along waveguide. 

that returned within predetermined time windows. This procedure was 

unreliable, and it complicated the design of a sensor for reactor 

applications. 

An acoustic damper was therefore designed to remove acoustic wave 

energy that enters the back-length section of the ultrasonic sensor 

(acoustic waveguide), thereby simplifing the design and improving the 

performance of the instrument. Under normal operating conditions, an 

instrument located inside a reactor vessel would be exposed to tempera- 

tures up to 375"C, pressures to 15.2 MPa, flowing water t o  20 ids, and 

intense nuclear radiation fields. Conventional damper materials such 

as silicon rubber coating compounds and fiberglass insulation would 

not withstand such a hostile environment so the damper was constructed 

entirely of stainless steel; it is thus corrosion and radiation resis- 

tant.3 Furthermore, the damper may be selectively tuned to absorb a 

given acoustic wave transmission mode and/or frequency, while allowing 

others to pass. 

An experimental damper was constructed and attached to an existing 

level probe and measurement system. Tests were conducted during which 

acoustic waves of different modes were passed into the damper along the 

waveguide, and the damper was tuned until these waves were extinguished. 

A distributed-parameter system model was subsequently developed to mathe- 
matically describe the damper's characteristics. 

The following sections are organized to follow generally the 

development sequence of the acoustic damper. Section 2 sketches the 

background theory concerning transduction and propagation of acoustic 
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waves i n  t h i n  waveguides and d e s c r i b e s  the  g e n e r a l  p r i n c i p l e s  of opera- 

t i o n  of t h e  u l t r a s o n i c  senso r  and measurement system. Sec t ion  3, 
p r e s e n t s  a d e t a i l e d  des ign  and in t r i i  t ive  e x p l a n a t i o n  of the damper 

mechanism, and a i a t k e m a t i c a l  model based on a d i s t r i b u t e d  parameter 

analogy. Experimental  prucedures and r e s u l t s  are provided i n  Sect. 4 ,  

fo l lowed  by a summary i n  Sect.  5. 



2. DESCRIPTION OF MEASUREMENT SYSTEM 

The p r i n c i p l e s  of m a g n e t o s t r i c t i v e  g e n e r a t i o n  and propagat ion  of 

e x t e n s i o n a l  and t o r s i o n a l  a c o u s t i c  stress p u l s e s  i n  t h i n  waveguides are 

w e l l  known and w i l l  be b r i e f l y  desc r ibed  he re  only  as a b a s i s  f o r  d i s c u s -  

s i o n  concern ing  t h e i r  a p p l i c a t i o n .  The o p e r a t i o n  of t h e  u l t r a s o n i c  level 
measurement system is  based on t h e  p r i n c i p l e  that  t h e  propagat ion  of 

t o r s i o n a l  a c o u s t i c  waves i n  a waveguide of n o n c i r c u l a r  c r o s s  s e c t i o n  is  

r e t a r d e d  by t h e  f l u i d  sur rounding  t h e  waveguide. Consequently t h e  round- 

t r i p  t r a n s i t  t i m e  o f  an a c o u s t i c  wave t r a v e l i n g  i n  t h e  waveguide may be 

analyzed t o  y i e l d  t h e  d e n s i t y  ( o r  l e v e l ,  i f  t h e  d e n s i t y  i s  known) of t h e  

f l u i d  i n  which t h e  wavegulde i s  immersed. This  s e c t t o n  d e a l s  w i t h  t h e  

theory  unde r ly ing  t h e  t r a n s d u c t i o n  and propagat ion  of a c o u s t i c  waves 

i n  t h i n  waveguides and d e s c r i b e s  t h e  g e n e r a l  o p e r a t i o n  of t h e  l e v e l  

me a s u r  emen t s y s t e m  

2 . 1  BACKGKOUNL) TBEORY 

Ex tens iona l  and t o r s i o n a l  a c o u s t i c  stress p u l s e s  may be gene ra t ed  i n  

m a g n e t o s t r i c t i v e  materials by u t i l i z i n g  t h e  J o u l e  and Wiedemann e f f e c t s ,  

r e s p e c t i v e l y .  A c u r r e n t  pu l se  in t roduced  i n t o  a c o i l  sur rounding  a 

fe r romagne t i c  rod creates a magnet ic  f l u x  t r a n s i e n t  i n  t h e  rod t h a t  

causes  a change i n  i t s  l e n g t h  by t h e  Jou le  e f f e c t  (see Fig.  3 ) . 4  

sudden change i n  l e n g t h  produces an  a c o u s t i c  stress pu l se  t h a t  a t  t h e  

speed o€ sound propagates  w i t h i n  t h e  material as an  e x t e n s i o n a l  wave. 

Conversely,  a r e t u r n i n g  e x t e n s i o n a l  stress p u l s e  pas s ing  under t h e  c o i l  

produces a Local dimensional  change which then  g e n e r a t e s  a change i n  f l u x  

t h a t  l i n k s  t h e  c o i l .  This  change i n  f l u x  produces a vo l t age  a c r o s s  t h e  

c o i l  i n  accordance with Faraday ' s  l a w .  

Th i s  

The Wiedemann e f f e c t ,  o r  t o r s i o n a l  m a g n e t o s t r i c t i o n ,  is a two- 

d imens iona l  ex tens ion  of the Jou le  e f f e c t  ( s e e  Fig.  4 ) . 5  

stress p u l s e  i s  produced i n  a m a g n e t o s t r i c t i v e  rod when a c u r r e n t  p u l s e  

is a p p l i e d  t o  a c o i l  sur rounding  t h e  rod,  caus ing  a magnet ic  f l u x  

A t o r s i o n a l  

5 
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transient to interact with an azimuthal magnetic field existing in the 

rod. Such an azimuthal magnetic bias may be established in the rod by 

passing a direct current (de) through the rod, The vector sum of the 

axially changing flux and the azimuthal bias produces a helical field 

that twists the rod and initiates a shear stress pulse in the rod. This 

shear stress pulse propagates as a torsional wave a t  a speed less than 

that for the extensional wave. On its return to the coil, the torsional. 

wave produces an output voltage across the coil by the inverse Wiedemann 

effect and by Faraday's law. 

