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LOCAL SODIUM B O I L I N G  I N  A PARTIALLY BLOCKED SIMULATED LMFBR 
SUBASSEMBLY (THORS BUNDLE 3B) 

N.  Hanus M. H. Fontana 
P. A.  Gnadt J. L.  Wantland 

ABSTRACT 

c 

, 

Experimental d a t a  from l o c a l  s o d i m  b o i l i n g  tests wi th  and 
without  argon gas i n j e c t i o n  have been analyzed.  The experiments 
w e r e  conducted wi th  a 19-rod s imulated LMFBR subassembly having 
t h e  s i x  c e n t r a l  f low channels  (12% of flow a r e a )  blocked i n  t h e  
heated s e c t i o n  of t h e  bundle.  The d a t a  a n a l y s i s  shows t h a t ,  with- 
ou t  gas i n j e c t i o n ,  l o c a l  b o i l i n g  i n  t h e  blockage wake does - n o t  
r a d i a l l y  propagate  t o  t h e  surrounding f r e e  stream dur ing  two quasi-  
s t e a d y - s t a t e  b o i l i n g  pe r iods  of 1 3  and 2 7  s e c .  However, i n  tests 
wi th  argon gas void f r a c t i o n s  of 0.001 and 0.004,  t h e r e  i s  some 
evidence t h a t  t h e  l o c a l  b o i l i n g  zone did spread bu t  d id  no t  en-  
compass t h e  e n t i r e  bundle c r o s s  s e c t i o n .  An i d e a l i z e d  ex t r apo la -  
t i o n  t o  f u l l - s i z e  LMFBR subassemblies skows t h a t  t h e  r e s u l t s  w i th  
t h e  19-rod bundle are conse rva t ive .  

Analysis  of d a t a  from nonboi l ing t e s t s  w i th  gas i n j e c t i o n  
shows t h a t  f o r  void f r a c t i o n s  between 0.00009 and 0.00354, t h e  
maximum temperature  i n c r e a s e  i n  t h e  bloc.kage wake due t o  gas  in -  
j e c t i o n  i s  40°C (70°F) .  

h y d r a u l i c  experiment,  e lec t r ica l  h e a t e r s ,  d a t a  a n a l y s i s ,  h e a t  t r a n s -  
f e r  a n a l y s i s ,  f i s s i o n - g a s  release, flow blockage, ex-reactor  experi-  
ment. 

Key words: sodium, b o i l i n g ,  W B R ,  s a f e t y  f u e l  p i n s ,  thermal- 

INTRODUCTION 

An understanding of t h e  e f f e c t s  of in-core blockages i s  of paramount 

importance i n  LMFBR s a f e t y .  These blockages can r e s u l t  from t h e  accumula- 

t i o n  of d e b r i s  c i r c u l a t e d  i n  t h e  primary sodium o r  from s w e l l i n g  o r  bowing 

of t h e  f u e l  p i n s .  High temperatures  downstream from a blockage could,  under 

cer ta in  adve r se  c o n d i t i o n s ,  l e a d  t o  l o c a l i z e d  b o i l i n g .  Tests were conducted 

i n  t h e  Thermal-Hydraulic Out-of-Reactor Sa fe ty  (THORS) f a c i l i t y  [ formerly 

t h e  Fuel  F a i l u r e  Mockup (FFM)] i n  an a t t empt  t o  determine (1) i f  l o c a l  b o i l -  

i n g  i n  a blockage wake sp reads  r a d i a l l y  o r  a x i a l l y  du r ing  quas i - s t eady- s t a t e  

c o n d i t i o n s  of flow and power ( u n s t a b l e  b o i l i n g )  and ( 2 )  i f  dryout  occur s  i n  

t h e  l o c a l  b o i l i n g  zone i n  t h e  wake du r ing  prolonged pe r iods  of c o n s t a n t  f low 

and power. 
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The subsequent a n a l y s i s  addresses  t h e s e  two phenomena by examining t h e  

experimental  r e s u l t s  of b o i l i n g  downstream of a 6-channel c e n t r a l  non-heat- 

genera t ing  blockage i n  a 19-pin e l e c t r i c a l l y  hea ted  s imula ted  LMFBR sub- 

assembly. Approximately 1 2 %  of t h e  t o t a l  f low area i n  t h e  rod bundle  w a s  

blocked. I n  some of t h e s e  tests, argon gas  w a s  i n j e c t e d  a t  t h e  en t r ance  

of t h e  bundle i n  an a t tempt  t o  s imula t e  f i s s ion -gas  release from a r e a c t o r  

f u e l  rod. The e x t r a p o l a t i o n  of t h e  19-rod (bundle 3B) experimental  r e s u l t s  

t o  217-pin LMFBR subassemblies  i s  d i scussed ,  w i t h  p a r t i c u l a r  emphasis on 

t h e  d i f f e r e n c e s  between t h e  t es t  bundle  and an LMFBR f u e l  subassembly. 

Nei ther  bundle  3B nor  t h e  THORS f a c i l i t y  w a s  designed f o r  sus t a ined  sodium 

b o i l i n g .  (The f a c i l i t y  w a s  l a t e r  modified f o r  modest b o i l i n g  experiments . )  

This  a n a l y s i s  i s  d iv ided  i n t o  t h r e e  p a r t s ,  corresponding t o  t h e  types  

of tests conducted: (1) b o i l i n g  a t  cons t an t  f low and cons t an t  power without  

gas  i n j e c t i o n ,  ( 2 )  b o i l i n g  a t  cons t an t  f low and cons t an t  power wi th  gas in- 

j e c t i o n ,  ( 3 )  single-phase tests a t  va r ious  combinations of cons t an t  f low, 

power, and gas - in j ec t ion  rates. The s ingle-phase tes ts ,  a l though no t  d i -  

r e c t l y  p e r t a i n i n g  t o  t h e  main o b j e c t i v e s  of t h e  bundle 3B test program, 

were added i n  o r d e r  t o  determine t h e  temperature  increase downstream of 

t h e  blockage as a func t ion  of flow, h e a t e r  power, i ne r t -gas  void f r a c t i o n ,  

and t i m e  a f t e r  t e rmina t ion  of gas i n j e c t i o n .  

DESCRIPTION OF TEST FACILITY 

Thermal-Hydraulic Out-of-Reactor Safe ty  (THORS) F a c i l i t y  

The THORS f a c i l i t y  is a high-temperature sodium f a c i l i t y  i n  wliich test 

bundles t h a t  d u p l i c a t e  segments of LMFBR c o r e  subassemblies  are sub jec t ed  

t o  thermal-hydraul ic  t e s t i n g  dur ing  normal and abnormal r e a c t o r  cond i t ions .  

The LMFBR f u e l  p i n s  are s imulated by e l e c t r i c  c a r t r i d g e  h e a t e r s  t h a t  have 

t h e  same o u t s i d e  diameter  as a r e a c t o r  f u e l  p in ;  each f u e l  p i n  s imula to r  

can c o n t a i n  up t o  f o u r  grounded thermocouple j u n c t i o n s  a t t ached  t o  t h e  

inne r  s u r f a c e  of t h e  c ladding .  H e l i c a l l y  wrapped w i r e l i k e  space r s  con- 

t a i n i n g  e i t h e r  grounded o r  ungrounded thermocouple j u n c t i o n s  s e p a r a t e  t h e  

f u e l  p i n  s imula to r s  i n  t h e  assembl ies .  These spacers have t h e  same o u t s i d e  

d iameter  and a re  i n s t a l l e d  a t  t h e  same p i t c h  as those  used i n  t h e  F a s t  Flux 

T e s t  F a c i l i t y  (FFTF) and i n  the Clinch River Breeder Reactor (CRBR). 

, 
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A s i m p l i f i e d  f low diagram of  t h e  THORS f a c i l i t y  as i t  e x i s t e d  f o r  t h e  

tests desc r ibed  i s  shown i n  F ig .  1. 

valves are used t o  vary  sodium f low through t h e  t es t  s e c t i o n ,  and a 440-kVA 

t ransformer  bank provides  e lec t r ica l  power t o  t h e  s imula ted  f u e l  p i n s .  

Power t o  t h e  i n d i v i d u a l  p i n s  may b e  v a r i e d  from zero  t o  2 4 . 5  kW p e r  element.  

A h e a t  exchanger r a t e d  a t  4 2 0  kW w i t h  an  average  sodium tempera ture  of 5 3 8 O C  

(1000'F) removes t h e  h e a t  t h a t  e n t e r s  t h e  system through t h e  f u e l  p i n  simu- 

l a t o r s  i n  t h e  t es t  bundle.  The bundles  may be  i n s t a l l e d  thrrough e i t h e r  t h e  

top  o r  t h e  bottom of t h e  t e s t - s e c t i o n  housin.?.  Design d e t a i l s  of t h e  ind i -  

v i d u a l  components are  given i n  Ref. 1. 

A variaI , le-speed pump and t h r o t t l e  

ORNL-DWG 74-10743 

r 

LHEATER INTERNAL 
TEMPERATURE 

Fig .  1. LMFBR THORS f a c i l i t y  f low diagram. 
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Construct ion of t h e  THORS f a c i l i t y  w a s  completed i n  December 1970, and 

f i v e  19-rod bundles  of d i f f e r e n t  des igns  have been t e s t e d  i n  t h e  f a c i l i t y .  

Bundles 1 A  and 1 B  w e r e  unblocked bundles i n  a s c a l l o p e d  duc t .*  Bundle 2 ,  

which w a s  enclosed i n  a hexagonal d u c t ,  w a s  o r i g i n a l l y  designed t o  o b t a i n  

thermal-hydraulic d a t a  (without a blockage);  i n  t h i s  c o n f i g u r a t i o n  i t  w a s  

r e f e r r e d  t o  as bundle 2 A . 3  A f t e r  completion of t h e  test program wi th  t h e  

bundle i n  t h i s  c o n f i g u r a t i o n ,  t h e  bundle w a s  s t i l l  v i a b l e .  The bundle was 

then i n v e r t e d  i n  t h e  t e s t  s e c t i o n  and ope ra t ed  w i t h  blockage p l a t e s  of vari- 

ous s i z e s  i n s t a l l e d  a t  t h e  i n l e t  of t h e  bundle.  I n  t h i s  c o n f i g u r a t i o n ,  i t  

w a s  r e f e r r e d  t o  as bundle 2B.4 

my wire-wrap segments on t h e  dummy edge rods and contained a six-channel 

c e n t r a l  blockage. Bundle 3B, t h e  s u b j e c t  of t h i s  r e p o r t ,  w a s  i d e n t i c a l  t o  

bundle 3A b u t  had a d i f f e r e n t  test  program. Bundle 5,  l o c a t e d  i n  a hexag- 

o n a l  duc t  w i th  h a l f - s i z e  [0.71-m (0.028-in.)]  w i r e  s p a c e r s  between t h e  

h e a t e r s  and t h e  duct  w a l l ,  w a s  designed f o r  o p e r a t i o n  i n  f o u r  configura-  

t i o n s .  Bundles 5A6 and 5B7 contained a blockage along one of t h e  hexagonal 

s i d e s  t h a t  blocked one-third of t h e  flow area. Bundle 5C7 w a s  run wi th  t h e  

blockage p l a t e  removed. 

removed, w a s  t h e  f i r s t  bundle ope ra t ed  a t  t h e  THORS f a c i l i t y  a t  temperatures  

h igh  enough t o  produce sodium b o i l i n g .  

Bundle 3A5 w a s  i n  a sca l loped  duct  w i th  dum- 

Bundle 5D,' which was run  wi th  t h e  blockage p l a t e  

Sodium has been c i r c u l a t e d  i n  t h e  THORS loop p ip ing  a t  temperatures  as 

h igh  as 65OOC (1200'F); however, sodium temperatures  i n  t h e  t e s t  s e c t i o n  

have reached temperatures  of up t o  980°C (1800'F). Power levels have been 

as h igh  as 36.0 kW/m (11.8 kW/ft) p e r  rod i n  t h e  s imulated f u e l  elements a t  

a maximum t e s t - s e c t i o n  flow of 3.4 l i ters /sec ( 5 4  gpm). 

Fuel  P in  Simulators  

The h e a t e r s  used t o  s i m u l a t e  t h e  i n d i v i d u a l  f u e l  rods w e r e  manufac- 

t u red  by t h e  Watlow E l e c t r i c  Manufacturing Company, S t .  Louis ,  Mo., i n  ac- 

cordance w i t h  s p e c i f i c a t i o n s  given i n  R e f .  9. F igu re  2 shows t h e  important 

c h a r a c t e r i s t i c s  of t h e  h e a t e r s  used i n  bundle 3B. Voltage i s  a p p l i e d  t o  t h e  

h e a t i n g  element through t h e  copper l e a d  a t  t h e  open end of t h e  h e a t e r  and 

t h e  e l e c t r i c  c i r c u i t  i s  completed a t  t h e  o p p o s i t e  end, where t h e  element is. 

grounded through an  end plug t o  t h e  sodium. Heat is  generated over a de- 

s i r e d  l e n g t h  i n  t h e  Nichrome V winding. The co re  i n s i d e  t h e  winding and 
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t h e  i n s u l a t i o n  between t h e  winding and t h e  type  316 s t a i n l e s s  s t ee l  shea th  

are of compacted boron n i t r i d e .  

Refs.  10 and 11. 

These h e a t e r s  are desc r ibed  f u r t h e r  i n  

T e s t  Sec t ion  and Rod Bundle 3B 

Bundle 3A, which w a s  used f o r  s t eady- s t a t e ,  nonboi l ing  experiments 

wi thout  gas  i n j e c t i o n ,  is  shown i n  F ig .  3. Two a d d i t i o n a l  f e a t u r e s  (not  

shown i n  t h e  f i g u r e )  w e r e  incorpora ted  f o r  t h e  bundle  3B tests. An a t t e m -  

p e r a t o r ,  shown i n  F ig .  4 ,  i n j e c t e d  "cold" sodium ( a t  t h e  bundle  i n l e t  t e m -  

p e r a t u r e )  i n t o  t h e  r e l a t i v e l y  ho t  sodium e x i t i n g  from t h e  bundle  t o  p r o t e c t  

t h e  t e s t - s e c t i o n  ex i t  p ip ing  from excess ive  temperatures .  Also,  a s e c t i o n  

of removable i n s u l a t i o n  w a s  added t o  t h e  t e s t - s e c t i o n  housing i n  an  e f f o r t  

t o  a l low a d d i t i o n a l  cool ing  of t h e  sodium containment system. An argon gas 

i n j e c t i o n  s y s t e m  (F ig .  5) made i t  p o s s i b l e  t o  i n j e c t  argon gas i n t o  the 

sodium stream a t  t h e  t e s t - s e c t i o n  i n l e t .  Analogous tests were made wi th  

and wi thout  gas  i n j e c t i o n .  These a d d i t i o n a l  f e a t u r e s  are  descr ibed  i n  de- 

t a i l  i n  Ref. 1 2 .  

