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The e f f e c t s  of coo lan t  v o l a t i l i t y  on t h e  expansion dynamics and 

cover l oad ing  of h y p o t h e t i c a l  c o r e  d i s r u p t i v e  a c c i d e n t s  (HCDA) were 

s t u d i e d  by performing experiments w i th  a  t r a n s p a r e n t  1130-scale model 

of a  t y p i c a l  d e m o n s t r a ~ i o n  s i z e  loop-type l i q u i d  me ta l  f a s t  b reeder  

r e a c t o r  (LMFBR). I n  p a s t  experiments ,  we used water  t o  simul.ate t h e  

sodium coolan t  i n  t h e  pro to type .  I n  t he se  experiments ,  w e  used Freon 

113 and Freon 11 a s  coo lan t  s imulan ts  of i nc reas ing  v o l a t i l i t y .  High- 

p re s su re  n i t r o g e n  gas (1450 p s i a )  o r  f l a s h i n g  water  (1160 p s i a )  were 

used t o  s imu la t e  t h e  q u a l i t a t i v e  f e a t u r e s  of sodium vapor o r  molten f u e l  

expansions.  

Freon i s  50% denser  than water ;  t h e r e f o r e ,  t o  d i r e c t l y  e v a l u a t e  t h e  

e f f e c t  of coo lan t  v o l a t i l i t y  i n  f l a s h i n g  water  bubble source  experiments ,  

i t  was necessary  t o  a d j u s t  t h e  h e i g h t s  of t h e  upper co re  and coo lan t  pool  

above t h e  upper core  s o  a s  t o  main ta in  t h e  same coo lan t  mass i n  exper i -  

ments w i t h  d i f f e r e n t  coo lan t s .  I n  a d d i t i o n  t o  t h e s e  "cons tan t  mass" 

experiments ,  a  set of "cons tan t  geometry" experiments w e r e  conducted. 

These included experiments w i th  water  and Freon 113 coo lan t s  i n  t h e  

r e f e r ence  1130-scale appara tus .  Included i n  t h i s  set  were experiments  
- wi th  and wi thout  upper core  and upper i n t e r n a l  s t r u c t u r e s  t o  e v a l u a t e  

t h e i r  e f f e c t  on t he  expansion dynalrlics and cover l oad ing  w j t h  more 

v o l a t i l e  coo lan t s .  

To v a l i d a t e  t h e  u se  of cons t an t  mass and cons t an t  geometry exper i -  

ments a s  a  means of eva lua t ing  t h e  e f f e c t s  of coo lan t  v o l a t i l i t y ,  a  s e t  

06  b a s e l i n e  experiments was performed i n  t he se  con f igu ra t i ons  wi th  t h e  

room temperature  n i t rogen  bubble  source .  V o l a t i l i t y  e f f e c t s  a r e  n o t  

p r e sen t  i n  n i t r o g e n  bubble source  experiments s i n c e  a l l  t h e  f l u i d s  a r e  

a t  t h e  same temperature .  Hence, t h e s e  n i t r o g e n  source  experiments  a l low 

d i r e c t  eva lua t ion  of t h e  e f f e c t s  of experiment geometry and coo lan t  mass. 

I n  a l l  t he  experiments ,  t h e  expanding HCDA bubbles ,  t h e  motion of t h e  

iii 



coo lan t  s in lu lan t ,  and t h e  v e s s e l  l oads  were monitored by p re s su re  t r ans -  

duce r s ,  a thermocouple i n  t he  bubble,  and high-speed photography. 

A s  expec ted ,  t h e  r e s u l t s  of t h e  cons t an t  mass experiments w i th  t h e  

f l a s h i n g  water  sou rce  show t h a t  h igher  v o l a t i l i t y  r e s u l t s  i n  h igher  

p re s su re  d r i v i n g  t h e  coolant  s l u g  and t h e r e f o r e  h ighe r  impact l oads .  

The Freon experim'ents had- about 50% higher  p re s su re  i n  t h e  upper co re  

and bubble,  a 30% l a r g e r  s l u g  impact impulse,  and 25% g r e a t e r  expansion 

work done on  t h e  coo lan t  s lug .  The h ighe r  p r e s s u r e  i n  t h e  Freon experi- 

ments i s  be l i eved  due t o  vapor i za t ion  of some of t h ~  Freon t h a t  mi1rc3 

wi th  the ~ I U L  f l a s h i n g  water  i n  t h e  upper core  very e a r l y  i n  t h e  expansion. 

Entrainment of coo lan t  w i t h i n  t h e  bubble and the  bubble shape were com- 

p a r a b l e  i n   he Freon and water  experiments.  Entrainment a t  s l u g  impact 

v a r i e d  between 20% and 40% of t h e  bubble volume. The presence of i n t e r n a l  

v e s s e l  s t r u c t u r e s  a t t e n u a t e d  t h e  s l u g  impact impulse by about 50% whether 

t h e  coo lan t  was Freon 113 o r  water .  
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I INTRODUCTION AND SUMMARY 

A. Background 

The philosophy behind the  des ign  of l i q u i d  metal  f a s t  b reeder  r e a c t o r s  

(LMFBR) i s  t o  keep t h e  r i s k  t o  t h e  p u b l i c  from a c c i d e n t a l  r e l e a s e s  of radio-  

a c t i v i t y  extremely smal l  by providing engineered s a f e t y  f e a t u r e s  and LMFBR 

behavior c h a r a c t e r i s t i c s  t h a t  combine t o  

Prevent  p l a n t  system o r  component f a u l t s  and malfunct ions.  

P r o t e c t  a g a i n s t  t he  p o s s i b i l i t y  of f a u l t s  and malfunct ions 
l ead ing  t o  s eve re  acc iden t s .  

Mi t iga t e  t h e  consequences of s eve re  acc iden t s .  

LMFBR acc iden t s  now considered t o  have t h e  g r e a t e s t  p o t e n t i a l  f o r  

r e l e a s i n g  s i g n i f i c a n t  amounts of r a d i o a c t i v i t y  t o  t h e  environment involve  

co re  meltdown. Such acc iden t s ,  which a r e  c a l l e d  c o r e  d i s r u p t i v e  acc iden t s  

(CDAs), a r e  extremely low i n  p r o b a b i l i t y  of occurrence b u t  a r e  s t u d i e d  t o  

a s s u r e  t h a t  t h e  r i s k  from such acc iden t s  i s  acceptab ly  smal l .  Safe ty  tech- 

nology r e sea rch  sponsored by DOE focuses  on the  suppor t  of fou r  l i n e s  of 

assurance  (LOA), each of which' i s  intended t o  provide  an  independent b a r r i e r  

t o  prevent  a  CDA from occur r ing  o r  progress ing  t o  t h e  p o i n t  of r e l e a s i n g  

unacceptable  amounts of r a d i o a c t i v i t y  t o  t h e  environment: 

LOA 1: Prevent  CDAs 

LOA 2: L i m i t  core  damage 

LOA 3: Maintain Containment I n t e g r i t y  

LOA 4: At tenuate  r a d i o l o g i c a l  consequences of CDAs. 

LOA 1 would a s s u r e  t h a t  t h e  p r o b a b i l i t y  of a CDA occurr ing  i s  s o  low 

t h a t  t hese  acc iden t s  can be considered hypo the t i ca l .  Even s o ,  t h e i r  con- 

sequences must be  understood t o  ensure t h a t  adequate  m a r g i n ' e x i s t s  i n  t h e  

pl.a.nt t o  p r o t e c t  t h e  p u b l i c . i f  such an  acc ident  a c t u a l l y  occurs .  LOA 2 ,  

3,  and 4 would provide t h i s  assurance .  

I f  a  core  meltdown could occur ,  then t h e o r e t i c a l l y ,  co re  m a t e r i a l  

motions and i n t e r a c t i o n s  might l ead  t o  r ap id  pressure-genera t ion  events  

t h a t  could cnuEc s i g n i f i c a n t  s t r u c t u r a l  damage t o  t.he r e a c t o r .  LOA 3 



would e n s u r e  t h a t  t h e  p r o b a b i l i t y  of such  r a p i d  p r e s s u r e  g e n e r a t i o n  is  

s m a l l .  

Even i n  t h e  u n l i k e l y  e v e n t  t h a t  a  CDA r e s u l t s  i n  p r e s s u r e  g e n e r a t i o n  

t h a t  c h a l l e n g e s  t h e  s t r u c t u r a l  i n t e g r i t y  of t h e  r e a c t o r ,  no s i g n i f i c a n t  

amounts of r a d i o a c t i v i t y  could  b e  r e l e a s e d  u n t i l  r a d i o a c t i v e  materials 

were  t r a n s p o r t e d  from t h e  c o r e  t o  t h e  l e a k a g e  p a t h s  c r e a t e d  i n  t h e  r e -  

a c t o r  by t h e  p r e s s u r e  e x c u r s i o n .  LOA 4 would e n s u r e  t h a t  t h i s  t r a n s p o r t  

would b e  accompanied by a t t e n u a t i o n  mechanisms t h a t  would r e d u c e  p o t e n t i a l  

r e l e a s e s  o f  r a d i o a c t i v i t y  t o  v e r y  low l e v e l s .  

I n  s u p p o r t  o f  LOA 3 ,  w e  have  p r e v i o u s l y  conducted s c a l e  model exper i -  

ments s i m u l a t i n g  a h y p o t h e t i c a l  CDA (HCDA) u s i n g  n i t r o g e n  g a s  o r  f l a s h i n g  

w a t e r  as t h e  f u e l  s i m u l a n t  and w a t e r  a s  t h e  c o o l a n t  s imu1ant . l  These 

exper iments  were  conducted t o  i n c r e a s e  o u r  u n d e r s t a n d i n g  of t h e  dynamics 

and  thermodynamics o f  expanding b u b b l e s  s i m i l a r  t o  t h e  CDA bubble  i n  

LMFBRs and t o  a i d  i n  d e v e l o p i n g  a n a l y t i c a l  models f o r  p r e d i c t i n g  CDA 

e n e r g e t i c s  and c o r e  m a t e r i a l  t r a n s p o r t .  The exper iments  d e s c r i b e d  i n  

t h i s  r e p o r t  were  conducted t o  f u r t h e r  i n c r e a s e  t h i s  u n d e r s t a n d i n g  by 

u s i n g  c o o l a n t s  t h a t  more c l o s e l y  s i m u l a t e  t h e  v o l a t i l i t y  of sodium i n  

t h e  LMFBK. 

The remainder  of t h i s  s e c t i o n  b r i e f l y  d e s c r i b e s  our  approach t o  t h i s  

problem and our  e x p e r i m e n t a l  method, and g i v e s  a  comprehensive summary of 

o u r  major  f i n d i n g s .  S e c t i o n  I1 d e s c r i b e s  o u r  e x p e r i m e n t a l  method i n  

d e t a i l .  The e x p e r i m e n t a l  r e s u l t s  a r e  d i s c u s s e d  i n  S e c t i o n s  I11 through 

V I ,  a n  i n t e r p r e t a t i o n  o f  t h e  r e s u l t s  is  g i v e n  i n  S e c t i o n  V I I ,  and o u r  

c o n c l u s i o n s  and recommendations a r e  p r e s e n t e d  i n  S e c t i o n  V I I I .  

B. AP-pr9.a.ch 

Our approach was t o  choose a  p r a c r i c a f  coolanr:  s tmufanc char  i n  

r e l a t i o n  t o  w a t e r  as a  f u e l  s i m u l a n t  is. s i m i l . a r  t o  t h e  r e l a t i o n s . h i p  

between sodium c o o l a n t  and uranium d i o x i d e  f u e l .  Freon 113  r e f r i g e r a n t  

is  p r a c t i c a l  and h a s  a c r i t i c a l  p ress .u re  i n  r e l a t i o n  t o  t h a t  of w a t e r  

s i m i l a r  t o  t h e  re1at ions .hi .p  between t h e  c r i t i c a l  p r e s s u r e  of sodium and 

t h a t  of uranium d i o x i d e .  Freon 11 is. a l s o  p r a c t i c a l  and s l i g h t l y . . m o r e  



v o l a t i l e ;  t h a t  is,  i t  h a s  a  h i g h e r  vapor  p r e s s u r e  a t  a  g i v e n  t e m p e r a t u r e .  

Both Freons ,have s i g n i f i c a n t l y  h i g h e r  v o l a t i l i t y  t h a n  w a t e r ,  t h e  p r e v i o u s l y  

used c o o l a n t  s i m u l a n t .  

Experiments were  planned u s i n g  each Freon a s  a  c o o l a n t  s i m u l a n t  i n  

a  s imple  1130-scale  model ( F i g u r e  1) of t h e  i n t e r i o r  of a  t y p i c a l  demon- 

s t r a t i o n  s i z e '  loop- type LMFBR ( F i g u r e  2 ) .  The e f f e c t s  of c o o l a n t  vola-  

t i l i t y  on.HCDA expansion dynamics and cover  l o a d i n g  were  e v a l u a t e d  i n  

exper iments  u s i n g  a  f l a s h i n g  w a t e r  bubble  s o u r c e  a t  1160 p s i a  and 563OF 

t o  s i m u l a t e  t h e  expans ion  of mol ten f u e l  i n  t h e  LMFBR. B a s e l i n e  e x p e r i -  
\ 

ments i n  which v o l a t i l i t y  e f f e c t s  were n o t  p r e s e n t  were conducted w i t h  a 

n i t r o g e n  g a s  bubble  s o u r c e  a t  1450 p s i a  and room tempera tu re .  The e f f e c t s  

of i n t e r n a l  v e s s e l  s t r u c t u r e s  w i t h  v o l a t i l e  c o o l a n t s  were  e v a l u a t e d  by 

i n c l u d i n g  upper  c o r e  (UCS) and upper  i n t e r n a l  (UIS) s t r u c t u r e s  i n  some 

exper iments .  To compensate f o r  t h e  d i f f e r e n c e  i n  d e n s i t y  between t h e  

Freon and w a t e r  c o o l a n t s ,  we a d j u s t e d  t h e  c o o l a n t  poo l  h e i g h t  i n  some 

exper iment  t o  m a i n t a i n  t h e  same c o o l a n t  mass i n  exper iments  w i t h  d i f f e r e n t  

c o o l a n t s .  
C ~ v e r  
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FIGURE 1 1130-SCALE VESSEL 
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FIGURE 2 TYPICAL DEMONSTRATION SIZE LOOP-TYPE LMFBR 



The components i n  t h e  1/30-scale  model were r i g i d .  S t r u c t u r a l  r e s -  

ponse was n o t  s ca l ed  i n  t he se  experiments ,  bu t  i t  was p rev ious ly  addressed 

i n  experiments by Romander and Cagl ios  t r o  . 

Experimental Method and Program 

Since  Freon is  50% denser  than wa te r ,  d i r e c t  e v a l u a t i o n  of t h e  e f f e c t  

of coo lan t  v o l a t i l i t y  i n  f l a s h i n g  water  bubble  source  experiments wi thout  

i n t e r n a l  s t r u c t u r e s  was accomplished by a d j u s t i n g  t h e  h e i g h t s  of t h e  upper 

c o r e  and coolan t  pool above t h e  upper co re  s o  a s  t o  main ta in  t h e  same 

coo lan t  mass i n  experiments w i th  d i f f e r e n t  coo lan t s .  The cover gas gap 

was kept  t h e  same i n  a l l  experiments .  I n  a d d i t i o n  t o  t he se  "cons tan t  

mass" experiments ,  a  set of "cons tan t  geometry'' experiments was conducted 

us ing  t h e  f l a s h i n g  water  bubble source .  These included experiments w i th  

water  and Freon 3.13 coo lan t s  i n  t h e  r e f e r e n c e  1 /30-sca le  appa ra tu s .  Included 

i n  t h i s  s e t  were experiments w i th  and wi thout  upper core  and upper i n t e r n a l  

s t r u c t u r e s  t o  e v a l u a t e  t h e i r  e f f e c t  on t h e  expansion dynamics and cover  

load ing  wi th  more v o l a t i l e  coo lan t s .  

To v a l i d a t e  t h e  use of cons t an t  mass and cons t an t  geometry experiments 

a s  a  means of e v a l u a t i n g  t h e  e f f e c t s  of coo lan t  v o l a t i l i t y ,  a  s e t  of base- 

l i n e  experiments was performed i n  t h e  cons tan t  mass and cons t an t  geometry . 

conf igu ra t i ons  wi th  t h e  room temperature  n i t r o g e n  bubble  source .  V o l a t i l i t y  

e f f e c t s  a r e  no t  p r e sen t  i n  n i t rogen  bubble source  experiments  s i n c e  a l l  t h e  

f l u i d s  a r e  a t  the , same temperature .  Hence, t h e s e  n i t r o g e n  source  experiments  

a l low d i r e c t  e v a l u a t i o n  of t h e  e f f e c t s  of experiment con f igu ra t i on .  and 

coo lan t  mass. The program of experiments descr ibed  above i s  summaried i n  

Table  1. The d i scus s ions  i n  t h i s  r e p o r t  a r e  basGd on the  t e n  experiments  

conducted i n  t h i s  experiment se r i . es .  a s  w e l l  a s  t h e  t h r e e  experiments  from 

t h e  previous experiment s e r i e s , '  which a r e  a l s o  l i s t e d  i n  Table 1. 

The f l a s h i n g  water  o r  n i t r o g e n  gas  bubble source  was conta ined  i n  

t h e  lowcr core  shown jn Figure  3 ,  A f t e r  t h e  app rop r i a t e  i n i t i a l  cond i t i ons  

were e s t a b l i s h e d  w i t h i n  t h e  lower co re  and a c r y l i c  c y l i n d e r  (Figure 32, 

t h e  experiments were i n i t i a t e d  by de tona t ing  t h e  exp1os:ive t h a t  d r i v e s  

t l ~ e  p i s t o n  and s l i d i n g  door assembles.  The f low pa th  between tlie lower 

and upper co re s  was opened when t h e  s . l id ing  doors ,  carr i .ed by. t h e  piktons:,  



c l e a r e d  t h e  f low pa th .  The expansion of t h e  gas  o r  f l a s h i n g  3.i.quid con- 

t a i n e d  i n  t h e  lower c o r e  then proceeded t o  d r i v e  t h e  l i q u i d  coo lan t  o u t  

of t h e  upper c o r e  and form an  expanding bubble w i t h i n  t h e  coo lan t  pool  

t h a t  drove t h e  coo lan t  pool  t o  impact on t h e  v e s s e l  cover .  

Table 1 

EXPERIMENTAL PROGRAM 

Configuration 

Reference 
(1130-scale LMFBR) 

Constant Mass 

Constant 
Geometry 

Bubble 
Source 

Flashing 
Water 

Internal Number of 
Coolant Structures Experiments 

-. 

Water None 2 

Nitrogen * Freon 1 13 None 

Flashing Freon 1 13 None 
Water 

Flashing Freon 1 1 None 
Water 

Nitrogen Freon 113 None 

Flashing Freon 113  one 
Water 

Flashing Freon 113 Upper Core and 
Water Upper Internal 

~trukturest 

 he reference experiment for the nitrogen source with water as the coolant 
and no internal structures is experiment D-006 of the previous experiment series1. 

The comparable experiments with water as the coolant are experiments E-001 
(no internal structures) and E-003 (upper core and upper internal structures) 
of the previous experiment series1 . 
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P r e s s u r e s  were  recorded  i n  t h e  lower and upper  c o r e ,  w i t h i n  t h e  

c o o l a n t  p o o l  and HCDA b u b b l e ,  and on t h e  v e s s e l  c o v e r .  Temperature was 

measured w i t h i n  t h e  expanding bubble.  High-speed photography was used t o  

d e t e r m i n e  t h e  b u b b l e  growth and c o o l a n t  s u r f a c e  mot ion.  These measure- 

ments were  used t o  c a l c u l a t e  such  q u a n t i t i e s  a s  t h e  expans ion  work done 

by t h e  s o u r c e ,  t h e  l i q u i d  e n t r a i n m e n t  i n  t h e  bubb le ,  and t h e  impulse  on 

t h e  v e s s e l  c o v e r .  

D .  Summary and Recommendations 

The e x p e r i m e n t a l  c o n f i g u r a t i o n s  used t n  e v a l u a t e  t h e  e f fcn ts  nf 

c o o l a n t  v o l a t i l i t y  on HCDA expans ion  dynamics and cover  l o a d i n g  a r e  

shown i n  F i g u r e  4 .  The e x p e r i m e n t a l  program cond~~r* l , r r l  w i t h  thesa con- 

f i g u r a t i o n s  i s  summarized i n  T a b l e  1. The c o n c l u s i o n s  r e p o r t e d  h e r e  a r e  

based o n  t h e  t e n  exper iments  conducted i n  t h i s  exper iment  s e r i e s  and t h e  

t h r e e  e x p e r i m e n t s  from t h e  p r e v i o u s  exper iment  s e r i e s 1  a s  l i s t e d  i n  

Tab le  1. To d e m o n s t r a t e  and q u a n t i f y  t h e  e f f e c t s  of  c o o l a n t  v o l a t i l i t y  

was more d i f f i c u l t  a  t a s k  t h a n ,  s a y ,  t o  demons t ra te  and q u a n t i f y  t h e  

e f f e c t s  of  i n t e r n a l  s t r u c t u r e s  a s  we d i d  i n  o u r  ea r1 ie . r  work.. l I n t e r n a l  

s t r u c t u r e s  p rov ided  f low r e s i s t a n c e  and f low d i v e r s i o n  t h a t  had n o t i c a b l e  

impact on t h e  HCDA expans ion  hydrodynamics.  The e f f e c t s  of c o o l a n t  v o l a -  

t i l i t y  a r e  thermodynamic e f f e c t s  t h a t  depend on h e a t  t r a n s f e r  and phase  

change between t h e  f u e l  and c o o l a n t  s i m u l a n t s  and on t h e  theriiiodynamic 

p r o p e r t i e s  o f  t h e s e  m a t e r i a l s .  We were  n o t  c e r t a i n  whether  t h e  c o o l a n t  

'would  e v a p o r a t e  enough t o  make a  d e t e c t a b l e  d i f f e r e n c e  on t h e  v e s s e l  

p r e s s u r e s  o r  b u b b l e  s t r u c t u r e .  However, t h e  e x p e r i m e n t a l  program was 

s u c c e s s f u l  i n  i d e n t i f y i n g  measurab le  e f f e c t s  of  c o o l a n t  v o l a t i l i t y .  A s  

we summarize t h e  r e s u l t s ,  we w i l l  r e f e r  t o  F i g u r e  4 t o  c l a r i f y  t h e  ex- 

p e r i m e n t a l  c o n f i g u r a t i o n s  used t o  s u p p o r t  a  p a r t i c u l a r  c o n c l u s i o n .  

L t  was o u r  hope t h a t  a  compar ison of measurements from e x p e r i m e n t s  

u s i n g  d i f f e r e n t  c o o l a n t s ,  b u t  w i t h  t h e  same c o o l a n t  mass i n  t h e  upper c o r e  

and i n  t h e  c o o l a n t  p o o l  above t h e  upper  c o r e ,  would d c m o n s t r a t e  whether 

v o l a t i l i t y  e f f e c t s  were d e t e c t a b l e  o r  n o t .  If v o l a t i l i t y  was n o t  s i g n i f i -  

c a n t ,  t h e n  e x p e r i m e n t s  w i t h  t h e  same moving mass shou ld  proceed i n  t h e  

same manner t o  c o o l a n t  impact  on t h e  v e s s e l  c o v e r .  I f  v o l a t i l i t y  was 
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s i g n i f i c a n t ,  t hen  h i g h e r  p re s su re s  should be measured i n  t h e  upper co re  

and HCDA bubble  and t h e  coolan t  pool should impact t h e  v e s s e l  cover sooner  

and a t  h ighe r  v e l o c i t y .  
L 

Constant  mass experiments  were conducted wi th  water  a s  t h e  coo lan t  

[F igu re  4 ( a ) ] ,  w i t h  Freon 113 a s  t h e  coo lan t  [F igure  4 ( b ) ] ,  and wi th  

Freon 11 a s  t h e  coo lan t  [no t  shown i n  F igure  4 but  wi th  only s l i g h t l y  

d i f f e r e n t  dimensions t han  F igure  4 ( b ) ] .  A comparison of t h e  appearance 

of t h e  HCDA bubble  a t  coo lan t  s l u g  impact i n  t h e s e  experiments is  shown 

i n  F igu re  4 .  The bubbles a r e  s l i g h t l y  d i f f e r e n t  i n  p r o f i l e  and s u r f a c e  

t e x t u r e  in   he experiments  wi th  t h e  d s ~ l s e r  Freon coo lan t s  than i n  t h e  

water  experiment .  