In thin, elastic. waveguides, acoustic stress pulses propagate as 

waves with a phase velocity proportional to the square root of a 

restoring force, or stiffness term (described by the. elastic constants) 

divided by an inertia term (density or moment of inertia): 

v=)' stiffness term 

inertia term 

For a waveguide of noncircular cross section, in a vacuum, the velocity 

of a dispersionless extensional wave and a dispersionless torsional wave 

is expressed by 

v e =e 
and 

t 
= 

respectively. Young's modulus, Y, and the shear modulus, S ,  constitute 

the stiffness terms. The waveguide density, Pw, represents the inertia 

term for the extensional mode, whereas Pw and part of the shape factor, 

K, together form the inertia term far the torsional mode. 
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The shape f a c t o r ,  K, i s  p r o p o r t i o n a l  t o  t h e  squa re  roo t  of the 

t o r s i o n a l  r i g i d i t y  c o n s t a n t ,  J,  d iv ided  by the  c r o s s - s e c t i o n  p o l a r  moment 

of i n e r t i a ,  I: 6 

K =  

For any a r b i t r a r y  waveguide c r o s s  s e c t i o n  expressed i n  r e c t a n g u l a r  

c o o r d i n a t e s  ( K , Y ) ,  t he  t o r s i o n a l  r i g i d i t y  c o n s t a n t ,  .J, may be coniputed by 

Nhese t h e  i n t e g r a t i o n s  arc taken over the cross s e c t i o n  and the  f u n c t i o n  

V(x,y) i s  equa l  t o  z e r o  on the  boundary of t h e  c r o s s  s e c t i o n  and satis-  

fie.; the  nonhomogeneous T8aplacc, e q u a t i o n ,  

w i th in  the  boundary. The c ross - sec t ion  polar  moment oE i n e r t i a  may be 

computed by 

over t h e  same region.  For  a waveguide of c i r c u l a r  c r o s s  s e c t i o n ,  K i s  

e q u a l  t o  1; as the  geometry d e p a r t s  from a c i rc le ,  K becomes less than 

u n i t y .  U t i l i z i -ng  riuinerical methods and a d i g i t a l  computer, K was com- 

pu ted  f o r  severa l  r e p r e s e n t a t i v e  c r o s s - s e c t i o n  geometr ies .  The cross- 

s e c t i o n a l  area,  A, p o l a r  moment of i n e r t i a ,  I, t o r s i o n a l  r i g i d i t y  

c o n s t a n t ,  J ,  and shape c o n s t a n t ,  K,  are l i s t e d  i n  Table 1 f o r  each 

geometry. The f i r s t  three shapes are the, u n i t  c i r c l e ,  u n i t  squa re ,  and 

u n i t  e q u i l a t e r a l  t r i a n g l e .  The subsequent shapes each have a r b i t r a r i l y  

chosen 3 : l  aspect r a t i o s .  The aspect r a t i -o  of a waveguide is de f ined  as 

i t s  g r e a t e r  c r o s s - s e c t i o n a l  d inens ion  (wid th )  d iv ided  by t h e  equal o r  

lesser o r thogona l  cross-sect i.onal dimensi-on ( h e i g h t ) .  
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Table 1. Constants €or shapes representative of waveguide 
cross -sectional geome t rics 

-------- 
Shape A a  l b  J' Kd 

0.78 

1.00 

0.433 

1.50 

2.79 

3.00 

1.50 

2.04 

2.17 

1.50 

1.57 

0.1667 

0.0361 

0.625 

2.05 

2.50 

0.646 

0.844 

1.23 

0.513 

1.57 

0.1388 

0.0214 

0.203 

0.649 

0.781 

0.191 

0.235 

0.280 

0.165 

1.00 

0.912 

0.770 

0.570 

0.563 

0.559 

0.544 

0.527 

0.477 

0.451 

'Torsional. r i g i d i t y .  

dShape. 



For a waveguide completely 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 remains e s s e n t i a l l y  unchanged, except  f o r  n e s l i -  

gihle a t t e n u a t i o n  l o s s e s .  Ibwever, s i n c e  the t o r s i o n a l  motion of a 

n o n c i r c u l a r  waveguide i s  w e l l  coupled t o  the f l u i d ,  both energy and 

momentum are e a s i l y  t r a n s f e r r e d  t o  the  f l u i d .  The r e s u l t s  are not only 

decreased v e l o c i t y  but a l s o  a t t e n u a t e d  amplitude caused by t h e  v i s c o s i t y  

of t h e  f l u i d .  The f a c t  that  the waveguide c r o s s  s e c t i o n  i s  n o n c i r c u l a r  

Causes i n e r t i a  from the surrounding f l u i d  t o  be coupled t o  the  waveguide, 

thus i n c r e a s i n g  t h e  e f f e c t i v e  i n e r t i a  of t h e  WaVegUide e C l e a r l y ,  from 

Eq. ( l ) ,  t he  t o r s i o n a l  wave v e l o c i t y  is thereby decreased by a propor- 

t i o n a l  amount, Drag i s  p r e s e n t  bu t  i n s i g n i f i c a n t  i n  rods of c i r c u l a r  

cross s e c t i o n ,  so ,  v e l o c i t y  is v i r t u a l l y  u n a f f e c t e d ;  the v i s c o s i t y  

e f f e c t s  however, are s u b s t a n t i a l .  These phenomena are inco rpora t ed  i n t o  

an e x p r e s s i o n  by Lynnworth: 8 

v t = K d k  [I K 

Equation (8) was e m p i r i c a l l y  determined by a n a l y s i s  of d a t a  r e s u l t i n g  

from expe r imen ta l  s t u d i e s  of t he  ve loc j - ty  of t o r s i o n a l  a c o u s t i c  waves 

i.n r e c t a n g u l a r  waveguides. However, l a b o r a t o r y  tests a t  OKNL have shown 

tha t  E q .  (8) i s  n o t  a v a l i d  g e n e r a l  e x p r e s s i o n  of the t o r s i o n a l  a c o u s t i c  

p ropaga t ion  i n  a r b i t r a r i l y  shaped waveguides, such as t h o s e  l i s t e d  

i n  Table 1. Waveguides with nonrec tangu la r  cross  s e c t i o n s  ( t r i a n g l e ,  

semicircle, and tear shapes)  were f a b r i c a t e d  and t e s t e d .  The t o r s i o n a l  

v e l o c i t y  of propagat ion w a s  measured fo r  each of t h e  waveguides and 

found t o  d i f f e r  markedly from t h a t  predi-cted by X.ynnwortb's equa t ion  

[ E q .  ( 8 ) ] .  To t h e  a u t h o r ' s  knowledge, a c o r r e c t  t h e o r e t i c a l  e x p r e s s i o n  

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 in a r b i t r a r i l y  shaped 

waveguides has not  been determined. 