Bundle 3B c o n s i s t s  of 1 9  e l e c t r i c a l l y  heated p i n s  i n  a sca l loped  duc t .  

The p i n s  are  5.84 mm (0.230 i n . )  i n  diameter  and are spaced by 1.42-mm-diam 

(0.056-in.)  w i r e s  wrapped on a 305-mm (12.0-in.) h e l i c a l  p i t c h .  The hea ted  

l e n g t h  is  530 mm (21.0 i n . ) .  

used as t h e  a t t empera to r ,  i s  i n s t a l l e d  a t  t h e  upper end of t h e  test s e c t i o n  

t o  measure bundle  e x i t  temperatures .  The s i x  c e n t r a l  f low channels  a re  

blocked by a non-heat-generating s t a i n l e s s  s teel  blockage p l a t e .  The block- 

age p l a t e  is  6 mm ( 1 / 4  i n . )  long and i s  brazed t o  t h e  c e n t r a l  rod 380 mm 

(15 i n . )  downstream from t h e  s t a r t  of t h e  heated s e c t i o n .  A l l  bundle  3B 

h e a t e r s  have a r a t e d  power of 33 kW/m (10 kW/ft);  they w e r e  n o t  designed f o r  

b o i l i n g  cond i t ions .  

A thermocouple r ake  assembly, which w a s  a l s o  

F igure  6 is  a photograph of t h e  end of bundle  3B taken p r i o r  t o  i t s  in-  

The p a r t i a l l y  assembled bundle  is  shown i n  F ig .  s t a l l a t i o n  i n  t h e  f a c i l i t y .  

7 .  

of t h e  bundle p r i o r  t o  i n s t a l l a t i o n  i n  t h e  f a c i l i t y .  F igure  9 is  a photo- 

graph of t h e  power l ead  end of t h e  bundle,  showing t h e  in s t rumen ta t ion  

connec tors  t h a t  were used t o  connect t h e  bundle t o  t h e  f a c i l i t y  w i r ing .  

F igure  8 shows t h e  thermocouple r a k e a t t e m p e r a t o r  assembly nea r  t h e  end 
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F i g .  3 .  T e s t  s e c t i o n  f o r  bundles  3A and 3 B ;  1 9  rods  i n  a sca l loped  
duc t  w i t h  p a r t i a l  w i r e  wraps a t t a c h e d  t o  dummy rods  (1 i n .  = 2 5 . 4  m m ) .  
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3B (1 i n .  = 25 .4  mm). 
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Argon gas injection system for bundle 3 B  (1 in. = 2 5 . 4  mm) 

Bundle 3B Instrumentation 

The thermocouple instrumentation layout for bundle 3B is shown in Fig. 

10. All thermocouples are fabricated from premium-grade Chromel-Alumel and 

are accurate to within +0.5% of the actual temperature reading. With the 

use of pretest isothermal calibration techniques, temperatures may be mea- 

sured to within k3"C. The large circles represent the electrically heated 



1
0

 

P
 

01 
01 
cd $ a
 

P
 

s w
 0 
a
 c aJ 
a
 

G cd h
 

r
l 



11 

Fig .  7 .  P a r t i a l l y  assembled bundle  3 B ,  showing i n s t a l l a t i o n  of f u e l  
p i n  s i m u l a t o r s  ad jacen t  t o  t h e  blockage p l a t e .  
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INCHES FROM 

OF HEATED 
Z O N E ~ 6 0 ' ~  12 in.) 

BEG1 NNI NG //WIRE WRAP POSITION 
(UNGROUNDED JCT) 

WIRE WRAP POSITION 

ORNL-DWG 75-10743 

)( THERMAL ELEMENTS LOST DURING 
BUNDLE 3A ASSEMBLY AND OPERATION 

Fig .  10.  Spacer w i r e  and i n t e r n a l  thermocouple l o c a t i o n s  f o r  bundle 
3B ( 1  i n .  = 25.4 mm). 

f u e l  p i n  s i m u l a t o r s ;  they are i d e n t i f i e d  by t h e  c e n t r a l  number. 

tangent  c i r c l e s  i n d i c a t e  t h e  azimuthal  p o s i t i o n  of t h e  thermocouple junc- 

t i o n s  i n  t h e  wire-wrap space r s .  

compacted MgO swaged i n  an  a u s t e n i t i c  s t a i n l e s s  s teel  shea th  t o  t h e  1.42- 

mm-OD (0.056-in.) f i n a l  wire-wrap dimension. 

The small 

The thermocouple wires are i n s u l a t e d  by 

The w i r e  spacers wrapped 
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around each h e a t e r  rod c o n t a i n  f o u r  thermal element w i r e s ;  t h e  w i r e s  are 

formed i n t o  e i t h e r  grounded o r  ungrounded temperature-measuring j u n c t i o n s  

t h a t  can be l o c a t e d  a t  two a x i a l  l o c a t i o n s .  The thermocouple j u n c t i o n s  are 

l o c a t e d  a t  t h e  a x i a l  l e v e l s  i n d i c a t e d  by t h e  numbers i n  t h e  small c i r c l e s ,  

which d e s i g n a t e  t h e  number of inches from t h e  s tar t  of t h e  heated zone. 

The grounded j u n c t i o n s  are designated by small  c i r c l e s  con ta in ing  p a i r s  of 

d o t s  ( s e e  w i r e  wrap on h e a t e r  8 ) .  The p a i r  of d o t s  nex t  t o  t h e  h e a t e r  sur-  

f a c e  i n d i c a t e s  t h a t  a thermocouple j u n c t i o n  i n  t h e  w i r e  wrap i s  a d j a c e n t  t o  

t h e  h e a t e r ,  whereas t h e  p a i r  of d o t s  on t h e  o p p o s i t e  s i d e  i n d i c a t e s  t h a t  t h e  

o t h e r  j u n c t i o n ,  a t  t h e  same a x i a l  l e v e l ,  measures temperatures  nea r  t h e  

c e n t e r  of t h e  flow channel.  The ungrounded-junction thermocouples are cen- 

t r a l l y  l o c a t e d  w i t h i n  t h e  wire-wrap shea th  and are a t  two a x i a l  l o c a t i o n s  

( s e e  a t y p i c a l  p a i r  of grounded j u n c t i o n s  i n  w i r e  wrap on h e a t e r  1). 

The flow channels ,  de f ined  by t h e  l i n e s  connect ing t h e  c e n t e r s  of t h e  

f u e l  p i n  s i m u l a t o r s ,  are i d e n t i f i e d  by t h e  numbers i n  t h e  segments so de- 

f i n e d .  The s m a l l  c i r c l e s  w i th  i n t e r i o r  c r o s s e s  i n d i c a t e  thermocouples lo-  

ca t ed  a t  t h e  bundle e x i t .  

The f u e l  p i n  s i m u l a t o r s  have thermal elements a t t a c h e d  t o  t h e  i n n e r  

s u r f a c e  of t h e  shea th  as i n d i c a t e d  by t h e  d o t s  l a b e l e d  A ,  B, C ,  D ,  E. The 

ends of t h e s e  thermal elements are l o c a t e d  a t  15" azimuthal  i n t e r v a l s  and 

a t  6.55-mm (0.25-in.) a x i a l  i n t e r v a l s ;  t hus  t h e  j u n c t i o n  formed by two the r -  

m a l  elements i n  h e a t e r s  1, 2, and 3 measure temperatures  from 381 t o  406 mm 

(15 t o  16 i n . )  from t h e  s t a r t  of t h e  heated zone i n  6.4-mm (0.25-in.)  in-  

crements;  those i n  h e a t e r  6 measure from 387 t o  412 mm (15.22 t o  16.22 i n . ) ;  

and those  i n  h e a t e r s  4,  5,  and 7 measure from 406 t o  432 mm (16 t o  1 7  i n . ) .  

A l l  thermocouple j u n c t i o n s  t h a t  gave u n r e l i a b l e  responses  p r i o r  t o  

o p e r a t i o n  of bundle 3B are  c rossed  ou t  i n  F ig .  10 and were n o t  used t o  re- 

cord experimental  d a t a .  

Bundle 3B Data P rocess ing  

Data were recorded w i t h  a f a s t  d a t a - a c q u i s i t i o n  system capab le  of re- 

cording 128 channels a t  10,000 channe l s / sec .  

3B, t h e  system scanned 84 channels  a t  least  every 0 .1  sec and recorded t h e  

s i g n a l s  on magnetic t a p e  f o r  e i t h e r  0 .7  s e c  o r  0 .8  s e c  ou t  of every 1.25 

I n  t h e  22 tests w i t h  bundle 
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sec. The remaining 0.55 or 0.45 sec, during which no data were recorded, 

was used to display selected signals on an oscilloscope for visual moni- 

toring. 

all 79 instruments; the plots for all runs are presented in the bundle 3B 

data record. 

FORTRAN data-processing programs were used to process the data of 

QUASI-STEADY-STATE BOILING DOWNSTREAM OF BLOCKAGE 
WITHOUT INERT-GAS INJECTION 

Tests Conducted 

Seven test runs, as shown in Table 1, were conducted in an effort to 
determine the effects of local boiling downstream of the blockage. 

the tests (test 3, runs 101a-lOlf) consisted of decreasing the test-section 

flow at constant heater power just enough to initiate sodium boiling; there- 
after the flow was kept constant. The saturation temperature for these 

tests was approximately 955'C (1750'F). The resulting quasi-steady-state 

boiling was maintained long enough to give consistent data without endanger- 

ing the integrity of the fuel pin simulators. 
varied in an attempt to suppress and initiate periods of quasi-steady-state 

boiling. Figures 11 and 12 show typical temperature, flow, and heater 
power responses during test 3 (run 101c) and test 4 .  These two tests were 

also chosen for analysis, since they contained the longest, most intense 

(lowest flow-to-power ratio) quasi-steady-state boiling periods (13 and 27 

sec, respectively). Boiling conditions were most easily recognized from 

thermocouple responses during these two tests. 

the operation of the tests was determined by (1) monitoring all bundle 
thermocouple temperatures on a continuous cathode-ray tube (CRT) visual dis- 

Six of 

In test 4 ,  heater power was 

The onset of boiling during 

play [boiling was evident when the temperature exceeded the expected sodium 

saturation temperature of 955'C (1750'F)I; (2) monitoring the amplified 

audio signal from an electromagnetic microphone attached to the test-sec- 

tion housing for the already familiar (from bundle 5D boiling tests) "crack- 

ling" noise of sodium vapor bubble collapse, and ( 3 )  monitoring the response 

from sophisticated acoustic detection instruments (hydrophones and lithium 

niobate crystals). 



a T a b l e  1. Q u a s i - s t e a d y - s t a t e  b o i l i n g  expe r imen t s  w i t h o u t  g a s  i n j e c t i o n  - t es t  ser ies  8 (bund le  3B) 

I n i t i a l  tes t  s e c t i o n  f low = 1 . 4  l i t e r s f sec  (22 gpm) 
I n i t i a l  heater power = 1 6 . 4  kW/m (5.0 kWfft)  

Run Heaters 

C Avg. f low d u r i n g  D u r a t i o n  of q u a s i -  h Test 

i n l e t  d u r i n g  quas i - s t eady-  q u a s i - s t e a d y - s t a t e  s teady-s  ta te  
s e c t i o n  Uni€orm h e a t e r  power 

No. Date o p e r a t i v e  t e m p e r a t u r e  s t a t e  b o i l i n g  p e r i o d s  b o i l i n g  p e r i o d s  b o i l i n g  p e r i o d s  
["C (OF)] ( kWf f t ) (gpm) ( s e c )  

Test 

. , . ..-_. 

3 lOla 4-8-75 * 

3 l O l b  4-8-75 

3 l 0 l c  4-9-75 

3 lO ld  4-9-75 . 

3 lOle 4-9-75 

1 9  482 (900) 

1 9  493 (920) 

1 9  560 (1040) 

1 9  571 (1060) 

1 9  582 (1080) 

5 . 0  

5 .0  

5.0 

5 . 0  

5 . 0  

9 . 0  2 

9 . 0 , 8 . 0 , 8 . 5  2,392 

8 , 6 , 1 3  d d 9 .6 .9  : O ,  8 . 2  

8 .9  1 6  

8 .9  4 

3 l O l f  4-9-75 18e 560 (1040) 5 . 0  6 . 4 , 6 . 1  6 , 1 2  

4 (mod i f i ed )  4-10-75 1 8e 487 (910) 4 . 0 , 4 . 0 , 4 . 5 ,  5 . 0  d 50 ,80 ,27 ,  d 20 6 . 0 , 5 . 6 , 5 . 6 ,  6 . 5  d 

aConversion f a c t o r s :  

bPeak F a s t  F l u x  Test F a c i l i t y  (FFTF) h e a t e r  power = 1 4 . 1  kW/ft .  

dPeriod s e l e c t e d  f o r  d e t a i l e d  a n a l y s i s .  
e 

1 gpm = 0.063 l i t e r f sec ;  1 kW/ft = 3.28 kW/m. 

c 100% FFTF f low ( c o r r e s p o n d i n g  t o  a v e l o c i t y  of 24 f p s )  = 54 gpm i n  bund le  3B. 

E lec t r ic  c i r c u i t  of h e a t e r  7 w a s  open d u r i n g  t e s t .  



- TEST3, RUN 1 0 1 ~  DAY 99 HR 9 MIN 7 SEC 49-  

- - 

Fig. 11. Responses of electromagnetic flowmeter, average heater 
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power, and two thermocouples for test 3, run lOlc (1 gpm = 0.063 - liter/sec; 
1 kW/ft/rod = 3.3 kW/m/rod). 



1
9

 

n
 
9
 

0
 

N
 I 

W
 

0
 

n
 

h
 

z _
J
 

2
 

U
 

0
 

- z I- V 
w

 
rn w

 

0 n a I- W
 
I
 

0
 

z I- 

la a 
w

 
I- I
 

z
 

0
 

w
 

-I n
 

3
 
0
 

V
 

0
 
2
 

a: w
 
I
 

I- 
n
 

a a 3
 

U
 

n a 
w

 

2 w
 

E
 

- 2 3
 

N
 

(0
 
0
 

- 3
 

0
 

n
 4 



20 

Determination of Vapor Bubble Generation from 
Thermocouple Responses 

In order to establish the extent of vapor generation (or the subcooled 
boundaries of the vapor), several criteria were used to determine if a 

thermocouple response indicated the presence of sodium vapor near the ther- 

mocouple during the quasi-steady-state boiling periods. 

