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ABSTRACT 

Th is  document descr ibes  a p r o t o t y p e  system devised a t  
Hanford  Eng ineer ing  Development Labora tory  f o r  r e c o n s t r u c t i n g  
three-dimensional  images o f  o b j e c t s  o r  components i n  1 i q u i d  
sodium cooled n u c l e a r  r e a c t o r s .  
opaque t o  v i s i b l e  l i g h t ,  u l t r a s o n i c  scanning i s  used t o  r e -  
c o n s t r u c t  a pseudo three-dimensional  image t h a t  can be used 
t o  observe the r e a c t o r  core r e g i o n  f o r  such purposes as: 
t o  i d e n t i f y  duc t  assemblies; e v a l u a t i n g  c o n d i t i o n s  o f  assem- 
b l  i es ; t o  p r o v i  de c a l  i b r a t i  on backup f o r  hand1 i ng machinery 
accuracy and p o s i t i o n ,  e t c .  

Because l i q u i d  sodium i s  
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I .  INTRODUCTIGN 

V isua l  o b s e r v a t i o n  i n  l i q u i d  sodium cooled nuc lear  r e a c t o r s  cannot be 

achieved because of c o o l a n t  Opaci ty  t o  v i s i b l e  l i g h t .  

o p a c i t y  can be overcome by t h e  in -vesse l  use o f  an u l t r a s o n i c  scanning system 
having t h e  c a p a b i l i t y  o f  r e c o n s t r u c t i n g  three-d imensional  images o f  t h e  com- 

ponents o r  o b j e c t s  be ing scanned by a beam o f  u l t r a s o n i c  energy. Th is  r e p o r t  

descr ibes  t h e  progress achieved t o  d a t e  toward development o f  a p r o t o t y p i c  

scanning system t o  be b u i l t  f o r  t h e  Fas t  F l u x  Tes t  F a c i l i t y  (FFTF). 

t e s t s  w i l l  be done i n  t h e  High Temperature Sodium F a c i l i t y  a t  t h e  Hanford 
Engineer ing Development Laboratory .  

The problem o f  

I n i t i a l  

The under-sodium scanner w i l l  be designed f o r  i n s e r t i o n  i n t o  t h e  FFTF 

d u r i n g  shutdown when sodium temperature w i l l  range between 400 and 500°F. 
The scanner c o u l d  be used t o :  

V i s u a l l y  observe t h e  c o r e  r e g i o n  t o  i n s u r e  t h a t  hand l ing  

machinery and o t h e r  moving mechanisms can be maneuvered 

p r o p e r l y .  

Determine t h e  e l e v a t i o n  p r o f  

I d e n t i f y  each d u c t  assembly. 

Determine t h e  o p e r a b i l i t y  o f  

i ' nc lud ing  t h e  grapp le  mechan 

l e  o f  t h e  f u e l  d u c t  assembl ies.  

t h e  f u e l  hand1 i n g  machine, 

sm . 
Evaluate t h e  c o n d i t i o n  o f  t h e  d u c t  assembly hand l ing  sockets.  
Evaluate t h e  c o n d i t i o n  o f  t h e  ins t rument  t r e e  mechanisms. 
Check t h e  o p e r a b i l i t y  and c o n d i t i o n  o f  t h e  c o r e  r e s t r a i n t  

arms and jaws, i f  access ib le .  
Prov ide  c a l i b r a t i o n  backup f o r  de termin ing  h a n d l i n g  machinery 

accuracy and p o s i t i o n .  

r e l e a s e  o r  on a p p l i c a t i o n  o f  t h e  c o r e  r e s t r a i n t  system. 

0 V i s u a l i z e  az imuthal  mot ion  o f  t h e  d u c t  assemblies on 

1 



I I .  SUMMARY AND CONCLUSIONS 

Th is  r e p o r t  descr ibes t h e  s i g n i f i c a n t  accomplishments f o r  t h e  program 

t o  date,  i n c l u d i n g  t h e  developments l e a d i n g  toward t h e  p r o t o t y p i c  scanner 

system f o r  t h e  FFTF and f o r  f u t u r e  LMFBRs. 

developed thus f a r  have been: ( 1 )  t h e  development o f  t h e  three-dimensional  

i s o m e t r i c  image c o n s t r u c t i o n  process (termed ISO-SCAN) t o  a i d  i n  v i s u a l i z i n g  

t h e  in-sodium r e a c t o r  components; and (2 )  a technique t o  wet t h e  u l t r a s o n i c  

t ransducer  f a c e p l a t e  i n  400 t o  500°F sodium. These accomplishments open t h e  
way t o  t h e  des ign o f  a scanning system meet ing t h e  requirements o f  t h e  FFTF. 

The two key accomplishments 

The t i m e  i n v o l v e d  t o  scan an o b j e c t  can be g r e a t l y  reduced by mounting 

t h e  t ransducer  on a r o t a t i n g  scanning head. The s p a t i a l  coord inates of t h e  

r o t a t i n g  scanning head and t h e  t i m e  o f  f l i g h t  of t h e  u l t r a s o n i c  p u l s e  r e f l e c t e d  
f rom t h e  o b j e c t  be ing  scanned a r e  used t o  c o n s t r u c t  t h e  ISO-SCAN image on a 

memory d i  s p l  ay screen. 

does t h e  convent iona l  C-scan method o f  u l t r a s o n i c s ;  however, i t  i s  f a r  l e s s  

complex than t h e  process r e q u i r e d  f o r  ho lograph ic  imaging. 