Temperature. dependence of a c o u s t i c  stress pu l se  v e l o c i t y  i s  a r e s u l t  

of t h e  temperature  dependent-e of e1asti.c [noduli and d e n s i t y ,  as w e l l  as 

l e n g t h ,  of t h e  waveguide. An i n c r e a s e  i n  temperature  dec reases  both 

s t i f f n e s s  and i n e r t i a  terms i n  Eq. (1).  For s t a i n l e s s  s t ee l ,  t he  
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s t i f f n e s s  terms ( S  and Y) dec rease  at a rate approximately a f a c t o r  of 

10 g r e a t e r  than  t h e  rate f o r  the  d e n s i t y  t e r m  (P,). This  r e s u l t s  i n  a 

ne t  dec rease  i n  v e l o c i t y  ( o r  i n c r e a s e  i n  t r a n s i t  t ime)  with an i n c r e a s e  

i n  tempera ture  €or both a c o u s t i c  wave t r ansmiss ion  modes. 

The a c o u s t i c  c h a r a c t e r i s t i c  impedances o f  a waveguide are rep resen ted  

bY 

Z e = p v h = A  w e  

f o r  e x t e n s i o n a l  waves and by 

= I = )IIJP~S Zt w t 

( 9 )  

f o r  t o r s i o n a l  waves, where A is  t h e  c r o s s - s e c t i o n a l  area of the  wave- 

guide.  An impedance mismatch of ad jacen t  s i d e s  a t  a boundary of the  

waveguide causes  an i n c i d e n t  wave t o  be p a r t i a l l y  r e f l e c t e d  (and 

p a r t i a l l y  t r a n s m i t t e d )  a t  the  boundary. The r e f l e c t i o n  c o e f f i c i e n t  r ,  
i s  expressed  by 

Amplitude a t t e n u a t i o n  of an  a c o u s t i c  wave r e s u l t s  from i n t e r n a l  

a b s o r p t i o n  l o s s e s  and from the p a r t i a l  t r a n s f e r  of the  wave's energy t o  

an a d j a c e n t  medium. Laboratory tests have shown t h a t  a r e c t a n g u l a r  wave- 

gu ide  wi th  2 : l  a spec t  r a t i o  has a n  a t t e n u a t i o n  c o e f f i c i e n t  of 12%/m, 

Figure  5 is a graph of stress p u l s e  ampli tude ( e l e c t r i c a l  r e p r e s e n t a t i o n )  

v e r s u s  t r ansmiss ion  length .  The d a t a  are shown f i t t e d  t o  a curve ( s o l i d  

l i n e )  with exponen t i a l  decay. Devia t ions  from t h i s  curve are probably 

due t o  measurement i n a c c u r a c i e s  and t o  t h e  material and dimensional  

nonun i fo rmi t i e s  i n h e r e n t  i n  such lengthy  waveguides. S imi l a r  tests of 

c i r c u l a r  waveguides r evea led  an  a t t e n u a t i o n  c o e f f i c i e n t  of 10%/m.  

9 

A t r a v e l i n g  a c o u s t i c  wave pu l se  c o n t a i n s  a broad, symmetrical  

spectrum of f r equenc ie s  about a c e n t e r  f requency,  fo.  The r e l a t i o n s h i p  
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Fig. 5. Amplitude a t t e n u a t i o n  as a fuiiction of transmission l e n g t h .  

t h a t  e x i s t s  among t h e  wavelength, h ,  f requency,  f ,  and v e l o c i t y ,  v, of 

t h e  t r a v e l i n g  wave i s  expressed by 

V A = . -  . 
f 

Dispe r s ion ,  o r  t he  dependency of v e l o c i t y  on frequency,  causes  the p u l s e  

shape of t h e  wave t o  spread o u t  i n  time i n t o  nany ha l f  c y c l e s  of p u l s e  

amplitude.  For d i s p e r s i o n l e s s  propagat ion of the a c o u s t i c  wave, the 

r a t i o  of waveguide diameter  ( o r  width)  t o  a c o u s t i c  wavelength must  be 

kep t  below a c r i t i c a l  value,"  t y p i c a l l y  1:8 (hence the expres s ion  " t h i n  

wavegiii.de"). From expe r i ence  i t  i s  known t h a t  maximum energy t r a n s f e r  



and minimum dispersion are obtained when the magnetic coil transducer 

has a length approximately one-half that of the acoustic stress-pulse 

wavelength, 

2.2 PRINCIPLE OF OPERATION 

, 

The ultrasonic level probe and measurement system consists of a 

sensor, a transducer, signal conditioning electronics, and a data pro- 

cessor (see Fig. 6 ) .  The sensor is a rectangular stainless steel rod 

that serves as an acoustic waveguide. Housed in a perforated tube,.it 

is coupled to a transducer by a lead-in waveguide through a sensor/ 

transducer interface. The transducer consists of a 1.6-m-diam 
section of magnetostrictive material, such as remendur (composition 

49 Co, 2-5 V, bal Fe;  permanent magnet alloy with high curie temperature 

and high residual induction), linked by a pair of magnetic wire coils. 

The transducer is terminated by a back-length waveguide that is sur- 

rounded by the damper. The transducer coils are excited by the signal 

conditioning electronics, which transmits and receives the signal 

pulses and provides information to the data processor. 

The transducer coils are magnetically biased in such a way that 

one coil produces extensional acoustic waves while the other produces 

torsional acoustic waves in the waveguide. The signal conditioning 

electronics provide current pulses up to 20 A, with widths fram 2 to 

20 ps to each coil in an alternating sequence to launch extensional and 

torsional acoustic waves in the magnetostrictive rod in each direction 

from the transducer. Transducer coils of 800 A-turns are sufficient 

to completely magnetically saturate the remendur. The acoustic waves 

traveling i n  the back-length section are absorbed by the damper so as not 

t o  be reflected back to the transducer from this end and interfere with 

the signals from the sensor. Forward-launched acoustic stress pulses 

propagate in the waveguide through the scnsor/transducer Fnterface along 

the lead-in section to the sensor. Incident waves are partially 

reflected at the lead-in/sensor interface, at the sensor termination, 

and at any discontinuities used to divide the sensor  into zones at 

measured intervals along its length. Reflected waves travel back to the 
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TRWNSDUCER/SENSOR INTERFACE 

SENSOR 

AGNETOSTRICTIVE ROD 

OUTPUT 

Fig .  6.  Components o f  l e v e l  probe and measurement system, 

t r a n s d u c e r  c o i l s ,  where they are converted t o  el .ectrical  s i g n a l s  (up t u  

2 V peak-peak) , r ece ived  by t h e  s i g n a l  c o n d i t i o n i n g  e l e c t r o n i c s ,  and 

u t i l i z e d  t o  measure t h e  round-tr ip  transit t i m e  of each wave i n  the  

senso r .  A nominal va lue  f o r  e x t e n s i o n a l  wave v e l o c i t y  of propagat ion i s  

5000 m / s  a t  a waveguide temperature of 25OC. The tors iona l .  v e l o c i t y  is 

less than o r  equa l  t o  t h i s  va lue ,  depending on the  shape f a c t o r ,  tempera- 

t u r e ,  and f l u i d  d e n s i t y  e f f e c t s .  For  a r e c t a n g u l a r  waveguide, which has  

a 2 : l  aspect r a t i o  and is iinmersed i n  water at a temperature of 25"C, t h e  

to r s iona l .  wave v e l o c i t y  i s  approximately 3200 m/s. 