The p r e s s u r e  i n s i d e  t h e  upper c o r e  and bubble is h ighe r  i n  t h e  Freon 

experiments .  This  i s  most c l e a r l y  demonstrated i n  F igure  6 .  The pressure-  

volume change curves  i n  Figure 6 show t h e  p re s su re  a c t i n g  on t h e  lower s i d e  

of t h e  coo lan t  s l u g ,  d r i v i n g  i t  toward t h e  v e s s e l  cover;  t h e  volume d i s -  

p laced  by t h e  motion of t h e  coo lan t  s l u g ;  and t h e  expansion work done i n  

moving t h e  s l u g  (.the a r e a  under t h e  cu rve ) .  The p re s su re  shown is  a 

composite of t he  p r e s s u r e s  i n  t h e  lower co re ,  upper core .  and HCnA hvbble ,  

and r e p r e s e n t s  our  b e s t  e s t i m a t e  of t h e  p r e s s u r e  a c t i n g  on t h e  moving 

lower boundary of t h e  coo lan t  s l u g .  By comparing F igures  6(a)  and ( h ) ,  

w e  s e e  t h a t  f o r  most of t h e  event  i n  Freon 113 experiment G-007, the. 

p ress .ures  d r i v i n g  t h e  coo lan t  s l u g  a r e  h ighe r  by about  200 p s i  o r  50% 

than  i n  t h e  water  experiment shown, G-011; t h e r e f o r e ,  t h e  expansion work 

done on t h e  s l u g  f o r  a, g iven  d i sp l aced  volume i s  a l s o  s i g n i f i c a n t l y  h ighe r .  

The h ighe r  p r e s s u r e  i n  t h e  Freon experiments  i s  be l ieved  due t o  vapor i za t i on  

of some of the Freon t h a t  mixes wi th  t h e  h o t  f l a s h i n g  water  i n  t h e  upper . . 

c o r e  very  e a r l y  i n  t h e  expansion.  The h i g h e r  pres.sure i n  t h e  upper core 

and bubble  should result i n  h ighe r  'loadihg un Llie UIS when i t  is  present. 

However, t h i s  l oad ing  was no t  measured i n  t h i s  experiment s e r i e s .  

Q u a n t i t a t i v e  res111 . t~  of t h e  cons t an t  mass experiments are summarized 

i n  Table 2. Shown a r e  percentage  d i f f e r e n c e s  of expansion work and s l u g  

impact impulse from an average of t h e  v a l u e s  i n  t h e  two water  coo lan t  

experiments ,  G-,002 and G-011. The s l u g  impact p r e s su re  pu l se s  used i n  



(a) WATER COOLANT 
(EXPERIMENT G-011) 

(b) FREON 113 COOLANT (c) FREON 11 COOLANT 
(EXPERIMENT G-007) (EXPERIMENT G-009) 
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FIGURE 5 HDCA BUBBLE PHOTOGRAPHS AT SLUG IMPACT IN THE CONSTANT MASS 
FLASHING WATER BUBBLE SOURCE EXPERIMENTS 
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FIGURE 6 PRESSURE-VOLUME CHANGE IN THE CONSTANT MASS FLASHING 
WATER SOURCE BUBBLE EXPERIMENTS 

calculating the impulse are shown in Figure 27. Expansion work is com- 

pared at a canstant coolant surface displaced volume of 35 cubir i.ncIbt?s. 

Comparison of the expansion work at slug impact is not revealing because 

of the different expansion volumes corresponding to the different initial 

cover gas gaps in the experiments. Different gaps were measured even 

though the gap in all experiments was set during vessel filling to within 

about 0.01 inch. The gaps at time zero varied because density changes 

occurred in the coolant as it was warmed by heat conducted through the 



s l i d i n g  doors from the  563°F water i n  t h e  lower core. The expansion work 

comparison ind ica tes  a - +8.2% v a r i a t i o n  i n  t h e  two water experiments and a 

23.4% t o  25.1% higher expansion work i n  t h e  Freon experiments than i n  the  

average of t h e  two water experiments. The s lug  impact impulse i s  a l s o  

s i g n i f i c a n t l y  higher i n  t h e  two Freon experiments than i n  t h e  average of 

the  two water experiments. I n  these  constant  mass experiments, the  impulse 

is a measure of t h e  s l u g  impact ve loc i ty  (see Section VII). Thus, t h e  

values f o r  pressure,  expansion work, and s lug  impact impulse shown i n  

Figure 6 and Table 2 support the  conclusion t h a t  coolant  v o l a t i l i t y  does 

influence the  HCDA expansion dynamics and cover loading. 

Table 2 

SUMMARY OF EFFECTS OF COOLANT VOLATILITY 
IN CONSTANT COOLANT MASS EXPERIMENTS 

Expansion Work 
at A V  = 35 inch3 

l nitial Cover Relative to the 
Gas Volume Average of G-002 

Experiment Coolant (inch3 ) and G-011 (%) 

Slug Impact 
l mpu lse Relative 
to the Average 

of G-002 
and G-011 (%) 

There i s  a l s o  sub jec t ive  support f o r  t h e  evaporation of some of t h e  

Freon coolant i n  t h e  f l a sh ing  source experiments, a s  evidenced by the  

appearance of the  HCDA bubble i n  n i t rogen and f l a sh ing  water source ex- 

periments. The s t r i k i n g  s i m i l a r i t y  i n  the  shape and surface  t ex tu re  of 

t h e  HCDA bubbles i n  t h e  ni trogen source experiments is  shown i n  Figure 7. 

The bubbles appear very s imi la r  t o  t h e  bubbles i n  t h e  f l a sh ing  source 

experiments with Freon coolants ,  Figures 5 (b) and (c)  , but  not  with t h e  



(a) WAf ER COOLANT (D-006) (b) FREON 113 COOLANT 
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(cj FREON 113 COOLANT 
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FIGURE 7 HDCA BUBBLE PHOTOGRAPHS AT SLUG IMPACT IN THE NITROGEN SOURCE EXPERIMENTS 



water coolant ,  Figure 5 (a ) .  The bubbles i n  t h e  f l a sh ing  water Freon 

experiments conta in  some Freon vapor t h a t  may a c t  gas-like ( i . e . ,  non- 

condensible) and r e s u l t  i n  a s i m i l a r  appearance t o  t h e  n i t rogen gas 

bubble. The boundary of t h e  f l a sh ing  water bubble i n  the  water coolant  

is t h e  most condensible boundary of t h e  series and has  t h e  f u z z i e s t  

appearance. 

Although i t  does no t  change our conclusions based on t h e  s l u g  impact 

impulse i n  Table 2, we must note  t h a t  the  higher impulse i n  the  Freon 

experiments is p a r t l y  t h e  r e s u l t  of t h e  shortened geometry of t h e  experi- 

ment. This i s  explained through t h e  use of an a n a l y t i c a l  model i n  

Section V I I ,  b u t  it can be  shown here  by comparing ni t rogen source ex- 

periments with f l a sh ing  water source experiments i n  both constant  mass 

and constant  geometry configurat ions [Figure 4(a)  and (b)] .  Tne coolant  

su r face  displacement i n  t h e  n i t rogen source experiments i s  shown i n  

Figure 8 (a ) .  Since v o l a t i l i t y  e f f e c t s  a r e  not present  i n  t h e  n i t rogen 

experiments, t h i s  f igures  demonstrates t h e  e f f e c t  of experiment geometry 

on t h e  expansion dynamics. The coolant  su r face  moves f a s t e r  i n  t h e  

shortened geometry of t h e  constant  mass Freon 113 experiment 6-008 than 

i n  t h e  reference  case D-006 because higher acce le ra t ions  i n  t h e  upper 

core emptying phase of t h e  expansion r e s u l t s  i n  higher v e l o c i t i e s  through- 

out  t h e  expansion. Thus, t h e  s lug  impact impulse i n  constant  mass Freon 

experiments would be s l i g h t l y  h igher  because geometry e f f e c t s  r e s u l t  i n  

a somewhat higher coolant surface  ve loc i ty .  The w n s t a n t  geometry ex- 

periment GO10 proceeds more slowly because of t h e  50% heavier  coolant  

mass being moved. 

Figure 8(b) demonstrates t h e  combined e f f e c t s  of v o l a t i l i t y  and 

experiment geometry on t h e  coolant su r face  displacement. Rela t ive  t o  

the  reference  experiment G O 1 1  with water, t h e  constant  mass and constant  

geometry curves G-007 and GO04 a r e  s h i f t e d  e a r l i e r  i n  t i m e  than i n  t h e  

n i t rogen source experiments. This demonstrates t h e  e f f e c t  of v o l a t i l i t y  

and explains why t h e  s lug  impact impulse comparison i n  Table 2 r e su l t ed  

from t h e  e f f e c t s  of both experiment geometry and coolant v o l a t i l i t y .  
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FIGURE 8 COMPARISON OF GEOMETRY EFFECTS AND VOLATILITY EFFECTS 
ON COOLANT SURFACE DISPLACEMENT 



The bubble volume and coolant entrainment wi thin  the  bubble were 

within the  range typ ica l  of our previous HCDA simulations. l Entrainment 

is a t  l e a s t  60% of the  bubble volume a s  the  bubble emerges from the  upper 

core i n to  the  pool. Entrainment i n  the  upper core i s  ce r ta in ly  even 

higher. Entrainment a t  s lug  impact ranges from 20% t o  40% of the  bubble 

volume. The percentage of entrainment decreases during the  expansion 

because the  bubble grows f a s t e r  than l iqu id  is  entrained i n t o  i t .  Although 

the  percentage of entrainment decreases during t he  expansion, the  entrained 

volume of l iqu id  increases from about 5 cubic inches a s  the  bubble en te rs  

the  pool t o  about 20 t o  30 cubic inches a t  s lug impact. Entrainment i n  

the  upper cbre i s  due t o  the  s i gn i f i c an t  mixing t h a t  occurs a s  the  s l i d ing  

doors open. Entrainment i n  the  pool occurs i n  the  d i ss ipa t ing  vortex a t  

the  l a t e r a l  periphery of the  bubble and a t  the  bubble-coolant in te r face .  

The locat ion of vor t i ces  within the  coolant pool depends on the  geometry 

of the  i n t e rna l  s t ruc tures .  With an open upper core, a vortex r i ng  forms 

j u s t  above the  upper core  due t o  convection from the  upper core i n t o  the  

pool of a viscous l i qu id  layer  t ha t  forms a t  the  wal l  of the  upper core. 

This vortex i s  engulfed by the  bubble and en t ra ins  l i qu id  i n t o  t he  bubble 

by the  c i r cu l a t i on  i t  creates  a t  the  l a t e r a l  periphery of the  bubble. 

With a UCS o r  a UIS, other vor t i ces  a r e  formed, which en t r a in  coolant 

i n t o  the  bubble. 

Temperature measurements i n  the  HCDA bubble of f lashing water source 

experiments were taken f o r  the  f i r s t  time i n  t h i s  experiment series. The 

thermocouple was located approximately 112 t o  1 inch above the  core de- 

pending on the  experiment and approximntely 0.7 inch off-axis. The measured 

temperature increases with time a s  the  bubble passes over the  thermocouple, 

indicat ing a temperature gradient  through t he  bubble and providing evidence 

f o r  a f a i r l y  th ick  mixing layer  ins ide  the  bubble boundary. Temperatures 

i n  the  bubble varied between 100°F when the  bubble reached the  thermocouple 

and 350°F a t  s lug impact. This compares with a steam temperature no higher 

than 5 0 0 ' ~  f o r  sa turated steam emerging from the  lower core a t  700 p s i .  

Further measurements a r e  needed t o  map the  bubble temperature f i e l d  and 

s t ruc ture .  



The e f f e c t s  of i n t e r n a l  vesse l  s t r uc tu r e s  on the expansion dynamics 

and cover loading with water and Freon 113 coolants a r e  shown i n  Figures 

9 and 10 and Table 3. Figure 9 shows the  e f f e c t  of coolant and s t ruc tures  

on the  appearance of the  H C M  bubble a t  s l ug  impact on the  cover. The 

e f f e c t  of t h e  s t ruc tu r e s  on the  bubble shape i s  independent of the  caolant. 

The coolant surface  displacement f o r  these four experiments i s  compared 

i n  Figure 10. The f i gu re  demonstrates the  s i gn i f i c an t  slowing of t he  

expansion t h a t  r e s u l t s  from the  presence of i n t e r n a l  vesse l  s t ruc tures  

with e i t h e r  coolant. As  shown i n  Table 3, thp quan t i t a t ive  reductions 

i r r  s l ug  impact impulse due t o  the  presence. of i n t e r n a l  s t r uc tu r e s  i s  
* 

s l i g h t l y  less when Freon Ll3 is  the  coolant. The small contribution of 

t he  load on the UIS to t he  cover loading a t  slug impaet was not measured 

i n  these experiments. s lug impact pressure pulses i n  experiments 6 0 0 4  

(no i n t e r n a l  s~~uctuxes)  a d  0 0 6 .  (UCS and UIS) a r e  shown in Figure 45. 

The major r-esults  of these  experiments can be summarized as follows: 

(k In  t he  constant  mass f lash ing  water bubble source experiments: 

- The upper core and bubble pressures were on the  order of 
50% bigher than i n  t he  water experiment.. 

- The expansion work at a coolant surface displaced volume 
of 35 cubic inches was 25% higher than i n  the  water 
experiment . 

- The s lug  impact impulse was on the  order of 29% higher 
than i n  t he  water experiment. 

- The temperature i n  the bubble varied between 100°F when 
t h e  bubble raacl~ed the  thermocouple and 3 5 0 ° ~  a t  s lug 
isnpact. 

r~ I n  a l l  expe~iments  without i n t e r n a l  s t ruc tures ,  t he  entrain- 
ment a t  s lug impact was 20% t o  40% of the  bubble volume. 

8, Tnternal vessel s t ruc tu r e s  reduced the  s lug impact impulse 
by 45% using Freon 113 coolant compared with 56% using 
water as t he  coolant. 



(a) WATER COOLANT (E-001) (b) WATER COOLANT (E-003) 
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FIGURE 9 HCDA BUBBLE PHOTOGRAPHS AT SLUG IMPACT SHOWING THE EFFECT 
OF INTERNAL VESSEL STRUCTURES 
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FIGURE 10 EFFECT OF INTERNAL VESSEL STRUCTURES AND COOLANT 
YOLATI L1TY ON COOLANT SURFACE DISPLACEMENT 

Future work i n  t h i s  area  should e n t a i l  1139-scale experiments t ha t  

address aspects of the  expansion dynamics abn~rt which the most questions 

remain. These areas  include the forces on the UCS and UIS and on the wall  

of the  ac ry l i c  vessel ,  the  mechanisms of mixing and entrainment i n  the - 
upper core and bubble, the  composition of the  hrlbble, thc  atteuuaLlori 

e f f e c t s  of heat  t r ans fe r  with a more protntypic uppar core s t ruc ture ,  

and the  temperature d i s t r i bu t ion  i n  the  bubble. Questions a l so  s t i l l  

remain about the  sca l ing  of thermodynamic phenomena observed i n  these 

experiments, and appl icat ion of our r e s u l t s  t o  the demons t ra t ion . s iz~  

T.&fPBB and the aewly proposed 1000-MW plant .  



Table 3 

SUMMARY OF EFFECTS OF INTERNAL VESSEL STRUCTURES 
WITH DIFFERENT COOLANT SIMULANTS* 

Reduction in Slug 
Impact lmpulset Relative 

Internal to No Internal 
Experiments Coolant Structures Structures (%) 

E-001 H2° None 0.0 

E -003 "2O UCS + UIS - 56.1 

G-003 F113 None - 5.4 

G-004 . F113 None + 5.4 

G-006 F113 UCS + UIS - 44.9 

* ~ v e r a ~ e  of G-003 and G-004 used ful F913 aomparicon. 

tNeglects load transmitted to the cover through the'UIS columns. 
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I1 EXPERIMENTAL METHOD 

A. Coolant s i rnu l in t s  

Our previous HCDA s imu la t i ons  us ing  'a f l a s h i n g  ~ o u r c e l , ~  were con- 

ducted u s ing  water  a s  t h e  f u e l  and coo lan t  s imulan t .  Table  4 g ives  t h e  

thermodynamic r e l a t i o n  between p ro to type  and s imulan t  f u e l  and coo lan t s ;  

a s  show11 i n  the t a b l e ,  t h e  water  temperature  i n  t h e  lower c o r e  a t  1160 

p s i  is  88% of t h e  coo lan t  (water)  c r i t i c a l  temperature .  I n  t h e  p ro to type ,  

t h e  f u e l  temperature  i s  almost twice t h e  coo lan t  c r i t i c a l  temperature .  

The l i k e l i h o o d  of vapo r i za t i on  of t h e  coolan t  en t r a ined  i n  t h e  HCDA bubble 

is  much g r e a t e r ,  t h e r e f o r e ,  i n  t h e  pro to type  than  i n  our p a s t  s imu la t i ons .  

Vapor iza t ion  of t h e  coolan t  i n  t h e  HCDA bubble could i n c r e a s e  t h e  bubble  

p re s su re  and t h e r e f o r e  t h e  impact p r e s s u r e  of t h e  coo lan t  s l u g  on t h e  

v e s s e l  cover .  

Table 4 

FUELICOOLANT RELATIONSHIP* 

Fuel Temperature Fuel Temperature1 Fuel Critical Pr&sure/ 
at 1 160 psia Coolant Critical Coolant Critical 

Fuel Coolant Temperature Pressure - - "R("F) 

Prototype 
Materials [ U02 Na 

Simulant 
Materials 

F113 1023 (563) 

* From references 3 through 7 



Another measure of t h e  r e l a t i o n s h i p  between p ro to type  and s imulan t  

f u e l  and c o o l a n t  i s  t h e  r a t i o  of t h e  c r i t i c a l  p r e s s u r e  of t h e  f u e l  t o  

t h a t  of t h e  coo lan t .  I n  t h e  p ro to type ,  t h i s  r a t i o  is  about 6 ,  whereas 

i n  our  p a s t  experiments  w i th  water  a s  t h e  f u e l  and coo lan t  i t  was 1. To 

more adequate ly  reproduce  t h e  p r o t o t y p i c  r e l a t i o n s h i p  between t h e  f u e l  

and coo lan t ,  w e  sought  another  coo lan t  l i q u i d  f o r  our  HCDA s imu la t i on  

experiments .  

Our o b j e c t i v e  w a s  t o  f i n d  a  coo lan t  m a t e r i a l  t h a t  approaches a s  

c l o s e l y  a s  p o s s i b l e  t h e  p r o t o t y p i c  r a t i o s  shown i n  Table  4 .  Equally 

important  was t h e  need t o  m e e t  p r a c t i c a l  requirements  of t ransparency ,  

low t o x i c i t y ,  low c o m b u s t i b i l i t y ,  and noncor ros iveness .  These p r a c t i c a l  

requirements  l e a d  u s  t o  l i m i t  our  a t t e n t i o n  t o  the F r ~ . n n  re f r iger .3n tc .  

Two of t h e s e  of i n c r e a s i n g  v o l a t i l i t y  ( i . e . ,  a h ighe r  vapor p r e s s u r e  a t  

a  g iven  tempera ture)  a r e  Freon 113 and Freon 11, a l s o  shown i n  Table  4 .  

The c r i t i c a l  c o n s t a n t s  of t h e  p ro to type  and s imulan t  m a t e r i a l s  d i s cus sed  

a r e  shown i n  Table  5 .  Freon 113 and 11 meet bo th  our thermodynamic and 

p r a c t i c a l  requi rements .  They a r e  t h e  most v o l a t i l e  Freons t h a t  would no t  

b o i l  a t  atmosphere p r e s s u r e .  The i r  b o i l i n g  temperatures  a t  1 atmosphere 

a r e  117.6"F (Freon 113) and 74.g°F (Freon 11 ) .  It was expected t h a t  

Freon 113 would be  less d i f f i c u l t  t o  use ,  s o  i t  was chosen f o r  most of 

our  experiments .  Freon 11, which is  of s l i g h t l y  h ighe r  v o l a t i l i t y ,  was 

used i n  one experiment .  

W e  should n o t e  t h a t  a l though us ing  Freon a s  a  coo lan t  more adequate ly  

s imula ted  t h e  f u e l / c o o l a n t  r e l a t i o n s h i p ,  t h e  temperature  regime of t h e  

s imu la t i ons  (563°F) was much lower than  t h e  temperatures  i n  t h e  pro to type  

(8339°F). The n a t u r e  of hea t  t r a n s f e r  i n  t h e  s imu la t i ons  and t h e  pro to type  

is  t h e r e f o r e  d i f f e r e n t . '  

D. ~ o i i s  tant  Ccometry 'and Constant Mass Conf igura t ions  

One problem w i t h  r e p l a c i n g  water  by Freon i n  t h e  coolan t  pool  of 

1130-scale experiments  i s  t h a t  Freon i s  about 50% denser  than water .  

The heav ie r  pool  i n  Freon tests makes d i r e c t  q u a n t i t a t i v e  comparisons 

between water  and Freon 'experiments d i f f i c u l t  s i n c e  bo th  coo lan t  vola-  

t i l i t y  and c o o l a n t  mass w i l l  b e  changing and i t  may be  d i f f i c u l t  t o  s o r t  



Table 5 

Critical Pressure, PC Critical Temperature, Tc 
Material (psis) (" R Reference 

Prototype 19319-29008 

Materials [ : y 2  371 8.8 

Simulant 
Materials I F113 

out  t hese  two e f f e c t s .  It would be d e s i r a b l e  t o  conduct experiments i n  

which only t h e  coolant  v o l a t i l i t y  is  varying.  A s imple approach t h a t  

comes c l o s e  t o  achiev ing  t h i s  aim i s  t o  vary  t h e  he igh t  of t h e  upper 

co re  and coolant  pool s o  a s  t o  maintain cons t an t  t h e  mass of coolan t  

t h a t  moves dur ing  an experiment.  This was done i n  t h e  "constant  mass" 

Freon 113 and 11 experiments by reducing by about one-third t h e  he igh t s  

of t h e  upper co re  and the  coolant  pool  above t h e  upper core  from t h e i r  

r e f e rence  va lues  of 2.7 and 9.2 inches ,  r e s p e c t i v e l y ,  t o  compensate f o r  

t h e  50% higher  coolan t  dens i ty .  The d e n s i t i e s  of water ,  Freon 163, and 

Freon 11 a t  70°F a r e  62.3, 98.3, and 92.7 lbm/ f t3 ,  r e s p e c t i v e l y . 7 y 9 y 1 0  

Experiments wi th  t h e  Freon coo lan t s  were a l s o  conducted i n  t h e  

r e f e rence  conf igu ra t ion  and a r e  des igna ted  "cons tan t  geometry" experiments 

i n  c o n t r a s t  to t h e  cons t an t  mass experiments descr ibed  above. 

C.  Experimental Apparatus 

The appara tus ,  shnwn i n  F igure  11, c o n s i s t s  ,of t h r e e  primary com-' 

pone.nts: (1) t h c  t e s t  sect.i.on c o n s i s t i n g  of t h e  a c r y l i c  cy l inde r ,  upper 



PRESSURE TRANSDUCER PORT 

LOWER CORE (CONTAINS' 
NFTROGEN GAS OR WATER) 

I 
\ WATER PASSAGE 

TO MANOSTAT 

FIGURE 13 1130-SCALE VESSEL ASSEMBLY 



c o r e  b a r r e l ,  upper  c o r e  s t r u c t u r e ,  upper ' i n t e r n a l  s t r u c t u r e ,  sodium 

c o o l a n t  s i m u l a n t ,  cover  g a s  s i m u l a n t ,  and t o p  cover ;  (2)  t h e  lower  c o r e ,  

which c o n t a i n s  t h e  h i g h  energy bubble  s o u r c e  m a t e r i a l ;  and ( 3 )  t h e  r e -  

l e a s e  mechanism c o n s i s t i n g  of t h e  s l i d i n g  d o o r s ,  p i s t o n s ,  and t h e i r  

c o n t a i n i n g  s t r u c t u r e .  Each of t h e s e  components i s  d e s c r i b e d  below. 

1. . T e s t  S e c t i o n  

\ The t e s t  s e c t i o n ,  s h o p  i n  F i g u r e  1 2 ,  i s  a  s i m p l e ,  r i g i d  1130- . 

s c a l e  model of t h e  i n t e r i o r  of a t y p i c a l  demons t ra t ion  s i z e  loop- type 

LMFBR ( F i g u r e  2 ) .  Room tempera tu re  w a t e r ,  Freon 113, o r  Freon 11 n e a r  

a tmospher ic  p r e s s u r e  were used t o  s i m u l a t e  t h e  sodium c o o l a n t .  A i r  was 

used t o  s i m u l a t e  t h e  cover  g a s ;  however, i n  t h e  Freon exper iments ,  t h e  

cover  gas  was mos t ly  Freon vapor .  The t r a n s p a r e n t  a c r y l i c  c y l i n d e r  

a l lowed high-speed photography of t h e  s i m u l a t e d  HCDA bubble  expans ion .  