T h i s  benef i c i  a1 technique has more compl e x i  ty  than 

c 

U l t r a s o n i c  imaging a t  sodium temperatures i n  t h e  400 t o  500°F range r e q u i r e s  

c e r t a i n  p recaut ions  t o  i n s u r e  proper  w e t t i n g  of  t h e  t ransducer  face , p l a t e  

i n  l i q u i d  sodium t o  achieve maximum s i g n a l s .  
faces must be assured. Thus f a r ,  scanning has been performed i n  an open 
sodium vessel  i n  an a r g o n - f i l l e d  g l o v e  box. The sodium a c t s  as a good 

" g e t t e r "  f o r  t h e  smal l  q u a n t i t y  o f  oxygen i n  t h e  argon and t h e r e f o r e  i n h i b i t s  

t h e  w e t t i n g  process a t  these temperatures.  To overcome t h i s  problem, a 

sealed scanning tank, now designed and f a b r i c a t e d ,  w i l l  be used f o r  planned 
t e s t i n g  s t a r t i n g  i n  FY-1973. The sodium w i l l  f l o w  through t h e  tank  and be 

p u r i f i e d  on a r o u t i n e  bas is .  The r e s u l t s  o f  these t e s t s  should p r o v i d e  

r e a l i s t i c  parameters f o r  t h e  des ign o f  t h e  p r o t o t y p i c  scanner f o r  FFTF. 

Also,  w e t t i n g  o f  t h e  t a r g e t  s u r -  

Access a v a i l a b i l i t y  f o r  t h e  FFTF p laces s t r i n g e n t  des ign c o n s t r a i n t s  on 

t h e  s i z e  and shape o f  t h e  mechanical scanning head and arm assembly. Several  

2 
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8.5-in. diameter entrance ports above the core region of  the reactor will be 
available for  possible insertion of the planned telescoping scanning arm. 

Clever mechanical design will be required t o  reduce vibration to  an 
acceptable level for the scanning accuracies desired (resolution o f  two 1 0 4 1  
diameter holes 10 mils apart  using a 2 - i n .  focal length ultrasonic transducer). 
The design, construction and t e s t s  of  the prototypic scanner i n  CRCTA will be 
done p r i o r  to  constructing the final scanner for use i n  FFTF d u r i n g  shutdown 
condi t i  ons . 

111. SYSTEM CONCEPT 

Ultrasonic viewing i n  opaque l i q u i d  sodium i n  the FFTF requires the 

development of an accurate scanning system. 
for  the system concept and the design constraints will be explained i n  t h i s  
section of the report. 

The background development 

For those not familiar w i t h  ultrasonic principles, the physical laws 
governing sound propagation r e l a t e  closely t o  those used fo r  electromagnetic 
waves. The fundamental concept involves the coupling of sound energy from 
a generator (transducer) into and out of the l i q u i d  sodium. Sound waves can 
be generated using a pi ezoel ec t r i  c el ement whi ch converts el ec t r i  cal energy 
into mechanical motion and vice versa. A metallic lens serves to  focus the 
sound energy and d i r ec t  i t  toward the ta rge t .  For a transducer face oriented 

to  beam energy t o  the target  surface, a reflected sound pulse will be 
received by the transducer. Then ,  knowing the propagation velocity of the 
sound wave i n  sodium and the spatial-coordinates of the transducer as i t  
moves near the target  i n  a prescribed manner, a three-dimensional image 
(termed ISO-SCAN) can be "constructed" for  display on a memory-type cathode 
ray tube ( C R T ) .  

The amount of target  area being scanned by the transducer during any 
given time period can be increased by use of a rotating scanning head h a v i n g  

3 



several transducers. The head wi l l  rotate a t  speeds u p  t o  a few hundred rpm 
and t ranslate  the transducer energy beam nearly perpendicular t o  the object 
surface. Determination of the actual scanning motion of the r o t a t i n g  head 
for use i n  FFTF will  be based on the particular targets of in te res t .  
t h i s  determination will s t ipulate  the number of  rotational and translational 
degrees of freedom needed for  the scanner, while fa l l ing  w i t h i n  the access 
constraints of the reactor vessel. 

Thus, 

b 

For the prototypic system, present planning involves an L-shaped scanning 
arm, w i t h  the transducer head r o t a t i n g  on the end of a telescoping arm. 
assembly would be driven from above by motors through a gear train shown i n  
Figure 1 ,  a conceptual drawing. 
transducers h a v i n g  short focal length lenses for  h i g h  resolution (a  few mils) 
and long  focal lengths for  dis tant  viewing, will be incorporated i n t o  the 
r o t a t i n g  head assembly. A general mapping  of the en t i re  region of interest  
would precede the scanning of  specific components and objects. The side- 
viewing mapping would thus insure t h a t  no obstacles would prevent the close 
viewing by the short focal length transducers. 

The 

Several side- and down-viewing 

The scanning motion of  the r o t a t i n g  transducer head will follow a math- 
ematical function t o  f i t  the geometric contour of the reactor access region. 
For instance, a sinusodial function w i t h  an increasing amplitude toward the 
outer boundary of the FFTF vessel may be opt imum. The r o t a t i o n  of the head 
must be synchronized w i t h  the translational motion t o  create a uniform scan 
pattern. The control electronics will have l imit  switches, span set t ings,  ro t a -  
t i o n  speed controls, and ultrasonic signal g a i n  and gate adjustments. 
ultrasonic signal reflected from the target surface will be mu1 tiplexed w i t h  
the position coordinates of the transducer head and the angle increments from 
an optical encoder. This information will be placed i n  the memory u n i t  of a 
small computer where the d a t a  will be operated on t o  form the image coordinates 
fo r  the C R T  memory screen. 