If the temperature of a thermocouple is independent of a change in flow 

andlor power, it is assumed that the forced convection nucleate boiling 

regime has been entered. In Fig. 11, note the difference in the responses 

of wire-wrap thermocouples 0621U and 1113U during the three successively 

lower flow periods (50-60, 94-100, and 138-151 sec). Whereas the tempera- 

ture plateaus of 1113U [51 mm (2 in.) upstream of the blockage] increase for 

each lower-flow period (indicating forced convection single-phase flow), 

the temperature plateaus of 0621U [152 mm (6 in.) downstream of the block- 
age] remain essentially constant during the three low-flow periods (indi- 

cating sodium vapor bubbles present at the wire-wrap surface). In Fig. 12, 

on the other hand, the heater power is varied while the flow remains essen- 

tially constant at approximately 0.38 liter/sec (6 gpm). Note the differ- 

ence between the responses of two wire-wrap thermocouples (0621U and 1711U). 

The temperature of 1711U [at 102 mm ( 4  in.) upstream of the blockage] varies 

with heater power (indicating single-phase forced convection flow), while 

the temperature of 0621U remains essentially constant and independent of 

power variations from 25 to 490 sec (indicative of the forced convection 

nucleate boiling regime). 

If the temperature of a thermocouple stabilizes prior to the time that 

the decreasing flow has reached its minimum, the temperature is also con- 

sidered independent of flow and is an indication of boiling. An example of 

this is thermocouple 0621U in Fig. 9; its temperature reading stabilized at 

approximately 136 sec, which is 2 sec prior to the time at which the flow 
reached its lowest value. 

If the temperature of a thermocouple reaches its highest plateau after 

the flow has reached its minimum value, the thermocouple temperature is 

compared to a calculated single-phase sodium saturation temperature. If the 

thermocouple temperature is well below this calculated saturation tempera- 

ture (e.g., 1113U during the analyzed quasi-steady-state boiling period 



21 

shown i n  F i g .  ll), i t  i s  d e s i g n a t e d  as a "nonboi l ing" thermocouple.  I f  t h e  

thermocouple t e m p e r a t u r e  i s  approximate ly  e q u a l  t o  o r  above t h e  s a t u r a t i o n  

tempera ture ,  i t s  t i m e  of tempera ture  s t a b i l i z a t i o n  i s  compared t o  t h a t  o f  

"nonboi l ing" thermocouples .  Thus, f o r  thermocouples  t h a t  r e a c h  t h e i r  t e m -  

p e r a t u r e  p l a t e a u s  n e a r  t h e  s a t u r a t i o n  t e m p e r a t u r e  p r i o r  t o  t h e  t i m e  t h a t  a 

"nonboi l ing" thermocouple  does ,  t h e  p r e s e n c e  of sodium vapor  i n  t h e i r  v i c i n -  

i t y  is  c o n s i d e r e d  e s t a b l i s h e d .  I f  t h e y  r e a c h  t h e i r  t empera ture  p l a t e a u s  

n e a r  t h e  s a t u r a t i o n  tempera ture  a f t e r  a t y p i c a l  "nonboi l ing" thermocouple ,  

no d e f i n i t e  c o n c l u s i o n  as t o  t h e  p r e s e n c e  of vapor  i n  t h e  v i c i n i t y  can  b e  

made. 

P r e s e n t a t i o n  of T e s t  R e s u l t s  

The t e s t  r e s u l t s  of  t h e  two q u a s i - s t e a d y - s t a t e  b o i l i n g  p e r i o d s  inves-  

t i g a t e d  are  p r e s e n t e d  i n  Table  2 and i n  F i g s .  13 and 1 4 .  All r e l i a b l e  re- 

sponses  from t h e  thermocouples  l o c a t e d  between 330 mm (13.0 i n . )  and 584 mm 

(23.0 i n . )  from t h e  start  of t h e  h e a t e d  s e c t i o n  w e r e  ana lyzed  (Table  2 ) .  

Temperatures of t h e  n e a r e s t  s u r f a c e  i n  c o n t a c t  w i t h  sodium a t  a p a r t i c u l a r  

thermocouple l o c a t i o n  were c a l c u l a t e d  as f o l l o w s  i n  t h e  t a b l e :  f o r  i n t e r -  

n a l  h e a t e r  thermocouples  (R p r e f i x ) ,  i t  w a s  a s s u m e d ' t h a t  t h e  h e a t  f l u x  i n  

t h e  h e a t e r  c l a d d i n g  t ravels  r a d i a l l y  outward i n  a uniform manner around 

t h e  h e a t e r  c i r c u m f e r e n c e .  For  thermocouples i n  t h e  c e n t e r  of w i r e  wraps 

( t h o s e  w i t h  U s u f f i x ) ,  i t  w a s  assumed t h a t  t h e  tempera ture  drop from t h e  

c e n t e r  of t h e  w i r e  wrap t o  t h e  w i r e  s u r f a c e  w a s  h a l f  t h e  measured tempera- 

t u r e  drop a c r o s s  one e n t i r e  w i r e  wrap a t  t h e  431-mm (17.0-in.)  l o c a t i o n  

( s e e  measured t e m p e r a t u r e s  of  thermocouples 0217A and 0217B i n  T a b l e  2 ) .  

Wire-wrap thermocouple tempera tures  a t  t h e  unheated 584-mm (23  - 0-i.n. 

l eve l ,  as w e l l  a s  t h o s e  on t h e  f a i l e d  h e a t e r  7 ( thermocouple  0719A i n  T a b l e  

2 ) ,  were assumed t o  b e  t h e  same as t h o s e  on t h e  wire-wrap s u r f a c e ,  s i n c e  

t h e r e  i s  v e r y  l i t t l e  r a d i a l  h e a t  conduct ion  i n  t h e  unheated p o r t i o n  of  t h e  

r o d s  a t  t h e  end of t h e  q u a s i - s t e a d y - s t a t e  p e r i o d  ana lyzed .  Temperatures  

from e x i t  rake thermocouples  [ a t  615 mm (24.2 i n . )  downstream from t h e  

s t a r t  of t h e  h e a t e d  s e c t i o n ]  are n o t  i n c l u d e d  i n  T a b l e  2 because  t h e  l a r g e  

tempera ture  f l u c t u a t i o n s  (k6 t o  570°C) d u r i n g  t h e  q u a s i - s t e a d y - s t a t e  p e r i o d  

could  n o t  b e  e a s i l y  a n a l y z e d ;  however, t h e y  are i n c l u d e d  i n  F i g s .  13 and 14.  



~ Table 2. Results of bundle 3B quasi-steady-state boi l ing t e s t s  (without gas in jec t ion ;  1 
Test 4 - Test 3 ,  run lOlc 

Flow: 0.35 l i t e r l s e c  (5.6 gpm) (la nominal flow) 
Heater power: 14.8 kW/m (4.5 kW/ft) 
I n l e t  temperature: 488°C (910 '~ )  
Time of quasi-steady-state boi l ing period: 

Flow: 0.52 l i t e r l s e c  (8.2 gpm) (15% nominal flow) 
Heater power: 16.4 kW/m (5.0 kW/ft) 
I n l e t  temperature : 
Time of quasi-steady-state bo i l ing  period: 

5 6 0 ~  ( ld+O°F) 
410.2436.8 sec 137.6-150.5 sec 

Time of 
b Evidence of temperature 

during period f o r  period 

Estimated surface Time of Measured Estimated surface Measured 

end of period 

i 
b temperature a t  temperature a t  temperature 

for period 

Evidence of 

during period 

Distance from 

heated sect ion 
s t a r t  of mer~ocouplea temperature a t  temperature a t  end of period vapor generation s tab i l iza t ion  end of period end of period vapor generation s t a b i l i z a t i o n  

f C  (OF)] ( sec)  ["C (OF)] ["C (OF)] ( sec)  [m ( in . ) ]  ["c ("F)] 

Blocked kegion 

390 (15.35: 
390 (15.35) 
391 (15.38) 
396 ! 15.60) 
397 (15.63) 
397 (15.63) 
303 r15.85) 
403 (15.88) 
409 c16.10) 
410 (16.13) 
416 (16.38) 
416 (16.38) 
416 (Y6.38) 
422 (16.63) 
422 (16.63) 
422 (16.63) 
432 (17.0) 
432 (17.0) 
432 (17.0) 
483 (19.0) 
483 (19.0) 
533 (21.0) 
533 (21.0) 
586 (23.0) 

Unblocked region 

330 !13.0) 

330 (13.0) 
381 (15.0) 
381 (15.0) 
381 (15.0) 
381 (15.0) 
381 (15.0) 
432 (17.0) 
432 !17.0) 
432 (17.0) 
432 (17.0) 
447 (17.59) 
447 (17.59) 
483 (19.0) 
483 (19.0) 
483 (19.0) 
584 (23.0) 
584 (23.0) 

No 
No 
? 
? 
? 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
No 
? 
No 
No 
No 
No 
? 
No 
No 

141.6 
141.9 
141.5 
142.6 
141.3 
140.7 
138.2 
136.4 

138.1 

140.1 
140.1 
138.8 
140.2 
138.3 
140.1 

139 *O 

139 5 

139 -0  

139.3 
138.8 

138.3 
138.3 

138.2 
136.3 

137.6 

136 -3 

140.5 
140.4 
140.7 
141.3 
143.9 
142.6 
141.7 
142.6 
145.3 
142.7 
142.8 
147.6 
145 -1 
142.6 
145.4 
145.6 
145.1 
143.9 
141.8 
145.4 
145.5 

960 (1760) 
954 (1750) 
unrel iable  
977 (1790) 
957 (1755) 
960 (1760) 
unrel iable  
977 (1790) 
968 (1775) 
unrel iable  
971 (1780) 
968 (1775) 
unrel iable  
966 (1770) 
988 (1810) 
968 (1775) 
988 (1810) 
unrel iable  
957 (1755) 

957 (1755) 
957 (1755) 
954 (1750) 
957 (1755) 
951 (1750) 
952 (1745) 

960 (1760) 

963 (1765) 
954 (1750) 

957 (1755) 
954 (1750) 

952 (1745) 
974 (1785) 
954 (1750) 
974 (1785) 

954 (1750) 
957 (1755) 
947 (1755) 
954 (1750) 
954 (1750) 
954 (1750) 
952 (1745) 
952 (1745) 

896 (1645) 
9 w  (1655) 
866 (1590) 
821 (1510) 
729 (1345) 
885 (1625) 
885 (1625) 
898 (1650) 
793 (1460) 
846 (1555) 
935 (1715) 
877 860 (1610) (1580) 

927 (1700) 

935 (1715) 
9dc (1660) 
946 (1735) 
949 (1740) 
949 (1740) 

? 
? 

Yes 
1 
Yes 

Yes 
Yes 

Yes 
Yes 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 

No 
No 
No 
No 
No 
No 
No 
No 
No 
NO 
No 
No 
No 
No 

NO 
No 
? 
Yes 
Yes 

406.3 
383.9 

370.3 
407.8 
365.4 

366.3 
372.8 

370.4 
370.0 

367.5 

351 2 
363.7 

362.8 

351.4 
364.2 
351.2 
356.2 
361.2 

7.143 
'L 24 
371.2 

432.5 
4 9 . 3  
426.3 
422.8 
427.6 
406.2 
410.6 
407.8 
4 9 . 0  
424.4 
400.2 
406.9 
408.8 
4 9 . 2  

401.9 
408 .a 
399.2 
369.3 
382 .a 

- ______ ~~~~ ~~ 

"Numbers ofwire-wrab thermocouples consis t  of four  d i g i t s  \followed by a s ing le  l e t t e r  ( e & . ,  0315U, 0217A, and 0217B). The f i r s t  two d i g i t s  give t h e  heater  number ( see  Fig. 10) 
adjacent t o  t h e  wire wrap; the  second two d i g i t s  give the  a x i a l  location downstream of the  s t a r t  Of the  heated sect ion,  and t h e  s ing le  l e t t e r  stands f o r  t h e  physical locat ion inside 
the  wire wrap ( i . e . ,  U ind'cates an ungrounded type i n  the  center of the  wire wrap, A indicates  a grounded thermocouple adjacent t o  the  heater ,  and B ind ica tes  a grounded type adjacent 
t o  sodium). 
s t a r t  of the  heated sec t i+n;  the f i n a l  two l e t t e r s  ind ica te  the  thermal elements which form the thermocouple junction. 

Numbers of giounded heater  i n t e r n a l  thermocouples s;art with the  l e t t e r  R and are  followed by four d i g i t s  f o r  t h e  heater  number and t h e  a x i a l  locat ion downstream from the  

I 
bTemperature s t a b i l i z a t i o n  i s  defined a s  being reached whenever ggZ of t o t a l  temperature r i s e  i s  reached during flow coastdown o r  power increase.  

, 

I 
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Fig. 1 3 .  Experimental temperatures in vicinity of blockage a t  end of 
13-sec period in test 3 ,  run lOlc (1 gpm = 0.063 liter/sec; 1 kW/ft = 3.28  
kW/m; 1 fps = 0.3048 m/sec; 1 in. = 25.4 mm). 
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F igures  1 3  and 1 4  inc lude  a s ingle-phase sodium s a t u r a t i o n  temperature  

t h a t  w a s  c a l c u l a t e d  f o r  t h e  quas i - s teady-s ta te  cond i t ion  w i t h  a s imple com- 

p u t e r  program. B a s i c a l l y ,  t h e  program c a l c u l a t e s  t h e  s ingle-phase a x i a l  

t e s t - s e c t i o n  p r e s s u r e  p r o f i l e ,  given t h e  experimental  p re s su res  a t  t h e  i n l e t  

and o u t l e t  of t h e  tes t  s e c t i o n .  However, i n  t h e  suspected two-phase r eg ion  

between t h e  blockage and t h e  a t t empera to r ,  a l i n e a r  a x i a l  p r e s s u r e  p r o f i l e  

i s  assumed, s i n c e  t h e  sodium void f r a c t i o n  and flow behavior  i n  t h i s  reg ion  

could no t  be  e s t a b l i s h e d  from bundle  3B resu l t s .  

The sodium bulk  temperature  shown i n  F igs .  1 3  and 1 4  i s  c a l c u l a t e d  

from a s i m p l e  h e a t  ba lance  by assuming no blockage and no two-phase flow. 