D e t a i l s  of the  i n t e r n a l  s t r u c t u r e s  a r e  shown i n  F i g u r e  13.  

Cover 
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Lower Core - 
(60.9 in.3) 

FIGURE 12 1130-SCALE VESSEL 
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The upper i n t e r n a l  s t r u c t u r e  . (UIS) geometry is. l i n e a r l y  s c a l e d  
I 

t o  t h e  UIS geometry of a  t y p i c a l  demonstrat ion s. ize ' loop-.type LMFBR. 
' 

The diameter  of cach flow c-hannel i n  t h e  upper c o r e  s t r u c t u r e  (UCS:): was * 
chosen t o  s c a l e  t h e  c ross - . sec t iona l  a r e a  of an empty subas.sembly duc t .  

Thus, 139 h o l e s  were d r i l l e d  w i t h i n  t h e  a v a i l a b l e  c ross - , sec t iona l  a r e a  

of t h e  v e s s e l  upper co re  (2.3-inch d iameter ) .  The gap between t h e  t op  

of t h e  upper c o r e  and t h e  bottom edge of t h e  UIS was s e t  such t h a t  t h e  

r a t i o  of a r e a  a v a i l a b l e  t o  l a t e r a l  f low through t h e  gap d iv ided  by t h e  

UIS f low a r e a  was equa l  t o  t h a t  found i n  t h e  Clinch River Breeder Reactor 

s t r u c t u r a l  response experiments2 fo l lowing  UIS displacement  under a  sirnu-. 

l a t e d  661 MW-s HCDA. The f o u r  columns s.upporting t h e  UIS i n  t h e  t r ans -  

pa ren t  v e s s e l  experiments were i n t e n t i o n a l l y  made s t r o n g  enough. t o  prevent  

any permanent deformation.  

2. Lower Core 

The lower c o r e  (F igure  11)  con ta in s  t h e  b.ubble source  m a t e r i a l  

used t o  s imu la t e  t h e  q u a l i t a t i v e  f e a t u r e s  of t h e  expansion of sodium vapor 

and molten f u e l  i n  an  HCDA. Two bubble sou rces  were used i n  t h e s e  exper i -  

ments: room temperature ,  high-pressure n i t r o g e n  gas  and s a t u r a t e d ,  ze ro  

q u a l i t y ,  high-pressure water .  When n i t r o g e n  gas  was used a s  t h e  bubble 

source ,  t h e  lower co re  was f i l l e d  t o  t h e  d e s i r e d  p r e s s u r e  (100 b a r s )  u s ing  

a  6000-psi (413.8-bar) gas  b o t t l e .  When t h e  bubble  source  was t o  be  

f l a s h i n g  water ,  t h e  lower co rc  was f i r s t  evacuated and then  f i l l e d  w i t h  

room temperature ,  degassed, de ion ized  water .  The d e s i r e d  s a t u r a t e d  i n i t i a l  

cond i t i on  (80 b a r s ,  563OF) was then reached by t h e  pa th  ABCB shown In 

Figure 14. The water  was f i r s t  p r e s su r i zed  t o  117 b a r s  (po in t  B ) ,  then  

hea ted  t o  563OF (po in t  C), and f i n a l l y  dep re s su r i zed  t o  80 b a r s  (po in t  D). 

A d e t a i l e d  d e s c r i p t i o n  of t h e  lower co re  and i t s  h e a t i n g  and p r e s s u r e  

c o n t r o l  system is preseaced i n  Appendix A .  

* 
The UCS does n o t  s imu la t e  t h e  pe rcen t  open c r o s s  s e c t i o n  i n  t h e  
pro to type .  
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3 .  S l i d i n g  Door P re s su re  Release Mechanism 

The s l i d i n g  door mechanism was chosen a s  t h e ' b e s t  method f o r  

r e l e a s i n g  i n  a very  r a p i d  y e t  c l ean  manner t h e  bubble source  m a t e r i a l  

contained i n  t h e  lower co re .  The s l i d i n g  doors  a r e  shown i n  t h e i r  

i n i t i a l  ' p o s i t i o n  i n  F igure  15  (a )  . Detonat ion of t h e  'explosive charge 

a c c e l e r a t e s  t h e  p i s t o n s  and s l i d i n g  doors  t o  a h igh  v e l o c i t y .  A t  t h i s  

p o i n t ,  F igure  15 (b ) ,  t h e  t i p s  of t h e  doors  pass  each o t h e r  and t h e  passage 

between t h e  lower and upper core  begins  t o  open. When t h e  passage i s  

c l e a r ,  F igure  1 5 ( c ) ,  t h e  p i s t o n s  a r e  d e c e l e r a t e d  wi thout  rebound hy t h e  

c rush ing  of aluminum honeycomb, and t h e  exp los ive  charge products  a r e  

vented t o  t h e  atmosphere.  An opening t i m e  about  one-tenth o f ' t h e  ex- 

pansion time of t h e  bubble i n  t h e  v e s s e l  was considered adequate .  An 

opening time of approximately 230 p s  from t h e  t i m e  t h e  door t i p s  pass  

each o t h e r  and begin  t o  open u n t i l  t h e  door t i p s  j u s t  c l e a r  t h e  passage 

boundary was used. A d e t a i l e d  d e s c r i p t i o n  of t h e  s l i d i n g  door p re s su re  

r e l e a s e  mechanism is  presen ted  i n  Appendix A. 

D. / Ins t rumenta t ion  

The fo l lowing  measurements w e r e  made i n  t h e s e  experiments .  

I n i t i a l  cond i t i ons :  

- Lower co re  p re s su re  

- Lower co re  temperature  

- Cover gas  gap 

Trans ien t  measurements: 

- Sl . id ing door motion 

- Lower c o r e  p r e s s u r e  

- Upper c o r e  p re s su re  

- .  Pres su re  i n  t h e  pool and bubble 

- Temperature i n  t h e  pool  and bubble 

- Vessel  cover p r e s s u r e  

- High-speed photography of t h e  bubble  expansion. 

I n  t h e , n i t r o g e n  source  experiments ,  t h e  i n i t i a l  cond i t i ons  i n  t h e  

lower ( :vie were c c t a b l i s h ~ d  i ~ s i n g  a Heise p re s su re  gage. During t h e  
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f l a s h i n g  source  experiments ,  t h e ' p r e s s u r e  and temperature  i n  t h e  lower 

core ,  measured us ing  a  K u l i t e  Model HEM 375 p re s su re  t r ansduce r  and a  

Chromel-constantan thermocouple, were recorded on a  slow-speed t a p e  

recorder . .  The i n i t i a l  cover gas  gap was e s t a b l i s h c d  t o  w i th in  about  

0 .01 inch  through t h e  use  of a  s y r i n g e  and sha rp ly  po in ted  rod ex tending  

from t h e  cover.  Establ ishment  and de te rmina t ion  of t h e  i n i t i a l  exper i -  

mental cond i t i ons  a r e  descr ibed  i n  Appendix B. 

The r e a c t o r  model i n s t rumen ta t i on  i s  shown schema t i ca l l y  i n  F igure  16. 

The s p e c i f i c  i n s t rumen ta t i on  used i n  each experiment i s  desc r ibed  i n  

Appendix C.  The door opening motion was measured by a  photodiod'e device  

t h a t  can d e t e c t  d i f f e r e n c e s  i n  t h e  r e f l e c t i v i t y  of a  s u r f a c e .  The photo- 

diode output  s i g n a l  f l u c t u a t e s  between two v o l t a g e s  a s  l i g h t  and dark  

bands on an ex t ens ion  of t he  s l i d i n g  doors  pass  by t h e  d e t e c t o r .  The 

output  was recorded on a  high-speed t a p e  r eco rde r .  The photodiode system 

i s  descr ibed  i n  d e t a i l  i n  Appendix A. 

The lower c o r e  p re s su re  was measured a t  t h e  bottom of t h e  lower c o r e  

(6.25 inches  below t h e  s l i d i n g  doors )  and 2.50 inches  from t h e  bottom. 

Two p r e s s u r e  t r ansduce r s  were mounted oppos i t e  each o t h e r  a t  t h e  i n s i d e  

wa l l  of t h e  upper co re  0.44 inch  below t h e  top  of t h e  upper co re .  P re s su re  

a t  t h e  bottom f a c e  of t h e  top  cover ( r ad ius  4 .1  i nches )  was measured 0.69 

inches  from t h e  c e n t e r ,  1 .88 inches  from t h e  c e n t e r , . a n d  3.53 inches  from 

t h e  c e n t e r .  PCB p r e s s u r e  transducer Models 113M07, 102M50, and 102M56 

were used i n  t h e  lower co re ,  upper co re ,  coo lan t  poo l ,  and c o v e r . ,  Those 

' i n  t h e  lower co re  were water-cooled and e l e c t r i c a l l y  i s o l a t e d ,  whereas 

those  i n  t h e  upper co re  and cover  were mounted i n  e l e c t r i c a l l y  i s o l a t e d  

adap to r s .  The p r e s s u r e  and temperature  i n  t h e  pool  and bubble  were mea- 

sured  us ing  a  PCB p r e s s u r e  t ransducer  and a  Nanmac Model E12-1 P e n c i l  

Probe mounted i n  t h e  ins t rument  s t i n g  shown i n  F igure  17. The s t i n g  was 

suspended i n  t n  t h e  coo lan t  pool  from t h e  v e s s e l  cover (F igure  16 ) .  

Three s t i n g  l e n g t h s  were used a s  i n d i c a t e d  i n  t h e  f i g u r e .  The d i s t a n c e s  

between t h e  t r ansduce r s  and t h e  top  of t h e  upper c o r e  i n  each experiment 
/ 

a r e  shown i n  F igure  C . 1 .  The d a t a  from t h e  photodiodes,  p r e s s u r e  t r ans -  

ducers ,  and thermocouple were recorded on o s c i l l n s c o p e s  f o r  immediate 

examination of t h e  r e s u l t s  and on a magnetic ~nachine f o r  l a t e r  use  

i n  d a t a  r educ t ion .  
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The bubble expansion was recorded by a Hycam Model 41-004 camera 

at a nominal speed of 10,000 frames per second. A timing device in the 

camera determines the exact film speed. The vessel was back-lit to 

silhouette the bubble, and front-lit to highlight the bubble surface 

detail. The camera focal plane was 56 inches from the vessel and center- 

line. Analysis of the movies provided data on the coolant surface dis- 

placement and bubble volume. . 

E. Experiment Matrix 

Table 6 presents the matrix of experim~nts planned for this experiment 

series. As described in Section IIB, both constant geometry (1130-scale) 

experiments and constant (coolant) mass experiments were p l a n n e d .  Constant 

mass experiments 2, 11, 7, and 9 were intended to reveal the effects of 

coolant volatility. Constant geometry experiments 3, 4, 5, and 6 were 

intended to demonstrate the effects of internal structures with more 

volatile coolants. Experiments 8 and 10 with a nitrogen source were 

planned to verify the constant mass and constant geometry approaches 

when compared with a previously conducted experiment (D-006). Coolant 

volatility effects are absent in room temperature nitrogen experiments, 

but coolant density effects are still present. Experiments 4, 6, and 

11 are repeatability checks. 

The initial fuel state in thc nitrogen,experiments is soom temperature 

and 1450 psia. In the flashing water fuel source, the initial state is 

563°F and 1160 psia. 



Table 6 

EXPERIMENT MATRIX 

Internal 
Experiment Fuel Coolant Configuration Structures - 

Reference 

Constant Geometry 

Constant Geometry 

Constant Geometry 

Constant Geometry 

Constant Mass 

Constant Mass 

Constant Mass 

Constant Geometry 

Reference 

- 

UCS+U IS* 

UCS+UIS 

'UCS - upper core structure, U IS  - upper internal structure 
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I11 RESULTS OF THE NITROGEN SOURCE EXPERIMENTS 

Two experiments were conducted wi th  t h e  n i t r o g e n  bubble source ,  

us ing  Freon 113 a s  t h e  coolant  s imulant .  Experiment G-008 was i n  t h e  

cons tan t  mass con f igu ra t ion  and experiment G-010 was i n  t h e  cons t an t  

geometry conf igu ra t ion  [ ~ i g u r e s  4 (a )  and ( b ) ] .  The experimental  d a t a  

from these  two experiments a r e  presented  i n  Appendix D.  The r e f e r e n c e  

experiment wi th  water  a s  t h e  coolant  was experiment D-006 conducted i n  

t h e  previous HCDA experiment s e r i e s .  These t h r e e  experiments c o n s t i t u t e  

a s  s e t  of b a s e l i n e  experiments i n  which v o l a t i l i t y  e f f e c t s  a r e  no t  p r e s e n t .  

Experiment Conf igura t ion  Coolant 

Reference H2° 

Constant Mass F113 

Constant Geometry F11 

The f l a s h i n g  water source experiments i n  which v o l a t i l i t y  i s  important  

w i l l  be  descr ibed  i n  l a t e r  s e c t i o n s  and compared w i t h  t h e s e  b a s e l i n e  ex- 

periments i n  Sec t ion  V I I .  I n  t hese  t h r e e  n i t r o g e n  experiments,  t h e  e f f e c t s  

of experiment geometry and coolant  mass a r e  demonstrated. 

A. Coolant Sur face  Displacement 

The coolant  s u r f a c e  displacements  i n  t h e  t h r e e  n i t r o g e n  source  ex- 

periments a r e  compared i n  Figure 1 8 ( a ) .  The  cons t an t  mass and r e f e r e n c e  

experiments have very  s i m i l a r  h i s t o r i e s ,  b u t  t h e  cons tan t  mass coolant  

r i s e s  somewhat f a s t e r .  This s l i g h t  d i f f e r e n c e  i s  a geomet ry . e f f ec t  t h a t  

r e s u l t s  i n  s l i g h t l y  d i f f e r e n t  a c c e l e r a t i o n s  i n  .the two experiments wi th  

the same coolant  mass. This e f f e c t  i s  d iscussed  f u r t h e r  i n  Sec t ion  V I I .  

?he cons t an t  geometry experiment w i th  t h e  50% heav ie r  coolan t  mass demon- 

s t r a t e s  t h e  e f f e c t  of coulan t  mass when cnmpared wi th  t h e  r e f e rence  ex-. 

periment.  We no te ,  a s  i nd ica t ed  on t h e  f i g u r e ,  t h a t  0 . 1  m s  of t h e  d i f -  

f e r ence  between experiments G-010 and D-006 i s  t h e  l a t e r  opening of t h e  

s l i d i n g  doors  i n  G-010. 



2 3 
TlME - ms 

(a) COOLANT SURFACE DISPLACEMENT 

2 3 
i 

TlME - ms 

(b) BUBBLE VOLUME 
MA-3929-587 

FIGURE 18 COOLANT SURFACE DISPLACEMENT AND BUBBLE VOLUME 
IN THE NITROGEN SOURCE EXPERIMEN'IS 



B. Bubble P r o f i l e  and Volume 

The growth of t h e  bubble volume i n  these  th ree  experiments i s  shown 

i n  Figure 18(b).  The comparison is  the  same a s  above i n  tha t  t h e  constant  

mass and reference  experiments have very s i m i l a r  h i s t o r i e s  (with the  

constant  m a s s  s l i g h t l y  e a r l i e r ) ,  and t h e  constant  geometry experiment 

has t h e  l a t e r  growth. The s t r i k i n g  s i m i l a r i t y  i n  t h e  shape and surface  

t ex tu re  of t h e  bubbles a t  coolant s l u g  impact on t h e  v e s s e l  cover is  seen 

i n  Figure 19.  

C. Entrainment 

The volume of l i q u i d  entrainment i n  t h e  bubble i s  t h e  d i f fe rence  

between t h e  bubble volume and t h e  volume displaced by t h e  coolant  s lug  

motion. The entrained volume and entrainment a s  a percent  of bubble 

volume a r e  presented i n  Figure 20. The ent ra ined volume increases  with 

t i m e ,  but  not  enough t o  keep up with the  bubble growth; hence, t h e  percent  

entrainment f a l l s ,  The percent  entrainment is  very high a s  t h e  bubble 

emerges from t h e  upper core and decreases t o  30% of t h e  bubble volume a t  

s lug  impact i n  a l l  th ree  experiments. 
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I V  RESULTS OF THE FLASHING WATER 
CONSTANT MASS EXPERIMENTS 

Four experiments have the  same coo lan t  mass i n  and above t h e  upper 

core .  

Experiment Conf igura t ion  Coolant 

G-002 Ref e r enc r  H2O 

G-011 Reference H2° 

GOO7 Constant Mass F113 

G-009 Constant Geometry F11 
\ 

These experiments a r e  r ep re sen t ed  i n  F igure  21. The r e p r o d u c i b i l i t y  of 

cxpcriments G-002 and G-011. i s  d i scus sed  i n  Appendix E. Most of t h e  com- 

pa r i sons  i n  t h i s  s e c t i o n  a r e  based on experiment G-011, because t h e  s l i d i n g  

doors  opened a t  v i r t u a l l y  t h e  same time i n  i t  a s  i n  G-007 and G-009. The 

i n i t i a l  cond i t i ons  f o r  t h e s e  experiments  are. d i scussed  i n  Appendix B,  and 

a l l  t h e  experimental  d a t a  obtained from them a r e  presen ted  i n  Appendix D. 

W e  n o t e  h e r e  t h a t  i n  t h e  f l a s h i n g  source  experiments  d i scussed  i n  t h i s  

and t h e  next  two s e c t i o n s ,  v a r i a t i o n s  occurred i n  t h e  i n i t i a l  cover  gas  

gap. These v a r i a t i o n s ,  d i scussed  i n  Appendix B ,  were due t o  expansion 

of t h e  coo lan t  pool  ( t o  a g r e a t e r  degree w i t h  Freon) when h e a t  from t h e  

lower core  conducted through t h e  s l i d i n g  doors  and hea ted  t he  pool b e f o r e  

t h e  experiment was i n i t i a t e d .  The e f f e c t  of t h e s e  v a r i a t i o n s  on comparison 

of t h e  s l u g  impact t i m e  and cover l oad ing  i s  d iscussed  froni time t o  t i m e  

i n  t h e  remainder of t h i s  r e p o r t .  

A. P ressure  and Temperature Measurements 

1. Lower Corc Prcccure  

The lowcr c o r e  pressure  i n  t h e  f l a s h i n g  water  cons t an t  mass 

experiments is  shown i n  Figure 22. The p r e s s u r e  response  i n  t h e  lower 

core  i s  c h a r a c t e r i s t i c  of our lower c o r e  con f igu ra t i on .  When t h e  s l i d i n g  

doors  begin t o  open, vapor bubbles form i n  t h e  lower co re  by n u c l e a t i o n  



EXPERIMENT 6-002 EXPERIMENT 6-011 

Cover 

PI P-Pressure Transducer 
T-Thermocouple 

Lower Cere 
(60.9 ini3) 

EXPERIMENT 6-007 

p2 

EXPERIMENT 6-009 

Hycam 

H ycam 

Hycam 

FIGURE 21 CONSTANT MASS EXPERIMENTS 



i ooo 

TIME - ms 

FIGURE 22 LOWER CORE PRESSURE (P, ) IN THE CONSTANT MASS EXPERIMENTS 

on t h e  a v a i l a b l e  s o l i d  s u r f a c e s .  A s  they form, t h e  surrounding l i q u i d  

coo l s  t o  provide  t h e  necessary  h e a t  of v a p o r i z a t i o n ,  and thus ,  t h e  vapor  

p re s su re  f a l l s  below t h e  i n i t i a l  p re s su re .  The p re s su re  p l a t e a u  of about  

675 p s i a  d r i v e s  t h e  expansion. 

2.  Upper Core P res su re  

The upper co re  p re s su re  r eco rds  i n  F igure  23 were f i1 te re .d  

through a  low pass  f i l t e r  a t  10 kHz t o  f a c i l i t a t e  a comparison. The 

u n f i l t e r e d  d a t a  a r e  g iven  i n  Appendix D. When t h e  s l i d i n g  doors  open, 

t h e  p re s su re  i n  t h e  upper core  immediately r i s e s  sha rp ly .  The expanding 

bubble f i l l s  t h e  uppe r . co re  and reaches  t h e  upper core  p r e s s u r e  t ransducer  

a t  about 2-1/2 m s .  Although t h e  p re s su re  f a l l s  a s  t h e  bubble expands i n t o  

t h e  coolant  pool ,  i t  remains h igher  i n  t h e  Freon t e s t s  than  i n  t h e  water  

t e s t  through s l u g  impact.  For t h e  e n t i r e  expansion,  t h e  p r e s s u r e  i s  100 
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FIGURE 23 EFFECT OF COOLANT VOLATILITY ON THE UPPER CORE PRESSURE (P4) 
IN CONSTANT MASS EXPERIMENTS (Data Low Pass Filtered at 10kHz) 

t o  200 p s i  h ighe r  i n  t h e  Freon tests. This i n c r e a s e  i n  p r e s s u r e  i s  be- 

l i e v e d  t o  b e  due t o  v a p o r i z a t i o n  of some of t h e  Freon t h a t  mixes wi th  

Lhe h igh  eemperature water  a s  t h e  s l i d i n g  doors open and t h e  expansion 

commences. 

3 .  Pool  and Bubble p re s su re  

Whcrcao t h c  p r f . s s i ~ i - ~ .  t i - ~ n s ~ j ~ - t ~ : e r . s  fli t l ~ e  uppel  CULY ~ T Y  i~ iuurit~d 

i n  a v e r t i c a l  w a l l  and t h e r e f o r e  measure t h e  s t a t i c  p re s su re ,  t h e  t r ans -  

ducer  used t o  measure t h e  p r e s s u r e  i n  the. pool  and bubble i s  mounted normal 

t o  t h e  flow a t  t h e  end of t h e  ins t rument  s t i n g  (F igures  16  and 1 7 ) .  

- Therefore,  i.t measures the sum of t h e  s t a t i c  and dynamic pressures-- that  is 

t h e  s t a g n a t i o n  p re s su re .  In  F igure  24, t h e  pool  and bubble p r e s s u r e  i s  
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FIGURE 24 EFFECT OF COOLANT VOLATILITY ON THE POOL AND BUBBLE 
PRESSURE (P*) IN CONSTANT MASS EXPERIMENTS 

Exp. No. 

G-011 
G-007 

compared f o r  water  experiment G O 1 1  and Freon 113 experiment 6 0 0 7 .  The 

time a t  which t h e  bubble reaches  t h e  t ransducer  i s  i n d i c a t e d ,  a s  is  t h e  

t ime of s l u g  impact.  The h e i g h t  of t h e  t ransducer  above t h e  upper c o r e  
' 

is v a r i e d  i n  t h e s e  t e s t s  t o  main ta in  t h e  same i n i t i a l  mass of l i q u i d  

above and below t h e  t ransducer .  The h e i g h t s  used a r e  shown i n  Figure 21. 

Coolant 

Hzo 
F113 

Before t h e  bubble reaches  t h e  t r ansduce r ,  t h e  p r e s s u r e  i n  t h e  

Freon t e s t  is  h igher  than  i n  t h e  water  t e s t .  When t h e  bubble reaches  

t h e  t ransducer ,  t h e  d i f f e r e n c e  i s  about  200 p s i .  These d i f f e r e n c e s  a r e  

due t o  a  combination of t h e  150 p s i  h igher  s t a t i c  p re s su re  seen  i n  the 

Height of Transducer 
Above Upper Core 

(inches) 

1.50 
0.95 



upper core  r e c o r d s  i n  F igure  23 and t o  a 36 p s i  l a r g e r  dynamic p r e s s u r e .  

When t h e  bubble  r eaches  t h e  t r ansduce r ,  t h e  l i q u i d  dynamic head is  about  

208 p s i  (bubble  boundary v e l o c i t y  = 1 .68  inchlms) i n  t h e  Freon experiment 

( G 0 0 7 )  and 172 p s i  (bubble boundary v e l o c i t y  = 1.92  inchlms) i n  t h e  

water  experiment ( G 0 1 1 ) .  