The 

Various image orientation adjustment angles will  be possible using the 
control module switches t o  change the image i n  real time using the coordinate .I 

4 
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Figure  1. Conceptual Pro to type Design o f  U l t r a s o n i c  Scanner f o r  FFTF. 
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information stored i n  the computer memory. 
r o t a t i o n  u s i n g  Eulerian angles are given below; the X ,  Y and  Z axes attach to  

Equations for  a general image 

Rotation will take place i n  t h i s  order: 
4 - r o t a t e  about t h e  Z a x i s  
0 - rotate about the new X axis 
Y - rotate a b o u t  the new Z a x i s  

The image axis coordinates X I ,  Y ’  on the memory screen resul t  from the 
fo l l  owing transformation: 

cos@ simcoso sinosino CQSY s i n y  0 

s in@ cos@cos0 cos@cosO ] [-,Any c;sy y ]  [ :] 
0 -sin@ cos0 

[I]= [ 
The f i n a l  equations resul t  from multiplication of the matrices: . 

X ’  = XIcosocos~ -s in~cosos ind  + Y[ cososin~+sinocosocos~l 
+Z [ s i  nos i n o ]  

Y ’  = ~ [ : - s i n ~ o o s ~ f ~ ~ ~ ~ ~ o ~ ~ i n ~ l  + Y[-sinain”tcoscosaos\Y 1 
+z[cos s i n o l  

6 
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Several  u l t r a s o n i c  equat ions w i  11 be o f  i n t e r e s t  rega rd ing  the  s i zes  necessary 

f o r  system design.  The wave length ,  , f o r  sound t r a v e l i n g  i n  l i q u i d  sodium 

w i t h  f requency f 2 5 MHz w i l l  be: 

A = 1 = 0.0192 inches, 

V = 0.96 X l o 5  inches/second i n  l i q u i d  sodium a t  500°F. 

f 
where, 

f i e l d  d is tance,  N, f o r  a usable imaging s i g n a l  (assuming a p i s t o n  d r i v e r  source),  
can be ob ta ined from t h e  f o l l o w i n g  approximate equat ion:  

The f a r -  

= 3.255 inches, D2 - - (0.5)' - N =  
4x 4( 0.01 92) 

where we have assumed a t ransducer  d iameter  D = 0.5 inches and frequency f = 

5 MHz. The above equat ion  w i l l  be v a l i d  when x << D. 

The beam spread i n  t h e  
source and s i n g l e  f requency 

1.22 x 
D s i n  y = 

f a r  f i e l d  due t o  the  d i f f r a c t i o n  O f  3 C i r c u l a r  

can be ob ta ined as f o l l o w s :  

The r e s o l u t i o n  d i s tance  between two sound-emi tti ng p o i n t  sources (i gnor- 
i n g  secondary e f f e c t s )  can be ob ta ined us ing  t h e  Rayle igh c r i t e r i a :  

where X i s  t h e  d i s tance  f rom t h e  source t o  t h e  f o c a l  plane, i .e. , t h e  foca l  

d i  stance. 

a = X s i n  y 

F igu re  2 shows t h e  a t t e n u a t i o n  o f  t h e  sound wave i n  l i q u i d  sodium. 

curves show r e l a t i v e  i n t e n s i t y  versus d i s tance  f rom the  a c o u s t i c  source f o r  

severa l  sound f requencies.  

50% f o r  24 inches (one way) o f  t r a v e l  u s i n g  5 MHz u l t r a s o n i c  f requency. 

The 

Note t h a t  t h e  sound i n t e n s i t y  reduces by about 

7 
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IV. SCANNING TECHNIQUES 

Several scanning concepts have been suggested as possible candidates for  
in-vessel inspection in liquid sodium. 
concept fo r  use during reactor operation where temperatures (400 to  600%) 
preclude using conventional ultrasonic transducers immersed in liquid sodium. 
Their design couples a n  ex-vessel piezoelectric transducer with a solid or 
l iquid waveguide which then transmits the sound energy into the appropriate 
region above the core of the reactor. A rotating mirror re f lec ts  the sound 
energy across the region t o  be inspected; thus, objects can be located by 
means of the i r  intrusion into the sound beam. 
with th i s  concept resul ts  from the coupling of sound energy into and o u t  of the 
waveguide and from the limited use of the scanner mechanism. 

The Bri t ish( l1  describe a potential 

The major d i f f icu l ty  associated 

Scott and Ying, working for  Atomic Power Development Associates, reported 
on the "Development o f  the Under-Sodium U1 trasonic Scanner"(2) in 1967. They 
were able to  experimentally image several targets in liquid sodium using con- 
ventional ultrasonic " C "  scan techniques over a temperature range of 300 t o  
600°F. They reported good resolution o f  objects 1/32 inch wide and 1/16 inch 
deep. 

For the FFTF,  inspection will be involved only during reactor shutdown 
a t  temperatures less  t h a n  5OO0F,  thus, the ultrasonic transducer can be placed 
direct ly  in the liquid sodium. 
mitter and a receiver; i t  will bemoved t o  scan the target  and thus enable 
creation of the isometric image discussed in the system concept of t h i s  
report. 

The transducer will be used b o t h  as a trans- 

The images presented in th i s  report were obtained using a rec t i l inear  
scanning system i l lus t ra ted  i n  Figure 3. The ultrasonic transducer, when 
immersed in a vessel of liquid sodium, t ranslates  in the horizontal plane 
using d ig i ta l  stepping motors. Preset indexers control the speed, direction 
and length of span of the moving transducer. Electric signals from the 

9 
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t ransducer  and t h e  p o s i t i o n  sensors a r e  combined, as shown i n  F igure  4, t o  

produce an image on a s to rage d i s p l a y  screen (CRT) . 
d e t a i  1 ed schemati cs o f  t h e  e l e c t r o n i c  c i r c u i t s  . 