The measured t o r s i o n a l  wave t r a n s i t  t i m e  is a f imc t ion  o f  t h e  

d e n s i t y  and temperature  of the f l u i d  su r round ing  the sensor. The m e a -  

sured e x t e n s i o n a l  wave t r a n s i t  t i m e  is a Eunetion of t he  temperature  

component of t h e  t o r s i o n a l  wave s i g n a l  only and i s  used as a temperature  

compensation f a c t o r  by the  d a t a  p rocesso r  t o  c a l c u l a t e  f l u i d  d e n s i t y ,  o r  

l e v e l  



3. DAMPER DESIGN AND ANALYSIS 

The requi rement  t h a t  a c o u s t i c  stress p u l s e  s i g n a l s  from the senso r  

be  r e a d i l y  d e t e c t a b l e  and unobs t ruc t ed  by s p u r i o u s  back-end wave 

r e f l e c t i o n s  and prolonged r i n g i n g  e s t a b l i s h e d  t h e  need f o r  a means of 

e l i m i n a t i n g  i n t e r f e r i n g  back-end a c o u s t i c  waves from t h e  waveguide. 

Previous  s o l u t i o n s  inc luded  the u t i l i z a t i o n  of a long back-length s e c t i o n  

t o  remove t h e  back-end-traveling a c o u s t i c  waves i n  t i m e ,  and rubber or 

f i b e r g l a s s  dampers; but  t h e s e  a l t e r n a t i v e s  e i t h e r  compromised the dimen- 

s i o n a l  c o n s t r a i n t s  of t h e  probe or  meant the  senso r  had no chance of 
s u r v i v f n g  n u c l e a r  r e a c t o r  environments.  The a u t h o r ' s  s o l u t i o n  t o  t h e  

problem of back-end a c o u s t i c  waves w a s  an all-metal damper t h a t  could 

wi ths t and  t h e  h o s t i l e  environment of a r e a c t o r  v e s s e l .  An expe r lmen ta l  

s t a i n l e s s  steel damper w a s  t h e r e f o r e  des igned ,  f a b r i c a t e d ,  and t e s t e d .  

This s e c t i o n  p r e s e n t s  t h e  des ign  d e t a i l s  of t h e  damper, d e s c r i b e s  

h e u r i s t i c a l l y  t h e  damper mechanism, and concludes wi th  an approximate 

mathematical  model of the damper. 

3 . 1  PHYSICAL DETAILS 

Figure  7 is an i s o m e t r i c  v i e w  of a damper coupled to t h e  back-length 

p o r t i o n  of an a c o u s t i c  waveguide. The damper c o n s i s t s  of s t a i n l e s s  steel 

wool sur rounding  a s e c t i o n  of t h e  waveguide in which a c o u s t i c  stress 

p u l s e  s i g n a l s  are t o  be damped. The wool t h a t  sur rounds  t h e  waveguide i s  
con ta ined  between two r i g i d  s t a i n l e s s  s t ee l  b r a c k e t s ,  which are formed 

w i t h  a s i n u s o i d a l l y  bent  p a t t e r n  a long  t h e i r  l eng th .  The bent p a t t e r n  

has a wavelength approximately equa l  t o  t h a t  o f  the  a c o u s t i c  s i g n a l  t o  

be damped. Although a s ine wave p a t t e r n  is  i l l u s t r a t e d  h e r e ,  o t h e r  

g e n e r a l l y  s i n u s o i d a l  p a t t e r n s  may be employed. The bent p a t t e r n  o f  t h e  

upper b r a c k e t  is o r i e n t e d  i n  phase wi th  t h e  lower b racke t  p a t t e r n ,  A 

means, such as clamping screws, is provided t o  f o r c e  the p l a t e s  toward 

e a c h  o t h e r  and compress t h e  wool a g a i n s t  t h e  waveguide. This s u b j e c t s  

15 
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STAINLESS 
STEEL WOOL BRACKETS 

SCREWS 

F i g .  7 .  Damper d e s i g n  d e t a i l s .  

the waveguide t o  a l t e r n a t e l y  opposing la te ra l  bending stresses a t  180" 
i n t e r v a l s  a long i ts  l e n g t h  i n  the area t o  be damped, The bent  p a t t e r n  

a l s o  produces a pinching e f € e c t  and provides  b e t t e r  coupl ing of the steel 

wool t o  the  waveguide. 

The expe r imen ta l  damper shown i n  Fig.  8 was f a b r i c a t e d  and a p p l i e d  

t o  a waveguide wi th  a 1.6-m-diam c i r c u l a r  c r o s s  s e c t i o n .  The damper 

b r a c k e t s  were 1.6-mm-thick p l a t e s ,  12.7 m wide by 203.2 [m i n  l eng th .  

The bending p a t t e r n  wavelength w a s  about 25 m, compared t o  the 30.5-1nm 
wavelength of t he  aco i i s t i c  waves t o  be damped. The bent  p a t t e r n  ampli- 

tude w a s  about 6 nun peak to  peak. The t h i c k n e s s  of t he  steel-wool mass 

su r round ing  t h e  waveguide between t h e  s i n u s o i d a l  b r a c k e t s  p r i o r  t o  com- 

p r e s s i o n  was aboiit 25 mm. Sec t ion  4 summarizes the  expe r imcn ta l  r e s u l t s  

of tests conducted on t h i s  damper. 

3.2  MECHANISM OF OPEWrZON 

W i t h  no damper p r e s e n t  the e x t e n s i o n a l  mode and t o r s i o n a l  mode 

a c o u s t i c  wave v e l o c i t y  o€ propagat ion f o r  an  a c o u s t i c  waveguide i n  a 

vacuum may be approxiiiiated by 
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Fig. 8. Camper installed on waveguide. 

and 

L- 
v e =  

V t = K e =  e ,  
These are equations for the velocities of propagation and do not 

reflect the slight attenuation experienced by such waves in practice. 