Centered around the  t i m e  t h e  bubble  reaches  t h e  t r ansduce r ,  

t h e  p r e s s u r e  measured drops about  300 p s i  i n  t h e  Freon experiment and 

150 p s i  i n  t h e  wa te r  experiment.  This  drop is due both  t o  a drop i n  

l i q u i d  v e l o c i t y  a s  t h e  bubble  emerges from t h e  upper c o r e  and spreads  

r a d i a l l y  and t o  t h e  change i n  dynamic head as t?ie t r ansduce r  s e e s  f i r s t  

l i q u i d ,  then  vapor a s  t h e  'bubble passes  by ,  

Before s l u g  impact i n  t h e  Freon e.xpe.riment, t h e  bubble p re s su re  

r i s e s  t u  more than  700 p s i ,  whereas i n  t h e  water  experiment,  except  f o r  

some s p i k e s ,  t h e  p r e s s u r e  remains around 450 p s i  u n t i l  s l u g  impact.  A s  

we saw i n  t h e  upper  c o r e ,  t h e  bubble  p r e s s u r e  i s  h igher  i n  t h e  Freon 

experiment than  i n  t h e  water  experiment .  

4 .  ' Pool  and Bubble Temperature 

An a t t empt  w a s  made i n  t h i s  experiment s e r i e s  t o  measure t h e  

temperature  i n  t h e  HCDA bubble ,  u s ing  a Namnac thermocouple. It has  an  

extremely t h i n  thermal  j unc t ion  t h a t  i n  shock tube  experiments has  a 

response  t i m e  of 6 p s .  The response t i m e  of t h e  thermocouple i n  t h e s e  

experiments  depends on t h e  f l u i d  dynamic environment.  The thermocouple 

is  pos i t i oned  0.50 inch  below p re s su re  t r ansduce r  P8 and 0.7 inch  o f f -  

a x i s .  It i s  surrounded by coo lan t  u n t i l  t h e  bubbles  reaches  i t .  Af t e r  

t h e  bubble r eaches  i t ,  t h e  thermocouple may be covered by a l i q u i d  f i l m  

f o r  a s h o r t  t i m e .  The measured temperatures  a r e  presen ted  i n  Figures  25 

and 26. 

F igu re  25 shows the  bubble  temperatures  measured i n  t h e  water  

and Freon experiments .  Note t h e  s i m i l a r i t y  of t h e  measurement i n  each 

test  both  i n  t r end  and magnitude. The bubble  reaches  t h e  thermocouple 

s l i g h t l y  sooner  i n  t h e  Freon t e s t s ,  a s  evidenced by i t s  e a r l i e r  r i s e .  

By about  7 m s  ( s ee  Appendix D, F igures  D.6, D.8, and D.10), t h e  tempera- 

t u r e  i n  a l l  t h r e e  experiments reaches  a p l a t e a u  of about 410°F, corresponding 
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FIGURE 25 BUBBLE TEMPERATURE MEASUREMENTS I N  THE CONSTANT 
MASS EXPERIMENTS 

to a saturation pressure for water of about 280 psi. The pressure measured 

in the upper core at this postimpact time is also about 280 psi. 

Figures 26(a) and (b) give the relative position of the thermo- 

couple and bubble at several times before slug impact. We see that within 

about 0.2 ms of bubble arrival, the thermocouple measures a rising tem- 

perature. As the bubble moves past the gage, the temperature rises rapidly. 

At slug impact, the thermocouple is recording temperatures of around 320 

to 350°F. The temperature rise as the bubble passes the thermocouple 

indicates an axial temperature gradient through the bubble. The tempera- 

ture increases.from 100 to 350°F, which is much cooler than the estimated 

temperature of steam leaving the lower core of 500°F (saturation at 700 psi). 
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The dynamic c h a r a c t e r  of t h e  thermocouple measurements and t h e i r  

c l o s e  c o r r e l a t i o n  w i th  t h e  dynamic events  i n  t h e s e  experiments l e a d s  us  

t o  conclude t h a t  t h e  HCDA bubble c o n s i s t s  of a  f a i r l y  t h i c k  mixing l a y e r  

i n s i d e  t h e  b ~ l b b l e  boundary t h a t  i s  much coo le r  than  t h e  steam l eav ing  t h e  

lower core .  Fur ther  work i s  needed t o  map t h e  bubble  s t r u c t u r e  i n  more 

d e t a i l .  

5. Cover P re s su re  and Impulse 

The primary s l u g  impact pu l se s  i n  t h e  cons t an t  mass experiments  

a r e  compared i n  F igure  27. Slug impact occurs  about  0 .7  m s  sooner  ' i n  t h e  

Freon experiments.  Only a  smal l  p o r t i o n  of t h i s  d i f f e r e n c e  can be  accounted 

f o r  by t h e  v a r i a t i o n  i n d i c a t e d  i n  t h e  i n i t i a l  cover  gas gap. A t  a  repre-  

s e n t a t i v e  coolan t  s u r f a c e  speed of 1 . 5  inch/ms, t h e  gap v a r i a t i o n  would 

account  f o r  l e s s  than  0.15 m s .  The reason  f o r  t h i s  gap v a r i a t i o n  among 

t e s t s  was mentioned a t  t h e  beginning of t h i s  s e c t i o n  and is  expla ined  i n  

d e t a i l  i n  Appendix B. A s  was shown i n  Sec t ion  111 f o r  t he .n i t rogen - sou rce  

experiments ,  s l u g  impact should occur no more than about  0 . 1  m s  sooner  

i n  a  Freon cons t an t  mass experiment than i n  t h e  water  experiment because 

of geomet r ica l  e f f e c t s .  We a r e ,  t h e r e f o r e ,  l e d  t o  conclude by t h e  s i g -  

n i f i c a n t l y  e a r l i e r  s l u g  impact t h a t  t h e  h igher  upper co re  and bubble 

p re s su re s  seen  i n  t h e  Freon experiments a r e  due t o  v a p o r i z a t i o n  of ' the 

more v o l a t i l e  coolan t  and r e s u l t  i n  a  h igher  coo lan t  s l u g  v e l o c i t y  and 

an e a r l i e r  s l u g  impact t ime. This  conc lus ion  is  supported by t h e  h ighe r  

impact p r e s su re s  seen  i n  t h e  Freon experiments i n  F igure  27. The impact 

p r e s su re  should be  lower i n  Freon experiments f o r  equa l  impact v e l o c i t i e s ,  . . 

because of i t s  lower a c o u s t i c  impedance. The Freon experiments must 

t h e r e f o r e  have a  h ighe r  s l u g  impact v e l o c i t y .  Impact p r e s s u r e  i s  d iscussed  

f u r t h e r  i n  Sec t ion  V I I .  

Slug impact impulse i s  a l s o  d i scussed  i n  Sec t ion  V I I .  It w i l l  

be shown t h a t  i n  cons t an t  mass experiments ,  t h e  s l u g  impact impulse should 

vary  a s  t h e  s l u g  impact v e l o c i t y  v a r i e s .  The impulse is  independent of 

t h e  f l u i d  d e n s i t y  and a c o u s t i c  impedance. I n  Table 7,  t h e  impulse on t h e  

v e s s e l  cover i s  t abu la t ed  f o r  t h e  cons t an t  mass experiments .  The impulse 

c a l c u l a t i o n  begins  when t h e  p r e s s u r e  on t h e  cover exceeds 200 p s i  and ends 
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FIGURE 27 PRIMARY SLUG IMPACT PRESSURE (P5) PULSE IN THE CONSTANT 
MASS EXPERIMENTS 

when t h e  p r e s s u r e  drops below t h i s  l e v e l .  The impulse i n  t h e  Freon ex-. 
b 

periments  i s  seen  t o  be  h igher  and i s  c o n s i s t e n t  w i th  t h e  conclusion above 

t h a t  h ighe r  coo lan t  v e l o c i t i e s  occ& i n  t h e  Freon experiments.  

B. Coolant Sur face  and Bub'ble Motion 

1. coo lan t  Surf a c e  Uisplacernent 

The coo lan t  s u r f a c e  displacement  shown i n  F igure  2 8  is  an  

i n t e g r a l  measure of t h e  v e l o c i t y  and a c c e l e r a t i o n  of t h e  coolant  s l u g .  
- 

We s e e  i n  F igure  28 t h a t  a  g iven  s u r f a c e  displacement i s  reached on t h e  

o rde r  of 0.5 m s  e a r l i e r  i n  t h e  Freon experiments dur ing  t h e  l a t e r  s t a g e  



Table 7 

Experiment 

IMPULSE ON THE VESSEL COVER 
FROM THE FIRST SLUG IMPACT PULSE, 

CONSTANT MASS EXPERIMENTS 

Coolant 

Initial Cover 
Gas Gap Impulse* 
(inch) . (Ibf-s) 

Average of all cover pressure measurements in a given experiment. 

of the\ expansion t o  s l u g  impact.  From t h e  d i s c u s s i o n  i n  Sec t ion  A.5aboveY 

a t  most 0.25 m s  can be  a t t r i b u t e d  t o  experiment geometry.or  'a sma l l e r  

i n i t i a l  gap. The remainder i s  due t o  t h e  e f f e c t s  of coo lan t  v o l a t i l i t y  

on t h e  upper co re  and bubble  p r e s s u r e ;  t he se  e f f e c t s  produce h igher  acce l -  

e r a t i o n  of t h e  coo lan t  pool .  From Figure  28 ,  we e s t i m a t e  t h a t  t h e  average 

v e l o c i t y  of t h e  coolan t  pool over  i t s  l a s t  0 .7  inch  of motion i s  0.55 

inch/ms i n  G-011 (water ) ,  0.67 inch/ms i n  G-007 (F113), and 0 .73  inch/ms 

i n  G-009 (F11). We no te  t h a t  1 inch/ms equa ls  83.3 f e e t / s .  

2. Bubble P r o f i l e s  and Volume 

Figure  29 compares t h e  growth of t h e  HCDA bubble  i n  a  water  and 

Freon experiment.  These p r o f i l e s . w e r e  ob ta ined  from each frame of t he  
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FIGURE 28 EFFECT OF COOLANT VOLATILITY ON COOLANT SURFACE DISPLACEMENT 
IN  CONSTANT MASS EXPERIMENTS 

high-speed movies. The bubble volume i n  each frame is  obta ined  by mathe- 

m a t i c a l l y  r o t a t i n g  each h a l f  of t h e  bubble p r o f i l e  around t h e  c e n t r a l  a x i s  

of t h e  appara tus  and averaging  t h e  two va lues  obta ined .  

A comparison of t h e  p r o f i l e  i n  t h e  water  and Freon 113 experiments 

f o r  a  coo lan t  s u r f a c e  displacement  of 0.75 inch  i s  shown i n  F igure  30. We 

s e e  t h a t  t h e  upper s u r f a c e  of t h e  mushroom-like bubble has  t h e  same shape 

i n  bo th  experiments .  The p e n e t r a t i o n  of t h e  bubble i n t o  t h e  coo lan t  pool  

is about  0.6 inch  f u r t h e r  i n  t h e  water  experiment.  The l a r g e r  bubble volume 

i n  t h e  water  experiment ( i nd ica t ed  i n  t h e  f i g u r e )  i s  due t o  t h i s  p e n e t r a t i o n  

a s  w e l l  a s  t h e  l a r g e r  volume of t h e  upper co re  ( a l s o  i n d i c a t e d ) .  The a c t u a l  

photographs of t h e  bubble a t  s l u g  impact a r e  compared i n  F igure  31. 
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FIGURE 29 BUBBLE GROWTH PROFILES I N  CONSTANT MASS EXPERIMENTS 
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Upper Core Bubble Volume 

- - Volume (Includes Upper Core) 
Experiment (cubic inches) (cubic inches) 

- G-011 11.22 58.32 - 
G-007 7.1.1 50.04 
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FIGURE 30 COMPARISON OF THE BUBBLE PROFILE IN G-011 (WATER) 
AND G-007 (FREON 113) AT A COOLANT SURFACE 
DISPLACEMENT OF 0.75 INCH 

The t i m e  h i s t o r i e s  of t h e  bubble  volume i n  t h e  c o n s t a n t  mass 

exper iments  a r e  compared i n  F i g u r e  32 .  A g i v e n  bubble  volume i s  reached 

sooner  i n  t h e  Freon  exper iments  t h a n  i n  t h e  w a t e r  exper iments  and t h e  

growth r a t e  a p p e a r s  t o  i n c r e a s e  w i t h  i n c r e a s i n g  c o o l a n t  v o l a t i l i t y .  

3 .  Ent ra inment  

The e n t r a i n m e n t  of l i q u i d  w i t h i n  t h e  HCDA bubble  i s  c a l c u l a t e d  

a t  any t i m e  as t h e  d i f f e r e n c e  between ~11e  b u b b l e  volume and t h e  volume 

d i s p l a c e d  by t h e  c o o l a n t  s u r f a c e  mot ion.  The e n t r a i n e d  volume and the 

e n t r a i n m e n t  a s  a  p e r c e n t a g e  of bubble  volume a r e  p r e s e n t e d  i n  F i g u r e s  3 3 ( a )  
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FIGURE 31 HDCA BUBBLE PHOTOGRAPHS AT SLUG IMPACT IN THE CONSTANT MASS 
FLASHING WATER BUBBLE SOURCE EXPERIMENTS 
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FIGURE 32 EFFECT OF COOLANT VOLATILITY ON BUBBLE VOLUME . 
IN CUNSTANT MASS EXPERIMENTS 

and (b),  respect ively .  No trend with increas ing v o l a t i l i t y  can he seen 

i n  these  curves. The di f ferences  seen i n  the  curves a r e  not subs tan t ia l .  

In a l l  four constant  m a s s  experiments a s  wel l  a s  i n  our e a r l i e r  f lashing 

water source  experiment^,^ t he  s lug  impact entrainment is  about 30% + 10% 

of t he  bubble volume. 

C. Flashing Source Expansion 

1. Pressu-re-,Volume Increase 

To evaluate  t he  expansion work done i n  dr iving the coolant alug 

t o  t he  vesse l  cover, we need t o  know the  h i s t o r i e s  of pressure act ing on 
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FIGURE 33 EFFECT OF COOLANT VOLATILITY ON ENTRAINMENT IN THE EXPANDING 
BUBBLE OF CONSTANT MASS EXPERIMENTS 



t h e  s l u g  and t h e  s l u g  displacement .  S ince  t h e  bubble-slug boundary i s  

a  moving boundary, we have no p re s su re  t r ansduce r  t h a t  measures t h e  

p r e s s u r e  a t  t h i s  boundary. We, t h e r e f o r e ,  must c o n s t r u c t  an e s t i m a t e  

of t h e  d e s i r e d  p r e s s u r e  from t h e  t h r e e  s t a t i o n a r y  p r e s s u r e  t ransducer  

l o c a t i o n s  i n  t h e  lower core ,  upper co re ,  and bubble .  F igure  34(a)  shows 

t h e  composite p r e s s u r e  a c t i n g  on t h e  coo lan t  s l u g  i n  water  experiment 

G O l l .  

When t h e  composite p r e s s u r e  i s  c ros s -p lo t t ed  a g a i n s t  t h e  volume 

d i sp l aced  by t h e  coo lan t  s l u g  (from the coolan t  s u r f a c e  d i sp lacement ) ,  

t h e  pressure-volume change curve can be  drawn a s  shown i n  Figlire 3 4 ( h ) .  

Since  t h e  a r e a  under t h i s  curve i s  t h e  expansion work [F igu re  35 (c) 1, we 

s e e  t h a t  e s s e n t i a l l y  a l l  of t h e  work done on t h e  s l u g  i s  done a f t e r  t h e  

upper co re  i s  emptied. The ma jo r i t y  of t h e  work i s  done a f t e r  t h e  bubble 
. . 

h a s  expanded enough t o  reach  t r ansduce r  P8. 

S i m i l a r  curves  f o r  Freon 113 experiment G-007 are shown i n  

F igure  35. Higher p re s su re s  a c t i n g  on t h e  coo lan t  s l u g ,  F igures  35(:a) 

and ( b ) , , r e s u l t  i n  g r e a t e r  expansion work'done e a r l i e r  i n  t ime,  F igure  

35 ( c ) .  

F igu re  36 p r e s e n t s  t h e  composite p r e s s u r e s  f o r  cons t an t  mass 

experiments  w i th  t h e  t h r e e  c o o l a n t s .  The e f f e c t  of v o l a t i l i t y  on t h e  

d r i v i n g  p r e s s u r e  can be  s e e n  i n  Figure 3 6 .  The upper c o r e  P3 (or  PI+) 

and bubble (P8) p r e s s u r e s  be fo re  s l u g  impact i n c r e a s e  i n  va lue  a s  t he  

v o l a t i l i t y  i n c r e a s e s  f r o m w a t e r  t o  Freon 113 t o  Freon 11 a s  c o o l a n t .  

2 .  Expansion Work 

The expansion work f o r  experiments  G-011 and G-007 is  shown p l o t t e d  

a g a i n s t  t i m e  i n  F igu re s  34(c)  and 35 (c ) .  The expansion work f o r  a l l  t h e  

c o n s t a n t  mass experiments i s  shown p l o t t e d  a g a i n s t  t he  coolant  s u r f a c e  

d i sp l aced  volume i n  F igure  37. The t r e n d s  a r e  f a i r l y  l i n e a r .  For a  given 

d i sp l aced  volume, t h e  Freon experiments  have y i e lded  s l i g h t l y  h igher  ex-. 

pans ion  work. Table 8 summarizes t h e  expansion work a t  s l u g  impact and a t  

an  expansion volume of 35 cubic  i nches .  S ince  t h e  i n i t i a l  cover  gas  gap 

and,  t h e r e f o r e ,  t h e  coo lan t  pool  displacement  d i f f e r  i n  each experiment,  
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t h e  comparison a t  a given expansion volume i s  t h e  most a p p r o p r i a t e  way 

t o  compare t h e  expansion work done i n  t h e s e  experime'nts. W e  s e e  i n  

Table 8 t h a t  t h e  expansion work i n  t h e  two Freon experiments ( a t  AV = 35 

i.nch3) i s  about  25% h ighe r  than i n  t h e  average of t h e  two w a t e r  experiments .  

Table 8 

EXPANSION WORK 
CONSTANT MASS EXPERIMENTS 

Initial Cover 
Gas Gap 

Experiment Coolant (inch) 

Expansion Work Expansion Work 
at AV = 35 inches3 at Slug Impact 

( kWs ( kWs 



. . 
V RESULTS OF THE FLASHING WATER CONSTANT GEOMETRY 

.EXPERIMENTS WITHOUT INTERNAL STRUCTURES 

I n  t h e  1130-scale  geometry,  two exper iments  were  performed w i t h  w a t e r  

as t h e  c o o l a n t  and two w i t h  Freon 1 1 3  a s  t h e  c o o l a n t .  The r e s u l t s  from 

exper iments  6-002 ( w a t e r )  and G-003 (Freon 113)  a r e  compared h e r e .  Repro- 

d u c i b i l i t y  j.s di .sr .~issed i n  Appendix E. We n o t e  h e r e  t h a t  t h e  cover  g a s  

gap was s i g n i f i c a n t l y  d i f f e r e n t  i n  t h e s e  two exper iments ;  0.89 i n c h  i n  

G-002 and 0 .58  i n c h  i n  G-003. A s  mentioned a t  t h e  beg inn ing  of S e c t i o n  I V ,  

t h e  r e a s o n  f o r  t h i s  d i f f e r e n c e  i s  t h a t  t h e  c o o l a n t  p o o l  expands ( t o  a  

g r e a t e r  degree  w i t h  Freon)  when h e a t  from t h e  lower  c o r e  conduc t s  th rough  

t h e  s l i d i n g  d o o r s  and h e a t s  t h e  p o o l  b e f o r e  t h e  exper iment  i s  i n i t i a t e d .  

A. P r e s s u r e  Measurements 

1. Lower Core P r e s s u r e  --- 
The lower  c o r e  p r e s s u r e  i n  exper iments  G-002 and G-003 i s  s h o w  

i n  F i g u r e  3 8 ( a ) .  The d o o r s  b e g i n  t o  open a t  abou t  1 . 2 0  m s  and s l u g  impact  

o c c u r s  around 4 m s  i n  b o t h  exper iments .  I n  t h e  i n t e r v a l  between t h e s e  

t i m e s ,  t h e  r e c o r d s  a r e  q u i t e  s i m i l a r ,  v a r y i n g  a t  most by 60 p s i .  

2. Upper Core P r e s s u r e  

The upper c o r e  p r e s s u r e  i s  shown i n  F i g u r e  3 8 ( b ) .  The r e c o r d s  

have been f i l t e r e d  through a  low p a s s  f i l t e r  a t  1 0  kHz t o  f a c i l i t a t e  

comparison.  The u n f i l t e r e d  r e c o r d s  a r e  p r e s e n t e d  i n  Appendix D. Near 

t h e  t ime  of emergence of t h e  bubble  i n t o  t h e  p o o l  (-3 ms),  t h e  upper c o r e  

p r e s s u r e  i s  h i g h e r  i n  t h e  Freon exper iment ,  r e a c h i n g  e s s e n t i a l l y  t h e  same 

p r e s s u r e  a s  i n  t h e  lower c o r e ,  600 p s i a .  The h i g h e r  p r e s s u r e  i n  t h e  F r e o n .  

exper iment  i s  due t o  b o t h  t h e  c o o l a n t  v o l a t i l i t y  and t o  t h e  h e a v i e r  c o o l a n t  

s l u g  b e i n g  moved. I n  t h e s e  exper iments ,  i t  is  d i f f i c u l t  t o  s o r t  o u t  t h e  

r e l a t i v e  c o n t r i b u t i o n  of each of t h e s e  f a c t o r s .  Comparison of F i g u r e  38(b)  

w i t h  F i g u r e  23 ( c o n s t a n t  mass exper iments )  l e a d s  u s  t o  conc lude  t h a t  vo la -  

t i l i t y  i s  t h e  dominant f a c t o r  l e a d i n g  t o  t h e  h i g h e r  p r e s s u r e  i n  G-003. 



1 2 3 4 5 6 

T I M E  - ms 

(a) LOWER CORE PRESSURE (PI) 

T I M E  - ms 

(b) . UPPER CORE PRESSURE (P3) LOW PASS 
FILTERED A T  lOkHz 
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EXPERIMENTS WITHOUT INTERNAL STRUCTURES 



3. Pool and Bubble Pressure  

The p r e s s u r e  measured by t r ansduce r  P8 i n  experiments G-002 

(water)  and G-003 (Freon 113) i s  shown i n  F igure  39 (a ) .  The r eco rd  from 

GO02 is  q u i t e  s i m i l a r  t o  t h a t  of i t s  d u p l i c a t e  t e s t  (2-011 (F igure  24) 

except  t h a t  t h e  peak a t  3  m s  i s  somewhat broader  and h ighe r .  The r eco rd  

f o r  6 0 0 3  ( cons t an t  geometry) i s  q u i t e  s i m i l a r  t o  t h a t  of i t s  cons t an t  

mass coun te rpa r t ,  G-007 (Figure 24) except  t h a t  t h e  f i r s t  p r e s s u r e  peak 

i s  s h i f t e d  from 2-112 m s  i n  F igure  24 t o  3  m s  i n  F igure  39. This  slowing 

of ' t h e  e x p a n s i o ~ ~  i s  due t o  t he  heav ie r  pool  j.n Cr003. The p r e s s u r e  peaks 

and v a l l e y s  i n  G-003 a r e  t h e  same i n  magnitude a s  i n  G-007 (F igure  24).  

The p re s su re  drops i n  Figure 39 around t h e  t ime t h a t  t he  bubble reaches  

t h e  t r a n s d u t e r  a r e  a l s o  s i m i l a r  i n  magnitude t o  those  i n  F igure  24. Slug 

impact does n o t  r e s u l t  i n  any i n c r e a s e  i n  p r e s s u r e  i n  t h e  water  experiment 

bu t  i s  e a s i l y  seen  a s  a  l a r g e  r i s e  i n  p r e s s u r e  i n  t h e  Freon experiment.  

This f e a t u r e  was a l s o  s een  i n  t h e  cons t an t  mass experiments (F igure  2 4 ) .  

The d i f f e r e n c e  i n  response of t he  bubble  t o  compression from t h e  s l u g  

impact shock i s  due t o  a  d i f f e r e n c e  i n  t h e  composition of t h e  bubble  i n  

t h e  water  and Freon experiments--namely, t h e  presence  of Freon vapor i n  

t h e  bubble  i n  t h e  Freon experiments .  

4.  Cover P re s su re  and Impulse 

Cover p re s su re  P5 f o r  experiments  G-002 (water)  and G-003 (Freon 

113) is  shown i n  F igure  39(b) .  Slug impact occurred a t  4.06 m s  i n  G-002 

and 3.95 m s  i n  G-003. The impact t i m e s  a r e  s o  c l o s e  because of t h e  d i f -  

f e r e n t  i n i t i a l  cover gas  gaps. I f  t h e  gaps were t h e  same, s l u g  impact 

would occur much l a t e r  i n  G-003 because of t h e  heav ie r  coo lan t  pool .  