Appendix A g ives  t h e  

V .  ISOMETRIC I M A G I N G  I N  SODIUM 

The i n i t i a l  u l t r a s o n i c  scanning exper iments i n  l i q u i d  sodium were per -  

formed i n  a sodium p o t  l o c a t e d  i n  an a r g o n - f i l l e d  g love  box i n  t h e  Hanford 

Engineer ing Devel opment Laboratory  324 Bui 1 d ing .  
and t h e  open vessel  o f  sodium i n s i d e  t h e  g love  box. The o b j e c t  be ing  scanned 

by t h e  u l t r a s o n i c  t ransducer  r e s t s  on the  bottom o f  t h e  sodium vessel .  
Al though t h e  sodium conta ined l e s s  than 5ppm oxygen a f t e r  vessel  f i l l i n g ,  t h e  

h o t  sodium c o n t i n u a l l y  absorbed oxygen f rom t h e  argon cover  gas. 
t o  be reason f o r  t h e  f i l m  seen on t h e  sur face  o f  t h e  l i q u i d  sodium. 

F i g u r e  5 shows t h e  scanner 

Th is  appears 

F i g u r e  6 shows an i s o m e t r i c  image o f  severa l  0.25- in.  t h i c k  d i s c s  p laced 

on t o p  o f  each o t h e r .  
scan i n  water  shows t h e  e f f e c t  o f  sodium non-wet t ing o f  t h e  o b j e c t s .  

7 shows t h i s  e f f e c t  q u i t e  c l e a r l y ;  s o l i d  sodium can be seen on t h e  d i s c s  a f t e r  
removal f rom t h e  sodium vesse l .  

reg ions  can be c o r r e l a t e d  w i t h  t h e  ISO-SCAN image. This  non-wet t ing c o n d i t i o n  
should n o t  occur  f o r  o b j e c t s  p r e v i o u s l y  heated t o  800°F o r  exposures a t  a 

lower  temperature f o r  a l o n g e r  p e r i o d  o f  t ime.  
t ransducer  w e t t i n g  expands on t h i s  p a r t i c u l a r  s u b j e c t .  

A comparison o f  t h e  sodium scan w i t h  t h e  prev ious  

F igure  

The curved e f f e c t  a t  t h e  edges and v o i d  

The s e c t i o n  o f  t h i s  r e p o r t  on 

The three-d imensional  i s o m e t r i c  scanning technique (ISO-SCAN) has been 

E s s e n t i a l l y ,  r e p o r t e d  i n  an i n v e n t i o n  d i s c l o s u r e  by Becker and T r a n t ~ w ( ~ ) .  
t h i s  technique c rea tes  t h e  t h i r d  dimension by adding t h e  t ime o f  f l i g h t  o f  

t h e  u l t r a s o n i c  pu lse  t o  t h e  X, Y coord ina tes  o f  t h e  t ransducer  as i t  scans 
t h e  o b j e c t  . E l  e c t r o n i  c mani p u l  a t i  on o f  these s i  gnal s enables t h e  genera t i  on 

o f  t h e  p e r s p e c t i v e  of t h e  image. I n  scanning, t h e  t ransducer  w i l l  d i r e c t  t h e  

energy beam p e r p e n d i c u l a r l y  t o  t h e  t o p  sur faces  o f  t h e  o b j e c t ,  b u t  t h e  image 

can be r o t a t e d  e l e c t r o n i c a l l y  t o  g a i n  t h e  d e s i r e d  p e r s p e c t i v e  o f  t h e  o b j e c t  

11 
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Figure 6.  Ultrasonic Isometric Imaging of Discs 
721 762-4 



721 762-7 

Figure 7. Discs wi th  S o l i d  Sodium A f t e r  Test  
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for  display. 

Figure 8 shows an isometric image of a n u t  having a 7/8-in. inside dia- 
Notice t h a t  the tapered edges can be seen both in the water scan and meter. 

in the sodium scan, although the edges are n o t  perpendicular t o  the transducer 
beam. 
whereas the bottom of the t ank  indicated partial  wetting. 
these results stem from one o r  two possibi l i t ies :  
heat the bottom of the t a n k ;  and/or  ( 2 )  the ultrasonic signal might have been 
closer t o  the "noise level" due to  the transducer being focused nearer the 
t o p  surface o f  the n u t ,  thereby introducing scan uncertainty into the signal 
information used to  "write" the image on the cathode ray screen. The largest  
reflected ultrasonic signal would be obtained from a to ta l ly  non-wetted surface, 
rather t h a n  a wetted surface, since p a r t  o f  the sound energy will be absorbed 
by a wet surface. I n  the FFTF, a l l  surfaces should be wet; thus, a b o u t  83% 
of the energy should be reflected back t o  the transducer. 

Removal of the n u t  from the liquid sodium revealed a non-wetted surface, 
In  explanation, 

( 1 )  heaters were used t o  

Figures 9 and 10  show in-water and in-sodium scans of a s ta inless  steel  
disc having engraved l e t t e r s .  Again, in the case o f  the sodium scan, some 
lack of wetting occurred, thereby reducing the quality o f  the scan. 
Figure 10,  the "zero" on the l e f t  hand side resulted from a d r o p  of sodium 
splashing on the cold disc. 

I n  

16 



. .  

''1 SO" SCAN OF OBJECT I N WATER 

' A  ''1 SO" SCAN OF OBJECT IN SOD1 UM 

Figure 8.  Ultrasonic Isometric Imaging o f  Nut 721 762-3 
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Figure 10. U l t rason ic  Image o f  Disc ( i n  sodium) 

721 762-2 



V I .  TESTING TRANSDUCERS I N  SODIUM 

Eighteen in-sodium t ransducer  experiments have been completed i n  FY-1972. 