This attenuation is present, even f o r  extensional mode propagation along 
a waveguide in a vacuum, because of almost negligible internal losses. 

When the waveguide is immersed in a fluid, such as water, the attenuation 

becomes more noticeable (10 to 12%/m) because additional energy is dis- 

sipated into the fluid as a result of the viscous friction between the 
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waveguide and the fluid. In the case of torsional mode propagation along 

a noncircular waveguide immersed in a fluid, drag of the fluid opposes 

the torsional-wave-induced motion of the waveguide and effectively cou- 

ples inertia from the fluid to the waveguide. The noncircular geometry 

aids in the transfer of momentum to the fluid as the apparent inertia of 

the waveguide, IP,, is increased, thereby [Eq.  ( 1 4 ) ]  decreasing the 

velocity of propagation, Vt. 

The damper is applied to a circular section of the waveguide. 

Because this portion of the waveguide is circular, negligible drag is 

present and the velocity of propagation is virtually unaffected. Unless 

the damper is overtuned (excessively tightened), the damper causes no 

reflection of the incident wave; therefore, the damper does not appreci- 

ably alter the characteristic impedance of the waveguide. Also ,  labora- 

tory tests have demonstrated that the general shape of the acoustic wave 

is maintained, while the wave's amplitude is diminished by the damper. 

The velocity of propagation and the characteristic impedance, both of 

which contain stiffness and inertia terms, are not appreciably affected 

by the damper because the damper is applied to a circular portion of the 

waveguide. The mechanism for altering wave velocity and waveguide 

impedance is drag, which is significantly present only in noncircular 

waveguides. In circular waveguides, viscous friction is the dominant 

effect and the mechanism for acoustic wave amplitude attenuation. The 

damper therefore behaves much like a pure source of viscous friction, 

acting on the waveguide in such a way that the energy of an acoustic wave 

propagating in this region is dissipated, resulting i n  amplitude attenua- 

tion only. Viscous friction is supplied to the waveguide as the steel 

wool is compressed against the waveguide, causing the inhomogeneous, 

springlike composition of the wool to rub against the waveguide. This 

effect is more readily obtained for the torsional mode because the 

damper-waveguide interaction is more direct than that for the extensional 

mode. In  the torsional mode, the waveguide motion is azimuthal, whereas 
in the extensional mode the motion is both longitudinal and axial (by 

Poisson's effect) and less easily coupled to the wool. 
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3 . 3  DISTRIBUTED SYSTEM ANALOGY 

The foregoing discussion of the damper mechanism reveals character- 

istics similar in nature to those of a distributed parameter, linear, 
distortionless transmission line of infinite length. Though the damper 

in reality is not an infinite distortionless waveguide, its properties 

may be approximated to resemble those of a distortionless transmission 

line, and the damper is therefore modeled as such. 

Two essential steps are involved in the analysis of a physical 

system: ( 1 )  the formulation of mathematical equations that describe the 

system in accordance with physical l a w s  and ( 2 )  the solutions of these 

equations subject to appropriate initial or boundary conditions. In the 

formulation of equations that describe a physical system, electrical 

analogies are comonly used because they are easy to symbolize and con- 

struct and because special techniques have been developed to analyze 

them. Nonelectrical systems, such as the damper, have electrical analo- 

gies because the equations that describe them are of the same &orm as 

those that describe electrical circuits. Transmission lines and acoustic 

waveguides are examples of distributed-parameter systems. Their compo- 

nent elements are distributed in character, and because more than one 

independent variable is involved (i.e., time and space), their 

elements are described by partial differential equations, Elements of 

lumped-parameter systems, on the other hand, are at most time dependent, 
and governed by ordinary differential equations. 

The classical distributed-parameter electrical circuit model of a 

transmission line is shown in Fig. 9. Letting 

R = resistance per unit length, 

L = inductance per unit length, 

C = capacitance per unit length, and 

G = leakage conductance per unit length, 

we have 

ae G e + c - .  ai 
- - E  
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R * A X  L *AX 
_I-- --- 

I-- --- 

Fig .  9 .  Dis t r ibu ted-parameter  r e p r e s e n t a t i o n  of a t r ansmiss ion  l i n e .  
(R = r e s i s t a n c e  p e r  u n i t  l e n g t h ;  L = i n d u c t i o n  p e r  u n i t  l e n g t h ;  C = 
capac i t ance  per  u n i t  l e n g t h ;  and G = l eakage  conductance p e r  u n i t  l e n g t h . )  

Equat ions (15) and (16)  are c a l l e d  " t r ansmiss ion  l i n e  equa t ions  , ' I  where 

e = c ( x 9 t )  is the  vo l t age  drop p e r  Ax, and i = i ( x , t )  i s  t h e  c u r r e n t  

dec rease  per  Ax. The independent v a r i a b l e ,  x, i s  t h e  d i s t a n c e  measured 

from t h e  sending end, and the  independent v a r i a b l e ,  t, corresponds t o  

time. D i f f e r e n t i a t i n g  Eq. (15)  w i th  respect t o  x and Eq. (16) w i t h  

r e s p e c t  t o  t ,  fol lowed by some rearrangement of t h e  terms, r e s u l t s  in 

t h e  expres s ion  

which is  known as a " t e l e g r a p h i s t ' s  equa t ion ."  One method f o r  s o l v i n g  

a p a r t i a l  d i E f e r e n t i a 1  equa t ion ,  such as K q .  ( 1 7 ) ,  is  f i r s t  t o  conver t  

i t  i n t o  an o rd ina ry  d i f f e r e n t i a l  equa t ion  by t h e  Laplace t r ans fo rma t ion  

and then  t o  s o l v e  t h e  l a t t e r  by classical  methods. Taking t h e  laplace 

t r ans fo rma t ion  of Eq. ( 1 7 ) ,  the fo l lowing  is  ob ta ined :  
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wlie re 

y = fiLT + R ) ( C s  + G) 

is the propagation constant. l 1  

i(x,O) = e(x,O> = 0, Eq. (18) reduces t o  

Assuming zero initial conditions 

whi.ch has the general solution 

Because E(x,s)  must remain finlte even when x is infinite, it follows 

from Eq.  (21) tha t  B = 0. If 

is the electrical representation of an acoustic wave introduced i n t o  a 

waveguide where x = 0,  then, from Eq. ( 2 1 ) ,  

thus, the solution to Eq. (20) takes the €orm:12 

( 2 4 )  E ( x , s )  = F(S)&-'~ . 
Approximating the acoustic waveguide without the damper by an analogous 

l o s s l e s s  transmission line, we have 

R = G = O ,  (25)  

and, from Eq. (19) ,  
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Then, Eq. ( 2 4 )  reduces t o  

