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FOREWORD 

This report summarizes progress under the Aerosol Release and Trans- 
port (ART) Program [sponsored by the Division of Accident Evaluation of 
the Nuclear Regulatory Commission's (NRC's) Office of Nuclear Regulatory 
Research] for the period October-December 1981. 

Work on this program was initially reported as Volume I11 of a foar- 
volume series entitled Quarter ly  Progress Report on Reactor Safety  Pro- 
grams Sponsored by the  NRC Divis ion of Reactor Safety  Research. 
reports of this series are 

Prior 

Report No. Period covered 

ORNL/TM- 46 5 5 Apr il-June 1974 
ORNL/TM-4729 July-September 1974 
ORNL/TM- 4 80 5 
ORNL/ TM- 4 91 4 
ORNL/TM-5021 April-June 1975 

Oc t ober-De cembe r 197 4 
JanuarydIarch 1975 

Beginning with the report covering the period Julyeptember 1975 
through the report for the period JulySeptember 1981, work under this 
program was reported as LNFBR Aerosol Retease and Transport Program Quar- 
t e r l y  PrOgPeS8 Report.  Prior reports under this title are 

Report No. 

ORNL/ NUREG/TM- 8 
ORNL/NUREG/TM-9 
ORNL/NOREG/TM-35 
ORNLI NUREG/TM-5 9 
ORNL/ NUREG/TM-7 5 
ORNL/ NUREG/TM- 90 
O N /  NIJREG/TM- 1 1 3 
ORNL/ NUREG/TM-142 
ORNL/NUREG/TM-173 
O W /  NUREG/TM-193 
0RNL.I N[IREG /TM-2 13 
O W /  MIREG/TM-2 44 
ORNL / NUREG /TM-2 7 6 
ORNL/NUREG/TM-318 
ORNL/NUREG/TM-329 
ORNLI NUREG/TM- 3 5 4 
ORNL/NIJREG/TM-376 
ORNL/NUREG/TM-3 91 
ORNL/ NUREGITM- 416 
ORNL/NUREG/TM-417 
ORNLITM-7 806 
ORNL/TM-7 884 
ORNL/TM-7 946 
ORNL/TM-7 97 4 
ORNL/TM 8149 

Period covered 

July-September 1975 
October-December 1975 
January-March 1976 
April-June 1976 
July-September 1976 
Oc t obe r-De cembe r 197 6 
January-March 1977 
Apr il-June 1977 
July-September 1977 
October-December 1977 
January-March 1978 
Apr il-June 197 8 
July-Sep t embe r 197 8 
Oc t obe rQe cembe r 197 8 
January-March 1979 
April-June 1979 
July-September 1979 
Oct obe r-De cembe r 197 9 
January-March 1980 
April-June 1980 
July-September 1980 
Oc t obe rQe cembe r 1980 
January-March 1981 
Apr il-June 1981 
July-September 1981 
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Beginning with the report covering the  period OctoberDecember 1981, work 
under the program i s  being reported a s  Aerosol Release and Transport Quar- 
t e r l y  Progress Report.  Copies of a l l  these reports are ava i lab le  from the 
Technical Information Center, Oak Ridge, Tennessee 37830. 
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SUMMARY 

M. L. Tobias 

The Aerosol Release and Transport  (ART) Program a t  Oak Ridge Nat ional  
Laboratory (ORNL) i s  designed t o  i n v e s t i g a t e  the  r e l e a s e ,  t r anspor t ,  and 
behavior of ae roso l s  which may ca r ry  rad ionucl ides  o r i g i n a t i n g  from a 
severe  acc ident  r e s u l t i n g  i n  core melting. Aspects of the  program apply 
t o  both l ight-water  r e a c t o r s  (LWRs) and l iquid-metal  f a s t  breeder  r e a c t o r s  
(LMFBRs). The experimental  programs a r e  being conducted i n  t h e  Fuel Aero- 
s o l  Simulant Test  (FAST) F a c i l i t y  [which a l s o  inc ludes  the  Containment 
Research I n s t a l l a t i o n - I 1 1  (CRI-111)  ves se l ] ,  the  Nuclear Safe ty  P i l o t  
P l an t  (NSPP) F a c i l i t y ,  and t h e  C R I - I 1  F a c i l i t y .  The a n a l y t i c a l  e f f o r t s  
a r e  designed t o  support  t he  experiments and t o  provide an independent 
assessment of t he  s a f e t y  margins t h a t  e x i s t  f o r  the  es t imat ion  of the  
r a d i o l o g i c a l  consequences of a core me1 tdown acc ident .  