Discussion of T e s t  Resu l t s  

Axia l  propagat ion of t h e  l o c a l  b o i l i n g  zone 

I n  regard  t o  t h e  r a d i a l  o r  a x i a l  p ropagat ion  of t h e  l o c a l  b o i l i n g  zone 

du r ing  quas i - s teady-s ta te  b o i l i n g ,  i t  must be  poin ted  ou t  t h a t  ax ia l  propa- 

g a t i o n  i n  a r e a c t o r  subassembly could no t  b e  i n v e s t i g a t e d  wi th  t h e  r e s u l t s  

of bundle  3B tests because of t h e  e x i s t e n c e  of s e v e r a l  n o n p r o t o t y p i c a l i t i e s  

i n  t h e  THORS t e s t  f a c i l i t y .  I n  p a r t i c u l a r ,  upstream propagat ion  of t h e  void 

dur ing  quas i - s teady-s ta te  b o i l i n g  pe r iods  w a s  no t  l i k e l y  i n  t h e  THORS f a c i l -  

i t y  because t h e  t e s t - s e c t i o n  flow w a s  no t  s i g n i f i c a n t l y  reduced by an in-  

c r e a s e  i n  t e s t - s e c t i o n  p res su re  drop as i n  LMFBR subassemblies .  The flow 

i n  t h e  THORS tests w a s  t h r o t t l e d  a t  t h e  t e s t - s e c t i o n  i n l e t ,  and t h e  major 

p o r t i o n  of t h e  loop p res su re  l o s s  occurred a t  t h a t  p o i n t .  Downstream prop- 

a g a t i o n  of t h e  l o c a l  b o i l i n g  zone w a s  l i m i t e d  by a n  a t t empera to r ,  which 

i n j e c t e d  "cold" sodium ( a t  t e s t - s e c t i o n  i n l e t  temperature)  i n t o  t h e  two- 

phase sodium flow a t  approximately 305 mm ( 1 2  i n . )  downstream of t h e  block- 

age ( see  F ig .  4 ) .  Consequently,  t h e  a t t empera to r  f low condensed e s s e n t i a l l y  

a l l  sodium vapor.  A l a r g e  p o r t i o n  of t h e  temperature  f l u c t u a t i o n  a t  t h e  

f a r t h e s t  measuring p o i n t  downstream of t h e  blockage (see e x i t  r ake  thermo- 

couples  i n  F igs .  5 and 6 )  i s  a r e s u l t  of t h e  flow a g i t a t i o n  caused by vapor 

c o l l a p s e .  Some temperature  f l u c t u a t i o n s  have been observed t h a t  can be  

a t t r i b u t e d  t o  t h e  movement of h e a t e r  rods ,  which a c t u a l l y  changed t h e  con- 

f i g u r a t i o n  of t h e  flow channel .  
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The i n i t i a t i o n  sequence of vapor gene ra t ion  p r i o r  t o  t h e  quasi-s teady-  

s t a t e  pe r iods  as a f u n c t i o n  of  t i m e  and a x i a l  p o s i t i o n  can be  determined 

from t h e  temperature  s t a b i l i z a t i o n  column i n  Table  2 and is  given i n  Table  

3 .  The r e s u l t s  show t h a t  vapor gene ra t ion  i s  f i r s t  i n i t i a t e d  a t  t h e  end of 

t h e  hea ted  s e c t i o n  [533 mm (21 i n . ) ]  and i s  l a t e r  d e t e c t e d  throughout  t h e  

blockage wake. For a cons t an t  a x i a l  power p r o f i l e ,  t h e  end of t h e  hea ted  

s e c t i o n  is  expected t o  be  t h e  f i r s t  area t o  exper ience  t h e  h i g h e s t  l o c a l  

sodium tempera ture  ( s a t u r a t i o n  temperature)  du r ing  a f low o r  power t r an -  

s i e n t .  The sodium i n  t h e  blockage wake r eg ion  [ f i r s t  51  mm (2 i n . )  down- 

stream of  t h e  blockage]  reaches  s a t u r a t i o n  tempera tures  several seconds 

l a t e r  than  t h e  sodium a t  t h e  end of t h e  hea ted  zone because of t h e  i n i t i a l l y  

lower bu lk  tempera tures  i n  t h e  wake. Flow r e c i r c u l a t i o n  i n  t h e  wake zone 

h e a t s  t h e  sodium t h e r e  t o  t h e  p o i n t  of  s a t u r a t i o n  (and b o i l i n g ) .  

A spontaneous b u r s t  of  sodium bubbles  o r  of  a s i n g l e  l a r g e  bubble  i n  

t h e  wake zone ( i n d i c a t i v e  of a l a r g e  sodium supe rhea t )  i s  n o t  ev iden t  from 

t h e  r e s u l t s  shown i n  Tables  2 and 3 .  Temperatures measured i n  t h e  blocked,  

hea t ed  channels  from 381 t o  533 mm (15 t o  21 i n . )  show t h a t  vapor genera- 

t i o n  d i d  n o t  s ta r t  throughout  t h e  blockage wake a t  t h e  same t i m e .  I n s t e a d ,  

as much as 4 s e c  e l a p s e  du r ing  tes t  3, run  lOlc ,  and as much as 21 sec 

e l a p s e  i n  t e s t  4 b e f o r e  vapor envelopes t h e  e n t i r e  blockage wake. 

- Radia l  p ropagat ion  of  t h e  l o c a l  b o i l i n g  zone 

The r e s u l t s  of  t es t  3 ,  run  lOlc (Table 21, show t h a t  du r ing  t h e  13-sec 

quas i - s t eady- s t a t e  pe r iod ,  d e f i n i t e  evidence of sodium vapor w a s  found on ly  

i n  t h e  blocked r eg ion  of t h e  bundle  (channels  1 t o  6 i n  F ig .  1 0 ) .  One w i r e -  

wrap thermocouple i n  t h e  unblocked channels  [1819U a t  t h e  483-mm (19-in.) 

l eve l  on h e a t e r  181 showed a temperature  n e a r  t h e  sodium s a t u r a t i o n  tempera- 

t u r e ,  b u t  none of the c r i te r ia  f o r  evidence of vapor  gene ra t ion  w a s  a p p l i -  

cab le .  Even though t h i s  temperature  i s  c l o s e  t o  t h e  s a t u r a t i o n  tempera ture ,  

t h e  major p o i n t  is  t h a t  a l l  temperatures  i n  t h e  unblocked channels  had sta- 

b i l i z e d  a t  l eas t  3 sec p r i o r  t o  t h e  end of t h e  b o i l i n g  per iod .  The s t a b l e  

temperatures  reached i n  t h e  unblocked channels  a f t e r  1 0  sec of  quasi-s teady-  

s t a t e  b o i l i n g  and t h e  l a r g e  amount of  subcool ing i n  t h e  outermost  f low chan- 

n e l s  [Tsat - 

i n g  zone d i d  n o t  propagate  from t h e  blocked t o  t h e  unblocked channels  dur ing  

t h e  13-sec quas i - s t eady- s t a t e  pe r iod  analyzed.  

) ,  see Fig .  131 i n d i c a t e  t h a t  t h e  l o c a l  b o i l -  Tminimum measured 
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Table  3. I n i t i a t i o n  sequence of cont inuous vapor genera t ion  
p r i o r  t o  quas i - s t eady- s t a t e  b o i l i n g  pe r iods  

T i m e  of  t enper i i tu re  
s t a b i i i z a t i o n  b Dis tance  from s tarh 

of  hea ted  s e c t i o n  Thermocouple 
[m ( i n . ) ]  (seconds i n t o  run)  

T e s t  3 ,  run  l o l c  

533 (21) 

584 (23) 

397 (15.63) 

S t a r t  of  quasi-s teady-  
s t a t e  b o i l i n g  per iod  

483 (19) 

403 (15.88) 

533 (21) 

397 (15.63) 

422 (16.63) 

T e s t  4 

533 (21) 

533 (21) 

432 (17) 

422 (16.63) 

432 ( 1 7 )  

483 (19) 

483 (19) 

422 (16.63) 

S t a r t  of quasi-s teady-  
s t a t e  b o i l i n g  per iod  

0621U 

0423U 

RO 11 6CD 

0719U 

R o l l  6DE 

0521U 

RO 2 15CD 

R 0 4 1 7 B E  

0621U 

0521U 

0217B 

R0417BE 

0 1 1 7 U  

0619U 

0719A 

R0717BE 

136.3 

136.3 

136.4 

137.5 

137.6 

138.1 

138.2 

138.2 

138 .3  

24 

1 4  3 

351.2 

351.2 

351. 4 

356.2 

361.2 

362.8 

410. 2 

a 

b 

Blockage i s  loca ted  381 mm (15.0 i n . )  from s ta r t  of h sa t ed  
s e c t i o n .  

See foo tno te  t o  Table  2 f o r  an  c q l a n a t i o n  of thermocouple 
numbering system. 
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The r e s u l t s  of t es t  4 (Table 2) w i th  18 h e a t e r s  powered ( t h e  h e a t i n g  

element of p i n  7 had f a i l e d  during t h e  earlier b o i l i n g  t e s t s )  were essen- 

t i a l l y  t h e  same as those  of t e s t  3 ,  run 101c, except  f o r  t h e  two wire-wrap 

thermocouples a t  t h e  unheated, unblocked 584-mm (23-in.)  l e v e l .  This  d i f -  

f e r e n c e  i s  p r i m a r i l y  due t o  t h e  lower flow/power r a t i o  i n  tes t  4 ,  which 

r e s u l t s  i n  t h e  20% less subcool ing [T - T ) I observed 

a t  t h i s  level i n  test 4 ( s e e  Figs .  13  and 1 4 ) .  Vapor t h a t  i s  swept o u t  

from t h e  blocked channels  t o  t h e  unblocked channels  a t  t h e  584-mm (23-in.) 

level does n o t  encounter  sodium a t  temperatures  low enough t o  cause complete 

condensation. Therefore ,  r a d i a l  propagat ion of t h e  vapor zone i n  bundle 3B 

may have occurred t o  a l i m i t e d  e x t e n t  i n  t h e  unheated s e c t i o n  of t h e  bundle 

a t  205 mm (8.0 i n . )  downstream of t h e  blockage. However, i n  t h e  f i r s t  103 

mm (4.0 i n . )  downstream of t h e  blockage (which i n c l u d e s  t h e  blockage wake), 

t h e  r e s u l t s  of test 4 do no t  i n d i c a t e  r a d i a l  propagat ion of t h e  l o c a l  b o i l -  

i n g  zone. Local  b o i l i n g  zone s t a b i l i t y  a t  the  end of t h e  quas i - s t eady- s t a t e  

b o i l i n g  pe r iod  is  found i n  t h e  r e s u l t s  from test 4 by examining t h e  t i m e  of 

temperature  s t a b i l i z a t i o n  l i s t e d  i n  Table 2. A l l  temperatures  i n  t h e  un- 

blocked r eg ion  (downstream of t h e  blockage) had s t a b i l i z e d  a t  least  1 3  s e c  

p r i o r  t o  t h e  end of t h e  27-sec quas i - s t eady- s t a t e  b o i l i n g  pe r iod .  

s a t  bu lk  s ingle-phase 

Dryout i n  Local Bo i l ing  Zone 

Surface temperatures  a t  dryout  l o c a t i o n s  would be expected t o  i n c r e a s e  

s h a r p l y  [above 982'C (1800°F)] as t h e  l i q u i d  f i l m  on t h e  p i n  s u r f a c e  evap- 

o r a t e s  completely.  

of vapor i n  t h e i r  v i c i n i t y  e x h i b i t e d  t h i s  behavior  du r ing  t h e  quasi-steady- 

s t a t e  b o i l i n g  pe r iods  i n v e s t i g a t e d .  

None of t h e  thermocouples t h a t  i n d i c a t e d  t h e  presence 

CONCLUSIONS CONCERNING BUNDLE 3B QUASI-STEADY-STATE B O I L I N G  

Axial  propagat ion of t h e  sodium vapor zone i n  t h e  6-channel blockage 

wake w a s  l i m i t e d  i n  bo th  a x i a l  d i r e c t i o n s  by t h e  test f a c i l i t y  des ign .  

Evidence of r a d i a l  propagat ion of t h e  sodium vapor zone from t h e  

blocked t o  t h e  unblocked channels w a s  no t  found dur ing  t h e  13-sec quasi-  

s t e a d y - s t a t e  pe r iod  i n v e s t i g a t e d .  Although two thermocouples i n  t h e  un- 

blocked channels  [ a t  51 mm (2 i n . )  and 102 mm (4 i n . )  downstream of t h e  
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blockage] were close to the estimated sodium saturation temperature, evi- 

dence of sodium vapor could not be established. Stable temperatures were 

reached by all thermocouples in the unblocked channels 3 sec prior to the 

end of the 13-sec period. 

No evidence of radial propagation of the local boiling zone in the 

first 103 mm (4 .0  in.) downstream of the blockage was found during the 27- 

sec quasi-steady-state boiling period, although one thermocouple in an un- 

blocked channel at 103 mm ( 4  in.) downstream of the blockage was close to 
the saturation temperature. Evidence of sodium vapor was found in the un- 

blocked channels at the unheated 203-mm (8-in.) position downstream of the 

blockage, indicating that radial propagation of sodium vapor could have 

occurred there to a limited extent. Stable temperatures were reached by 

all thermocouples in the unblocked channels 13 sec prior to the end of the 

27-sec period. 

No evidence of sharp temperature increases leading to dryout was found 

on any heated pin surface during either the 13-sec or the 27-sec quasi- 
steady-state boiling periods investigated. 