Nine long- te rm t e s t s  i n  f l o w i n g ,  reac to r -g rade  sodium were conducted. 

t e s t s  l a s t e d  f o r  approx imate ly  300 hours, w i t h  t h e  sodium temperature v a r y i n g  
f rom 460°F t o  490°F. A t  t h e  conc lus ion  o f  these experiments, t h e  t ransducers 
(a1 1 PZT o r  l e a d - z i r c o n a t e - t i  t a n a t e )  operated s a t i s f a c t o r i l y :  they  had 
r e t a i n e d  approx imate ly  50% o f  t h e i r  i n i t i a l  pulse-echo s e n s i t i v i t y .  Two 

a d d i t i o n a l  t e s t s  l a s t e d  f o r  160 hours and 650 hours, r e s p e c t i v e l y ,  a t  sodium 

temperatures rang ing  f rom 460°F t o  490°F. 

i n  s e n s i t i v i t y ;  a t  t h e  conc lus ion  o f  t h e  t e s t s ,  they  were o p e r a t i n g  s a t i s -  

f a c t o r i  l y .  

Two 

These t ransducers showed no loss 

I n  a d d i t i o n  t o  t h e  descr ibed e a r l y  experiments, f i v e  o t h e r  t ransducers 
(Se r ies  A) were t e s t e d  on a long- te rm bas is  t o  e s t a b l i s h  t ransducer  r e l i a b i l i t y  

and t o  o b t a i n  more q u a n t i t a t i v e  r e s u l t s  about t ransducer  w e t t i n g .  

r e s u l t s  proved t o  be somewhat q u a l i t a t i v e  i n  na ture ,  because t h e  t ransducers  

were n o t  i d e n t i c a l ,  and t ransducer  a l ignment  i n  t h e  t e s t  f i x t u r e  a f f e c t e d  t h e  

measurements o f  s e n s i t i v i t y .  For  the  l a t e r  experiments, t he  f i v e  t ransducers  
(see Transducer F a b r i c a t i o n )  were f a b r i  ca ted  t o  be as i d e n t i  c a l  as poss ib le .  

The experiments l a s t e d  f o r  a minimum o f  120 hours each i n  f l o w i n g ,  r e a c t o r -  

grade ( < 5 ppm 02) sodium a t  temperatures rang ing  f rom 470°F t o  500°F. 

Measurements o f  t h e  t ransducer  pulse-echo s e n s i t i v i t y  i n  water  preceded t h e  
sodium t e s t s  t o  enable d i r e c t  comparison o f  performance. 

t i v i t y  measurements took  p lace  a t  va r ious  i n t e r v a l s  th roughout  t h e  t e s t s .  

E a r l i e r  

The in-sodium sens i -  

Table I shows t h e  r e s u l t s  o f  these experiments i n  f l o w i n g  sodium, i n  

which a1 1 t ransducers  wet reasonably  we1 1 . 
t o  t h e  water  pulse-echo s e n s i t i v i t y )  v a r i e d  f rom 16% t o  37%, i n d i c a t i n g  t h a t  
t h e  degree o f  w e t t i n g  v a r i e d  cons ide rab ly  f rom u n i t  t o  u n i t .  

underwent t e s t s  f o r  more than 120 hours. For  a l l  b u t  USV-17 and USV-24, no 

s u b s t a n t i a l  change i n  s e n s i t i v i t y  occur red  th roughout  t h e  experiments. The 

The i n-sodi  um sensi  t i v i  ty  ( r e f e r r e d  

A l l  u n i t s  

s e n s i t i v i t y  o f  No. 17 inc reased f rom 26% i n i t i a l l y  t o  37% a t  t e s t  t e rm ina t ion .  

20 



L a t e r ,  we determined t h a t  t h e  a c t i v e  element i n  USV-17 had cracked a f t e r  

removal f rom t h e  l o o p .  

due t o  thermal shock assoc ia ted  w i t h  a m a l f u n c t i o n  o f  t h e  sodium loop; t h e  mal- 

f u n c t i o n  caused a three-day shutdown. Tes t ing  a f t e r  s t a r t u p  continued; 
however, t h e  t ransducer  s e n s i t i v i t y  had reduced t o  about 19%, as compared t o  
35% noted  d u r i n g  the  i n i t i a l  two days o f  t e s t i n g .  

a t  t h e  19% l e v e l .  

Transducer USV-24 cracked a f t e r  two days o f  t e s t i n g  

The s e n s i t i v i t y  remained 

(***(Peak-To-Peak V o l t s )  

TABLE I 

I N - S O D I U M  TESTING OF USV TRANSDUCERS -- S E R I E S  "A"  

T e s t  1 
Dura t ion  

Pul se-Echo Sensi t i v i  

Transducer No. tl-- Water Sodi urn 
F1 ow1 ng 

3.5 

8.0 

6.2 

5.0 

I 1 

1.3 

1.3 

1.5 

1.3 

17* 

20 

21 

22 

24** 8.0 2.8 

% o f  Water S e n s i t i v i t y  I ( h r )  ~ I 
37% 
16% 

24% 

26% 

35% 

139 
163 

241 

122 

120 

* For No. 17, t h e  s e n s i t i v i t y  v a r i e d  f rom 26% ( o f  water  va lue)  i n i t i a l l y  

t o  37% a t  end o f  the  t e s t .  The c r y s t a l  cracked a f t e r  t e s t  complet ion.  

No. USV-24 cracked d u r i n g  t e s t  due t o  thermal shock (caused by m a l f u n c t i o n  
o f  t h e  sodium l o o p )  a f t e r  two days o f  t e s t i n g .  

l a t e r ) ,  t h e  s e n s i t i v i t y  reduced t o  about 19% where i t  stayed f o r  t h e  

remainder o f  t h e  t e s t i n g .  