During t h i s  q u a r t e r  t h r e e  under-sodium capac i to r  discharge vaporiza- 
t i o n  t e s t s  were performed i n  FAST t o  determine appropr ia te  procedures and 
measurement techniques i n  a high-temperature sodium environment. Success- 
f u l  vapor i za t ion  of p e l l e t  s t acks  was achieved, and p res su re  measurements 
were made i n  both the  argon cover gas and i n  t h e  v i c i n i t y  of the  sample 
i t s e l f .  Bubble o s c i l l a t i o n  per iods  were found s i g n i f i c a n t l y  s h o r t e r  than 
i n  underwater t e s t s .  Argon cover-gas sampling ind ica t ed  t h a t  about 
3 x lo-% of the  UO, i n  t h e  o r i g i n a l  p e l l e t  s t a c k  had reached t h e  sur face .  
Sect ioning of a sample from a "preheat-only" t e s t  i nd ica t ed  about 50% of 
the  p e l l e t s  became molten a t  a 1600-W prehea t  l e v e l .  The f i n a l  under- 
sodium vapor i za t ion  t e s t  produced a p re s su re  spike t h a t  may poss ib ly  have 
been a fuel-coolant  i n t e r a c t i o n .  

These experiments a r e  p a r t  of a s e r i e s  of t e s t s  r e l a t e d  t o  aerosol  be- 
havior  under LWR acc ident  condi t ions.  Experiment No. 406, l i k e  the  e a t  
l i e r  run No. 404, was designed t o  observe the  inf luence  of forced-mixing 
on an atmosphere of U,O, aerosol  i n  steam. A s  before ,  an acce le ra t ed  r a t e  
of removal of aerosol  mass occurred during the  f i r s t  hour compared wi th  
t h a t  observed i n  Run 403 where no fan-mixer was used. However, a f t e r  
about 1.5 h, t he  r a t e  of aerosol  disappearance appears t o  be the  same i n  
a l l  t h ree  experiments even though the  f a n  continued t o  run. I n  experiment 
501, t he  objec t  was t o  observe the inf luence  of condensing steam on an 
Fe,O,-particle ae roso l ,  intended t o  s imulate  those t h a t  might be generated 
from core  support  and s t r u c t u r a l  ma te r i a l s .  The aerosol  was produced by 
a plasma to rch  generator .  The maximum concent ra t ion  of Fe,O, measured was 
0.91 pg/cm'. I n  both Test  406 and 501, aerodynamic mass median diameters  
were measured by both impactor and cen t r i fuge  samplers. Scanning e l e c t r o n  
microscope p i c t u r e s  of t he  ae roso l s  show s i m i l a r  sphe r i ca l  clumps. Pr i -  
mary p a r t i c l e  s i z e s  f o r  Fe,O, appear t o  be much smal le r  than those f o r  

Resu l t s  from experiment Nos. 406 and 501 i n  t he  NSPP a r e  repor ted .  

u30, 
In  the  program of bas i c  aerosol  experiments i n  t h e  C R I - I 1  F a c i l i t y ,  

ae roso l s  of cadmium and CdO were generated by plasma torch ,  Both ae roso l s  
d i sp layed  a somewhat h igh  aerodynamic mass median diameter and a narrow 
s i z e  d i s t r i b u t i o n .  The oxide aerosol  appears t o  be made up of c r y s t a l l i n e  
primary p a r t i c l e s  i n  a cha in  agglomerate whi le  the  photomicrographs of the  



v i i i  

metal  show mainly sphe r i ca l  p a r t i c l e s .  These observa t ions  correspond t o  
d i s t i n c t  d i f f e r e n c e s  i n  measurements of t he  time v a r i a t i o n  of a i rborne  
concent ra t ions  and of s i z  e d i  s t r i b u t  i ons  . 