The impact p r e s su re  i n  G-003 is  about  t h e  same a s  i n  G-002. I f  

t h e  gaps were t h e  same, t h e  impact p r e s su re  i n  6 0 0 3  would have been h igher  

than i n  C-002. The impact. impulses f o r  a l l  f ou r  cons t an t  geometry exper i -  

ments a r e  shown i n  Table  9.  Despi te  t h e  d i f f e r e n c e  i n  t h e  gaps,  t h e  

impulses i n  t h e  Freon experiments a r e  1-112 t o  2  t imes l a r g e r  than  those  

i n  t h e  water  experiments.  This  i n c r e a s e  i s  due p a r t l y  t o  t he  longer  dura- 

t i o n  of t h e  p ~ l l s e  i n  G-003. Fur ther  d i s c u s s i o n  of t h e  s l u g  impact p r e s su re  

and impulse i s  presen ted  i n  Sec t ion  V I I .  
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Table 9 

Experiment 

IMPULSE ON THE VESSEL COVER 
FROM THE FIRST SLUG IMPACT PULSE, 

CONSTANT GEOMETRY EXPERIMENTS 
WITHOUT INTERNAL STRUCTURES 

Coolant 

l nitial Cover 
Gas Gap 
(inch) 

Impulse* 
(Ibf-S) 

Average o f  all cover pressure measurements in a given experiment. 

B. Coolant  S u r f a c e  and Bubble Motion 

1. Coolant  S u r f a c e  Displacement 

The c o o l a n t  s u r f a c e  d i sp lacement  f o r  t h e  two c o n s t a n t  geometry 

exper iments  under  d i s c u s s i o n  a r e  shown i n  F i g u r e  40. W e  s e e  h e r e  t h a t  

t h e  h e a v i e r  p o o l  dominates  over  t h e  e f f e c t s  o f  v o l a t i l i t y .  The d i s p l a c e -  

ment i n  t h e  Freon exper iment  p roceeds  more s lowly  t h a n  t h a t  i n  t h e  w a t e r  

exper iment .  The s l o p e s  of t h e  c u r v e s  i n  F i g u r e  40 i n d i c a t e s  a charac-  

t e r i s t i c  poo l  v e l o c l t y  of 0.65 inchlms i n  G-002 (wate r )  and 0 . 6 1  inchlms 

i n  G-003 (Freon 1 1 3 ) .  

2. Bubble P r o f i l e s  and Volume 

Bubble growth p r o f i l e s  from t h e  high-speed movies a r e  shown f o r  ex- 

pe r iments  GO02 and G-003 i n  F i g u r e  41. A s  w i t h  t h e  c o n s t a n t  mass exper iments ,  
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FIGURE 40 COOLANT SURFACE DISPLACEMENT IN  CONSTANT GEOMETRY 
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t h e  Freon bubble does n o t  p e n e t r a t e  a s  f a r  a s  i n t o  t h e  pool .  In  c o n t r a s t  

t o  t h e  cons t an t  mass experiment,  t h e  upper s u r f a c e  of t h e  bubble is  no t  

t h e  same shape i n  t h e s e  cons t an t  geometry experiments.  I n  G-003 with  t h e  

heav ie r  Freon pool ,  the bubble is  f l a t t e r .  
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t h e  bubble p r o f i l e s ,  is  shown i n  F igure  42.  The slower motion of t h e  

coo lan t  seen  i n  F igure  40 is  a l s o  seen  i n  F igure  42 ,  
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FIGURE 42 BUBBLE VOLUME IN  CONSTANT GEOMETRY EXPERIMENTS 
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The entrainment volumes, Figure 43(a), in these constant geometry 

experiments are similar and the valiies for entrainment as a percentage of 

bubble volume, Figure 43(b), a.re within the spread that we usually see. 

In the constantsmass experiments (Figure 33), the Freon tests had a lower 

entrainment. Here, the Freon test has a higher entratnment. Tn all. fnur 

constant geometry experimentsYsthe entrainment at slug impact is between 

30% and 40% of bubble volume. 
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V I  EFFECT OF INTERNAL VESSEL STRUCTURES I N  FLASHING 
WATER CONSTANT GEOMETRY EXPERIMENTS 

Three experiments w i th  Freon 113 a s  t h e  coo lan t  a r e  compared i n  t h i s  

s ec t i on .  

I n i t i a l  Lower 
Core P re s su re  

Experiment I n t e r n a l  S t r u c t u r e s  ( p s i a )  

None 

UCS & UIS 

UCS & UIS 

In  t h e  experiment ma t r ix  GO05 and G-006 were t o  be  d u p l i c a t e  experiments ,  

bu t  G-005 was found t o  have an i n i t i a l  p r e s s u r e  low by a  f a c t o r  of 2 from 

n o .  comparison . , . . .  between G-004 and G-006 r e v e a l s  t h e  e f f e c t s  of i n t e r n a l  .. . . . 2 r  
- 2 .  . 

s t r u c t u r e s .  Comparison bet;een'~-005 and G-006 r e v e a l s  t h e  e f f e c t  of i n i t i a l  

p r e s su re .  These l a t t e r  two a r e  t h e  f i r s t  f l a s h i n g  water  source  experimeats  

we have conducted i n  which t h e  i n i t i a l  p r e s s u r e  v a r i e s  by a  f a c t o r  of 2.  

A. Lower Core P r e s s u r e  

The 1ow.er.core p r e s s u r e  i n  t h e s e  t h r e e  experiments is  shown i n  F igure  

44. The p re s su re s  i n  G-004 and GO06 d i f f e r  by no more than about  50 p s i .  

Comparing experiments G-005 and G-006, we see t h a t  bo th  t h e  i n i t i a l  p r e s s u r e s  

and the pres su rc  p l a t e a u  which o c c u r s  after t h e  s l i d i n g  doors  open and 

u n t i l  s l u g  impact d i f f e r  by a ' f a c t o r  of 2 .  

B. Coolant Sur face  Displacement 

I n  Figure 45 (a ) ,  t h e  coolan t  s u r f a c e  displacement  i n  experiments 

wi th  and wi thout  i n t e r n a l  s t r u c t u r e s  i s  compared f o r  both Freon 113 and 

water a s  t h e  coo lan t .  The experiments wi th  water  a s  t h e  coo lan t ,  E-001 

and E-003, a r e  from e a r l i e r  work. W e  s e e  t h a t  t h e  e f f e c t  of i n t e r n a l  

s t r u c t u r e  i s  q u a l i t a t i v e l y  s i m i l a r  w i th  e i t h e r  coo lan t .  The expansion 
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FIGURE 44 LOWER CORE PRESSURE (P,) IN EXPERIMENTS G-004 (NO INTERNAL STRUCTURES). 
G-005 (UCS + UIS), AND G-006 (UCS + UIS) 

t ime s c a l e  i s  inc reased  by 1 t o  1-112 m s .  The average coolant  pool velo-. 

c i t i e s  [from t h e  s l o p e s  i n  F igu re  45(a)] a r e  0 .61  inchlms f o r  E-001, 0.57 

inchlms f o r  G-004, 0 .38 inchlms i n  E-003, and  0.29 inchlms i n  G-006. 

Figure  46(a)  shows t h e  e f f e c t  of i n i t i a l  p re s su re  on the expansfon 

wi th  i n t e r n a l  s t r u c t u r e s .  Reducing t h e  lower co re  p re s su re  by a f a c t o r  

of 2 changes t h e  coo lan t  pool v e l o c i t y  from 0.29 inch/ms i n  G-006 t o  0.24 

inchlms i n  G-005. 

C .  Bubble P r o f i l c s  

The HCDA bubble photographs a t  s l u g  impact a r e  compared i n  F igures  

47 , and  48. F igu re  47 shows t h a t  t h e  e f f e c t  of i n t e r n a l  s t r u c t u r e s  a l t e r s  
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FIGURE 47 HCDA BUBBLE PHOTOGRAPHS AT SLUG IMPACT SHOWING THE EFFECT 
OF INTERNAL VESSEL STRUCTURES 
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FIGURE 48 HCDA BUBBLE PHOTOGRAPHS AT SLUG IMPACT SHOWING M E  EFFECT 
OF INITIAL PRESSURE 

the bubble shape i n  the  same way whether the coolant is  water or Freon 

113. In Figure 48, we see tha t  the expansion time frame due to  different  

i n i t i a l  pressures does not noticeably change bubble shape. 

D. Cover Pressure and Tnmulse 

The e f fec t  of in te rna l  vessel s t ructures  on the cover pressure is 

shown i n  Ff gure 45 (b) . A s  i n  e a r l i e r  work with water as coolant, l a 

noticeable reduction i n  slug impact pressure occurs due to  the attenuating 

e f fec t s  of in t e rna l  s t ructures ,  In Figure 46(b), the effect sf different  

lower core pressures is  demonstrated. The impulse on the vessel cover i n  

the four Freon 113 experiments with and without in te rna l  s t ructures  is  

summarized i n  Table 10, Internal  s t ructures  reduce the impulse by 44.9% 

from 71.8 lbf-s (average of 6 0 0 3  and 6004)  to  39.6 lbf-s (6006).  Re- 

ducing the lower core i n i t i a l  pressure by half reduces the impulse by 

42.4% from 39.6 lbf-s i n  6 0 0 6  t o  22.8 lbf-s i n  6005 .  



Table 10 

EFFECT OF INTERNAL VESSEL STRUCTURES 
ON THE IMPULSE FROM THE FIRST 

SLUG IMPACT PULSE 

Initial Initial Cover 
Structures Pressure Gas Gap Impulse* 

Experiment Present (psis) (inch) (Ibf-s) 

G-003 None 1038.9 0.58 67.9 

G-004 None 1039.7 0.73 75.7 

G -006 UCS + UIS 998.0 0.63 39.6 

G-005 UCS + UIS 501.2 0.78 22.8 

Average of all cover pressure measurements in a given experiment. 
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V I I  INTERPRETbTION OF RESULTS 

I n  S e c t i o n s  I11 through V I ,  we r e p o r t e d  t h e  d a t a  o b t a i n e d  i n  t h e s e  

exper iments .  D i s t i n g u i s h a b l e  e f f e c t s  of c o o l a n t  v o l a t i l i t y  have been 

shown, as have t h e  e f f e c t s  of i n t e r n a l  s t r u c t u r e s .  I n  t h i s  s e c t i o n ,  

we rev iew t h e  i n t e g r a l  measures of t h e  expans ion  dynamics,  e . g . ,  t h e  

c o o l a n t  s u r f  a c e  d i sp lacement  and t h e  cover  l o a d i n g .  The c o o l a n t  s u r f a c e  

d i sp lacement  is a n  i n t e g r a l  measure of t h e  a x i a l  a c c e l e r a t i o n  and v e l o c i t y  

h i s t o r y  of t h e  c o o l a n t  s l u g  t h a t  shou ld  cor respond  t o  t h e  e f f e c t s  of 

c o o l a n t  v o l a t i l i t y  s e e n  i n  i n d i v i d u a l  p r e s s u r e  measurements. The cover  

l o a d i n g  i s  a  measure of t h e  s l u g  impact  v e l o c i t y .  

Our d i s c u s s i o n  of t h e  c o o l a n t  s u r f a c e  d i sp lacement  i n v o l v e s  a  com- 

p a r i s o n  o f  t h e  e x p e r i m e n t a l  measurements i n  c o n s t a n t  mass and c o n s t a n t  

geometry exper iments  w i t h  p r e d i c t i o n s  based on a  s i m p l e  mathemat ical  model 

of t h e  expans ion .  The model is  shown i n  F i g u r e  49. A c o n s t a n t  p r e s s u r e  

s o u r c e  a c c e l e r a t e s  t h e  c o o l a n t  l i q u i d  i n  t h e  upper  c o r e  and c o o l a n t  puuL. 

u n t i l  t h e  c o o l a n t  s u r f a c e  t r a v e l s  a  d i s t a n c e  e q u a l  t o  t h e  cover  gas  h e i g h t .  

The expans ion  o c c u r s  i n  two phases .  I n  phase  A, t h e  upper c o r e ' i s  emptied 

and t h e  mass of l i q u i d  i n  r e g i o n s  1 and 2 v a r i e s  w i t h  t ime.  During phase  

B y  t h e  c o o l a n t  s l u g  of c o n s t a n t  mass i n  r e g i o n  2 i s  d r i v e n  upward by t h e  

s o u r c e  p r e s s u r e .  

The f l u i d  dynamics of t h e  e x p a n d i n g . s o u r c e  i s  n o t  modeled. I n  o u r  

exper iments ,  we o f t e n  measure a  lower  p r e s s u r e  i n  t h e  bubble  t h a n  i n  t h e  

lower c o r e .  I n  our  model we, t h e r e f o r e ,  a l l o w  t h e  p r e s s u r e  d r i v i n g  t h e  

s l u g  upward t o  d i f f e r  i n  phases  A and B .  The p r e s s u r e  i n  phase  A a c t s  

over  t h e  d iamete r  d l ,  and t h e  p r e s s u r e  i n  phase  B a c t s  over  t h e  d i a m e t e r  

d 2 .  Some s i m p l e  c a l c u l a t i o n s  based on t h i s  model a r e  p r e s e n t e d ' i n  F i g u r e  50. 

The mathemat ica l  model i s  d e s c r i b e d  i n  more d e t a i l  i n  Appendix F. I n  

F i g u r e  5 0 ( a ) ,  t h e  e f f e c t s  of exper iment  geometry and c o o l a n t  d e n s i t y  a r e  

demonstra ted by u s i n g  a  phase  A d r i v i n g  p r e s s u r e  of 650 p s i a  and a  phase  I 

B d r i v i n g  p r e s s u r e  of 450 p s i a  i n  t h e  t h r e e  c a s e s  shown. The c h o i c e  o f  

650 p s i a  f o r  phase  A was based on t h e  lower c o r e  p r e s s u r e  d a t a  shown i n  
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FIGURE 49 SIMPLE EXPANSION MODEL 

F i g u r e  22 .  The c h o i c e  of 450 p s i a  f o r  phase  B was based  on p r e s s u r e  d a t a  

i n  F i g u r e  24 f o r  exper iment  G-011 a f t e r  t h e  bubble  reached  t h e  t r a n s d u c e r .  

I n  F i g u r e  5 0 ( b ) ,  t h e  a d d i t i o n a l  e f f e c t s  of c o o l a n t  v o l a t i l i t y  a r e  demon- 

s t r a t e d  by hav ing  t h e  phase  B d r i v i n g  p r e s s u r e  e q u a l  t o  650 p s i a  i n  t h e  

Freon 113 c a s e s .  Th i s  c h o i c e  w a s  based on t h e  h i g h e r  p r e s s u r e  s e e n  i n  

F i g u r e  24 i n  Freon  1 1 3  exper iment  G-UU7. Five  c a l c u l a t i o n s  a r e  p r e s e n t e d  

i n  F i g u r e  50.  The r e f e r e n c e  c a s e  i n  p a r t s  a  and b  of t h e  f i g u r e  i s  our  

s t a n d a r d  1130-sca le  geometry w i t h  w a t e r  as t h e  c o o l a n t .  The expansion 

i n  t h e s e  c a l c u l a t i o n s  b e g i n s  a t  1 . 2 5  m s ,  when c o n c e p t u a l  s l i d i n g  d o o r s  

open,  t o  p e r m i t  comparison of o u r  e x p e r i m e n t a l  measurements. 
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I n  F igu re  5 0 ( a ) ,  we s e e  t h a t  t h e  coo lan t  s u r f a c e  displacement  i n  

t h e  c o n s t a n t  mass c a s e  i s  s imi la r  t o  t h e  r e f e r ence  ca se ,  whereas t h e  

c o n s t a n t  geometry expansion wi th  t h e  heav ie r  l i q u i d  proceeds more s lowly.  

The c o n s t a n t  mass c a s e  does n o t  e x a c t l y  reproduce t h e  r e f e r e n c e  c a s e  

because,  a l t hough  t h e  i n i t i a l  a c c e l e r a t i o n  i s  t h e  same f o r  each ca se ,  

t h e  s h o r t e r  h e i g h t  o f - t h e  upper  c o r e  and t h e  h ighe r  a c c e l e r a t i o n  a t  a  

given t i m e  du r ing  phase A of t h e  cons t an t  mass expansion r e s u l t s  i n  an 

e a r l i e r  emptying of t h e  upper c o r e ,  i . e . ,  a  s h o r t e r  phase A dura t ion .  

Phase A i s  1.49 m s  l ong  i n  t h e  r e f e r ence  case  and 1.18 m s  long i n  t h e  

cons t an t  mass ca se .  F igure  50(a)  demonstrates  t h e  e f f e c t  nf experiment 

geometry on t h e  c o o l a n t  s u r f a c e  displacement  wi th  c o o l a n t s  of d i f f e r e n t  

d e n s i t y .  

F igure  50(b)  demonstrates  t he  e f f e c t  of  cnnlan t  v o l a t i l i t y .  The 

p r e s s u r e  d r i v i n g  phase B i n  t h e  Freon expansion i s  increased  from 450 

p s i a  t o  650 p s i a  t o  r e p r e s e n t  t h e  h ighe r  bubble p r e s s u r e  seen  i n  t h e  

Freon experiments  (F igure  24) .  Re l a t i ve  t o  t h e  Freon ca se s  w i t h  a  450- 

p s i a  phase B d r i v i n g  p r e s s u r e  [F igure  5 0 ( a ) ] ,  t h e  Freon curves i n  Figure 

50(b) are s h i f t e d  t o  t h e  l e f t ;  t h a t  i s ,  t h e s e  expansions proceed more 

r a p i d l y .  This  demonstrates  t h e  a d d i t i o n a l  e f f e c t  of coo lan t  v o l a t i l i t y  

on t h e  coo lan t  s u r f a c e  displacement .  

These c a l c u l a t i o n s  were made t o  g e t  a  q u a l i t a t i v e  s ense  of t h e  

independent e f f e c t s  of experiment geometry and coo lan t  v o l a t i l i t y .  Ex- 

per imenta l  measurements of coo lan t  s u r f a c e  displacement  a r e  shown i n  

Figure 51. Q u a n t i t a t i v e  comparison of s l o p e s  and t imes i n  F igures  50 

and 51  should n o t  be made because of t h e  s imple n a t u r e  of t h e  mathematical 

model used t o  g e n e r a t e  F igure  50. Q u a l i t a t i v e  comparison should be made 

between t h e  t r end  demonstrated i n  F igures  50(a)  and (b)  and t h e  t rend  

demonstrated i n  F igu re s  51(a)  and ( b ) .  

111 Flguru 51 ( a ) ,  c 1 1 ~  uffcccc  of clcpcriincnr gcomcery and coo lan t  

d e n s i t y  a r e  shown i n  t h e  n i t r o g e n  bubble  source  experiments .  The n i t rogen  

sou rce  1s n o t  a  cons t an t  p r e s s u r e  source  (Figure D.7), s o  d i r e c t  comparison 

between F igures  50(a)  and 51(a)  should no t  be  made. The q u a l i t a t i v e  fea-  

t u r e s  of F igu re s  50(a)  and 51 (a )  a r e  t h e  same. The cons t an t  mass expansion 

i s  about 0 . 1  m s  e a r l i e r  than t h e  r e f e r e n c e  expansion;  t h e  cons t an t  geometry 

expansion i s  about  0 . 5  m s  l a t e r .  
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FIGURE 51 COMPARISON OF GEOMETRY EFFECTS AND VOLATILITY EFFECTS 
ON COOLANT SURFACE DISPLACEMENT 



Figure  51(b)  demonstrates  t h e  exper imenta l  e f f e c t  of coo lan t  vola-  

t i l i t y  on t h e  r e s u l t s  of t h e  f l a s h i n g  water  bubble source  experiments .  

I n  c o n t r a s t  t o  t h e  n i t r o g e n  experiments ,  t h e  cons t an t  mass experiment i n  

F igure  51(b)  i s  f a r t h e r  t o  t h e  l e f t  of t h e  r e f e r ence  than  t h e  cons t an t  

mass is  t o  t h e  r i g h t .  This  e a r l i e r  s h i f t  i n  t ime of t h e  Freon experiments  

r e s u l t s  from t h e  h ighe r  p re s su re s  produced by t h e  v a p o r i z a t i o n  of t h e  

Freon. This  s h i f t i n g  e a r l i e r  i n  t ime was seen  i n  t h e  c a l c u l a t i o n s  i n  

F igure  50(b)  when compared w i t h  5 0 ( a ) .  F igures  50 and 51  thus  demonstrate  

t h e  s e p a r a t e  e f f e c t s  of experiment geometry, coo lan t  d e n s i t y ,  and coolan t  

v o l a t i l i t y .  Together ,  they suppor t  our  expec t a t i on  t h a t  t h e  h ighe r  pres-  

s u r e s  seen I n  the Freon experiments should have a  demonstrable  e f f e c t  on 

t h e  coo lan t  s u r f a c e  displacement .  

To cons ide r  t h e  s l u g  impact p r e s s u r e  and impulse,  we view t h e  coolan t  

s l u g  a s  a  compres s ib l e .ma te r i a1  impact ing on t h e  completely r i g i d  v e s s e l  

cover  w i t h  v e l o c i t y  V The a c o u s t i c  r e l a t i o n  
I ' 

where p = coo lan t  d e n s i t y  and c  = coo lan t  sound speed,  can then be  used 

t o  p r e d i c t  t h e  impact p r e s s u r e  P I n  two experiments w i th  t h e  same 
I ' 

v e l o c i t y  bu t  d i f f e r e n t  coo lan t  a c o u s t i c  impedance, pc, d i f f e r e n t  impact 

p r e s s u r e s  would be  expected.  Table 11 compares t h e  a c o u s t i c  impedance 

of Freons 113 and 11 w i t h  t h a t  of wa te r .  S ince  t h e  a c o u s t i c  impedance 

of t h e  Freons i s  24% lower,  t h e  Freon experiments w i l l  produce lower 

impact p r e s s u r e  u n l e s s  t h e  impact v e l o c i t y  i s  a t  l e a s t  32% h ighe r  than 

i n  t h e  water  experiments .  The fo l lowing  r e l a t i o n s  hold f o r  t h e s e  t h r e e  

c o o l a n t s  : 

It is  d e s i r a b l e  t o  compare p r e d i c t i o n s  from t h e  above r e l a t i o n s  wi th  

exper imenta l  measurements. Unfor tuna te ly ,  i t  i s  d i f f i c u l t  t o  o b t a i n  good 

va lues  f o r  t h e  s l u g  impact v e l o c i t y  and t h e  s l u g  impact p r e s su re .  The 



Table 1 1 

ACOUSTIC IMPEDANCE 
OF COOLANT SIMULANTS 

Density, p, Sound Speed, c, Acoustic 
at 70°F at 68°F Impedance,pc PC - 

Material (lbmIft3) ( f t / s  (lbm/ft2-S) P'H,o 

"From Reference 7. 
tFrom Reference 9. 
f ~ r o m  Reference 10. 
$From Reference 11. 

""From Reference 12. 

measured coolan t  s u r f a c e  displacement  can be  used t o  determine a  coo lan t  

s l u g  ve&oc i ty .  However, s i n c e  t h e  displacement is  obta ined  every 0 . 1  m s  

and s i n c e  t h e  coo lan t  s l u g  i s  d e c e l e r a t e d  by compression of t h e  cover gas  

i n  l e s s  time than t h e  O,l m s  b e f o r e  s l u g  impact,, we do n o t  have t h e  d a t e  

needed t o  c a l c u l a t e  a  s l u g  impact v e l o c i t y  from t h e  s u r f a c e  displacement .  

The coo lan t  s l u g  v e l o c i t y  be fo re  impact i s  c e r t a i n l y  an .uppe r  bound on 

t h e  impact v e l o c i t y ,  a l though i t  i s  s u b j e c t  t o  about  20% e r r o r .  The s l u g  

impact p r e s s u r e  pu l se  has  many peaks;valleys, and s p i k e s  ( s ee ,  f o r  example, 

Figures  27 and 39) ,  making i t  d i f f i c u l t  t o  o b j e c t i v e l y  c h a r a c t e r i z e  t h e  

impact p r e s su re .  The best approach t o  c h a r a c t e r i z i n g  t h e  impact p r e s s u r e  

is t o  c a l c u l a t e  t h e  s l u g  impact impulse a s  t h e  a r e a  under t h e  pressure-  

time curve f o r  t h e  f i r s t  s l u g  impact pu l se  and t o  model t h e  p u l s e  a s  an  

i s o s c e l e s  t r apezo id  with equa l  l eng th  s i d e s  and .a width a t . t h e  top  one- 

t h i r d  t h e  width of t h e  base.  