-sx E(x,s )  = F ( s ) E  9 

and tkc s i g n a l  p iopagat ing  i n  the waveguide m y  be raodeled by 

e(x,t) = f ( t .  - x (28)  

When. t h e  daiiiper i s  a p p l i e d  t o  the  waveguide, viscous f r i c t i o n  is i n t r o -  

duced, which i s  analogous t o  adding l o s s y  terms, R and G,  t o  t h e  trais- 

mission Pine of Fig.  9. A t t enua t ion  i.s the  o n l y  n o t i c e a b l e  e f fec t  t h a t  

t h e  daluper has on t h e  wave p ropaga t ion ;  t h e r e  i s  no change i n  the 

v e l o c i t y  of propagat ion [Eqs.  (13 j  and ( 1 4 ) ] ,  i n  t h e  c h a r a c t e r i s t i c  

impedance [Eqs,  ( 9 )  and ( l o ) ]  of t h e  waveguide, o r  I n  the  shape of  t h e  

t r a v e l i n g  waveform. The i n e r t i a  and s t i f f n e s s  t e r m ,  L and C,  are not  

apprec i ab ly  a l t e r e d .  I-lowcver, R and G must  obey a s p e c i a l  r e l a t i o n s h i ?  

i f  t h e  model is t o  inc ludc  the  c l i a r a c t e r i s t i c  of ma ln ta in ing  the shape o f  

the t r a v e l i n g  wave+ The a c o u s t i c  waveguide and damper may thus be 

approxi mated by an analogous d i s t o r t  i o n l e s s  transmission l i n e  where 

Then, Eq. (19)  becomes 

an8 Eq. ( 2 4 )  reduces t o  

Therefore. ,  t h e  s i g n a l  propagat ing i n  t h e  r eg ion  of t he  waveguide 

susrounded by the  damper may be modeled by 

where x = 0 is the  p o i n t  a l o n g  t h r  wiveguide a t  d i j c h  the t r a v e l i n g  

w a T 7 p  f(t - x @ , P n t e r s  t he  damper.  he tcrm %/ r RG is  c a l l e d  the 



23 

"attenuation constant ;" it is proportional to the amount of V~SCOUS 

friction and internal losses supplied by the damper, caustng the othsr- 

w i s e  unchanged signal to exponentially decay as it travels over the 

length of the damper. 

in Eq. (32)  is more than 98% attenuated. 

For values of x fiG I > 4 ,  the amplitude of e(x,t) 

Table 2 is a comparison of analogous equations, expressions, and 

parameters that exist relative to the electrical transmission line, 

acoustic extensional-wave propagation in an elastic bar, and torsional 

wave propagation in a rod of circular cross section. 



2 4  

Tab1.e 2. Comparison o f  analogous systems 
-LII.II--x- .I.I -__ 

To r s i ona 1 Expression Elec t r ica l  Ex tens iona l  

1 Ve loc i ty  of _I) 

propaga t ion ,  v 

C h a r a c t e r i s t i c  
Impedance, Z o 

A t t e n u a t i o n  
cons t r a n t ~ j  d 

A 

pw Inert !.a term L 

1 

c 
- Stiffness t e m  Y s 

n E = l o n g i t i i d i n a l  displacement  from l ~ l i e  e q u i l i b r i u m  p o s i t i o n  of 
the  e l a s t i c  bar.  

8 = a n g u l a r  displacement  from the  e q u i l i b r i u m  p o s i t i o n  of the 

rod o f  c i r c u l a r  cross s e c t t o n  (k =: 

Ue,fe = l o s s y  terms s u p p l i e d  by damper f o r  e x t e n s i o n a l  mode. 

Dt,f, = l o s s y  terns s u p p l i e d  by the dainper f o r  tors j -onal  mode. 

c 

d 



4 .  RESULTS 

The p r o t o t y p i c  damper shown i n  Fig. 8 w a s  des igned ,  f a b r i c a t e d ,  and 

i n s t a l l e d  on an a c o u s t i c  waveguide. T e s t s  were conducted i n  which acous- 

t i c  waves of d i f f e r e n t  modes w e r e  i n t roduced  i n t o  t h e  waveguide and 

allowed t o  pass i n t o  t h e  damper, The e f f e c t s  on t h e s e  s i g n a l s  of tun ing  

the damper w e r e  observed and recorded. This  s e c t i o n  d e s c r i b e s  t h e  test  

c o n f i g u r a t i o n  and procedures and then presents  t h e  results. 

4.1 TEST CONFIGURATION AND PROCEDURES 

Figure 10 i s  a block diagram of t h e  c o n f i g u r a t i o n  set: up fo r  t h e  

tests. The waveguide c o n s i s t s  of a s e c t i o n  of 1- by 21nm s t a i n l e s s  steel 

r ibbon ( s e n s o r )  welded t o  a l.6-mm-diam s t a i n l e s s  steel rod ( l e a d - i n ) ,  

whose o t h e r  end i s  welded t o  a 1.6-mm-diam s e c t i o n  of remendur. Two 

magnetic c o i l s  surround the remendur t o  form the  t r a n s d u c e r ,  approxi -  

mately 7 0  cm from p o i n t  d ( l ead - in / senso r  I n t e r f a c e ) .  A 1.6-mm-diam 

s t a i n l e s s  s tee l  rod (back-length) is a t t a c h e d  t o  the  remendur t o  provide  

suppor t  €or  t h e  damper. The c o i l s  are connected t o  a Panametrics 

Panatherm 5010C U l t r a s o n i c  P r o f i l e r  ( p u l s e r / r e c e i v e r ) ,  whose ou tpu t  i s  

monitored on an o s c i l l o s c o p e  and recorded by means of a Po la ro id  camera. 

A deep-discharge,  12-Vdc, we t - ce l l  b a t t e r y  provides  the  c u r r e n t  necessa ry  

t o  e s t a b l i s h  the  az imutha l  b i a s  in t h e  remendur f o r  g e n e r a t i n g  t o r s i o n a l  

stress p u l s e s ;  a permanent magnet removes t h i s  b i a s  such t h a t  e x t e n s i o n a l  

stress p u l s e s  may be genera ted  i n  one of t h e  two c o i l s .  In  a modified 

test  c o n f i g u r a t i o n  (Fig.  l l ) ,  the  e x t e n s i o n a l  c o i l  i s  p laced  a t  t h e  back 

end of t h e  waveguide, followed by the  damper and t h e  t o r s i o n a l  c o i l .  