In t h e  core-melt experimental  program, a r e p r e s e n t a t i v e  pressur ized-  
water r e a c t o r  (PWR) con t ro l  rod a l l o y  contained i n  s t a i n l e s s  s t e e l  tubing 
was hea ted  i n  a r e s i s t a n c e  furnace t o  1405OC. The s t a i n l e s s  s t e e l  tube 
b u r s t  due t o  t h e  p re s su re  exer ted  by cadmium vapor,  confirming Bagen's 
observa t ions .  In core-melt Tes t  14 ,  Zircaloy-clad f u e l  capsules  were 
hea ted  i n  steam t o  about 1800OC. This  r e s u l t e d  i n  a "candling" e f f e c t  
wi th  the  f u e l  l e f t  s tanding and t h e  m e t a l l i c  components co l lapsed  i n t o  a 
s o l i d  base.  In subsequent experiments,  a f u e l  bundle was hea ted  t o  suc- 
ces s ive  temperatures of 1800, 2200, and 240OOC f o r  approximately equal 
i n t e r v a l s  of time. Measurements of v o l a t i l e  ma te r i a l  r e l e a s e s  were made 
by x-ray f luorescence  ana lys i s .  These showed about h a l f  t he  cadmium had 
been v o l a t i l i z e d  but p r a c t i c a l l y  no t i n  o r  uranium. 

t h e  e f f e c t  of f l u i d  flow around an  expanding o r  con t r ac t ing  bubble by con- 
nec t ing  t h e  upper and lower f l u i d  r eg ions  by a pipe of f i x e d  length ,  was 
developed. The r e s u l t s  ob ta ined  f o r  o s c i l l a t i o n  per iods  appear,  on t h e  
b a s i s  of t he  few c a l c u l a t i o n s  done, t o  be q u i t e  s i m i l a r  t o  those obtained 
without  inc luding  f l u i d  bypass. The upward motion of the  bubble was found 
t o  be s e r i o u s l y  a f f e c t e d  by the  i n e r t i a l  e f f e c t s  of t he  l i q u i d .  A s ide  
c a l c u l a t i o n  of the  p r o p e r t i e s  of the  UO, vapor ind ica t ed  i t  could be con- 
s idered  a s  e s s e n t i a l l y  an i d e a l  gas wi th  a y-value of about 1. 

The W A B W L  code was modified t o  inc lude  a piston-type expansion 
process  t o  r ep lace  the  Rayleigh equat ions  o r i g i n a l l y  used i n  t h e  code. 
Thi r ty- f ive  c a l c u l a t i o n s  were done t o  analyze the FAST water  t e s t s  using 
t h i s  model, and the  agreement wi th  experimental  measurements of the  per iod  
was much improved. In a comparison wi th  an under-sodium t e s t ,  t he  code 
p r e d i c t s  a pe r iod  of 34 m s  v s  a measured va lue  of 27 m s .  Ca lcu la t ions  
were a l s o  done f o r  a f u l l - s i z e  r e a c t o r  case.  The importance of r a d i a t i v e  
emis s iv i ty  on condensation r a t e  was aga in  noted. 

In t he  a n a l y t i c a l  program, a p i s t o n - o s c i l l a t i o n  code, which models 
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AEROSOL RELEASE AND TRANSPORT PROGRAM QUARTERLY 
PROGRESS REPORT FOR OCl'OBER-DECEMBER 1981 