EXTRAPOLATION OF CONCLUSIONS TO LMFBR SUBASSEMBLIES 

The conclusions reached for quasi-steady-state boiling in a 19-rod 

centrally blocked bundle are significant to LMFBR safety only to the extent 

that they can be extrapolated to full-scale 217-pin fuel subassemblies. 
Bundle 3 B  t e s t  r e s u l t s  could n o t  g ive  an  i n s i g h t  i n t o  a x i a l  propaga- 

tion of the boiling zone in the wake because of the nonprototypicalities in 

the THORS facility. 
In order to apply the radial boiling propagation results from bundle 

3B to a 217-pin.LMFBR subassembly, a comparison of idealized radial tempera- 

ture profiles at 25 mm (1.0 in.) downstream of the blockage is shown in 

Fig. 15 for both bundle 3B and a 217-pin bundle, where the bundle cross sec- 

tions are subdivided into ringlike parallel flow channels. The temperature 

profile in the 217-pin assembly is hypothetically stipulated by assuming 

that a 6-channel blockage in a 217-pin bundle [ loo% nominal flow and 46 kW/m 

(14  kW/ft) heater power] has caused the sodium in the wake to approach its 
saturation temperature to the same degree as in the case of bundle 3B [ l o %  
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F i g .  15. I d e a l i z e d  r a d i a l  temperature  p r o f i l e s  du r ing  quasi-steady- 
s t a t e  b o i l i n g  w i t h  6-channel blockage [ " C  = 5/9 (OF - 3 2 ) ] .  
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nominal f low and 1 5  kW/m ( 4 . 5  kW/ft) h e a t e r  power 

p r o f i l e s  i n  F ig .  15 d e f i n e  a h y p o t h e t i c a l  maximum 

. The d o t t e d  temperature  

s ing le-phase  sodium t e m -  

p e r a t u r e  i n  t h e  wake, which w a s  p r e d i c t e d  as a f u n c t i o n  of  f low and power 

from exper imenta l  s ing le-phase  THORS d a t a  as shown by Han e t  a1.I4 i n  F i g .  

16.  

I f  a r a d i a l  s t a b i l i t y  f a c t o r  f o r  r a d i a l  b o i l i n g  propagat ion  is  then  

de f ined  as t h e  r a t i o  of  t h e  vapor-condensing c a p a b i l i t y  ( r e s t r a i n i n g  f o r c e )  

[ T s a t  Tbulk) /  
t o  t h e  vapor-producing c a p a b i l i t y  ( d r i v i n g  f o r c e ) ,  

(Tmax wake T s a t )  ’ s i n g l e  phase’ 
tween bundle  3B r e s u l t s  and a h y p o t h e t i c a l  6-channel blockage tempera ture  

p r o f i l e  i n  a 217-pin bundle ,  as shown i n  Table  4 .  

s a t u r a t i o n  temperatures  around t h e  wake are t h e  same i n  bo th  t h e  19-pin and 

217-pin bundles ,  t h e  r a d i a l  s t a b i l i t y  f a c t o r  i n  t h e  217-pin bundle  i s  ca lcu-  

l a t e d  t o  b e  g r e a t e r  than  t h a t  of  tes t  3 ,  run  101c, and test  4 by f a c t o r s  of  

- 
a q u a n t i t a t i v e  comparison can b e  made be- - 

I f  one assumes t h a t  t h e  
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Fig .  1 6 .  Maximum tempera ture  p r e d i c t i o n  i n  wake of 6-channel block- 
ages  (1 kW/ft = 3 . 2 8  kW/m). 



Table 4. Radial boiling propagation for the wake of 6-channel blockages 
during quasi-steady-state boiling 

Nominal flow Calculated Calculated Predicted 
(70) Inletloutlet sodium single-phase 

maximum wake size Uniform heater power' temperature ~ o c l o c  bulk temperature saturation 
t emD era t ur eb 

single-phase Bundle Experiment 
t emDera t ur e 

(kW/ f t 1 ["C ( O F ) ]  

15 
5.0 

Test 3, run lolc 19 

Test 4 19 

LMFBR 217 
(hypothetical 
6-channel 
blockage with 
local sodium 
boiling) 

10 
4.5 

100 
14.0 

5601874 
(104011605) 
4881882 

(910/1620) 
3161527 

(6001980) 

800 (1470) 

790 (1450) 

525 (980) 
(assumed 
maximum) 

965 (1765) 1060 (1940) 

960 (1755) 1110 ( 2 0 3 0 )  
(assumed (assumed 
same as same as 
test 4 test 4 

Radial stability factor 

(G Tbulkp 
Tmax (wake) single phase 

1.7 

1.1 

2 . 8  

W 
N 

aConversion factor: 

bSee Ref. 14. 
1 kW1ft = 3.28 kW1m. 
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1 . 7  and 2.8,  r e s p e c t i v e l y .  The re fo re ,  s i n c e  tes t  3 ,  run  101c, and tes t  4 

showed no d e f i n i t e  evidence of r a d i a l  propagat ion of t h e  b o i l i n g  zone i n t o  

t h e  unblocked channels ,  i t  is  concluded t h a t  r a d i a l  b o i l i n g  zone propagat ion 

i s  a l s o  u n l i k e l y  i n  a 217-pin subassembly wi th  a 6-channel blockage and 

wi th  t h e  same degree of b o i l i n g  as  produced i n  bundle 3B. 

Two n o n p r o t o t y p i c a l i t i e s  of bundle 3B must b e  d i scussed  b e f o r e  t h e  

One nonproto- i d e a l i z e d  e x t r a p o l a t i o n  discussed above can b e  accepted.  

t y p i c a l i t y  i s  t h e  l e n g t h  of t h e  unheated s e c t i o n  downstream of t h e  heated 

/ s e c t i o n .  The s h o r t  76-mm (3-in.)  unheated l e n g t h  i n  bundle 3B compared t o  

t h e  1219-mm (48-in.)  unheated l e n g t h  [ i n  a d d i t i o n  t o  t h e  305-mm (12-in.) 

a x i a l  b l a n k e t  r eg ion ]  i n  an LMFBR subassembly l e a d s  t o  a lower f r i c t i o n a l  

p r e s s u r e  drop downstream of t h e  heated s e c t i o n  i n  bundle 3B and t h e r e f o r e  

lower s t a t i c  p r e s s u r e  (sodium s a t u r a t i o n  temperature) downstream of t h e  

blockage; a s i m i l a r  bundle 3B t e s t - s e c t i o n  e x i t  p r e s s u r e  and LMFBR argon 

cover gas p r e s s u r e  i s  thereby assumed. The r e s u l t i n g  h ighe r  sodium s a t u r a -  

t i o n  temperature  immediately downstream of t h e  blockage i n  a 217-pin LMFBR 

subassembly would l e a d  t o  an even h ighe r  r a d i a l  s t a b i l i t y  f a c t o r  f o r  b o i l -  

i n g  i n  a 6-channel blockage wake of a 217-pin bundle ( s e e  Table 4 ) .  

Another n o n p r o t o t y p i c a l i t y  i n  t h e  19-rod bundle 3B i s  t h e  proximity of 

t h e  duct  w a l l  t o  t h e  6-channel blockage, which r e s u l t s  i n  a s t e e p e r  r a d i a l  

temperature  g r a d i e n t  i n  t h e  subcooled channels  nea r  t h e  duc t  w a l l  than 

would occur  i n  t h e  s a m e  r a d i a l  f low channels  of a 217-pin assembly w i t h  a 

6-channel blockage. However, i t  i s  important t o  n o t e  from F ig .  15 t h a t  t h e  

s t e e p n e s s  of t h e  r a d i a l  temperature  g r a d i e n t  between t h e  wake b o i l i n g  t e m -  

p e r a t u r e  and t h e  a d j a c e n t  subcooled r eg ion  (approximately a t  s ingle-phase 

bu lk  temperatures)  is  considered t o  be much g r e a t e r  f o r  t h e  217-pin assem- 

b l y  than f o r  t h e  19-rod assembly; t h i s  i n d i c a t e s  t h a t  i t  is no t  t h e  prox- 

i m i t y  of t h e  duct  w a l l  b u t  r a t h e r  t h e  bu lk  s ingle-phase sodium temperature  

i n  t h e  subcooled r eg ion  t h a t  is  t h e  governing f a c t o r  f o r  r a d i a l  b o i l i n g  zone 

propagat ion when e x t r a p o l a t i n g  19-rod bundle r e s u l t s  t o  217-pin bundles wi th  

similar i n t e r n a l  blockages.  Thus, because of t h e  h ighe r  bu lk  temperatures  

i n  bundle 3B (with g r e a t e r  l i k e l i h o o d  of r a d i a l  b o i l i n g  zone p ropaga t ion ) ,  

t h e  proximity of t h e  duct  w a l l  is n o t  considered a hindrance i n  ex t r apo la -  

t i n g  t h e  19-rod resu l t s .  Furthermore,  because of t h e  d i f f e r e n c e  i n  b u l k  

temperatures  between t h e  19-pin and 217-pin bundles ,  t h e  6-channel blockage 



34 

could be l o c a t e d  anywhere w i t h i n  t h e  217-pin bundle (bu t  a t  least two rows 

away from t h e  d u c t  w a l l ,  as i n  bundle  3B), and bundle  3B r a d i a l  b o i l i n g  

propagat ion r e s u l t s  could s t i l l  be e x t r a p o l a t e d  t o  217-pin bundles.  

QUASI-STEADY-STATE B O I L I N G  W I T H  INERT-GAS I N J E C T I O N  

Tests Conducted 

F ive  experimental  test runs ,  as shown i n  Table  5 ,  were conducted t o  

determine i f  i n e r t - g a s  i n j e c t i o n  causes  t h e  l o c a l  b o i l i n g  downstream of a 

p a r t i a l  blockage t o  propagate  r a d i a l l y  i n t o  t h e  unblocked channels .  Since 

gas i n j e c t i o n  i n  two of t h e  t es t  runs (102b and 103a) w a s  dubious because 

of sodium backed up i n  t h e  gas i n j e c t i o n  l i n e ,  two of t h e  remaining t h r e e  

t es t  runs  (runs 102c and 103b) were chosen f o r  a n a l y s i s ;  t h e s e  l a t t e r  two 

tests included gas i n j e c t i o n  a t  two d i f f e r e n t  rates.  I n  a d d i t i o n ,  run lO l f  

(without  gas  i n j e c t i o n )  w a s  analyzed t o  compare b o i l i n g  test  runs  wi th  and 

wi thou t  gas i n j e c t i o n  and i s  included i n  Table 5. A l l  of t h e  t h r e e  t es t  

runs  have similar t es t  c o n d i t i o n s ,  t h a t  is ,  18 h e a t e r s  o p e r a t i v e ,  h e a t e r  

power of approximately 16.5 kW/m (5 kW/ft) ,  and two flow coastdowns ter- 

minat ing i n  quas i - s t eady- s t a t e  b o i l i n g  pe r iods  of 10 t o  1 5  s e c .  A s  a matter 

of cons i s t ency  and because of t h e  r e l a t i v e l y  long d u r a t i o n  of b o i l i n g ,  t h e  

second low-flow pe r iod  w a s  chosen f o r  d e t a i l e d  a n a l y s i s ;  F i g s .  1 7  t o  19 

show t h e  responses  of t y p i c a l  thermocouples downstream of t h e  blockage and 

of t h e  t e s t - s e c t i o n  i n l e t  flowmeter. 

T e s t  R e s u l t s  

The responses  of a l l  thermocouples l o c a t e d  between 330 mm (13.0 i n . )  

and 584 mm (23.0 i n . )  from t h e  s tar t  of t h e  heated s e c t i o n  w e r e  analyzed,  

and t h e  r e s u l t s  f o r  t h e  second quas i - s t eady- s t a t e  b o i l i n g  pe r iod  of t h e  

t h r e e  runs  are p resen ted  i n  Table 6. 

I n  Table  6 ,  temperatures  of t h e  n e a r e s t  s u r f a c e  i n  c o n t a c t  w i th  sodium 

a t  a p a r t i c u l a r  thermocouple l o c a t i o n  were c a l c u l a t e d  using t h e  fol lowing 

assumptions: (1) f o r  i n t e r n a l  h e a t e r  thermocouples ( those  wi th  R p r e f i x ) ,  

i t  w a s  assumed t h a t  t h e  h e a t  f l u x  i n  t h e  h e a t e r  c l add ing  travels r a d i a l l y  
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T a b l e  5. B u n d l e  3B q u a s i - s t e a d y - s t a t e  b o i l i n g  e x p e r i m e n t s  w i t h  i n e r t - g a s  i n j e c t i o n  - t es t  ser ies  8 ( b u n d l e  3 B ) ,  t e s t  3' 

I n i t i a l  t e s t - s e c t i o n  flow' = 1 . 4  l i t e r s / s e c  ( 2 2  gpm) 

D u r a t i o n  of 
q ua s i- s t e a d  y - s t J t e 

A v e r a g e  f l o w  
d u r i n g  Gas i n j e c t i o n  Average  u n i f o r m  Average  i n l e t  

Run D a t e  h e a t e r  power t e m p e r a t u r e  q u a s i - s t e a d y - s  t a t e  r a t e  b o i l i n g  p e r i o d s  
Number o f  

( s e c )  
h e a  ters o p e r a t i v e  [kW/m ( k w / f t ) l  ["C ( " I : ) ]  b o i l i n g  p e r i o d s  [ g / h r  ( I b m / h r )  1 

( f W m )  

1 0 2 a  4-9-75 1 g C  16.5 (5 .0)  570 (1060) 7.0 1 . 4  (0 .003)  10  

5 ,  10 1 . 4  (0.003) d 

d 

1 0 2 b  4-9-75 1 8  16.5 (5.0)  515 (960) 6 . 5 ,  5 . 5  

102ce  4-9-75 1 8  1 6 . 1  (4 .9)  513 (955) 5 . 2 ,  5 .3  1.4 (0.003) 13 ,  11 

5 ,  10 

1 0 l f e J f  4-9-75 1 8  1 6 . 1  (4.9)  515 (960) 6 .4 ,  6 . 1  None 6 ,  1 4  

1 gpm = 0.063 l i t e r / sec ;  1 f p s  = 0.305 m / s c c .  

1 0 3 ~  4-9-75 1 8  16.5 (5.0)  5L5 (960) 5.5.  5 . 5  5.4 ( 0 . 0 1 2 )  

103be 4-9-75 18 16 .3  (5 .0)  513 (955) 5 . 2 ,  5.4 5 .4  (0.012) 1 0 ,  15 

a 

b l O O %  F a s t  Flux T e s t  F a c i l i t y  (FFTF) Elow ( c o r r e s p o n d i n g  t o  a v e l o c i t y  O C  24 fps) = 54 gpm in b u n d l e  313. 

C o n v e r s i o n  f a c t o r s :  

c 
H e a t e r  7 e l e c t r i c a l  c i r c u i t  f a i l e d  a f t e r  10 sec o f  sodium b o i l i n g .  

dGas i n j e c t i o n  l i n e  w a s  a c c i d e n t a l l y  b l o c k e d  d u r i n g  t h e s e  r u n s ;  p r o b a b l y  no g a s  was  i n j e c t e d  i n t o  b u n d l e .  
e 

'This r u n  w i t h o u t  g a s  i n j e c t i o n  is  l i s t e d  € O K  t h e  p u r p o s e  of c o m p a r i s o n ,  a s  d i s c u s s e d  i n  t h e  t e x t .  