** 
A f t e r  s t a r t u p  ( t h r e e  days 

*** The pulse-echo s e n s i t i v i t y  measurements i n v o l v e d  p l a c i n g  t h e  f l a t ,  s t a i n -  

l e s s  s t e e l  r e f l e c t o r  p e r p e n d i c u l a r  t o  t h e  beam a t  t h e  nominal f o c a l  
p o i n t  o f  t h e  t ransducer ,  and then measuring t h e  ampl i tude o f  t h e  f i r s t  

r e t u r n  echo. A v a r i a b l e  
i n d u c t o r  served t o  tune t h e  t ransducer  t o  maximum s i g n a l .  

The a p p l i e d  p u l s e  measured 200 V i n t o  50 ohms. 
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The sodium temperature ranged from 470°F t o  500°F 

d u r i n g  t h e  t e s t s .  

d iameter  PZT ( l e a d - z i r c o n a t e - t i  t a n a t e )  a c t i v e  element 

w i t h  a 2 - i n .  f o c a l  l e n g t h  i n  sodium. 

The t ransducers were undamped, 5 MHz u n i t s  o f  0.35- in.  

F u r t h e r  exper iments w i  11 be conducted w i t h  t h e  t ransducers t o  determine 

s e n s i t i v i t y  i n  s t a t i c  sodium a f t e r  severa l  weeks o f  s to rage i n  an i n e r t  atmos- 

phere and t o  determine in -water  s e n s i t i v i t y  a f t e r  complet ion o f  a l l  planned 

t e s t s .  
be s u i t a b l e  f o r  extended use a t  the  p r o j e c t e d  FFTF temperature.  

The r e s u l t s  t o  date i n d i c a t e  t h a t  t h e  newly developed t ransducer  w i l l  

Transducer w e t t i n g  i n  reac tor -g rade sodium has proven t o  be r e l i a b l e  

and complete enough t o  assure t h e  a c q u i s i t i o n  o f  good r e s u l t s .  F i f t e e n  o f  t h e  
e igh teen t ransducers t e s t e d  i n  sodium were wet by sodium w e l l  enough t o  o b t a i n  

usable s i g n a l s .  O f  t h e  t h r e e  t ransducers which d i d  n o t  wet, one had been 
i n i t i a l l y  immersed i n  r e l a t i v e l y  " d i r t y "  sodium i n  a s t a t i c  p o t .  The two 

remain ing t ransducers,  one o f  304 s t a i n l e s s  s t e e l  and one o f  1018 m i l d  s t e e l ,  

had been t h e r m a l l y  e tched i n  a vacuum, b u t  they  d i d  n o t  have t h e  g o l d  p a s s i -  

v a t i o n  l a y e r  depos i ted  on t h e  face (see Transducer F a b r i c a t i o n  s e c t i o n  o f  t h i s  
r e p o r t ) ;  consequent ly,  w e t t i n g  c o u l d  n o t  be expected. These u n i t s  served as 

c o n t r o l s  t o  v e r i f y  t h e  n e c e s s i t y  f o r  g o l d  p a s s i v a t i o n .  Considerable s i m p l i f i -  

c a t i o n  i n  t h e  f a b r i c a t i o n  procedure would r e s u l t  i f  t h i s  l a y e r  cou ld  be 

e l i m i n a t e d .  Thus, i n  summary, a l l  b u t  one o f  t h e  gold-coated t ransducers wet 

p r o p e r l y  i n  t h e  l i q u i d  sodium. 

A t  t h i s  s tage i n  t h e  t ransducer  development, o n l y  undamped u n i t s  (see 

Transducer F a b r i c a t i o n )  have been used; these tend t o  " r i n g "  and t o  produce a 

h i g h  n o i s e  l e v e l  ( p a r t i c u l a r l y  i f  p o o r l y  wet ted) .  F i g u r e  11 shows a s i g n a l  

from a t y p i c a l  focused ( 2 - i n .  f o c a l  l e n g t h  i n  sodium) under-sodium v iewing  

t ransducer .  
d i s c  i n  sodium a t  490°F. The s i g n a l  ampl i tude, about 1 v o l t  peak-to-peak, 

i s  approx imate ly  30% o f  t h a t  ob ta ined i n  water  under s i m i l a r  c o n d i t i o n s .  

This  s i g n a l  r e s u l t s  f rom a r e f l e c t i o n  o f f  a f l a t  s t a i n l e s s  s t e e l  

The 
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721 854-1 

Figure 1 1 .  U l t rason ic  S ignal  Ref l ec ted  o f f  a F l a t  
Stainless Steel Target in 490°F Sodium 
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transducer noise level,  n o t  a particular problem with th i s  uni t ,  has been 
significantly higher with some of the units tested.  
level can be accomplished by: 

Reduction of the noise 

Damping the active element. 

0 Using a different type of  act ive element 
(such as lead metaniobate). 
Improving the wetting procedure. 

.* Moving the focal point away from the 
transducer. 

Some of the ea r l i e r  transducers failed during in-sodium testing. These 
early fa i lures  a t  high temperature resulted from deterioration of the epoxy 
used t o  bond the active element t o  the metal lens and from oxidation of the 
back electrode on the active element. 
development of a metal bonding technique t o  fasten the active element t o  the 
lens and from the use of platinum or gold for  the back electrode. 
fa i lures  of t h i s  type have occurred. 

Improved performance resulted from 

No more 

WII. TRArdSDUCER WETTING P R O C E D U R E S  

To assure proper performance, the face of the ultrasonic transducer used 
for  under-sodium imaging must be quickly wet by sodium a t  temperatures of 
450 t o  500°F. Almost no ultrasound can be transmitted th rough  an unwet inter-  
face, and  vir tual ly  a l l  will be reflected by what i s  essentially equivalent t o  
a "gas layer" between the transducer face and the sodium. 
FFTF use, the wetting should be rapid ( less  t h a n  one hour)  t o  avoid long delays 
before imaging can begin. 