This c o n f i g u r a t i o n  extends t h s  remendur rod t o  l n c l u d e  t h e  back-length 

s e c t i o n ;  the remaining c o n f i g u r a t i o n  i s  t h e  s a m e  as t h a t  shown i n  

Fig.  10. 

The Panatherm 5010C p u l s e r / r e c e i v e r  is  programmed f i r s t  t o  p u l s e  a 

s e l e c t e d  c o i l ,  l aunching  a n  a c o u s t i c  wave i n t o  the  waveguide, and thew t o  

r e c e i v e  and amplify the  s i g n a l  produced by the  c o i l  as r e f l e c t e d  a c o u s t i c  

waves r e t u r n  t o  the c o i l .  I n  t h i s  way, each c o i l  is exc€.ted i n  an 

25 
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Pig .  10 .  T e s t  c o n f i g u r a t i o n  b lock  diagram. 

a l t e r n a t i n g  sequence and the r e s u l t i n g  waveforins ( e l e c t r  i.cal represen- 

t a t i o n s  of r e f l e c t e d  a c o u s t i c  stress p u l s e s )  are d i sp layed  on the  o s c i l -  

loscope,  A d d i t i o n a l l y ,  a synchron iza t ion  p u l s e  i s  provided by the  

p u l s e r l r e c e i v e r  which tciggJ.es highl low on a l t e r n a t i n g  p u l s e s  to i n d i c a t e  

which s i g n a l  mode, t o r s i o n a l  or e x t e n s i o n a l ,  is  p r e s e n t  a t  t h e  ou tpu t .  

T h i s  synchron iza t ion  output: i s  u t i l i z e d  a t  the o s c i l l o s c o p e ' s  t r i g g e r  

i n p u t  i n  such a way t h a t  the  use r  may s e l e c t i v e l y  monitor e i t h e r  s i g n a l  

mode by a d j u s t i n g  the  n e g a t i v e j p o s i t i v e  t r i g g e r  l e v e l  swi t ch  on the  

o s c i l l o s c o p e .  

The t o r s i o n a l  mode w a s  s e l e c t e d  f o r  viewing while  t h e  damper was 

tuned. The camera took osc i l l og rams  of t he  t o r s i o n a l  mode waveform 

b e f o r e  t h e  damper was a p p l i e d  and a f t e r  the damper w a s  tuned t o  absorb 

the  t o r s i o n a l  back-end r e f l e c t i o n s .  Tuning w a s  accomplished by progres-  

s i v e l y  t i g h t e n i n g  the  clamping screws on the  damper, while  observing the  

s e l e c t e d  waveform, u n t i l  the  back-end r e f l e c t i o n s '  a~iipl.itude was reduced 

t o  a minimum. (Continued t i .gh ten ing ,  i .e,  , over tun ing ,  a f t e r  t h e  minimuin 
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Fig. 11. Modified test  c o n f i g u r a t i o n  w i t h  damper between e x t e n s i o n a l  
and t o r s i o n a l  c o i l s .  

is reached can cause the  t r a v e l i n g  a c o u s t i c  stress pulses  to be r e f l e c t e d  

by the  damper i t s e l f . )  This procedure w a s  s i m i l a r l y  r epea ted  f o r  the  

e x t e n s i o n a l  mode. 

Next, the  damper w a s  tuned t o  e l i m i n a t e  e x t e n s i o n a l  waves, and t h e  

t o r s i o n a l  mode waveform w a s  recorded,  Then, whi le  the damper w a s  tuned 
t o  remove the t o r s i o n a l  back-end reflections, t h e  e x t e n s i o n a l  mode signals 

w e r e  recorded .  

Finally, the modified tes t  configuratlon i n  Fig. 11 w a s  implemented, 

and t h e  damper was tuned t o  absorb t o r s i o n a l  waves. This  arrangement 

allowed extensional-mode stress pulses  t o  pass through t h e  damper and 

t r a v e l  on t o  t h e  s e n s o r ,  wh i l e  the damper absorbed torsional mode stress 

p u l s e s .  Ex tens iona l  back-end r e f l e c t i o n s  were not p r e s e n t ,  because there 

w a s  no back-length s e c t i o n  behind the e x t e n s i o n a l  coil to  s u s t a i n  rhein. 
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4 a 2 SYSTEM PERFORHANCE 

The osci. l lograms from t h e  aforementioned t:ests r e v e a l  t h e  system 

performance. F igure  1 2  r e p r e s e n t s  t he  t o r s i o n a l  mode s i g n a l s  p re sen t  i n  

the  waveguide without  the  damper i n  use.  The vo l t age  s p i k e s  are known as 

echoes and r e p r e s e n t  t r a v e l i n g  a c o u s t i c  stress pu l ses  t h a t  have been 

r e f l e c t e d  a t  d i s c o n t i n u i . t i e s  a long the  waveguide and have subsequent ly  

propagated back t o  the o r i g i n a t i n g  c o i l .  Echoes a and B (Fig.  12)  are 

the s i g n a l s  of i n t e r e s t  t h a t  were r e f l e c t e d  a t  p o i n t s  C and D (Fig.  l o ) ,  

r e s p e c t i v e l y ,  from t h e  sensor  boundaries .  The o t h e r  echoes i n  Fig.  12 

a r e  the undes i r ab le  r e f l e c t i o n s  from the  back-end of t h e  waveguide. 

F igu re  13 is  the  same t o r s i o n a l  s i g n a l  except  t h a t  t h e  damper w a s  tuned 

t o  e l i m i n a t e  the back-end echoes.  Only the  d e s i r e d  s i g n a l s  from t h e  

s e n s o r ,  echoes a and 6 ,  are p resen t ,  S imi l a r  r e s u l t s  f o r  t h e  e x t e n s i o n a l  

mode are found i n  Figs .  14 and 15. F igure  14 shows noise  co r rup ted  

e x t e n s i o n a l  inode echoes wi th  no darnper a p p l i e d ,  whereas only  s i g n a l  

echoes Y and $, from p o i n t s  C and D,  r e s p e c t i v e l y ,  are dominant i n  

Fig.  15 a f t e r  tun ing  t h e  damper. E l imina t ion  of t h e  e x t e n s i o n a l  mode 

back-end echoes requi red  more t i g h t e n i n g  of the  damper clamps then t h a t  

r e q u i r e d  f o r  t h e  t o r s i o n a l  mode. With t h e  damper tuned f o r  t h e  ex ten-  

s i o n a l  mode, the  t o r s i o n a l  mode waveform w a s  rrexaoiined. As can be seen  

i n  Fig.  16,  t h e  tors iona l .  back-end r e f l e c t i o n s  remain damped. Hy con- 

t ras t ,  when the  damper is  tuned t o  e l i m i n a t e  t o r s i o n a l  mode r e f l e c t i o n s  > 

e x t e n s i o n a l  mode back-end echoes are o n l y  s l i g h t l y  damped ( s e e  Fig.  17). 