Chosen  f o r  a n a l y s i s .  
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Fig. 17. Selected thermocouple responses and test-section inlet flow- 
meter response for test series 8 (bundle 3B), test 3, run lOlf [no gas in- 
jection (void fraction a = 0.01)]. 
heater 4 internal thermocouple located 422 mm (16.63 in.) downstream from 
the start of the heated section, and thermocouples 0619U, 0919U, and 1513U 
are centrally located, ungrounded wire-wrap thermocouples at 483 mm (19.0 
in.) on heater 6, at 483 mm (19.0 in.) on heater 9, and at 330 mm (13.0 
in.) on heater 15, respectively [l gpm = 0.063 liter/sec; "C = 5/9 (OF - 

Thermocouple R0417BE is a grounded 

32) 1 * 

outward in a uniform manner around the heater circumference; (2) for ther- 

mocouples in the center of wire wraps (those with the suffix U), it was as- 

sumed that the temperature drop from the center of the wire wrap to the 

wire surface was one-half the measured temperature drop across one entire 

wire wrap at the 431-mm (17.0-in.) location (see measured temperatures of 

thermocouples 0217A and 0217B in Table 6); and (3) temperatures of wire-wrap 
thermocouples at the unheated 584-mm (23.0-in.) level as well as on the 

failed heater 7 (thermocouple 0719A) were assumed to be the same as those 

on the wire-wrap surface, since there is very little radial heat conduction 

in the unheated portion of the rods at the end of the constant-flow period 
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F i g .  18. Se lec t ed  thermocouple responses  and t e s t - s e c t i o n  i n l e t  flow- 
meter response f o r  test series 8 (bundle 3B), t es t  3, run 102c (void f r a c -  
t i o n  a = 0.001). Thermocouple R0417BE i s  a grounded h e a t e r  4 i n t e r n a l  
thermocouple l o c a t e d  422 mm (16.63 i n . )  downstream from t h e  s ta r t  of t h e  
hea ted  s e c t i o n ,  and thermocouple 0115U, 1819U, and 1419lJ are c e n t r a l l y  
l o c a t e d  ungrounded wire-wrap thermocouples a t  381 mm (15.0 i n . )  on h e a t e r  
1, a t  483 mm (19.0 i n . )  on h e a t e r  18, and a t  483 mm (19.0 i n . )  on h e a t e r  
1 4 ,  r e s p e c t i v e l y  [l gpm = 0.063 l i t e r / sec ;  O C  = 5/9 (OF - 3 2 ) . 1  

analyzed. 

thermocouples i n  f a i l e d  h e a t e r  7.  

The la t ter  argument is a l s o  a p p l i c a b l e  t o  t h e  i n t e r n a l  h e a t e r  

Vapor gene ra t ion  du r ing  t h e  quas i - s t eady- s t a t e  b o i l i n g  pe r iod  i n  ques- 

t i o n  w a s  e s t a b l i s h e d  from t h e  thermocouple responses  i n  t h e  same way as w a s  

p rev ious ly  desc r ibed  f o r  t h e  runs  wi thou t  gas i n j e c t i o n .  

Void f r a c t i o n  v a l u e s  shown i n  Table 6 w e r e  c a l c u l a t e d  a t  t h e  s ta r t  of 

t h e  heated s e c t i o n  by assuming t h a t  t h e r e  w a s  no s l i p  between t h e  two phases 

(homogeneous f low),  t h a t  thermodynamic e q u i l i b r i u m  e x i s t s  between t h e  two 

phases ,  and t h a t  argon behaves l i k e  a p e r f e c t  gas .  Thus, t h e  void f r a c t i o n  
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TIME (secl 

Fig. 19. Selected thermocouple responses and test-section inlet flow- 
meter response for test series 8 (bundle 3 B ) ,  test 3 ,  run 103b (void frac- 
tion a = 0 . 0 0 4 ) .  Thermocouple R0417BE is a grounded heater 4 internal 
thermocouple located 422 mm (16 .63  in.) downstream from the start of the 
heated section, and thermocouples 0923U and 1419U are centrally located, 
ungrounded wire-wrap thermocouples at 584 mm (23 .0  in.) on heater 9 and at 
483  mm (19 .0  in.) on heater 1 4 ,  respectively [l gpm = 0.063 liter/sec; 
OC = 5 / 9  (OF - 3 2 ) ] .  

( a )  of argon (Ar) in sodium (Na) is defined as 

a 

where 

C =  
w =  
w' = 

P =  

at start of 'Ar - - 'ArlPAr 9 

heated section)= CAr + CNa ('Ar/ pAr) + Wha 

cross-sectional bundle flow area (ft2), 

mass flow (lb /hr), 

mass flow (gpm), 

density ( l b  /ft3) (calculated from the perfect gas law at sodium 

pressure and temperature). 

m 

m 
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1 
Table 6. Resul ts  of bundle 3B quasi-s teady-state  bo i l ing  t e s t s  (with gas i n j e c t i o n )  

1 Test 3, run lac Test 3 ,  run lO l f  

Test  conditions : Test conditions : 
Flow: 0.39 l i t e r l s e c  (6.1 gpm) Flow: 0.33 l i t e r / s e c  (5.3 gpm) 
Heater power: 16.0 kW/m (4.9 kW/ft) Heater power: 16.0 kW!m (4.9 kW/ft) 
In l e t  temperature:  5 1 6 ~  (960 '~)  I n l e t  temperature:  513°C (955°F) 
Quasi-steady-state bo i l ing  per iod:  63 .0-75.5 sec Quasi-s teady-state  b o i l i n g  per iod:  6 7 . ~ ~ 7 7 . 0  sec 
Argon gas void f r a c t i o n :  0.0 Argon gas void f r a c t i o n :  0.001 

Time of Time of 
Evidence of t emperatwe 

Measured Estimated surface temperature Measured Estimated surface Distance from 

heated s e c t i o n  Themocouplea end of per iod end of per iod 
[.p. ( in . ) ]  PC (OF)] PC (OF)] 

s tar t  o f  temperature a t  temperature a t  vapor Evidence generation Of stabilizationb temperatwe a t  temperature a t  en of period end of period vapor generat ion s t a b i l i z a t i o n  
during per iod f o r  per iod 

[C (OF)] 1 ['C (OF)] ( s e e )  
f o r  per iod during per iod 

( see )  

Test  c 
Flow : 
Heate 
I n l e t  
Quasi 
Argon 

Measured 
temperature a t  

end o f  period 
fC ( OF)] 

Blocked region 

381 (15.0) 
381 (15.0) 

390 (15.35) 
391 (15.38) 
396 (15.60) 
397 (15.63) 
403 (15.85) 

403 (16.10) 
410 (16.13) 
416 (16.38) 
416 (16.36) 
416 (16.38) 
422 (16.63) 
422 (16.63) 
422 (16.63) 

432 (17.0) 
432 (17.0) 
432 (17.0) 

483 (19.0) 
483 (19.0) 

533 (21.0) 
533 (21.0) 

584 (23.0) 

Unblocked region 

432 (17.0) 
432 (17.0) 
432 (17.0) 
432 (17.0) 
447 (17.59) 
447 (17.59) 

483 (19.0) 
483 (19.0) 
483 (19.0) 

584 (23.0) 
584 (23.0) 

? 
? 

Yes 

Yes 
Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
Yes 
? 

Yes 
Yes 
Yes 

Yes 
Yes 

Yes 
Yes 

? 

No 
No 
No 
No 
No 

No 
No 
? 
No 
No 

? 
No 
No 
? 
No 
No 

No 
No 
? 

? 
? 

66.5 
66.3 

65.3 
66.5 
65.2 
64.4 
64.2 

65.4 
63.8 
66.8 
61.9 
62.8 
61.7 
63.2 
66.3 

62.5 
63.8 
62.8 

63.2 
63.8 

62.6 
62.6 

70.1 

66.3 
65.8 
66.3 
66.4 
68.8 

67.6 
67.6 
66.6 
67.7 
67.6 

65.2 
70.1 
68.8 
67.6 
66.4 
66.3 

70.4 
68.9 
67.0 

70.1 
71.7 

Yes 68.1 
Yes 67.6 

Yes 68.0 
Yes 70.7 
Yes 67.6 
Yes 66.8 
Yes 66.7 

Yes 67.6 
Yes 66.3 
Yes 70.8 
Yes 66.9 
Yes 66.3 
Yes 65.5 
Yes 67.8 
Yes 70.7 

Yes 65.8 
Yes 66.5 
Yes 66.3 

Yes 66.3 
Yes 66.8 

Yes 65.7 
Yes 65.5 

Yes 72.6 

No 71.3 
No 70.8 
No 71.9 
No 71.6 
No 74.2 

No 73.8 
No 73.8 
Yes 69.4 
No 72.8 
No 74.3 

Yes 74.0 
No 75.1 
Yes 74 .O 
Yes 71.7 
No 72.6 
No 7'2.6 

Yes 74.2 
Yes 74 .O 
Yes 69.0 

Yes 70.8 
Yes 73.1 

963 (1765) 
957 (1755) 

985 (1805) 
985 (1805) 

"Numbers of wire-wrap thermocouples cons i s t  of four  d i g i t s  followed by a s i n g l e  l e t t e r  ( e .g . ,  0315U, 0217A, and 0217B). The f i rs t  two d i g i t s  give t h e  hea te r  number ( s e e  Fig.  10) adjacent  t o  t t  

Numbers of grounded hea te r  i n t e r n a l  thermocouples s t a r t  with t h e  l e t t e r  R and a r e  followed by fou r  d i g i t s  fo r  t h e  heate 
a x i a l  l oca t ion  downstream o f  t h e  s t a r t  of the  heated s e c t i o n ,  and t h e  s i n g l e  l e t t e r  s tands f o r  t h e  phys ica l  l oca t ion  in s ide  t h e  wire wrap ( i . e . ,  U i nd ica t e s  an ungrounded type i n  t h e  cen te r  of t h e  
adjacent  t o  t h e  h e a t e r ,  and B i nd ica t e s  a grounded type adjacent  t o  sodium). 
t h e  Start of t h e  heated sec t ion ;  t h e  f i n a l  two l e t t e r s  i n d i c a t e  t h e  thermal elements which form t h e  thermocouple junc t ion .  

bTemperature s t a b i l i z a t i o n  i s  def ined a s  being reached whenever 99% of temperature r i s e  i s  reached during flow coastdown period. 

Test  3, run 103b 

i i t i o n s  3.34 l i t e r / s e c  : :5.4 gpm, 
power: 16.4 kW/m :5.0 kW/ft, 
amperature: teady-state  bo i l ing  513°C C955"Fi per iod:  75.290.5 

os void f r ac t ion :  0.004 
sec 

Tine of 
temperature 

s t a b i l i z a t i o n  

Estimated surface 
temperature a t  

end of per iod vapor Evidence generat ion Of f o r  period 

( see )  (Y  (OF)] during per iod 

Yes 
Yes 

Yes 
Yes 
Yes 
Yes 
Yes 

Yes 
Yes 

Yes 
Yes 
Yes 
Yes 

Yes 
Yes 
Yes 

Yes 
Yes 

Yes 
Yes 

Yes 

No 
No 
No 
No 
No 

NO 
No 
Yes 
No 
No 

Yes 
Yes 
Yes 
No 
No 
No 

Yes 
Yes 
Yes 

Yes 
Yes 

78.0 
76.9 

78.3 
80.2 
76.9 
76.9 
76.8 

77.0 
77.6 

76.3 
76.; 
75 .2 
78.2 

75.5 
76.3 
75.7 

76.3 
76.4 

75.3 
75.4 

81.3 

82.8 
82.6 
82.9 
82.8 
83.8 

85.1 

80.4 
85.1 

85.1 
84.3 

83.1 
83.9 
83.2 
82.8 
88.8 
90.1 

85.1 
83.9 
78.8 

81.3 
82.6 

wire wrap, t h e  second two d i g i t s  g ive  t h e  
r e  wrap, A i nd ica t e s  a grounded thermocouple 
number and t h e  a x i a l  l oca t ion  downstream from 



I The test r e s u l t s  l i s t e d  i n  Table 6 are g r a p h i c a l l y  presented  f o r  each 

of t h e  t h r e e  runs i n  F igs .  20 t o  22. Also inc luded  is  t h e  s ingle-phase 

axial  sodium bulk temperature  (assuming no blockage) and an  es t imated  

sodium s a t u r a t i o n  temperature  i n  t h e  unblocked channels .  The s a t u r a t i o n  

temperature  shown i n  t h e  two-phase reg ion  downstream of t h e  blockage w a s  

determined i n  t h e  s a m e  way as i t  w a s  f o r  t h e  cases wi thout  gas i n j e c t i o n ;  

t h a t  i s ,  t h e  s t a t i c  a x i a l  p re s su re  p r o f i l e  w a s  f i r s t  determined a t  those  

p o s i t i o n s  where s ingle-phase flow d e f i n i t e l y  p reva i l ed  (upstream of t h e  

blockage and downstream of t h e  a t tempera tor  near  t h e  bundle o u t l e t ) ;  t h e  

remaining a x i a l  s t a t i c  p re s su res  i n  t h e  two-phase r eg ion  w e r e  then  es t i -  i 
I 

1 mated by l i n e a r  i n t e r p o l a t i o n  and f i n a l l y  converted t o  t h e  sodium s a t u r a -  

t i o n  temperature.  

The experimental  r e s u l t s  presented  i n  Table  6 and Figs .  20 t o  22 bas ic -  

a l l y  i n d i c a t e  t h e  fol lowing observa t ions  f o r  bundle  3B l o c a l  b o i l i n g  w i t h  

gas i n j e c t i o n :  

mm (2.0 i n . )  t o  101.6 mm (4.0 i n . )  downstream of t h e  blockage show evidence 

of sodium vapor dur ing  t h e  quas i - s teady-s ta te  b o i l i n g  pe r iods  wi th  gas in-  

j e c t i o n  ( see  Figs .  2 1  and 22) .  F igure  20 (a  = 0), on t h e  o t h e r  hand, shows 

t h a t  none of t hese  thermocouples i n d i c a t e s  sodium vapor i n  i t s  v i c i n i t y .  