Table 12  compares t h e  s I u g  impact p r e s s u r e  and v e l o c i t y  based on t h e  

s l u g  impact impulse and t h e  coo lan t  s u r f a c e  displacement .  We s e e  i n  t h e  

t a b l e  t h a t  t h e  c o o l a n t  s l u g  v e l o c i t y  provides  an upper bound on t h e  impact 

p r e s s u r e .  C h a r a c t e r i z i n g  t h e  s l u g  impulse by a  shape d i f f e r e n t  than t h e  

i s o s c e l e s  t r a p e z o i d  shown w i l l  r e s u l t  i n  somewhat d i f f e r e n t  numbers, bu t  

t h e  coo lan t  pool  v e l o c i t y  w i l l  s t i l l  provide an  upper  bound on t h e  ex- 

pec ted  impact p r e s s u r e .  This  i s  because (1) t h e  impact v e l o c i t y  i s  lower 

than  t h e  measured s l u g  v e l o c i t y  b e f o r e  impact,  (2) t h e  cover has  a  f i n i t e  

n o t  an  i n f i n i t e  a c o u s t i c  impedance, and  (3)  t h e  s u r f a c e  may n o t  be  per- 

f e c t l y  f l a t .  With t h e  water  coo lan t ,  t he  f i n i t e  a c o u s t i c  impedance of 

t h e  cover reduces  t h e  impact p r e s s u r e  by- about  10%. 

Table 1 2 

COMPARISON OF SLUG IMPACT PRESSURE 
AND VELOCITY, CONSTANT MASS EXPERIMENTS 

FROM SLUG IMPACT FROM COOLANT SURFACE 
IMPULSE DISPLACEMENT" 

Calculated . Calculated Calculated Coolant 
Impact Impact Impact Slug 

Pressuret Velocity f Pressure? velocity§ 
Experiment (psi) (in./ms) (psi) (in./ms) 

*Yields an upper bound on the calculated impact pressure. 

'~ssumes pressure pulse is an isosceles trapezoid with the width 
at the top 113 the width of the base. 

?using PI = pcvI. 

$ ~ r o m  the slope of the coolant surface displacement. 
. .  



The s l u g  impact impulse depends on t h e  d u r a t i o n  and shape .of t h e  

s l u g  impact pu l se .  This  d u r a t i o n  is  p r i m a r i l y  dependent on t h e  t i m e  i t  

t akes  f o r  t h e  s l u g  impact shock t o  propagate  from t h e  cover down t o  t h e  

top of t h e  bubble  and r e t u r n  t o  t h e  cover  a s  an expansion wave. I n  o t h e r  

words, i t  depends on t h e  sound speed,  c ,  i n  t h e  coo lan t  (Table 5)  and t h e  

d i s tance '  between t h e  cover and t h e  bubble ,  h.  I f  we express  t h i s  mathe- 

m a t i c a l l y ,  we can s e e  how t h e  impulse w i l l  va ry  i n  cons t an t  mass and 

cons t an t  geomet.ry Freon experiments r e l a t i v e  t o  1130-scale water  experiments .  

h  
I - P  - A  

I c  

where A i s  t h e  a r e a  of t h e  v e s s e l  cover .  From our d i s c u s s i o n  above, t h e  

impact p r e s su re  depends on t h e  impact v e l o c i t y ,  V I ,  and t h e  a c o u s t i c  

impedance; t h e r e f o r e ,  

Since t h e  pr0ductphAi . s  approximately t h e  mass, me, of coo lan t  above t h e  

bubble a t  t h e  t ime of s l u g  impact,  we expect  t h a t :  

(1) I n  cons t an t  mass experiments 

I - VI 

(2 )  I n  cons t an t  geometry experiments  

Based on the  impulse va lues  i n  Table 13,  t h e  Freon cons t an t  mass exper i -  

ments had about a  29% higher  impact v e l o c i t y  and t h e  Freon cons t an t  

geometry experiments had about a  20% higher  impact v e l o c i t y  than  t h e  

r e f e r ence  water  experiments .  These resu l t s - -a long  wi th  t h e  coo lan t  

s u r f a c e  displacement  comparison (F igures  50 and 51 ) ,  t h e  h ighe r  impact 

v e l o c i t i e s  ob ta ined  from t h e  coo lan t  s u r f a c e  d i sp lacements ,  and t h e  

h igher  impact p r e s s u r e s  i n  t h e  Freon experiments--combine t o  make a  

c o n s i s t e n t  and s t r o n g  ca se  f o r  t h e  measurable e f f e c t s  of coo lan t  vola-  

t i l i t y  on silllulated HCDA bubble expansions.  



Table 13 

Configuration 

Constant 
Mass 

Constant 
Geometry 

SLUG IMPACT IMPULSE IN CONSTANT MASS 
AND CONSTANT GEOMETRY EXPERIMENTS 

Initial Cover 
Gas Gap 

Experiment Coolant (inch) 
Impulse 
(Ibf-S) 



V I I I  CONCLUSIONS AND RECOMMENDATIONS 

I n  Sec t ions  I11 through V I ,  we have presen ted  and cha rac t e r i zed  t h e  

measurements achieved i n  t h i s  experiment s e r i e s .  A summary of t h e s e  re- 

s u l t s  i s  presen ted  i n  Table 14. I n  t h e  t a b l e ,  t h e  expansion t i m e  ( s l ug  

impact t ime) and s l u g  impact impulse a r e  presen ted  a long  wi th  t h e  i n i t i a l  

lower core  p re s su re  and cover gas  gap f o r  t h e  t e n  experiments .  For con- 

venience,  t h e  r e f e r ence  water  experiments (G-002 and G-011) appear more 

than once. Comparisons among t h e s e  experiments and a  few experiments  from 

our  e a r l i e r  work1 have provided conc lus ive  evidence t h a t  t h e  thermodynamic 

i n t e r a c t i o n  of f u e l  and coolan t  i n f l u e n c e s  t h e  expansion dynamics and cover 

load ing  of s imulated HCDAs. Vaporizat ion of some of t h e  coo lan t  t h a t  is 

en t r a ined  i n  t h e  bubble  and mixes wi th  h o t  steam c o n t r i b u t e s  a  p a r t i a l  

p r e s su re  t o  t h e  bubble  and thereby i n c r e a s e s  t h e  p r e s s u r e  pushing t h e  

coo lan t  s l u g  upward t o  t h e  v e s s e l  cover .  

P re s su re  measurements i n  t h e  f l a s h i n g  water cons t an t  mass experiments  

provide  t h e  s t r o n g e s t  d i r e c t  evidence of t h i s  conc lus ion .  P re s su re  i n  t h e  

upper co re  and expanding bubble of t h e  Freon experiments was on t h e  o r d e r  

of 50% higher  than i n  t h e  water experiments .  When t h e s e  p r e s s u r e s  were 

used i n  conjunc t ion  wi th  t h e  displacement  h i s t o r y  of t h e  coo lan t  s u r f a c e  

t o  d e r i v e  t h e  expansion work done on t h e  coolan t  s l u g ,  i t  was found t h a t  

t h e  expansion work was about  25% higher  i n  t h e  Freon experiments .  ' L i t t l e  

d i f f e r e n c e  was found between t h e  r e s u l r s  of the Freon 113 a d  Fr.eun 11 

experiments.  
N 

I n  Sec t ion  V I I ,  t h e  coolan t  s u r f a c e  displacement  and cover  load ing  

i n  a l l  t h e  experiments without  i n t e r n a l  s t r u c t u r e s  were compared. These 

a r e  i n t e g r a l  measures of t he  expansinn hi .s tory.  Comparison between t h e  

coolan t  s u r f a c e  displacement  i n  n i t rogen  source  experiments ,  - i n  whicfi 

v o l a t i l i t y  e f f e c t s  a r e  ahsen t ,  w i t h  f l a s h i n g  water  source  experiments ,  

i n  which they a r e  present . ,  provided s t r o n g  evidence t h a t  v o l a t i l i t y  e f f e c t s  

a c c e l e r a t e  t h e  expans,ian and s h i f t  t h e  s u r f a c e  displacement  curves  e a r l i e r  

i n  t ime. Support f o r  t h i s  conclusion ?as provided by t h e  use of a  s imple  



Table 14 

SUMMARY OF EXPERIMENTAL RESULTS 

l niti,al Lower 
Internal Core Pressure 

Fuel Configuration Experiment Coolant Structures (psi4 

Flashing Constant 1G -0.32 " 2 0  
- 1058 

Water Mass 
G-011 " 2 0  - 972 

Constant G-002 " 2 0  
- 1058 

G e o m e ~ y  
z-011 H2O 

- 972 

Initial Cover 
Gas Gap, 

;inch) 

Slug Impact Slug 
Time (ms from Impact 

Doors Begin l mpulse 
To Open) (I bf-S) 

G-QO4 F113 - 1040 0.73 2.89 15.7 

G-0[)6 F113 UCS + U!S 998 0.63 4.04 39.6 

G-005 F113 UCS + UIS 50 1 0.78 6.26 22.8 

Nitrogen Constant 6-008 F113 - 1450 0.96 2.03 61.7 
Mass 

Constant G-010 F113 - 1450 0.94 2.58 51.9 
Geometry 



mathematical model of t h e  expansion. Evidence f o r  t h e  h ighe r  impact velo-  

c i t i e s  a s s o c i a t e d  with t h e  f a s t e r  displacements  was ob ta ined  from t h e  s l u g  

impact p r e s su re s  and s l u g  impact impulses.  The impact impulse was 29% 

higher  i n  t h e  Freon cons t an t  mass experiments  than i n  t h e  water  experiments .  

This impl ies  an approximately 29% higher  impact v e l o c i t y  i n  t h e s e  Freon 

experiments . 
The bubble  volume and entrainment  w i t h i n  t h e  bubble  were w i t h i n  t h e  

range t y p i c a l  of our  previous HCDA s imu la t i ons .  ' 9 Entrainment i s  a t  

l e a s t  60% of t h e  bubble  volume a s  t h e  bubble  emerges from t h e  upper c o r e  

i n t o  t h e  pool.  Entrainment i n  t h e  upper co re  i s ' c e r t a i n l y  even h ighe r .  

Entrainment a t  s l u g  impact ranges from 20% t o  40% of t h e  bubble  volume. 

The percentage  of entrainment  decreases  dur ing  t h e  expansion because t h e  

bubble grows f a s t e r  than l i q u i d  is  en t r a ined  i n t o  i t .  Although percentage  

entrainment  dec reases  du r ing  t h e  expansion, t h e  e n t r a i n e d  volume of l i q u i d  

i n c r e a s e s  from about 5 cubic  inches  a s  t h e  bubble  e n t e r s  t h e  pool  t o  about  

20 t o  30 cubic  inches  a t  s l u g  impact. Entrainment i n  t h e  upper co re  is  

due t o  t h e  s i g n i f i c a n t  mixing t h a t  occurs  a s  t h e  s l i d i n g  doors  open. 

Entrainment i n  t h e  pool occurs  i n  t h e  d i s s i p a t i n g  v o r t e x  a t  t h e  l a t e r a l  

per iphery  of t h e  bubble and a t  t h e  bubble-coolant i n t e r f a c e .  

The l o c a t i o n  of v o r t i c e s  w i t h i n  t h e  coo lan t  pool  depends on t h e  

geometry of t h e  i n t e r n a l  s t r u c t u r e s .  With an  open upper co re ,  a  v o r t e x  

r i n g  forms j u s t  above t h e  upper c o r e  due t o  convect ion from t h e  upper 

co re  i n t o  t h e  pool of a  v i s cous  l i q u i d  l a y e r  tha.t  forms a t  t h e  w a l l  of 

t h e  upper core .  This  v o r t e x  i s  engulfed by t h e  bubble  and e n t r a i n s  l i q u i d  

i n t o  t h e  bubble by t h e  c i r c u l a t i o n  i t  c r e a t e s  a t  t h e  l a t e r a l  per iphery  of 

t h e  bubble.  With a  UCS o r  a  UIS , . o the r  v o r t i c e s  a r e  kormed, which e n t r a i n  

coo lan t  i n t o  t h e  bubble .  

Temperature measurements i n  t h e  HCDA bubble of f l a s h i n g  water  source  

experiments were at tempted f o r  t h e  f i r s t  time i n  t h i s  experiment s e r i e s .  

The thermocouple was l oca t ed  approximately 112 t o  1 inch  above t h e  c o r e  

depending on t h e  experiment and approximately 0.7 inch  o f f - ax i s .  The 

measured temperature  i n c r e a s e s  w i th  t ime a s  t h e  bubble  pas se s  over t h e  

thermocouple, i n d i c a t i n g  a temperature  g r a d i e n t  through t h e  bubble and 

provid ing  evidence f o r  a  f a i r l y  t h i c k  mixing l a y e r  i n s i d e  t h e  bubble 



boundary. Temperatures i n  t h e  bubble  v a r i e d  between 100°F when t h e  bubble 

reached t h e  thermocouple and 350°F a t  s l u g  impact.  This compares w i th  a  

s team tempera ture  no h ighe r  t han  500°F f o r  s a t u r a t e d  steam emerging from 

t h e  lower c o r e  a t  700 p s i .  Fu r the r  measurements a r e  needed t o  map t h e  

bubble  tempera ture  f i e l d  and s t r u c t u r e .  

The e f f e c t  of upper co re  and upper i n t e r n a l  s t r u c t u r e s  on t h e  ex- 

pans ion  dynamics and cover  l oad ing  i s  q u a l i t a t i v e l y  t h e  same whether t h e  

coo lan t  i s  Freon 113 o r  water .  The s t r u c t u r e s  slow t h e  expansion and 

thereby  reduce  t h e  coo lan t  s u r f a c e  v e l o c i t y ,  s l u g  impact p r e s s u r e ,  and 

s l u g  impact impulse.  The presence  of bo th  s t r u c t u r e s  reduced t h e  s l u g  

impact impulse 56% i n  t h e  water  case  and 45% i n  t h e  Freon ca se .  I n  two 

experiments  w i t h  Freon 113 coo lan t  and both  i n t e r n a l  s t r u c t u r e s ,  reducing 

t h e  p r e s s u r e  i n  the lower c o r e  by a f a c t o r  of 2 reduced the inlpulse oa the 

cover  by 42%. W e  p r e d i c t  t h a t  i n  cons t an t  mass Freon experiments w i th  a  

UCS and a  UIS, t h e  a t t e n u a t i n g  e f f e c t s  of i n t e r n a l  s t r u c t u r e  would reduce 

cover  l oads  on t h e  o r d e r  of 50%. 

The major conc lus ions  can be  summarized a s  fo l lows:  .. I n  t h e  c o n s t a n t  mass f l a s h i n g  water  bubble  source  experiments:  

- The upper c o r e  and bubble  p re s su re s  were on t h e  o rde r  of 
50% h ighe r  than i n  t h e  water  experiment.  

.. The expansion work a t  a  coo lan t  s u r f a c e  d i sp l aced  volume 
of 35 cub ic  inches  was 25% h ighe r  than i n  t h e  water  
experiment . 

- The s l u g  impact impulse was on t h e  o rde r  of 29% higher  
than i n  t h e  water experiment.  

- The temperature  i n  t h e  bubble  v a r i e d  between 100°F when 
t h e  bubble  reached the  t l~ermocouple and 3SU01! a t  s l u g  
impact . 

fi 111 311 ~ . v . p e ~ i i l a i ~ t s  wifhpri~t:  interne1 nt.riir.t~lrcG, the  entrain- 
ment a t  s l u g  impact w a s  20% t o  40% of t h e  bubble volume. 

e I n t e r n a l  v e s s e l  s t rucLures  reduced t h e  s l u g  impact impulse 
Ly 45% us ing  Freon 113 coolan t  compared w i t h  562 us ing  water  
as t h e  c u u l a r ~  t . 
I n  experiments  wi th  i n t e r n a l  v e s s e l  s t r u c t u r e s ,  reducing t h e  
lower c o r e  p re s su re  by a  f a c t o r  of 2 reduced t h e  s l u g  impact 
impulse by 42%. 



F u t u r e  work i n  t h i s  a r e a  shou ld  e n t a i l  1130-scale  exper iments  t h a t  

a d d r e s s  a s p e c t s  of t h e  expansion dynamics abou t  which t h e  most q u e s t i o n s  

remain.  These a r e a s  i n c l u d e  t h e  f o r c e s  on t h e  UCS and UIS and on t h e  w a l l  

of t h e  a c r y l i c  v e s s e l ,  t h e  mechanisms of mixing and e n t r a i n m e n t  i n  t h e  

upper c o r e  and bubble ,  t h e  composi t ion of t h e  bubble ,  t h e  a t t e n u a t i o n  

e f f e c t s  of h e a t  t r a n s f e r  w i t h  a  more p r o t o t y p i c  upper  c o r e  s t r u c t u r e s ,  

and t h e  t empera tu re  d i s t r i b u t i o n  i n  t h e  bubble .  Ques t ions  a l s o  s t i l l  

remain abou t  t h e  s c a l i n g  of thermodynamic phenomena observed i n  t h e s e  

exper iments  and a p p l i c a t i o n  of our  r e s u l t s  t o  t h e  demonstra t ion s t z e  

LMFBR and t h e  newly proposed 1000-MW p l a n t .  
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Appendix A 

APPARATUS AND INSTRUMENTATION 

Lower Core 

The lower c o r e ,  which c o n t a i n s  t h e  bubble  s o u r c e  m a t e r i a l ,  i s  shown 

i n  d e t a i l  i n  F i g u r e  A . 1 .  The lower c o r e  i s  des igned  a c c o r d i n g  t o  ASME 

p r e s s u r e  v e s s e l  codes f o r  a  maximum of 3000 p s i  a t  700°F. The i n t e r i o r  

i s  3.75 i n c h e s  i n  d iamete r  and 5  i n c h e s  l o n g  w i t h  a  , t o t a l  measured volume 

of 59 .9  c u b i c  i n c h e s  ( i n c l u d i n g  t h e  passage  i n  t h e  r i g i d  b a s e  p l a t e  and 

w i t h  a l l  i n t e r n a l  p i e c e s  i n  p l a c e ) .  The i n t e r i o r  i s  chrome-plated t o  

p r e v e n t  c o r r o s i o n .  

The h e a t i n g  e lement  i s  made from 718 I n c o n e l  s h e e t ,  0 .021  inch  t h i c k ,  

w i t h  a t o t a l  s u r f a c e  a r e a  of 50.25 s q u a r e  i n c h e s .  It i s  suppor ted  by 

t h r e e  s t a i n l e s s  s t e e l  s t a n d s  w i t h  alumina i n s u l a t o r s  a t  each mounting 

p o i n t .  The e l e c t r i c a l  f eed throughs  a r e  112-inch-diameter copper . :  A 

hard-anodized aluminum b l o c k  i n s u l a t e s  t h e  lower  feed through  from t h e  

v e s s e l .  Power i s  s u p p l i e d  by a  400 A ,  40-V dc  welding g e n e r a t o r .  The 

welder  p e r m i t s  f i n e  c o n t r o l  of t h e  t empera tu re  i n  t h e  v e s s e l .  The v e s s e l  

i s  comple te ly  f i l l e d  w i t h  w a t e r  d u r i n g  t h e  h e a t i n g  p r o c e s s .  Heat ing from 

room tempera tu re  t o  600°F r e q u i r e s  approximately  f i v e  minu tes .  

F i g u r e  A.2 i s  a  schemat ic  of t h e  h e a t i n g  and p r e s s u r i z a t i o n  system 

used i n  t h e  exper iments .  The w a t e r  p r e s s u r e  i s  c o n t r o l l e d  by n i t r o g e n  

gas  w i t h  a  manosta t .  The manosta t  c o n s i s t s  of two p r e s s u r e  chambers 

s e p a r a t e d  by a  movable p i s t o n  and r o l l i n g  diaphragm. The bottom chamber 

i s  connected t o  t h e  lower c o r e  p r e s s u r e  v e s s e l ,  and t h e  top  chamber is 

p r e s s u r i z e d  w i t h  n i t r o g e n  by t h e  sys tem shown i n  F i g u r e  A.2. The manos ta t  

h a s  an e f f e c t i v e  p i s t o n  a r e a  of 26.0 s q u a r e  i n c h e s  and a  t o t a l  s t r o k e  o f  

5 .42  i n c h e s  f o r  a  maximum volume change of 141 c u b i c  i n c h e s .  I t .  too .  i s  

b u i l t  t o  ASME code s p e c i f i c a t i o n s  f o r  3000 p s i  a t  700°F. The maximum 

a l l o w a b l e  p r e s s u r e  d i f f e r e n t i a l  a c r o s s  t h e  diaphragm i t s e l f  is  250 p s i .  
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Nit rogen  g a s  i s  s u p p l i e d  by a  6000-psi  b o t t l e  and r c g u l a t o r .  A l l  

t h e  p r e s s u r e  l i n e s  are 1/4-inch-outside-diameter , 0.028-inch-wall ,  s t a i n -  

less s t e e l  t u b i n g  w i t h  a maximum p r e s s u r e  r a t i n g  of 6000 p s i .  The f i t t i n g s  

and v a l v e s  a r e  s t a i n l e s s  steel.. A pop-off s a f e t y  v a l v e  s e t  t o  3100 p s i  

is  mounted on t h e  g a s  p i p i n g  sys tem t o  p r e v e n t  o v e r p r e s s u r e .  The v a l v e s ,  

gages ,  b o t t l e ,  and r e g u l a t o r  a r e  mounted on a  p o r t a b l e  c o n t r o l  p a n e l .  

The lower c o r e  p r e s s u r e  v e s s e l  and t h e  manosta t  a r e  i s o l a t e d  from t h e  

o p e r a t o r  i n  a s e p a r a t e  room,, as shown i n  F i g u r e  A.2. 

With a n i t r o g e n  s o u r c e ,  a  g a s  b o t t l e  was used t o  f i l l  t h e  lower c o r e  

t o  t h e  d e s i r e d  p r e s s u r e .  With a s a t u r a t e d  z e r o - q u a l i t y  h i g h - p r e s s u r e  

w a t e r  s o u r c e ,  t h e  w a t e r  f o r  t h e  b u b b l e  was b rought  t o t h e  d e s i r e d  i n i t i a l  

s t a t e  by h e a t i n g  i t  under  p r e s s u r e . .  F i g u r e  A.3 i s  a p r e s s u r e - s p e c i f i c  

volume diagram f o r  w a t e r  showing t h e  p rocedure  used t o  h e a t  t h e  bubble  
* 

m a t e r i a l .  To r e a c h  any ze ro  q u a l i t y  i n i t i a l  s t a t e  ( s a t u r a t e d  l i q u i d ;  

p o i n t  D, F i g u r e  A.3) ,  t l ie  w a t e r  p r e s s u r e  i s  f i r s t  r a i s e d ,  a t  room tern-. 

p e r a t u r e ,  from atmospl ier ic  p r e s s u r e  ( p o i n t  A,) t o  a  p r e s s u r e  s l i g h t l y  

h i g h e r  t h a n  t h e  d e s i r e d  p r e s s u r e  ( p o i n t  B ) .  The w a t e r  i s  t h e n  h e a t e d  

t o  t h e  d e s i r e d  i n i t i a l  t empera tu re  ( p o i n t  C) w h i l e  t h e  p r e s s u r e  i s  k e p t  

c o n s t a n t  by b l e e d i n g  g a s  o u t  t h e  t o p  chamber of t h e  manos ta t .  The p res -  

s u r e  i s  lowered a t  c o n s t a n t  t e m p e r a t u r e  t o  t h e  d e s i r e d  v a l u e  f o r  t h e  

exper iment  ( p o i n t  D). 

I f  t h e  exper iment  r e q u i r e s  a h i g h e r  q u a l i t y  s team a s  t h e  i n i t i a l  

s t a t e  ( p o i n t  D l ,  f o r  example) ,  a. s l i g h t l y  d i f f e r e n t  p rocedure  i s  fo l lowed .  

The w a t e r  i s  p r e s s u r i z e d  t o  a  p o i n t  ( B ' ) .  above t h e  c r i t i c a l  p r e s s u r e  and 

h e a t e d  a t  t h a t  p r e s s u r e  t o  a p rede te rmined  t empera tu re  t h a t  g i v e s  t h e  

d e s i r e d  s p e c i f l c  volume ( C ' )  f o r  t h e  i n i t i a l  s t a t c .  The waLe.r is  then 

coo1e.d a t  c o n s t a n t  s p e c i f i c  volume u n t f l  t h e  d e s i r e d  i n i t i a l  p r e s s u r e  

19 reached (Dl) . 