Certainly for 

Information in the l i t e ra ture  abou t  the wetting of metals by liquid sodium 
provides l i t t l e  insight t o  the problems. 
explanatory "model" regarding the behavior of l iquid sodium with s ta inless  
s t ee l .  
menters, and from our  experience, the following general conclusions can be 

Apparently, no one has developed an 

However, from the l i t e r a tu re ,  from discussions with other HEDL experi- 
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s t a t e d :  

i The w e t t i n g  o f  s t a i n l e s s  s t e e l  by l i q u i d  sodium 

has a t ime-temperature r e l a t i o n s h i p ;  above 800"F, 
w e t t i n g  w i l l  be r a p i d  and complete, w h i l e  below 

8OO"F, w e t t i n g  takes a p r o g r e s s i v e l y  l o n g e r  t i m e  

(see F i g u r e  12 ) ;  a t  450"F, u n t r e a t e d  s t a i n l e s s  

s t e e l  can take  weeks t o  wet.  

The w e t t i n g  t ime and t h e  degree o f  w e t t i n g  w i l l  be 

s t r o n g l y  i n f l u e n c e d  by t h e  amount o f  oxygen d i s s o l v e d  

i n  t h e  sodium; i . e . ,  w e t t i n g  appears t o  be g e n e r a l l y  

more complete and r a p i d  i n  sodium c o n t a i n i n g  

r e l a t i v e l y  l i t t l e  oxygen ( < 5  ppm 02);  however, no 

u n i v e r s a l  agreement e x i s t s  on t h i s ,  and t h e  d i f f i c u l t y  

i n  measuring t h e  oxygen c o n t e n t  presents  added problems. 

The w e t t i n g  t i m e  and t h e  degree o f  w e t t i n g  w i l l  be 

s t r o n g l y  i n f l u e n c e d  by t h e  sur face  c o n d i t i o n  o f  t h e  

s t a i n l e s s  s t e e l ;  proper  c o n d i t i o n i n g  o f  t h e  s u r f a c e  

can s u b s t a n t i a l l y  reduce t h e  w e t t i n g  t ime.  

A technique t o  promote more r a p i d  w e t t i n g  a t  temperatures o f  400 t o  500°F 
has been developed by W .  L. K e l l y  and R .  W .  Smi th (4) .  B a s i c a l l y ,  t h i s  tech-  
n ique i n v o l v e s  c l e a n i n g  t h e  t ransducer  f a c e p l a t e  i n  a r e l a t i v e l y  h i g h  vacuum 

o f  g o l d  on t h e  f a c e p l a t e  t o  keep i t  c lean and prevent  o x i d a t i o n .  I n  sodium, 

t h e  g o l d  r a p i d l y  d i s s o l v e s  away, thereby exposing t h e  c l e a n  t ransducer  face  t o  

t h e  sodium ( t h e  Transducer F a b r i c a t i o n  s e c t i o n  prov ides  f u r t h e r  d e t a i l s  on t h i s ) .  

t o r r  o r  b e t t e r )  by a thermal e t c h i n g  process, and then d e p o s i t i n g  a l a y e r  

Using t h e  descr ibed techniques, s i g n a l  l e v e l s  as h i g h  as 50% o f  t h e  water  

pulse-echo s i g n a l s  have been achieved i n  450°F sodium. 

sodium, as found i n  a p u r i f i e d  loop,  t h e  ob ta ined r e s u l t s  have been between 10% 
and 50% o f  t h e  in -water ,  pulse-echo s e n s i t i v i t y ,  and t h e  w e t t i n g  t i m e  has 

g e n e r a l l y  been a few minutes o r  l e s s .  

I n  reac tor -g rade 
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Transducer w e t t i n g  w i l l  be poor i n  s t a t i c  l i q u i d  sodium which has been 
exposed t o  t h e  usual  " i n e r t "  atmosphere f o r  a t ime, s i n c e  sodium absorbs 

oxygen, even from a r e l a t i v e l y  i n e r t  atmosphere. 

t o  be a c c e l e r a t e d  by water  vapor i n  t h e  atmosphere over  t h e  sodium and by 

s t i r r i n g  o r  a g i t a t i o n  o f  t h e  s u r f a c e ( 5 ) .  

sodium poses a problem i n  t h a t  t h e  oxygen c o n t e n t  o f  t h e  sodium w i l l  c o n t i n -  
u a l l y  increase,  thus a f f e c t i n g  t ransducer  w e t t i n g  and t h e  v a l i d i t y  o f  t h e  t e s t  

r e s u l t s .  

The r a t e  o f  a b s o r p t i o n  appears 

Thus, t e s t i n g  and imaging i n  s t a t i c  

V I I I .  TRANSDUCER FABRICATION 

A t  t h e  present  s tage o f  development, each exper imenta l  t ransducer  com- 
p r i s e s  an undamped p i e z o e l e c t r i c  a c t i v e  element encased i n  s t a i n l e s s  s t e e l  f o r  
p r o t e c t i o n  a g a i n s t  t h e  sodium. 
a c t i v e  element, t y p i c a l l y  l e a d - z i r c o n a t e  l e a d - t i t a n a t e  ceramic (some 

lead-metaniobate a c t i v e  elements have been used),  i s  bmded t o  t h e  back s i d e  o f  
t h e  l e n s  (304 s t a i n l e s s  s t e e l ) .  Copper-clad metal  'Iv" seals*  p revent  e n t r y  

o f  t h e  l i q u i d  sodium. A spr ing- loaded e l e c t r i c a l  c o n t a c t o r  makes c o n t a c t  t o  t h e  

back e l e c t r o d e  o f  t h e  c r y s t a l  , and a po ly imide  (a high-temperature,  r a d i a t i o n -  

r e s i s t a n t  p l a s t i c )  i n s u l a t o r  i s o l a t e s  t h e  c o n t a c t o r  f rom t h e  housing. A 

s p h e r i c a l l y  curved l e n s  machined i n t o  t h e  t ransducer  face  focuses t h e  u l t r a -  
sound a t  a p o i n t  F determined by 