This  d i f f e r e n c e  can be  a t t r i b u t e d  e i t h e r  t o  r a d i a l  propagat ion of t h e  l o c a l  

b o i l i n g  zone (caused by ine r t -gas  i n j e c t i o n )  o r  t o  t h e  h ighe r  sodium bulk  

temperature  in  t h e  gas i n j e c t i o n  runs  (caused by l a r g e r  power-to-flow 

r a t i o s ) .  

d a t a  taken.  However, i t  is noted t h a t  two thermocouples (1817U and 1419U) 

i n  t h e  unblocked channels a t  50.8 mm (2.0 i n . )  and 101.6 mm (4 .0 i n . )  down- 

stream of t h e  blockage i n d i c a t e  sodium vapor a t  approximately 20°C (40°F) 

below t h e  est imated s a t u r a t i o n  temperature  ( see  F igs .  21  and 22).  Since 

t h e  same two thermocouples do no t  show evidence of vapor i n  t h e  run wi thout  

gas  i n j e c t i o n  (Fig.  20),  i t  i s  be l ieved  t h a t  iner t -gas  bubbles a t  t h e s e  two 

thermocouple l o c a t i o n s  do in f luence  vapor product ion  o r  propagat ion.  

It is  no t  ev ident  t h a t  t h e s e  e f f e c t s  may be  sepa ra t ed  from t h e  
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2.  The two runs  w i t h  gas  i n j e c t i o n  show t h e  s a m e  number of thermo- 

couples wi th  evidence of sodium vapor a t  e s s e n t i a l l y  t h e  same l o c a t i o n .  

This  i n d i c a t e s  t h a t  i n c r e a s i n g  t h e  void f r a c t i o n  of i n e r t  gas from 0.001 

t o  0.004 wh i l e  keeping flow and h e a t e r  power cons t an t  does no t  a f f e c t  t h e  

e x t e n t  of t h e  l o c a l  b o i l i n g  zone. There appears  t o  b e  an  upper l i m i t  of 

gas accumulation i n  t h e  blockage wake beyond which a d d i t i o n a l  gas i n j e c t i o n  

does no t  have any i n f l u e n c e  on t h e  l o c a l  b o i l i n g  zone. 

3 .  All temperatures  i n  t h e  unblocked channels  had s t a b i l i z e d  2 s e c  

p r i o r  t o  t h e  end of t h e  10-sec b o i l i n g  pe r iod  when a = 0.001, and a l l  ex- 

c e p t  one temperature  had a l s o  s t a b i l i z e d  2 s e c  p r i o r  t o  t h e  end of t h e  15- 

sec b o i l i n g  pe r iod  when a = 0.004. The one temperature  which had n o t  sta- 

b i l i z e d  [thermocouple R 1 4 1 8 B C  a t  t h e  460-mm (18.0-in.) level on h e a t e r  141  

showed a very low ra te  of temperature  change a t  t h e  end of t h e  pe r iod  an- 

a lyzed.  These r e s u l t s  i n d i c a t e  t h a t  s t a b l e  flow c o n d i t i o n s  ( s t a b l e  bundle- 

coo l ing  c a p a b i l i t y )  had been maintained a t  t h e  end of the  quasi-steady- 

s t a t e  b o i l i n g  pe r iods  wi th  gas i n j e c t i o n .  

4 .  None of t h e  thermocouples i n d i c a t i n g  sodium vapor c o n d i t i o n s  in- 

c r eased  s t e e p l y  above 982°C (1800'F) during t h e  quas i - s t eady- s t a t e  b o i l i n g  

pe r iods .  

( loss  of l i q u i d  f i l m )  is  thereby discounted.  

Local  c l add ing  dryout  due t o  vapor and/or  i n e r t - g a s  b l a n k e t i n g  

Conclusions 

1. Bundle 3B r e s u l t s  w i t h  gas i n j e c t i o n  show some evidence t h a t  i n e r t -  

gas i n j e c t i o n  (a = 0.001 and a = 0.004) is  p a r t i a l l y  r e s p o n s i b l e  f o r  t h e  

presence of vapor i n  t h e  unblocked channels  surrounding a 6-channel block- 

age wake, a l though b o i l i n g  a c r o s s  t h e  e n t i r e  bundle  c r o s s  s e c t i o n  d i d  n o t  

occur .  

2 .  I n c r e a s i n g  t h e  void f r a c t i o n  of i n e r t  gas  from 0.001 t o  0.004 

does n o t  e s s e n t i a l l y  i n f l u e n c e  t h e  e x t e n t  of t h e  l o c a l  b o i l i n g  zone. 

3. S t a b l e  temperature  c o n d i t i o n s  throughout t h e  bundle are i n  evidence 

a t  t h e  end of t h e  quas i - s t eady- s t a t e  b o i l i n g  pe r iods  wi th  gas i n j e c t i o n .  

4 .  There w a s  no evidence of c ladding dryout  ( loss  of l i q u i d  f i l m )  i n  

t h e  l o c a l  b o i l i n g  zone du r ing  quas i - s t eady- s t a t e  b o i l i n g .  



45 

SINGLE-PHASE STEADY-STATE TESTS W I T H  ARGON GAS INJECTION 

Purpose 

The argon gas  i n j e c t i o n  system w a s  used wi th  bundle  3 B  t o  i n v e s t i g a t e  

t h e  e f f e c t  of i n e r t  gas  on temperatures  downstream of t h e  blockage dur ing  

s ingle-phase  s t e a d y - s t a t e  tests. 

accumulate i n e r t  gas  downstream of  t h e  blockage and i n c r e a s e  t h e  tempera- 

t u r e  t h e r e ;  t h i s  i n e r t  gas  may o r i g i n a t e  e i t h e r  from be ing  en t r a ined  i n  t h e  

sodium o r  from f i s s i o n  gas  l eak ing  from a f u e l  p i n  upstream of  t h e  blockage.  

P a r t i a l l y  blocked LMFBR subassemblies  may 

In p a r t i c u l a r ,  an  e f f o r t  has  been made t o  determine t r e n d s  of maximum 

temperature  i n c r e a s e  as a f u n c t i o n  of t h e  flow-power combination and of 

i n e r t  vo id  f r a c t i o n .  Two d i f f e r e n t  ra tes  of gas i n j e c t i o n  were used a t  a 

s p e c i f i e d  flow-power combination. 

In a d d i t i o n ,  by observ ing  t h e  thermocouple responses  i n  t h e  blockage 

wake a f t e r  gas  i n j e c t i o n  w a s  s topped,  i t  w a s  thought  p o s s i b l e  t o  determine 

t h e  l e n g t h  of  t i m e  necessary  f o r  accumulated gas  t o  be removed from t h e  

blockage and f o r  pre-gas- in jec t ion  cond i t ions  t o  be  r e e s t a b l i s h e d .  An an- 

s w e r  t o  t h i s  l a t t e r  p o i n t  would g ive  a n  i n d i c a t i o n  of how long t h e  e f f e c t  of 

a temporary i n c r e a s e  i n  ine r t -gas  void  f r a c t i o n  would produce an  e f f e c t  

downstream of  a p a r t i a l  blockage,  where temperature  cond i t ions  would b e  most 

severe from t h e  s t andpo in t  of c ladding  s t r u c t u r a l  i n t e g r i t y .  

T e s t s  Conducted 

Table 7 g ives  t h e  test cond i t ions  f o r  each of t h e  t e n  exper imenta l  

runs .  A l s o  shown is  t h e  c a l c u l a t e d  void f r a c t i o n  a t  t h e  beginning of t h e  

hea ted  s e c t i o n  [381 mm (15 i n . )  upstream of t h e  b lockage] ;  t h e  void f r ac -  

t i o n  w a s  def ined  earlier i n  t h i s  r e p o r t .  

The procedure used t o  o b t a i n  experimental  d a t a  f o r  each run  w a s  as 

fo l lows:  (1) s t e a d y - s t a t e  cond i t ions  of sodium flow, h e a t e r  power, and 

i n l e t  temperature  were i n i t i a l l y  e s t a b l i s h e d ;  ( 2 )  t h e  da t a -acqu i s i t i on  

system, which recorded a l l  ins t rument  s i g n a l s  every 0 . 1  sec, w a s  t hen  

a c t i v a t e d ;  (3) s e v e r a l  seconds l a t e r ,  argon gas  was i n j e c t e d  f o r  a spec i -  

f i e d  t i m e  per iod  a t  a s p e c i f i e d  f low; and ( 4 )  a f t e r  gas  i n j e c t i o n  w a s  ter- 

minated, d a t a  a c q u i s i t i o n  w a s  cont inued f o r  up t o  3 min. 



T a b l e  7 .  Bundle 3B s t e a d y - s t a t e  n o n b o i l i n g  experiments  w i t h  g a s  i n j e c t i o n  - 
t e s t  se r ies  8 (bund le  3 B ) ,  t e s t  2 ,  a l l  1 9  h e a t e r s  powered 

a, c a l c u l a t e d  
vo id  f r a c t i o n  

Average Uniform Average sodium Average i n l e t  Gas i n j e c t i o n  Dura t ion  of g a s  a t  beg inn ing  

of h e a t e  
[kW/m (kW/ft)]  [ l i t e r s / s e c  (gpm)] ["C (OF11 [ g / h r  ( l b m h r ) l  (set) s e c t i o n  g Run Date h e a t e r  power f lowa t empera tu re  ra te  i n j e c t i o n  No. 

101  

102 

1 0 3  

104 

1 0 5  

106 

107 

1 0 8  

109 

110 

4-3-75 

4-3-75 

4- 2,- 7 5 

4-2-75 

4-3-75 

4-3-75 

4-3-75 

4-3-75 

4-4-75 

4-4-75 

3 . 2  ( 9 . 8 )  

3 . 2  ( 9 . 8 )  

2 .0  ( 6 . 1 )  

2 .0  ( 6 . 1 )  

1 . 4  ( 4 . 3 )  

1 . 4  ( 4 . 3 )  

0 .97  ( 3 . 0 )  

0 . 9 7  ( 3 . 0 )  

0 . 4 9  ( 1 . 5 )  

0 . 4 9  ( 1 . 5 )  

3.47 ( 5 5 . 0 )  

3.46 ( 5 4 . 8 )  

1 . 2 3  ( 1 9 . 5 )  

1 . 2 3  ( 1 9 . 5 )  

0 .979  ( 1 5 . 5 )  

0 .979  ( 1 5 . 5 )  

0 .657 ( 1 0 . 4 )  

0 . 6 5 1  ( 1 0 . 3 )  

0 . 3 2  (5 .0)  

0.27  ( 4 . 3 )  

456 ( 8 5 3 )  

457 ( 8 5 5 )  

322 ( 6 1 1 )  

322 ( 6 1 1 )  

321 ( 6 0 8 )  

319 ( 6 0 7 )  

301 ( 5 4 7 )  

298 ( 5 6 9 )  

303 ( 5 7 8 )  

282 ( 5 4 0 )  

3 . 5  ( 0 . 0 0 7 6 )  

5 .4  ( 0 . 0 1 2 )  

1.4 ( 0 . 0 0 3 )  

5.4 ( 0 . 0 1 2 )  

1 . 4  ( 0 . 0 0 3 )  

5 .4  ( 0 . 0 1 2 )  

5.4 (0 .012)  

1 .4  ( 0 . 0 0 3 )  

5 .4  ( 0 . 0 1 2 )  

1 . 4  ( 0 . 0 0 3 )  

6 1  

6 1  

6 2  

6 2  

92  

9 0  

6 2  

6 0  

6 1  

6 1  

0 .00009 

0 .00015 

0 .00016 

0 .00065 
.b 

0.00022 o\ 

0.00087 

0.00035 

0.. 00135 

0 .00078 

0.00354 
~ ~ 

a 

bVoid f r a c t i o n  c a l c u l a t i o n  made w i t h  t h e  f o l l o w i n g  assumptions:  

100% F a s t  F lux  T e s t  F a c i l i t y  (FFTF) f low (co r re spond ing  t o  a v e l o c i t y  of 24 f p s )  = 54 gpm i n  bundle  3B 
(1 gpm = 0 . 0 6 3  l i t e r / s ec ,  1 f p s  = 0 . 3 0 5  m/sec) .  

1. Sodium v e l o c i t y  = .argon bubb le  v e l o c i t y  
( s l i p  r a t i o  = 1). 2 .  Thermodynamic e q u i l i b r i u m  between sodium l i q u i d  and a r g o n  bubb les :  (TNa - - TAr, PNa - - PA,). 
3 .  Argon g a s  behaves l i k e  a p e r f e c t  g a s .  



47 

T e s t  Resu l t s  

The responses  of  a l l  thermocouples were s t u d i e d  f o r  each tes t  run ;  

Table  8 g ives  t h e  r e s u l t s  of t h i s  a n a l y s i s  f o r  t h e  blockage wake. The peak 

temperature  and t h e  average temperature  showing t h e  most pronounced in-  

crease dur ing  gas . , inject ion are  compared t o  t h e  s t e a d y - s t a t e  temperatures  

b e f o r e  gas  was i n j e c t e d .  I n  a d d i t i o n ,  average r e s i d u a l  temperatures  were 

obta ined  30 sec a f t e r  gas i n j e c t i o n  w a s  s topped and a t  t h e  end of each test 

run;  t h e s e  temperatures  are compared t o  t h e  s t e a d y - s t a t e  temperatures .  The 

s t e a d y - s t a t e  temperature  f o r  a p a r t i c u l a r  thermocouple w a s  t aken  as t h e  

average  temperature  recorded dur ing  t h e  f i r s t  second of t h e  test  run  (ex- 

c e p t  f o r  run  105 where t h e  f i r s t  temperature  r ead ing  w a s  used because t h e  

s t a r t  of gas  i n j e c t i o n  coincided wi th  t h e  s ta r t  of d a t a  a c q u i s i t i o n ) .  

Discussion of T e s t  Resu l t s  

Table  8 does n o t  show any obvious r e l a t i o n s h i p  between t h e  maximum 

temperature  i n c r e a s e  due t o  gas  i n j e c t i o n  and t h e  flow-power combination 

of t h e  void  f r a c t i o n .  