* 
When a s u b s t a n c e  e x i s t s  a s  p a r t  T iqu id  and p a r t  vapor  a t  t h e  s a t u r a t i o n  
t empera tu re , ,  i t s  q u a l i t y  i s  d e f i n e d ,  a s  t h e  ra . t io  of t h e  mass of vapor 
t o  t h e  t o t a l  mass. Q u a l i t y  h a s  mean.ing o n l y  when t h e  s u b s t a n c e  i s  i n  
a  s a t u r a t e d  s t a t e ,  i . e . ,  a t  s a t u r a t i o n  p r e s s u r e  and- t empera tu re .  



FIGURE A.3 WATER HEATING DIAGRAM 
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This  h e a t i n g  method 'has  t h e  advan tages  o f :  

Keeping t h e  b u b b l e  m a t e r i a l  l i q u i d  w h i l e  i t  i s  b e i n g  h e a t e d ,  
which a l l o w s  more e f f i c i e n t  h e a t  t r a n s f e r  between t h e  h e a t i n g  
e lement  and t h e  bubble  m a t e r i a l  t h a n  would a  two-phase o r  a n  
a l l - v a p o r  m i x t u r e .  

Making t h e  t e m p e r a t u r e ,  p r e s s u r e ,  and s p e c i f i c  volume e a s i e r  
t o  c o n t r o l  t h a n  o t h e r  schemes, 'such a s  h e a t i n g  a  measured mass 
of w a t e r  t o  a p r e c i s e  f i n a l  t e m p e r a t u r e  i n  a  v e s s e l  of f i x e d ,  
measure volume, as shown by l i n e  A'-D'  i n  F i g u r e  A.3. 

S l i d i n g  Door P r e s s u r e  Re lease  Mechanism 

Before  t h e  exper iment  can  b e g i n ,  t h e  h e a t e d ,  p r e s s u r i z e d  w a t e r  i n  

t h e  lower c o r e  must b e  r e l e a s e d  i n t o  t h e  upper  c o r e  b a r r e l  by opening 

t h e  p a s s a g e  between them. The p a s s a g e  must b e  opened comple te ly  i n  a  

t i m e  much s h o r t e r  t h a n  t h e  expans ion  t i m e  of t h e  bubble  i n  t h e  v e s s e l  

t o  e n s u r e  t h a t  t h e  expans ion  of t h e  bubble  w i l l  n o t  be  a f f e c t e d  by t h e  

way t h e  p a s s a g e  i s  opened. A n  opening t ime  one- tenth  of t h e  expans ion  

t i m e  of  t h e  b u b b l e  i n  t h e  v e s s e l  was c o n s i d e r e d  adequa te .  A d d i t i o n a l l y ,  

t h e  p r e s s u r e  r e l e a s e  mechanism must n o t  i n t e r f e r e  with t h e  f low o u t  of 

t h e  lower c o r e  o r  r e l e a s e  any d e b r i s  i n t o  t h e  v e s s e l .  

The b u b b l e  material i n  t h e  lower c o r e  is  r e l e a s e d  by opening t h e  

p a s s a g e  between t h e  lower and upper  c o r e  b a r r e l  shown i n  F i g u r e  A . 1 .  The 

p a s s a g e  is  s e a l e d  by two f l a t  doors ,  one a t o p  t h e  o t h e r ,  t h a t  can  s l i d e  

i n  o p p o s i t e  d i r e c t i o n s .  Each door  i s  a t t a c h e d  t o  a  p i s t o n  i n  a c y l i n d e r  

d r i v e n  by t h e  p r e s s u r e  from t h e  d e t o n a t i o n  of low d e n s i t y  e x p l o s i v e .  The 

c y l i n d e r s  a r e  mounted r i g i d l y  i n  a  frame t o  which t h e  b a s e  p l a t e  of t h e  

r e a c t o r  i s  a t t a c h e d .  F i g u r e  A.4 i s  a  schemat ic  of t h e  door -p i s ton-cy l inder  

assembly.  

The d o o r s  used  i n  t h e  exper iments  a r e  made of 7075-T6 aluminun~, and 

a r e  3 .2  i n c h e s  wide and 0 .285 i n c h  t h i c k .  They s l i d e  between t h e  b a s e  

p l a t e  and t h e  bot tom p l a t e  of t h e  r e a c t o r  model a s  shown i n  F i g u r e  A . 1 .  

S p a c e r s  set . the p r o p e r  c l e a r a n c e ,  0.003 i n c h ,  between t h e  d o o r s .  S e a l i n g  

i s  ach ieved  w i t h  V i t o n , O - r i n g s  on t h e  bottom s i d e  of t h e  lower door and 

t h e  t o p  s i d e  of t h e  upper  door .  
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A s  s e e n  i n  F i g u r e  A.4, a  b o s s  on t h e  l e a d i n g  edge u f  tile d o u r  f i r s  

i n t o  a  s l o t  i n  t h e  f r o n t  of t h e  p i s t o n ,  p r o v i d i n g  a  l i g h t w e i g h t  a t t a c h -  

ment. The p i s t o n  i s  4 .0  i n c h e s  i n  d i a m e t e r  and 1 .625 i n c h e s  long .  The 

door  s e r v e s  t o  s t a b i l i z e  t h e  p i s t o n  i n  t h e  c y l i n d e r .  The c y l i n d e r  h a s  

a  hard-chrome-plated b o r e  t o  minimize s c o r i n g .  

* 
The e x p l o s i v e  i s  a mix ture  of 90 wt% PETN e x p l o s i v e  powder and 

1 0  w t %  p l a s t i c  m i c r o s p h e r e s .  A 26-g c h a r g e  ( i n  two 13-g paper  c a n i s t e r s ,  

one on each  s i d e  o f  t h e  door )  i s  used i n  each c y l i n d e r .  Each 13-g c a n i s t e r  
t 

is  connec ted  t o  i t s  mate  by D e t a s h e e t  f u s e ,  0 .25  i n c h  wide and 0.042 i n c h  

t h i c k .  The c h a r g e s  i n  each c y l i n d e r  a r e  l i n k e d  w i t h  e q u a l  l e n g t h s  of 

D e t a s h e e t  f u s e  t o  a  common p o i n t  f o r  d e t o n a t i o n .  

F i g u r e  A.5(a)  shows t h e  p i s ton-door  a s s e m b l i e s  i n  t h e  c l o s e d  p o s i t i o n .  

D e t o n a t i o n  of t h e  low-densi ty  e x p l o s i v e  d r i v e s  t h e  p i s t o n s  outward.  A s  

t h e  p i s t o n s  move a p a r t ,  t h e  d o o r s  a r e  p u l l e d  one over  t h e  o t h e r  and o u t  

- .. t h e  passage .  

The d o o r s  s l i d e  3  i n c h e s  b e f o r e  t h e y  b e g i n  t o  r e a c h  t h e  h i g h  v e l o c i t y  

needed f o r  a d e q u a t e  opening t i m e s ,  w i t h  r e l a t i v e l y  low a c c e l e r a t i o n  l e v e l s .  

The 26-g e x p l o s i v e  c h a r g e  y i e l d s  a  maximum p r e s s u r e  of 5780 p s i  and a  

maximum a c c e l e r a t i o n  of 6 . 1  x  l o 6  i n .  / s e c 2 .  The a v e r a g e  v e l o c i t y  d u r i n g  

t h e  open ing  i s  4800 i n . / s e c  f o r  an  open ing  t ime  of 230 Usec. F i g u r e  A.5(b) 

shows t h e  d o o r s  a s  t h e y  beg in  t o  open t h e  passage  between t h e  lower  and 

upper  c o r e s .  Once t h e  passage  i s  open, F i g u r e  A . 5 ( c ) ,  a f t e r  a  t o t a l  motion 

of 4.14 i n c h e s ,  t h e  p i s t o n  uncovers  s l o t s  i n  t h e  s i d e  of t h e  c y l i n d e r  t h a t  

v e n t  t h e  e x p l o s i v e  gages  t o  t h e  a tmosphere .  The energy of t h e  p i s t o n  door 

assembly i s  absorbed through c r u s h i n g  aluminum honeycomb m a t e r i a l  i n  t h e  

r e a r  p o r t i o n  of t h e  c y l i n d e r .  

* 
PETN (C5HqOl2N4) p e n t a e r y t h r i t o l  t e t r a n i t r a t e .  

t etas sheet-D rnanuf a c t u r e d  by E. I .  du Pont  de  Nemours and Co. , Wilmington, 
Delaware. 
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A n a l y s i s  of t h e  n i t r o g e n  exper iment  r e s u l t s  i n c l u d e s  c o n s i d e r a t i o n  

of t h e  work performed by t h e  lower  c o r e  g a s .  A s  t h e  s l i d i n g  d o o r s  move, 

t h e y  make a v a i l a b l e  volume, which t h e  h i g h  p r e s s u r e  lower c o r e  g a s  can 

f i l l  i n  a  f r e e  expans ion  ( .constant  energy)  p r o c e s s .  This r e d u c e s  t h e  

lower  c o r e  p r e s s u r e  and a l t e r s  t h e  h i s t o r y  of work performed on t h e  upper 

c o r e  and p o o l  f l u i d s .  A n a l y s i s  of t h e s e  exper iments  a s  w e l l  a s  t h e  

f l a s h i n g  w a t e r  b u b b l e  s o u r c e  exper iments  r e q u i r e s  a  c o n s i d e r a t i o n  of t h e  

i n f l u e n c e  o f  t h i s  door  volume on t h e  exper iment  dynamics. F i g u r e  A.6 

p r e s e n t s  t h e  nominal  door  opening sequence.  R e p r e s e n t a t i v e  measurements 

of t h e  s l i d i n g  d o o r  d i s p l a c e m e n t  a r e  p l o t t e d  and t a b u l a t e d  i n  F i g u r e  A . 7  

and T a b l e  A . l ,  r e s p e c t i v e l y .  

I n s t r u m e n t a t i o n  

The d o o r  open ing  t i m e  i s  measured a  pho tod iode  d e v i c e  t h a t  can 

d e t e c t  d i f f e r e n c e s  i n  t h e  r e f l e c t i v i t y  of a  s u r f a c e .  A p o l i s h e d  aluminum 

rod  mounted t o  t h e  f r o n t  of t h e  p i s t o n  r u n s  through a  h o l e  i n  t h e  c y l i n d e r  

mounting p l a t e  and s l i d e s  i n  a  D e l r i n  b e a r i n g  mounted t o  t h e  end-p la te  

(shown i n  F i g u r e  A.4). The pho tod iode  i s  mounted t o  t h e  b e a r i n g  s o  t h a t  

i t  can  measure t h e  r e f l e c t i v i t y  of t h e  rod  s u r f a c e .  A d u l l  b l a c k  band 

p a i n t e d  around t h e  rod i s  p o s i t i o n e d  s o  t h a t  when t h e  door  b e g i n s  t o  'open, 

t h e  f r o n t  o f  t h e  band i s  a t  t h e  photodiode and when t h e  opening i s  complete ,  

t h e  end of t h e  band i s  a t  t h e  pho tod iode .  A d d i t i o n a l  112-inch-long bands 

spaced 112 i n c h  a p a r t  a l l o w  measurement of t h e  door  d i sp lacement  h i s t o r y .  

A l a r g e  change i n  t h e  pho tod iode  o u t p u t  (,3 t o  4  v o l t s )  r e s u l t s  when moving 

from t h e  p o l i s h e d  t o  t h e  d u l l  b l a c k  s u r f a c e .  Thus, t h e  o u t p u t  of t h e  

pho tod iode  d u r i n g  a n  exper iment  i s  a s e r i e s  of s q u a r e  p u l s e s  t h a t  s t a r t  

when t h e  d o o r  open ing  b e g i n s  and s t o p  when t h e  opening is  complete .  The 

o u t p u t  i s  r e c o r d e d  on b o t h  a n  o s c i l l o s c o p e  and a  high-speed B e l l  and 

Howell t a p e  r e c o r d e r .  
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Table A. l  

REPRESENTATIVE SLIDING DOOR DISPLACEMENT 

(Photodiode 1 ,  Experiment G O 1  1 ) 

Time 
(ms) - 

.Displacement 
(inches) 



The i n s t r u m e n t  s t i n g  i n  which thermocouple T and p r e s s u r e  t r a n s d u e r  

P are mounted was shown f u l l  s c a l e  i n  F i g u r e  1 0 .  The volume of t h e  poo l  

occup ied  by t h e  s t i n g  i s  shown i n  Tab le  A. 2 .  The HCDA bubble  volumes 

p r e s e n t e d  i n  t h i s  r e p o r t  i n c l u d e  a  c o r r e c t i o n  f o r  t h e  volume of t h e  s t i n g  

c o n t a i n e d  w i t h i n  t h e  bubble .  Tab le  A . 2  s h o u l d  b e  u s e f u l  t o  t h o s e  who may 

wish  t o  d e s c r i b e  o u r  exper iment  geometry i n  computer code p r e d i c t i o n s  of 

o u r  e x p e r i m e n t s .  



Table A.2 

l nstrumen 
Stin 

X t 

INSTRUMENT STING VOLUME 

EXPERIMENT G-0-- 

(inch) 

Volume 

(inches3) 
X Volume X 

(inch) 

Volume 

(inches3) 

' Upper 
Core 



Appendix B 

EXPERIMENT INITIAL CONDITIONS 

The i n i t i a l  c o n d i t i o n s  i n  t h e  exper iments  c o n s i s t  of t h e  s t a t ' e  of 

t h e  f u e l  s i m u l a n t  i n  t h e  lower c o r e ,  t h e  magnitude of t h e  cover  gas  gap,  

and t h e  cover  gas  p r e s s u r e  a t  t i m e  z e r o  ( t h e  t ime a t  which t h e  f u s e  t o  . 

t h e  s l i d i n g  door  e x p l o s i v e s  i s  d e t o n a t e d ) .  The f low p a t h  s e p a r a t i n g  t h e  

lower c o r e  and upper  c o r e  i s  opened a s  t h e  s l i d i n g  d o o r s  a r e  c a r r i e d  by 

t h e  p i s t o n s  b e i n g  d r i v e n  by t h e  e x p l o s i v e s .  The f low p a t h  nominal ly  

beg ins  t o  open a t  1 .20 m s  and i s  nominal ly  f u l l y  open a t  1 . 4 3  m s .  The 

bubble  s o u r c e  expans ion  b e g i n s  and t h e  exper iment  p roceeds  a s  t h e  s l i d i n g  

doors  a r e  opening.  

For t h e  n i t r o g e n  bubble  s o u r c e  exper iments ,  t h e  lower c o r e  was p r e s -  

s u r i z e d  u s i n g  a  r e g u l a t e d  gas  b o t t l e .  Once e s t a b l i s h e d ,  t h i s  p r e s s u r e  

r e n ~ a i u e d  co i l s t an t  and t l ~ u s  was t h e  same a t  t ime  z e r o  a s  i n i t i a l l y  s e t ,  

1450 p s i a .  

The nominal w a t e r  i n i t i a l  c o n d i t i o n s  i n  t h e  lower c o r e  d u r i n g  t h e  

f l a s h i n g  w a t e r  s o u r c e  exper iment  were:  . 

P r e s s u r e  - 1160 p s i a  
'Temperature - 563OF 
Q u a l i t y  . - 0% 

The nominal thermodynamic p a t h  used t o  e s t a b l i s h  a  s a t u r a t e d  z e r o - q u a l i t y  

l i q u i d  s t a t e  i n  t h e  f l a s h i n g  s o u r c e  w a s  d e s c r i b e d  i n  Appendix A and is  

r e p r e s e n t e d  i n  F i g u r e  B . l .  F i g u r e  B.2 is  a  c h a r a c t e r i z a t i o n  of t h e  a n a l o g  

r e c o r d s  of t h e  K u l i t e  p r e s s u r e  t r a n s d u c e r  and thermocouple TI used t o  

e s t a b l i s h  t h e  i n i t i a l  c o n d i t i o n s  i n  t h e  f l a s h i n g  s 'ource.  P o i n t s  A, B ,  C ,  

and D on t h e  thermodynamic p a t h  of F i g u r e  B . l  a r e  shown i n  F i g u r e  B.2. 

P r e s s u r i z a t i o n  a t  room tempera tu re  t o  1700 p s i a  ( p o i n t s  A t o  B) i s  f o l -  

lowed by h e a t i n g  t o  563' ( p o i n t s  B t o  C) a t  a  c o n s t a n t  p r e s s u r e  of 1700 

p s i a  (T = 62g°F).  The p r e s s u r e  i s  t h e n  reduced a t  c o n s t a n t  t e m p e r a t u r e  
s a t  

u n t i l  s a t u r a t e d  l i q u i d  c o n d i t i o n s  a r e  reached  a t  p o i n t  D .  Fol lowing p o i n t  
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FIGURE 8.2 CHARACTERIZATION OF EXPERIMENT INITIATION 



D on F i g u r e  B.2 are s e v e r a l  f e a t u r e s  of t h e  a c t u a l  p rocedure  n o t  r e p r e -  

s e n t e d  on F i g u r e  B.1. 

Once t h e  d e s i r e d  c o n d i t i o n s  a t  p o i n t  D are e s t a b l i s h e d ,  t h e  l i q u i d  

must be  i s o l a t e d  i n  t h e  f l a s h i n g  s o u r c e  b e f o r e  i n i t i a t i n g  t h e  expansion 

w i t h  t h e  e x p l o s i v e  b o l t s .  The v e s s e l  i s  f i r s t  i s o l a t e d  ( p o i n t  E ) ,  a s  

shown i n  F i g u r e  B.2, by c l o s i n g  t h e  " i s o l a t i o n  v a l v e "  shown i n  F i g u r e  

B.3. Power t o  t h e  h e a t i n g  e lement  is  t h e n  s h u t  o f f  a s  i n d i c a t e d  on 

F i g u r e  B.2. Once t h e  h e a t e r  i s  o f f  ( p o i n t  F ) ,  h e a t  t r a n s f e r  from t h e  

h o t  a p p a r a t u s  t o  t h e  room t e m p e r a t u r e  a i r  and s u p p o r t i n g  s t r u c t u r e  is  

no l o n g e r  b e i n g  compensated f o r ;  hence t h e  l i q u i d  c u o l s  and t h e  p r e s s u r e  

f a l l s  ( p o i n t s  F  t o  G ) .  A t  p o i n t  G ,  t h e  e x p l o s i v e  b o l t s  a r e  d e t o n a t e d ,  

i n i t i a t i n g  t h e  expans ion .  P r e s s u r e  and t e m p e r a t u r e  changes  d u r i n g  t h e  

expans ion  a r e  measured u s i n g  o t h e r  f a s t - r e s p o n s e  i n s t r u m e n t s .  The con- 

d i t i o n s  a t  p o i n t  G a r e  t h e  i n i t i a l  e x p e r i m e n t a l  c o , n d i t i o n s .  

I n  t h e s e  e x p e r i m e n t s ,  t h e  K u l i t e  p r e s s u r e  t r a n s d u c e r  and thermocouple - 
T1 were  r e c o r d e d  on a n  EM1 t a p e  r e c o r d e r  a t  30 i n c h e s  p e r  second.  I n  

a d d i t i o n ,  t h e y  were  i n p u t  t o  two N i c o l e t  d i g i t a l  s t o r a g e  o s c i l l o s c o p e s .  

When b o t h  t h e  t e m p e r a t u r e  and p r e s s u r e  were e s t a b l i s h e d  (between p o i n t s  

D and E, F i g u r e  B.2) ,  a manual t r i g g e r i n g  d e v i c e  was used t o  s i m u l t a n e o u s l y  

p u t  a f i d u c i a l  mark on t h e  t a p e  r e c o r d e r  channe l s  ( t h e  a s t e r i s k  i n  F i g u r e  

B.2) and t r i g g e r  t h e  N i c o l e t  o s c i l l o s c o p e s .  The p r e s s u r e  and t empera tu re  

a t  t h e  f i d u c i a l  mark c o u l d  b e  d i r e c t l y  r e a d  on t h e  o s c i l l o s c o p e s  f o l l o w i n g  

t h e  exper iment .  The i n i t i a l  c o n d i t i o n s  a t  p o i n t  G would t h e n  be  determined 

by s u b t r a c t i n g  from t h e s e  v a l u e s  a t  t h e  f i d u c i a l  t h e  p r e s s u r e  drop and 

t e m p e r a t u r e  d r o p  t h a t  occur  between t h e  f i d u c i a l  and p o i n t  G on t h e  c a l i -  

b r a t e d  t a p e  r e c o r d i n g .  The v a l u e s  of t h e  i n i t i a l  p r e s s u r e  (Pg)  and i n i t i a l  

t e m p e r a t u r e  (T1) i n  t h e  lower c o r e  a t  t ime  z e r o  a r e  p r e s e n t e d  i n  Table  B . 1 .  

For s i x  of t h e  e i g h t  e x p e r i m e n t s ,  t h e  measured t e m p e r a t u r e  i s  w i t h i n  2 

d e g r e e s  of t h e  s a t u r a t i o n  t e m p e r a t u r e  a t  t h e  measured p r e s s u r e .  Also 

shown i n  t h e  t a b l e  i s  t h e  a v e r a g e  lower c o r e  p r e s s u r e  a t  t = 1 . 2  m s  j u s t  

b e f o r e  t h e  opcn ing  of t h e  s l i d i n g  d o o r s .  ' I ' h ~ s e  v a l u e s  are determilied Lor 

each  exper iment  by s u b t r a c t i n g  from Pg t h e  average  p r e s s u r e  d rop  i n  PI 

and P2 between 0  and 1 .20  m s .  A t y p i c a l  lcwer  c o r e  p r e s s u r e  t r a c e  d u r i n g  

t h i s  e a r l y  p e r i o d  of t h e  expans ion  i s  shown i n  F i g u r e  B.4. 



FIGURE 8.3 HEATING AND PRESSURE CONTROL SYSTEM 



Table B. 1 

MEASURED LOWER CORE INITIAL CONDITIONS, 
FLASHING WATER SOURCE EXPERIMENTS 

t = 0.0 ms t = 1.2 ms* 

* Just prior to door 0penin.g 

Calculated from P9 and the average pressure drop in PI and P2 
for each experiment 

The cover  g a s  gap i n  each  exper iment  was s e t  w i t h i n  0 .01  i n c h  of t h e  

n o m i n a l ' v a l u e  of 0 .90  i n c h  a  few h o u r s  b e f o r e  t h e  exper iment .  The pro-. 

c e d u r e  used invo lved  f i l l i n g  t h e  a p p a r a t u s  t o  i t s  f i n a l  c o o l a n t  l e v e l  

w i t h  a  s m a l l  volume s y r i n g e .  A s h a r p l y  p o i n t e d  m e t a l  rod  was hung from 

t h e  v e s s e l  cover  w i t h i n  0 .01 i n c h  of t h e  nominal gap.  When t h e  c o o l a n t  

s u r f a c e  j u s t  touched t h e  p o i n t e d  m e t a l  r o d ,  a s  i n d i c a t e d  by a  dimple  i n  

t h e  s u r f a c e ,  t h e  s y r i n g e . w a s  removed and t h e  v e s s e l  was s e a l e d .  