Thus, it is  p o s s i b l e  t o  tune the  damper to  f i l t e r  t o r s i o n a l  stress p u l s e s  

whi le  a l lowing  e x t e n s i o n a l  s t ress  pu l ses  t o  pass .  However, a d d i t i o n a l  

damping is r equ i r ed  to  absorb  e x t e n s i o n a l  stress p u l s e s ,  and the  t o r -  

s i o n a l  mode s i g n a l s  are s imul taneous ly  absorbed. The tes t  c o n f i g u r a t i o n  

was t h e r e f o r e  modified ( s e e  F ig .  11) t o  take  advantage of s e l e c t i v e  f i l -  

t e r i n g .  With t h e  e x t e n s i o n a l  c o i l  on t h e  back-end of t h e  waveguide, no 

back-end r e f l e c t i o n s  are i n  a p o s i t i o n  t o  i n t e r f e r e ;  fur thermore  

forward-launched e x t e n s i o n a l  stress p u l s e s  p a s s  through t h e  damper tuned 

f o r  t he  t o r s i o n a l  mode, whereas t o r s i o n a l  mode stress pu l ses  t r a v e l i n g  i n  

t h e  back-length are absorbed by t h e  damper. The r e s u l t s  of t h i s  conf ig -  

u r a t i o n  are shown i n  F igs .  18 ( t o r s i o n a l  s i g n a l s  a and @ >  and 19 (ex ten-  

s i o n a l  s i g n a l s  Y and 4) .  This  method produces very  c l ean  s i g n a l s  i n  both 
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Fig .  14. E x t e n s i o n a l  s i g n a l  F ig .  15. E x t e n s i o n a l  s i g n a l  
w i t h  no damper a p p l i e d .  w i t h  damper tu rned  f o r  e x t e n s i o n a l  

mode. 

modes, op t imiz ing  dual-mode performance. It  is thus t h e  p r e f e r r e d  method 

of operation, and i t  has produced good r e s u l t s  i n  p r a c t i c e  with a working 

measurement system. 
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200p  sec /div 

Fig. 16. Tors iona l  s i g n a l  with 
damper tuned f o r  extensional mode. 

ORNL- D W G  8 3  - 17443 

2 0 0  ,LL s e c i d i v  

F i g .  18. T o r s i o n a l  s i g n a l  f o r  
modified c o n f i g u r a t i o n .  

220 

-------i 

Fig. 17. Extensional s igna l  
w i t h  damper tuned for torsional mode. 

-102691 

108 p s e c / d i v  
Fig .  19. E x t e r r s i  m a l  signa1 

f o r  modif ied eonf i gizrat ion.  



5. SUMMARY 

A damper t h a t  removes u n d e s i r a b l e  stress p u l s e s  from an a c o u s t i c  

waveguide w a s  s u c c e s s f u l l y  des igned ,  c o n s t r u c t e d ,  and expe r imen ta l ly  

v e r i f i e d .  A mathematical  model w a s  then developed t o  d e s c r i b e  t h e  

damper's behavior  i n  terms of an analogous d i s t r ibu ted -pa rame te r  trans- 

miss ion  l i n e .  The damper s e r v e s  t o  s i m p l i f y  the  des ign  and improve t h e  

performance of an u l t r a s o n i c  wa te r - l eve l  measurement system. It is  a by- 

product of r e s e a r c h  conducted a t  ORNL t o  develop advanced i n s t r u m e n t a t i o n  

f o r  use in pressur ized-water  r e a c t o r s .  

The damper posses ses  s e v e r a l  s a l i e n t  f e a t u r e s  t h a t  cont rLbute  to  its 

uniqueness .  Cons t ruc ted  e n t i r e l y  of s t a i n l e s s  steel ,  i t  is  capable  of 

s u r v i v i n g  i n  t h e  h o s t i l e  environment of a n u c l e a r  r e a c t o r ,  whereas p rev i -  

ous s t a t e -o f  - the-ar t  des igns  u t i l i z e d  materials t h a t  f a i l e d  under such 

c o n d i t i o n s .  The damper is t u n a b l e ,  which i n c r e a s e s  i t s  f l e x i b i l i t y  f o r  

use i n  o t h e r  more g e n e r a l  a p p l i c a t i o n s .  A s tmple  des ign  makes i t  e a s y  t o  

c o n s t r u c t ,  and i t s  s e l f - c o n t a i n e d ,  compact s t r u c t u r e  a l lows  the  damper t o  

be a p p l i e d  as an i n t e g r a l  p a r t  of t h e  a c o u s t i c  waveguide. 

Acous t ic  stress p u l s e s  t h a t  p ropagate  a long  the  back-length sec- t ion 

of t h e  waveguide and e n t e r  t h e  damper are s u f f i c i e n t l y  a t t e n u a t e d .  In  t h i s  

way, back-end r e f l e c t i o n s  of the a c o u s t i c  waves are prevented  from i n t e r -  

f e r i n g  wi th  s i g n a l s  rece€ved from the senso r  p o r t i o n  oE the  waveguide, 

s i m p l i f y i n g  t h e  pulse-echo d i s c r i m i n a t i n g  e l e c t r o n i c s .  Reverbera t ions  

of a c o u s t i c  waves wi th  the back-end are l i k e w i s e  e l i m i n a t e d ,  reducing  

t h e  r i n g i n g  e f f e c t  and i n c r e a s i n g  t h e  upper l i m i t  of the  t r a n s d u c e r  

e x c € t a t i o n  r e p e t i t i o n  rate, which i n c r e a s e s  the  rate a t  which s i g n a l  

i n f o r m a t i o n  is  ga the red ,  ex tends  t h e  i n s t r u m e n t ' s  bandwidth, fmproves 

c o r r e l a t i o n  between t o r s i o n a l  and e x t e n s i o n  modes, and sharpens  r e s o l u -  

t i o n .  U t i l i z i n g  a damper r a t h e r  than simply ex tend ing  the  back-length 

s e c t i o n  reduces t h e  probe l e n g t h  by g r e a t e r  than a f a c t o r  of 2,  which 

f a c i l i t a t e s  i n s t a l l a t i o n  by keeping the  probe w i t h i n  d imens iona l  

c o n s t r a € n t s  of p r e s e n t  r e a c t o r  des igns .  
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