The m a x i m u m  temperature  i n c r e a s e  and t h e  average temperature  i n c r e a s e  

over  t h e  pre-gas- in jec t ion  temperature  are l a r g e s t  dur ing  run  104 ( a  = 

0.00065), be ing  39°C (70°F) and 35°C (63"F), r e s p e c t i v e l y ,  a t  a s teady-  

s t a t e  thermocouple temperature  of 591°C (1096°F). The thermocouple ex- 

h i b i t i n g  t h i s  i n c r e a s e  is  R0116CD, a grounded i n t e r n a l  h e a t e r  thermocouple 

l o c a t e d  on h e a t e r  1 ( c e n t r a l  h e a t e r )  16  mm (0.63 i n . )  downstream of t h e  

blockage;  t h e  thermocouple response i s  shown i n  F ig .  23. Previous  tests 

wi thout  gas i n j e c t i o n  us ing  t h e  s a m e  bundle (FFM bundle  3A) had e s t a b l i s h e d  

t h a t  sodium temperature  i n c r e a s e s  due t o  s ix-channel  c e n t r a l  blockages are  

gene ra l ly  no more than  120°C (220°F) above s t e a d y - s t a t e  sodium temperatures  

i n  s imi l a r  unblocked bundles .  ' Combining t h e  peak temperature  i n c r e a s e  

due t o  both  ine r t -gas  i n j e c t i o n  ( a t  a = 0.00065) and a s ix-channel  c e n t r a l  

blockage r e s u l t s  i n  a maximum sodium temperature  i n c r e a s e  i n  bundle  3B of 

no more than  160°C (290°F). Although such a maximum temperature  i n c r e a s e  

would no t  endanger r e a c t o r  s a f e t y  from t h e  s t andpo in t  of reaching  sodium 

s a t u r a t i o n  temperatures  of approximately 930°C (1700°F), i t  i s  i n t e r e s t i n g  

t h a t  such a small void f r a c t i o n  of argon gas accounts  f o r  one-fourth of t h e  



Table 8.  T e s t  r e s u l t s  f o r  bundle  3B, t e s t  2 ,  runs  101 t o  110" 

ThermocouplesD 

Run Void Flow Power with most 
No. f r a c t i o n  (gpm) (kW/rod) temperature 

pronounced 

i n c r e a s e  

Axial  p o s i t i o n  o f  
thermocouple 
downstream of 

blockage 
[mm ( i n . ) ]  

Residual  AT 
a t  end of  run 

@ number of seconds 

Residual  AT 
30 s e c  a f t e r  

S t eady- s t a t e  Maximum AT Average AT 
temperature  inc rease  i n c r e a s e  
b e f o r e  gas  d u r i n g  gas du r ing  gas  ( " C )  
injection injection  injection^ gas i n j e c t i o n  ends 

("C) a f t e r  gas  i n j e c t i o n  ends ("C) ("C) ( "C)  

101 

102 

103 

104 

105 

106 

107 

108 

109d 

110 

0.00009 

0.00015 

0.00016 

0.00065 

0.00022 

0.00087 

0.00035 

0.00135 

0.00078 

0.00354 

55.0 

54.8 

19.5 

19 .5  

15 .5  

15 .5  

10.4 

1 0 . 3  

5.0 

4 .3  

1 7 . 1  R0116DE 
R0116CD 

1 7 . 1  R0116DE 
R0116CD 

10.7 RO 6 15 BC 
ROll6DE 
R0116CD 
0217B 

10.7 R0615AB 
R0615BC 
R0116DC 
R0116CD 
0217B 

7.6 R0615AB 
R06 1 5BC 
R0116CD 

7.6 R0615AB 
R0516BC 
R0116CD 
R0517CD 

5 . 2  R0116CD 
0919U 
09 2 3U 

5.2 RO 11 6 CD 
0919U 
0923U 

2 . 6  

2.6 R0115AD 
R0116CD 
R0417BE 
RO 7 1 7 BE 
09 2 3U 

22 (0.88) 
16  (0.63) 

22 (0.88) 
16  (0.63)  

10 (0.38) 
22 (0.88) 
16  (0.63)  
5 1  (2 .0 )  

9 (0 .35)  
10 (0.38)  
22 (0.88) 
16 (0.63)  
51 (2 .0)  

9 (0 .35)  
10 (0.38)  
16  (0.63)  

9 (0 .35)  
35 (1.38) 
4 1  (1.63) 
41 (1.63)  

16  (0.63)  
102 (4.0)  
203 (8.0)  

16  (0.63) 
102 (4.0)  
203 (8.0)  

10 (0.38) 
16  (0.63) 
41 (1.63) 
4 1  (1.63) 

203 (8.0)  

632 
642 

633 
64 1 

577 
577 
590 
517 

582 
583 
582 
591 
517 

538 
541 
556 

540 
5 39 
556 
542 

522 
425 
436 

519 
423 
434 

506 
529 
516 
509 
476 

4 
2 

3 
4 

1 5  
11 
1 5  

7 

2 3  
2 3  
1 8  
39 

9 

9 
11 .5  
12  

10.5 
8 

1 6 . 5  
7 

1 
4 .5  
4 .5  

0 . 5  
5 
5 

6 .5  
1 
7 
8 
5 .5  

0 
0 

1 
1 
7 
3 

11 
7 

7 
5 

15 
35 

7 

8 
6 

11 

7 
4 

12 
4 

0 
0 
0 

-1 
1 
1 

0 
-3 
-2 
-2 

0 

0 
0 

2 
1 

8 
3 

1 3  
6 

11 
18 
12 
31 

6 

8 
6 

10 

8 
5 
8 
5 

0 
0 
0 

0 
0 
0 

1 . 5  @ 25 
1 . 5  @ 25 

6 @ 165 
0 @ 165 
1 @ 165 
0 @ 165 

3 @ 196 
4 @ 196 
15 @ 196 
29 @ 196 
5 @ 196 

8 @ 66 
5 @ 66 
11 @ 66 

8 @ 78 
5 @ 78 
8 @ 78 
5 @ 78 

-1 @ 63 
-1 @ 63  
-1 @ 63  

0 @ 46 
0 @ 46 
0 @ 46 

1 1 @ 4 7  
-1 -1 @ 47 
1 1 @ 4 7  
0 0 @ 4 7  
1 1 @ 4 7  

~ ~~ 

'Conversion f a c t o r :  

bSee f o o t n o t e  t o  Table  6 f o r  exp lana t ion  of thermocouple numbering system. 

'After i n i t i a l  t r a n s i e n t  e f f e c t .  

dAn unplanned 4% i n l e t  t empera tu re  d e c r e a s e  and an unplanned 15% t e s t - s e c t i o n  flow decrease du r ing  t h i s  t e s t  run make t h e  r e s u l t s  incomparable 

1 gpm = 0.063 l i t e r / s e c .  

w i th  t h o s e  o f  t h e  o t h e r  t e s t  runs .  
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combined temperature  i n c r e a s e  due t o  both gas i n j e c t i o n  and t h e  six-channel 

c e n t r a l  blockage. 

Residual  temperature  i n c r e a s e s  i n  t h i s  d i s c u s s i o n  r e f e r  t o  t h e  tempera- 

t u r e  i n c r e a s e s  (over pre-gas- inject ion s t e a d y - s t a t e  temperatures)  experi-  

enced by t h e  thermocouples downstream of t h e  blockage a f t e r  t e rmina t ion  of 

gas i n j e c t i o n .  The i n c r e a s e s  are a measure of t h e  t i m e  r e q u i r e d  f o r  gas 

accumulated i n  t h e  blockage wake zone t o  be f lu shed  ou t  and thus  g i v e  an  

i n d i c a t i o n  of how long t h e  e f f e c t s  of gas i n j e c t i o n  i n f l u e n c e  temperatures  

i n  t h e  wake. An examination of t h e  most pronounced r e s i d u a l  temperature  

i n c r e a s e s  ( runs 103 through 106 i n  Table 8) r e v e a l s  t h a t  a l though some 

thermocouples ( i n  run 104) show t h a t  most of t h e  r e s i d u a l  temperature  in-  

c r e a s e  has  disappeared 193 sec a f t e r  gas i n j e c t i o n  ends,  o t h e r s  (RO116CD i n  

run 104 and run 105) show no s i g n i f i c a n t  dec rease  i n  r e s i d u a l  temperature  

i n c r e a s e  even 193 sec a f t e r  t h e  end of gas i n j e c t i o n .  However, i n  com- 

pa r ing  the  s t e a d y - s t a t e  p re -gas - in j ec t ion  temperature  of RO116CD i n  runs 

105 and 106 (same test  c o n d i t i o n s ) ,  i t  i s  noteworthy t h a t  any temperature  

i n c r e a s e s  due t o  gas i n j e c t i o n  i n  run 105 had disappeared a t  t h e  s tar t  of 

run 106 ( s e e  F igs .  24  and 25) .  Since t h e  t i m e  d i f f e r e n c e  between t h e s e  two 

runs w a s  19 min and 23 sec and gas i n j e c t i o n  w a s  terminated 92 s e c  i n t o  run 

105, i t  i s  ev iden t  t h a t  r e s i d u a l  temperature d i f f e r e n c e s  had e s s e n t i a l l y  

disappeared 18 min a f t e r  gas i n j e c t i o n  w a s  terminated.  

R e s u l t s  and Conclusions 

The e f f e c t  of i n e r t - g a s  i n j e c t i o n  on s t e a d y - s t a t e  nonboi l ing condi- 

t i o n s  downstream of a c e n t r a l  blockage i n  THORS bundle 3B is  summarized as 

fol lows : 

No g e n e r a l  c o r r e l a t i o n  could b e  e s t a b l i s h e d  between blockage wake t e m -  

p e r a t u r e  i n c r e a s e  due t o  gas i n j e c t i o n  and void f r a c t i o n ,  h e a t e r  power, and 

flow from t h e  n i n e  test runs analyzed. 

Of t h e  n i n e  t es t  runs  (where void f r a c t i o n s  w e r e  between 0.00009 and 

0.00354), only one (run 104) showed peak thermocouple temperature  i n c r e a s e s  

due t o  gas i n j e c t i o n  i n  excess  of 1 7 O C  (30'F). The test  c o n d i t i o n s  f o r  run 

104 were: ci = 0.00065, t e s t - s e c t i o n  flow = 1.23 l i t e r s / s e c  (19.5 gpm), 

h e a t e r  power = 20 kW/m (6 .1  kW/ft) ,  and i n l e t  temperature  = 322OC (611OF); 
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t h e  peak temperature  i n c r e a s e  due t o  gas i n j e c t i o n  measured du r ing  t h i s  

run w a s  39°C (70°F) and occurred i n  t h e  blockage wake a t  16  mm (0.63 i n . )  

downstream of t h e  blockage. 

The l a r g e s t  average temperature i n c r e a s e  du r ing  an  e n t i r e  pe r iod  of 

gas i n j e c t i o n  (61 s e c )  w a s  35°C (63°F);  i t  occurred i n  run  104 a t  1 6  mm 

(0.63 i n . )  downstream of t h e  blockage. 

The maximum combined i n c r e a s e  of sodium temperature  (over t h e  calcu-  

l a t e d  sodium temperature  i n  an unblocked 19-rod bundle) due t o  both gas in -  

j e c t i o n  (a  = 0.00065) and t h e  6-channel c e n t r a l  blockage w a s  e s t ima ted  t o  

b e  no more than  160°C (290°F).  Such a maximum temperature  i n c r e a s e ,  how- 

e v e r ,  is  only v a l i d  f o r  t h e  n i n e  unique combinations of void f r a c t i o n ,  f low,  

and h e a t e r  power used i n  t h e  bundle 3B experiments.  

Residual  temperature  i n c r e a s e s  a f t e r  gas i n j e c t i o n  g ive  evidence t h a t  

gas downstream of t h e  bundle 3 B  blockage w a s  completely removed from t h e  

wake between 3 and 18 min a f t e r  a 90-sec pe r iod  of gas i n j e c t i o n  f o r  t h e  

void f r a c t i o n s  i n v e s t i g a t e d .  

OVERALL CONCLUSIONS ON RESULTS OF BUNDLE 3B TESTS 

Although bundle 3 B  w a s  n o t  s p e c i f i c a l l y  designed f o r  b o i l i n g  tests,  i t  

is  p o s s i b l e  t o  show from t h e  d a t a  t h a t ,  w i thou t  argon gas i n j e c t i o n ,  t h e  

l o c a l  b o i l i n g  zone i n  a 6-channel blockage wake does n o t  r a d i a l l y  propagate  

i n t o  t h e  unblocked channels  du r ing  as much as  27 s e c  of. quas i - s t eady- s t a t e  

b o i l i n g .  I n d i c a t i o n s  are t h a t  argon gas i n j e c t i o n  du r ing  quas i - s t eady- s t a t e  

b o i l i n g  does i n f l u e n c e  t h e  e x t e n t  of t h e  l o c a l  b o i l i n g  zone by r a d i a l l y  

propagat ing i t  i n t o  some unblocked channels  b u t  n o t  a c r o s s  t h e  e n t i r e  bundle 

s e c t i o n .  It  w a s  shown t h a t  t h e  sodium bu lk  temperature  i n  t h e  f r e e  

stream a d j a c e n t  t o  t h e  blockage wake ( c a l c u l a t e d  from t h e  power-to-flow 

r a t i o )  s t r o n g l y  i n f l u e n c e s  t h e  r a d i a l  e x t e n t  of any propagat ion,  s i n c e  i t  

governs t h e  condensat ion c a p a b i l i t y  of sodium vapor .  Therefore ,  s i n c e  i t  

i s  expected t h a t  t h e  sodium bulk temperature  i n  a 217-pin LMFBR subassembly 

i s  w e l l  below t h e  sodium s a t u r a t i o n  temperature ,  an  i d e a l i z e d  e x t r a p o l a t i o n  

of bundle 3B r e s u l t s  shows t h a t  t h e  vapor-condensing c a p a b i l i t y  i n  an  LMFBR 

subassembly makes any r a d i a l  propagat ion of t h e  l o c a l  b o i l i n g  zone u n l i k e l y .  
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Axia l  propagat ion  of t h e  l o c a l  b o i l i n g  zone could n o t  b e  i n v e s t i g a t e d  

wi th  bundle  3B because of s e v e r a l  n o n p r o t o t y p i c a l i t i e s  i n  t h e  THORS t es t  

f a c i l i t y ;  f a c i l i t y  mod i f i ca t ions  are planned t o  e l i m i n a t e  t h e s e  dynamic non- 

p r o t o t y p i c a l i t i e s .  

Argon gas  i n j e c t i o n  a t  several d i f f e r e n t  void f r a c t i o n s  dur ing  s ing le -  

phase s t e a d y - s t a t e  tes ts  does n o t  raise t h e  temperature  i n  t h e  blockage 

wake by more than  40°C (70°F).  Consider ing t h a t  t h e  maximum temDerature 

i n c r e a s e  caused by a 6-channel blockage a l o n e  w a s  show t o  be  no more than  

120°C (22O0F) i n  prev ious  tests wi th  t h e  same rod bundle ,  t h e  a d d i t i o n a l  

temperature  i n c r e a s e  due t o  gas  i n j e c t i o n  ( a t  t h e  void f r a c t i o n s  i n v e s t i -  

ga ted)  does no t  appear  t o  be  excess ive  from t h e  s t andpo in t  of  i n i t i a t i n g  

l o c a l  sodium b o i l i n g  i n  t h e  blockage wake. 
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