The compos i t ion  of t h e  cover  g a s  was n o t  measured. S i n c e  Freon vapor 

i s  d e n s e r  t h a n  a i r ,  we e x p e c t  t h a t  t h e  cover  g a s  i n  t h e  Freon exper iments  

c o n s i s t e d  s o l e l y  of Freon v a p o r .  The a i r  above t h e  r i s i n g  c o o l a n t  s u r f a c e  

would have been d i s p l a c e d  by Freon vapor  coming from t h i s  s u r f a c e  a s  t h e  
I 

a c r y l i c  v e s s e l  was f i l l e d  .- 



TIME - ms 
MA-3929-568 

FIGURE 8.4 TYPICAL EARLY LOWER CORE PRESSURE HISTORY (PI, EXPERIMENT G-007) 

To e s t a b l i s h  t h e  i n i t i a l  c o n d i t i o n s  i n  t h e  lower c o r e  d u r i n g  t h e  

f l a s h i n g  s o u r c e  exper iments ,  we used t h e  p r e s s u r i z a t i o n  and h e a t i n g  pro-  

c e d u r e s  j u s t  d e s c r i b e d .  Hea t ing  of t h e  f u e l  s i m u l a n t  i n  t h e  lower c o r e  

h e a t e d  t h e  s l i d i n g  d o o r s  and t h e  c o o l a n t  above t h e  s l i d i n g  d o o r s .  Ia 

t h e  f l a s h i n g  source '  t e s t s ,  t h e  t empera tu re  i n  t h e  c o o l a n t  poo l  i r i d i c a t e d  

by thermocouple T2 was abou t  100°F a  few seconds  b e f o r e  exper iment  i n i -  

t i a t i 6 n .  I f  o v e r a l l  t h e  c o o l a n t  p o o l  i s  a t  about  t h i s  t e m p e r a t u r e ,  t h e  

c o o l a n t  d e n s i t y  would have d e c r e a s e d  somewhat from t h e  t ime t h e  cover  

gas  gap was se t .  The reduced c o o l a n t  d e n s i t y  would r e s u l t  i n  a  l a r g e r  

c o o l a n t  volume and a  reduced c6ver  g a s  gap.  I n   a able 8 . 2 ,  t h e  gap a t  a  

c o o l a n t  t empera tu re  of 100°F is  compared w i t h  t h e  nominal gap and t h e  gap 

measured from t h e  high-speed movies f o r  r e p r e s e n t a t i v e  exper iments .  The 

t r e n d  i s  c o n s i s t e n t  and i s  convinc ing  ev idence  t h a t  c o o l a n t  h e a t i n g  w a s  

r e s p o n s i b l e  f o r  t h e  cli.ff p.rp.nt. measured i n i t i a l .  gaps .  
, 



Table B,.2 

EFFECT OF COOLANT HEATING 
ON INITIAL COVER GAS GAP 

Density Density Gap - Gap 
at 70°F at 100°F at 70°F at 100°F Initial Gap (Experiment) 

Coolant Configuration* (lbm/ft3) (lbrn/ft3) (inch) (inch) (inch) 

"2O C.G. 62.31 62.00 0.90 6.85 0.89 (G-002) 
0.86 (G-011) 

F113 C.G. 98.26 95.79 0.90 0.63 0.58 (G-003) 
0.73 (G-004) 

F11 C.M. 92.72 90.20 0.90 0.71 0.84 (G-009) 

*C.G. - constant geometry (1130 - scale) without internal structures 
C.M. - constant mass 

We a l s o  d e s i r e d  t o  know t h e  i n i t i a l  cover  g a s  p . ressure  w i t h  more 

v o l a t i l e  c o o l a n t  s i m u l a n t s .  Once t h e  v e s s e l  i s  s e a l e d  a f t e r  s e t t i n g  

t h e  cover  g a s  gap and t h e  lower c o r e  is  h e a t e d ,  t h e  cover  gas  shou ld  

p r e s s u r i z e .  When t h e  v e s s e l  i s  s e a l e d ,  t h e  cover  gas  p r e s s u r e  is  14.7 

p s i a  and t h e  c o o l a n t  t empera tu re  i s ,  s a y ,  70°F. A t  exper iment  i n i t i a t i o n ,  

t h e  c o o l a n t  i s  a t  abou t  100°F and t h e  i n c r e a s e  i n  t h e  cover  gas  p r e s s u r e  

s h o u l d  cor respond  t o  t h e  i n c r e a s e  i n  vapor  p r e s s u r e  from 70°F t o  100°F. 

A d i f f e r e n t i a l  p r e s s u r e  t r a n s d u c e r  w i t h  one s i d e  open t o  t h e  atmosphere 

was used t o  measure t h e  cover  g a s  p r e s s u r e .  The measured v a l u e s  a r e  

compared i n  T a b l e  B . 3  w i t h ' v a l u e s  based on t h e  c o o l a n t  t e m p e r a t u r e  m e a -  

s u r e d  by thermocouple,  T2. The measurement method could  be  improved, bu t  

rhe measurements a r e  c o n s i s r e n c  w i t h  our e x p r c t a t l u n s .  



Table B.3 

Experiment Coolant 

INITIAL COVER GAS PRESSURE 
FLASHING SOURCE EXPERIMENTS 

Temperature 
T2 Measured 

Several Seconds 
Before Zero Time 

( O F )  

Vapor Pressure 
at T2 

Relative 
to 70°F 

(psi) 

Measured 
p10 

(psig) 

NA - Not Available 



Appendix C 

EXPERIMENT INSTRUMENTATION 

A general description of the experiment instrumentation was presented 

in Section 11-D and shown in Figure 16. Additional information on the 

instrumentation techniques was presented in Appendix B. This appendix 

gives the actual instrumentation specific to each experiment. Figure C.l 

presents schematics of each experiment, including all working instrumen- 

tation, internal structures (if any), and apparatus dimensions. The 

instrumentation for all experiments is summarized in Table C.1. Instru- 

mentation schematics are presented in Figures C.2 through C.4. 



EXPERIMENT 6-002 

Cover 

EXPERIMENT 6-003 

Upper Core 

Heating Element T-Thermocouple 
Lower Zore 
(60.9 

Freon 113 
Surface 

EXPERIMENT 6-004 EXPERIMENT G-005 

Freon 113 
Surface 

13 

Hycam 

Upper Core ~tfucture, MP, \O;.. 

Upper Internal - 
"2 Structure 

FIGURE C. l  EXPERIMENT GEOMETRY AND WORKING INSTRGMENTATION 



EXPERIMENT 6-006 

Cover 

EXPERIMENT 6-007 

Lower core' 
(60.9 in.3) P-Pressure Transducer 

EXPERIMENT 6-008 EXPERIMENT 6-009 

Hycam 

Transparent Upper Core 

P, 

Hycam 

FIGURE C. l  EXPERIMENT GEOMETRY AND WORKING INSTRUMENTATION (Continued) 



EXPERIMENT 6-010 EXPERIMENT 6-01 1 

Sliding 

Cover 
I ' 

Upper C& EJPI 
Heating Element 

<= P-Pressure Transducer 

Luwer Core / ' P2 T-Thermocouple 
(60.9 in.3) 

I H ycam 

FIGURE C. 1 EXPERIMENT GEOMETRY AND WORKING IN.STRUMENTAliION (Concluded) 



Table C. 1 

EXPERIMENT INSTRUMENTATION 

P6 P7 P8 T2 Film Dl - - - - - - 

Instrumentation Symbols Use Notation 

T 2 ~ ? ~ V E S S E L  TOP COVER 
P - b J  / 

COOLANT LEVEL 
ACRYLIC VESSEL 

RUMENT STING 

HYCAM 

CAMERA 

UPPER CORE BARREL 

SLIDING DOOR R I G I D  BASE 

LOWER CORE HEATING ELEMENT 

CONTAINING 

P - Pressure Transducer 
T - Thermocouple 

, D2. - Sliding Door Photodiodes 
P9 - Lower Core Pressure, Pretest 

T l  - Lower Core Temperature, Pretest 
P I 0  - Cover Gas Pressure, Pretest 

Used 

Used but invalid/ 
malfunctioned 

Not Used 

BUBBLE F L U I D  
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INITIAL TELIPERATURE, TI 

SCtURCE 

EM1 
TAPE 
RECORDER 

STORAGE OSCl LLOSCOPE 
AMPLIFIER c 

t 

I + 
VOLTAGE OFFSET 

SOURCE AMPLIFIER NICOLET DIGITAL 
LOWER CORiE STORAGE Oq2I LLOSCOPE 
I I ~ B I T I  A I nnceel I D C I  n 

INITIAL COVER 
GAS PRESSURE, P , ~  - + AMPLIFIER * 
INITIAL r' NICOLET OSCILLOSCOPE TRIGGER 

EM1 
TAPE 
RECORDER 

3 0  inches 
per second 

CONDITIONS . . 
ESTABLISHED FIDUCIAL MARK 

+ 

NICOLET DIGITAL 
LOWER CORiE STORAGE OSCI LLOSCOPE 
I'NITIAL PRESSURE: P9 

4 
MULTIMETER TRIGGER 

t 
I -- 

EXPLOSIVES FIRING FlDUClAL7 

3 0  inches 
per second 

1 Hz 
TIMING SIG?JAL 

FIGURE C.2 INITIAL CONDITION RECORDING =STEM 



EXPERIMENT 
' FIRING 
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TlME 

(s)  - --- . . 
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I TRIGGER REAR FLASH BULBS 
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;FIRE EXPLOSIVES 0.700001 

- 

FlGURE C.3 EXPERIMENT TRIGGERING SYSTEM 

DELAY 
GENERATOR 
B 



10 kHz 
TIMING SIGN.4L BELL I 

FIGURE C.4 DYKAMIC INSTRUMENTATION RECORDING SYSTEM 



Appendix D 

EXPERIMENTAL DATA 

This appendix contains a complete set of data from the ten experi- 

ments performed. Table D.l gives the sliding door opening time and the 

volume created by the door motion. A representative door displacement 

history was presented in Figure A.7 and Table A.l. Table D.2 presents 

the slug impact time relative to time zero and relative to when the 

sliding doors begin to open for each experiment. Included for each 

experiment in Figures D.l to D.10 are: 

e Dynamic pressure measurements from all working pressure 
transducers (indicated by an asterisk in Table C.l) 

Bubble temperature (for flashing water bubble source 
experiments without internal structures) 

Coolant surface displacement measured from the high-speed 
movies 

* Bubble volume measured from the high-speed movies (for 
experiments without internal structures) 

A sequence of ten movie frames characterizing the bubble 
expansion. 

The pressure and temperature data are presented for a 10-ms window. The 

reader should refer to Table D.2 to identify the span of time associated 

with the expansion from door opening to slug impact. 

1n.experiment G-009, the acrylic vessel fractured at slug impact and 

broke into several pieces. The dynamic measurements are valid only through 

the slug impact time, 3.52 ms. The data beyond this time should be dis- 

regarded. 

Determination of the initial conditions for the experiments was 

described in Appendix B. 



Table D. l  

SLIDING DOOR OPENING TIME AND VOLUME CREATED 

Opening Total Volume 
Doors Begin to Open (ms) Doors Fully Open (ms) Time Created 

Experimenl (door tips pass each other) (last tip leaves core barrel) (inch3) 



Table D.2 

SLUG IMPACT TIME 

SLUG IMPACT TIME 

.,.Doors Begin 
. To Open 

Experiment Ims) 

From Time From Doors 
Zero Begin to Open 
(ms) * (ms) * 

* 
Accuracy + 0.00 

-0.10 
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FIGURE D.l EXPERIMENT G-002, FLASHING WATER BUBBLE S ~ U R C E  
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FIGURE D.l EXPERIMENT G-002 (Continudj 



INSIDE DIAMETER 
OF ACRYLIC VESSEL I- 

UPPER- 
CORE 

t = 1.194 ms fmm dametion 
At = 0 . W  ms 
Doom tegin to span 

t - 3.056 ms 
At = 1.861 ms 
Bubble reaches 
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t = 1.842 nn 
At  = 0.648 m 
V o w  forms at core 
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Bubble merges into pool 

t - 2.776 ms 
At - 1.581 ms 
Bubble engulfs vortex 

t = 2.868 ms 
At = 1.674 rns 
Bubble reactes thermocouple 

t = 3.428 rns 
Ct = 2.234 ms 
Bubble continues to grow 

t = 4.081 ms 
At = 2.887 m 
Slug impact 
a t  A t  = 2.86 ms 

t = 4.825 ms 
At = 3.631 ms 
Post impact cavitation 
cavitation 

FIGURE D.1 EXPERIMENT G-002, PHOTO SEQUENCE (Concluded) 



EXPERIMENT 6-003 
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FIGURE 0.2 EXPERIMENT G-003, FLASHING WATER BUBBLE SOURCE 
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FlGURE D.2 EXPERIMENT 6-003 (Continued) 
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FIGURE 0.2 EXPERIMENT G-003 (Continued) 



- = 1.199 ms from detonation 
I t  = 0 . W  ms 
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FlGU RE D.2 EXPERl MENT G-003, PHOTO SEQUENCE (Concluded) 



EXPERIMENT 6-004 

Cover 

+ - - - 7 * *  

Upper Core 
Sliding Doors 

Heating Element 
Lower Care 'p2 P-Pressure Transducer 
(60.9 in?) T-Thermocouple 

2.a 4.a 6.8 e.o 1a.a 

TlME - ms 

G-Be4 P2 G2-8rlH 
1. 

1. 

7 
1. 

X 
m a. 
2 
I @* 

W 2 a. 
V) I e. 
a 

e. 

4. 

a.o 2.1 4.a 6.8 a.a 1a.a a. e 2.e 4.8 6.a e.e 1a.a 
TlME - ms TlME - ms 

MA-3929-538 

FlGU RE 0.3 EXPERIMENT G-004, FLASHING WATER BUBBLE SOlJRCE 



0.a 2.a 4.0 6.a @* @ I&@ 

TlME - ms 

@.a 2. 0 4.0 6.m 0. 0 1a.0 

TlME - ms 

0.0 

&I 2. @ 4.8 6.0 a. 0 10-@ C I  2.m 4 4  6. @ 0.0 10.0 

TIME - ms TIME - ms 

MA-3929-639 

FIGURE D.3 EXPERIMENT G-004 (Continued) 
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t = 1.315 ms from &mation t = 2.142 nu 
At = 0.W ms At = 0.827 m 
Doors begin to open Vortex $arm 

a? core b m l  opening 

t = 2.711 m 
At = 1.396 ms 
Bubble emerges into pool 

2.99! 

Eubble engulfs vortex 

t = 3.000 ms 
At = 1.775 ms 
Bubble reaches thermocouple 

t = 3.375 ms 
At = 2.060 rns 
B~bble reaches 
pressure transchcer 

t = 3.659 nu 
At = 2.344 m 
Bubble coitinues 
to vow 

t = 3.943 rns 
At = 2.628 rns 

t = 4.228 rns 
At = 2.913 rns 
Slug impact 
at At = 2.89 rns 

t = 5.175 ms 
At = 3.860 ma 
Post impect cavitation 

FlGU RE D.3 EXPERIMENT G-004, PHOTO SEQUENCE (Concluded) 
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FIGURE D.4 EXPERIMENT G-005, FLASHING WATER BUBBLE SOURCE 
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FIGURE D.4 EXPERIMENT G-005 (Continued) 
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FIGURE b.4 EXPERIMENT 6-005 PHOTO SEQUENCE (Gmcludd) 
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FIGURE D.5 EXPERIMENT G-006, PHOTO SEQUENCE (Concluded) 
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FIGURE D.6 EXPERIMENT G-007, FLASHING WATER BUBBLE SOURCE 
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FIGURE D.6 EXPERIMENT G-07 (Continued) 
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FIGURE D.6 EXPERIMENT G-007, PHOTO SEQUENCE (Concluded) 
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FIGURE 8.7 EXPERlMEMT G.908 (Continuad) 
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FIGURE D.7 EXPERIMENT G-008, PHOTO SEQUENCE (Concluded) 
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FIGURE 0.8 EXPERIMENT G-009 (Continued) 
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FIGURE 0.8 EXPERIMENT G-009, PHOTO SEQUENCE (Concluded) 
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FIGURE D.9 EXPERIMENT G-010, NITROGEN BUBBLE SOURCE 
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FIGURE D.9 EXPERIMENT G-010 (Continued) 
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FIGURE D.9 EXPERIMENT G-010 (Continued) 
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FIGURE D.10 EXPERIMENT G-011, PHOTO SEQUENCE (Concluded) 



Appendix E 

EXPERIMENT REPRODUCIBILITY 

Of t h e  t e n  experiments conducted i n  t h i s  s e r i e s ,  four  can be used 

t o  demonstrate the  excel lent  r eproduc ib i l i ty  of these  experiments. 

Experiments GO02 and G O 1 1  with water a s  t h e  coolant  and experiments 

GO03 and GO04 with Freon 113 a s  t h e  coolant were a l l  conducted i n  t h e  

constant  geometry configurat ion.  I n  Figure E.1, the  d a t a  from GO02 and 

G-011 a r e  compared. Ihe instrumentat ion common t o  both experiments i s  

shown i n  Figure E. l (a) .  The da ta  a r e  compared i n  Figures E.l(b)-(g) and 

the bubble p r o f i l e s a t  s l u g  impact a r e  compared i n  Figures E.l(h)  and ( i ) .  

The v a r i a t i o n  i n  l i g h t i n g  i n  those two photographs should be disregarded.  

As  shown i n  Table D.2, the  doors begin t o  open i n  G O 1 1  a t  1.29 m s  and 

i n  GO02 a t  1.19 m s .  Thus, the  data  i n  G-011 w i l l  appear s h i f t e d  t o  the  

r i g h t  of t h a t  i n  GO02 by 0.10 m s .  The exce l l en t  r eproduc ib i l i ty  of t h e  

da ta  is  seen i n  Figure E.1 .  

Freon coolant experiments GO03 and GO04 a r e  compared i n  Figure E.2. 

A s  i n  Figure E.1, t he  d a t a  from the  common instrumentat ion and the  bubble 

p r o f i l e s  a t  s lug  impact a r e  presented. The doors begin t o  open i n  6 0 0 3  

a t  1.20 m s  and i n  GO04 a t  1.32 m s .  Therefore, the  da ta  i n  6-004 w i l l  

appear s h i f t e d  t o  the  r i g h t  of t h a t  i n  GO03 by 0.12 m s .  Although t h e  

cover gas gaps i n  GO02 and G O 1 1  were very c lose ,  t h e  gap i n  6-003 was 

n-58 inch and i n  GO04 i~ w a s  0.73 inch. Thus, s lug  impact is earlier 

i n  GO03 (3.75 rns) than i n  GO04 (4.20 ms). W e  therefore  expect a lower 

s lug impact pressure i n  GO03 [Figure E.2(d)]. The remaining records i n  

Figure E.2 demonstrate the  excel lent  r eproduc ib i l i ty  of the  Freon experi- 

ments. 
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FIGURE E.l E)IPER MENT REPRODUCIBILITY, WATER COOLANT (Concluded) 
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Appendix F  

SIKF'LE MODEL OF POOL MOTION 

The s i m p l e  expans ion  model d e s c r i b e d  i n  t h i s  appendix and d i s c u s s e d  

i n  S e c t i o n  V I I  was i n i t i a l l y  developed t o  a s s e s s  how s i m i l a r  t h e  c o o l a n t  

s u r f a c e  d i sp lacement  would b e  i n  a  c o n s t a n t  mass Freon 113 exper iment  

r e l a t i v e  t o  a  r e f e r e n c e  t e s t  w i t h  w a t e r  a s  t h e  c o u l a n t .  The model proved 

u s e f u l  i n  making s e v e r a l  o t h e r  comparisons ,  which a r e  d i s c u s s e d  below 

f o l l o w i n g  a  d e s c r i p t i o n  of t h e  model. 

F i g u r e  F . l  shows t h e  f l u i d  r e g i o n s  used t o  model t h e  ,1130-scale 

a p p a r a t u s  w i t h o u t  i n t e r n a l  v e s s e l  s t r u c t u r e s .  A p r e s s u r e  s o u r c e  a c c e l -  

e r a t e s  t h e  c o o l a n t  i n  r e g i o n s  1 and 2 ,  t h e  upper c o r e  and p o o l .  I n  

phase  A of t h e  expansion,  r e g i o n  1 d e c r e a s e s  i n  voluii~e and r e g i o n  2 in -  

c r e a s e s  i n  volume a s  t h e  c o o l a n t  i n  r e g i o n  1 is  d i s p l a c e d  i n t o  r e g i o n  2. 

Once t h e  upper  c o r e  i s  empty, phase  B of t h e  expansfon,  t h e  mass i n  

r e g i o n  2 is  c o n s t a n t .  During phases  A and B ,  r e g i o n  3 ,  t h e  cover  g a s ,  

d e c r e a s e s  i n  s i z e  a s  t h e  c o o l a n t  poo l  moves upward. S lug  impact  o c c u r s  

when t h e  volume of r e g i o n  3 d e c r e a s e s  t o  z e r o .  

The p r e s s u r e  d r i v i n g  t h e  expansion i n  phases  A and B i s  a n  i n p u t  t o  

t h e  c a l c u l a t i o n .  No f low p a t h  p r e s s u r e  d rop  i s  c a l c u l a t e d  f o r  t h e  d r i v i n g  

source .  To a l l o w  f o r  t h e  f a c t  t h a t  some p r e s s l i r e  d r o p  can  o c c u r  i n  a  

r e a l  e x p a n d l ~ ~ g  s o u r c e ,  t h ~  p r e s s u r e  d r i v i n g  t h e  expans ion  i n  phases  A 

and B i s  a l lowed t o  b e  d i f f e r e n t .  S i n c e  t h e  p r e s s u r e  i n  o u r  f l a s h i n g  

w a t e r  s o u r c e  exper iments  is  almost  c o n s t a n t  once t h e  s l i d i n g  d o o r s  open,  

t h e  d r i v i n g  p r e s s u r e  i n  phase A, P l , i s  a  c o n s t a n t  i n  t h e s e  c a l c u l a t i o n s .  

P r e s s u r e  P2 i s  t h e  p r e s s u r e  a t  t h e  boundary between t h e  lower c o r e  and 

t h e  poo l .  I n  phase  A, t h i s  p r e s s u r e  i n c r e a s e s  from ambient t o  PI a s  t h e  

lower c o r e  empt ies .  I n  phase B,  P2 i s  t h e  pkessure  d r i v i n g  t h e  s l u g  

motion.  The cover  g a s  p r e s s u r e ,  P j ,  i s  a  c o n s t a n t  i n  t h e s e  c a l c u l a t l u ~ l s .  

The e f f e c t  of cover  g a s  compression i n  t h e s e  c a l c u l a t i o n s  i s  n o t  c o n s i d e r e d .  

S ince  t h e  motiun cons idered  i s  one-dimensional,  t h e  lower boundary of t h e  
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coolant  is  a  f l a t  s u r f a c e  i n  both r eg ions  1 and 2 .  A hemispherical  bubble 

i s  n o t  considered.  I n  a d d i t i o n ,  no entrainment  i s  allowed a t  t h e  moving 

source /coolant  i n t e r f a c e .  

The motion of t h e  coolant  i s  governed by Newtonian mechanics. The 

equat ions  of motion f o r  t h e  coolant  i n  reg ions  1 and 2 a r e :  

where p is  t h e  coolant  dens i ty  and a l  and a2 a r e  t h e  a c c e l e r a t i o n s  i n  

r eg ions  1 and 2 .  Continui ty r e q u i r e s :  

Solving these  t h r e e  equat ions f o r  a l ,  we f i n d :  

During phase A ,  t h i s  r e l a t i o n  and c o n t i n u i t y  governs t h e  motion i n  reg ion  

1. Heights 111 and h2 change wi th  t ime a s  t h e  coolant  moves. The motion 

i n  reg ion  2 i s  ca l cu la t ed  from t h e  motion i n  reg ion  1 and mass c o n t i n u i t y .  

In  phase B ,  tllr coolant    lug mnt.i.on i s  governed by 

where h2 i s  t h e  pool he igh t  i n  reg ion  2 a f t e r  t h e  upper co re  has emptied. 

This s imple model can be  used t o  scope t h e  e f f e c t s  of changes i n  

experiment parameters i f  r e a l i s t i c  va lues  a r e  used f o r  t h e  independent 

v a r i a b l e s  i n  t h e  c a l c u l a t i o n s .  Table F . l  g ives  t h e  va lues  used f o r  t he  

cases  t h a t  demonstrate t h e  e f f e c t s  of experiment geometry and coolant  



Table F.l 

EXPAKSION MODEL CALCULATIONS 

P l  p2 
Phase A Phase E, h'initia~ . P 

h REMARKS 
2initial 

Case (psias (psis) (inches) (inches) (lbm/ft3) Configuration - coolant 1 Volatility 

450 2 -7 9.2 62.4 Refererce - water 
\ 

450 1.712 5.834 98.3 #Constarst Mass - Freon 113 

' C . . 
650 450 2.7 9.2 98.3 Constant Geometry - Freon 1 13 J 

D. 650 650 1.712 5.834 98.3 Constant Mass - Freon 113 

E ,650 650 2.7 9.2 98.3 Constant Geometry - Freon 11 3 



v o l a t i l i t y .  The c a l c u l a t i o n s  f o r  t h e s e  ca se s  were performed on a  computer. 

The geometry e f f e c t s  wi thout  v o l a t i l i t y  a r e  s t u d i e d  i n  ca se s  A ,  B ,  and C 

by us ing  t h e  same d r i v i n g  p re s su re s  i n  each ca se .  The v a l u e s  shown a r e  

r e p r e s e n t a t i v e  of t hose  t h a t  occur  i n  a c t u a l  experiments of t h e  r e f e r e n c e  

type  (water c o o l a n t ) .  The e f f e c t  of v o l a t i l i t y  is  then  demonstrated by 

t h e  u se  of a  h ighe r  p r e s s u r e  d r i v i n g  phase B ,  s imu la t i ng  t h e  h ighe r  pres -  

s u r e  t h a t  might occur  i n  an HCDA bubble a s  a  r e s u l t  of evapora t ion  of 

some Freon 113 coo lan t .  The coo lan t  s u r f a c e  displacements  c a l c u l a t e d  

f o r  t he se  f i v e  ca se s  were presen ted  and d iscussed  i n  Sec t ion  VII. 