F igure  13 shows t h e  b a s i c  c o n f i g u r a t i o n .  The 

n 
F = R ( n-1 1 s  

where R i s  t h e  r a d i u s  o f  c u r v a t u r e  o f  t h e  sur face,  and n t h e  i n d e x  o f  r e f r a c -  

t i o n  f o r  sound between t h e  l e n s  m a t e r i a l  and sodium. 

g i v e s  t h e  index  o f  r e f r a c t i o n :  
The f o l l o w i n g  equat ion  

V1 
vz ' 

n =- 

w i t h  v1 and v2 b e i n g  t h e  sound v e l o c i t i e s  i n  t h e  l e n s  and in sodium, respec- 

t i v e l y .  

Most o f  t h e  t ransducers 

u * Parker  Seal Co., Cu lver  

f a b r i c a t e d  t o  

City, C a l i f .  
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having an active element diameter of 0.350 in.  and having a 2-in. focal point 
in sodium (some flat-faced units have also been fabricated and tes ted) .  The 
2-in. focused units were designed t o  permit imaging and tes t ing in a small 
volume of sodium; however, t h i s  i s  n o t  the optimum configuration for imaging 
i n  a practical s i tuat ion.  

A newer transducer design uses a Swagelok* f i t t i n g  t o  seal the trans- 
This design resul ts  in a smaller diameter transducer and an improved, 

Testing of these units has thus f a r  been limited t o  
Figure 14 shows the 

ducer. 
more convenient seal .  
s t a t i c  sodium pots in which they operated sa t i s fac tor i ly .  
transducer assemblies. 

A key factor in the fabrication of transducers f o r  use in sodium i s  the 
bond fastening the active element t o  the lens that  protects the active element 
from the sodium and focuses the ultrasound. 
being used i s  a lead alloy solder (1.5% Ag/5% Sn/93.5% P b )  which melts a t  abou t  
560°F. This bond must withstand the temperature and radiation levels projected 
for  FFTF shutdown and must provide proper acoustic coupling between the active 
element and the lens. Further, the bond must have adequate duc t i l i ty  t o  accom- 
modate the large difference i n  thermal expansion between the active element and 
the lens ( a b o u t  6 t o  1 ) .  I n  addition, the bonding operation must be compatible 
with the fabrication technique used t o  promote rapid wetting o f  the transducer. 
The bond ing  operation must be done i n  a vacuum t o  prevent re -oxida t ion  of the 

transducer face; thus, soldering flux cannot be used. 

The bonding material presently 

Preparation of the active elements involves removal of the normally 
supplied fired-on s i lver  electrodes: these dissolve in solder and the elec- 
trode-to-crystal bond i s  not very good. 
then sputtered on the positive (or  lens) side of the plate and a two-micron 
thick platinum electrode i s  sputtered on the negative side. This procedure 
resul ts  in well-bonded electrodes: the solder bonding alloy readily wets the 
copper, and the platinum electrode does n o t  oxidize away. 

A two-micron thick copper elctrode i s  

I t  sometimes becomes 

* Crawford Fitting Co., Cleveland, Ohio cli 
29 
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necessary t o  repole the ceramic elements a f te r  the sputtering operations. 

The back surface of the s ta inless  steel  lens must be prepared t o  induce 

Vapor 
the bonding  alloy t o  wet the lens. 
the back side of the lens precedes the bonding  of the active element. 
deposition of the copper coating s t a r t s  w i t h  the transducer lens a t  approximately 
950°C and continues as the lens cools. 
copper into the lens and resul ts  i n  a well-bonded copper layer readily wet by 
the bonding  alloy; attempts t o  vapor-deposit t h i s  layer onto a cold lens resulted 
i n  poor bonding of the copper coating. 

Deposition of a copper bonding  layer on 

This treatment diffuses p a r t  of the 

The basic procedure involves the simultaneous deposition of the copper 
bonding layer and the gold passivation layer onto the transducer lens (face- 
plate)  as i t  cools down from the thermal etch cycle. 
s l igh t ly  before termination of heating of the faceplate i n  order t o  passivate 
the transducer face as quickly as possible. 
micron layer of both  copper and  gold on the faceplate, b u t  some will be lo s t  
by diffusion and by re-evaporation. 

The gold deposition s t a r t s  

The deposit consists of a one 

The front  face of the transducer lens i s  cleaned by a thermal etching 
technique. 
t o  about 11500C in a vacuum typically better t h a n  
m i n u t e s  a t  1150°C, the coppe r  and go ld  d e p o s i t i o n s  s t a r t  and h e a t i n g  s t o p s .  

Figure 15 depicts the arrangement used t o  process the faceplates. 

During the thermal etch cycle, induction heating brings the lens 
torr. After 30 

Figure 16 shows the apparatus used w i t h  an inductively heated "hot plate" 
to  bond the active element t o  the lens. 
chamber t o  avoid contaminating or oxidizing the faceplate. Good mechanical 
contact must be achieved t o  insure good thermal conductivity; t h u s ,  spring 
pressure clamps the faceplate against the heater plate ,  and a screw clamps the 
active element into the faceplate. Heating the assembly to  abou t  610°F over a 
period of about 15 minutes melts the bonding alloy; and a t  t h i s  point, release 
of pressure holding the element into the faceplate allows the active element t o  

This operation takes place i n  a vacuum 
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" f l o a t "  on t h e  mol ten bonding a l l o y .  

removal f rom t h e  vacuum chamber. 

Slow c o o l i n g  o f  t h e  f a c e p l a t e  precedes 
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APPENDIX A 

SCHEMATIC DIAGRAMS 
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