R. E. Adams M. L. Tobias 

ABSTRACT 

This  r e p o r t  summarizes progress  f o r  the  Aerosol Release 
and Transport  Program sponsored by t h e  Nuclear Regulatory 
Commission's Of f i ce  of Nuclear Regulatory Research, D iv i s ion  
of Accident Evaluat ion,  f o r  the  per iod  OctoberDecember 1981. 
Topics discussed inc lude  (1) under-sodium t e s t s  i n  t h e  Fuel 
Aerosol Simulant Tes t  (FAST) F a c i l i t y ,  (2) U,O, and Fe,O, i n  
steam ( l igh t -water  r e a c t o r  acc iden t )  ae roso l  experiments i n  
t h e  Nuclear Sa fe ty  P i l o t  P l an t ,  (3) gene ra t ion  and cha rac t e r i -  
z a t i o n  of cadmium and CdO ae roso l s  i n  t h e  b a s i c  ae roso l  ex- 
per imental  program, ( 4 )  core-melt t e s t s  of Zircaloy-clad f u e l  
capsules ,  ( 5 )  i n i t i a l  r e s u l t s  of a piston-model bubble osc i l -  
l a t i o n  code allowing l i q u i d  bypass,  and (6) c a l c u l a t i o n s  wi th  
the  WABWL code t o  compare wi th  underwater and under-sodium 
per iod  measurements i n  FAST experiments.  

1. INTRODUCTION 

The Aerosol Release and Transport  (ART) Program a t  Oak Ridge Nat ional  
Laboratory (ORNL) , sponsored by the  Nuclear Regulatory Commission's Off i ce  
of Nuclear Regulatory Research, D iv i s ion  of Accident Evaluat ion,  i s  a 
s a f e t y  program concerned wi th  aerosol  r e l e a s e  and t r anspor t .  The pro- 
gram's scope inc ludes  ae roso l  r e l ease  from f u e l ,  t r a n s p o r t  t o  and r e l e a s e  
from primary containment bOuIIdarieS, and behavior  w i t h i n  containments. 
The o v e r a l l  goal of t he  program i s  t o  provide the  a n a l y t i c a l  methods and 
experimental  d a t a  necessary  t o  a s ses s  t h e  q u a n t i t y  and t r a n s i e n t  behavior  
of r ad ioac t ive  a e r o s o l s  r e l e a s e d  from r e a c t o r  co res  a s  a r e s u l t  of postu- 
l a t e d  events  of varying s e v e r i t y  up t o  and inc luding  acc iden t s  r e s u l t i n g  
i n  core  melting. 

c a l  a c t i v i t i e s  a s  summarized below: 
The program is d iv ided  i n t o  severa l  r e l a t e d  experimental  and a n a l y t i -  

1. s t u d i e s  r e l a t e d  t o  hypo the t i ca l  l i qu id -me ta l  f a s t  b reeder  r e a c t o r  
(LMFBR) core-d is rupt ive  acc iden t s  (CDAs) t h a t  involve f u e l  inter-  
ac t ions ,  expansion, and thermal behavior w i t h i n  t h e  sodium pool as t h e  
r e s u l t a n t  fuel-vapor bubble i s  produced and t r anspor t ed  through the  
sodium t o  the  cover-gas reg ion;  
development of appara tus  t o  i n v e s t i g a t e  the  c h a r a c t e r i s t i c s  and t rans-  
p o r t  behavior of m a t e r i a l s  vaporized from molten f u e l ;  

2.  
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3. s tudy of t h e  c h a r a c t e r i s t i c s  and behavior  of fuel-simulant a e r o s o l s  i n  

4. product ion  and s tudy of ae roso l s  i n  the  Nuclear Sa fe ty  P i l o t  P l an t  
s eve ra l  small  ves se l s ;  and 

(NSPP) f o r  the v a l i d a t i o n  of models, wi th  p a r t i c u l a r  emphasis on t h e  
behavior  of mixtures  of nuc lear  aerosol  spec ie s  r e l e v a n t  t o  both  l i g h t -  
water r e a c t o r  (LWR) and LMFBR systems. 

Varying l e v e l s  of e f f o r t  a r e  a n t i c i p a t e d  w i t h i n  these  c a t e g o r i e s ,  
wi th  a n a l y t i c a l  models accompanying t h e  experimental  work. The ana ly t i -  
c a l  requirements  f a l l  i n t o  four  ca t egor i e s :  (1) f u e l  response t o  h igh  
r a t e s  of energy depos i t ion ,  (2)  fuel-bubble dynamic behavior  and t r a n s p o r t  
c h a r a c t e r i s t i c s  under sodium, ( 3 )  r e l e a s e  of ae roso l s  and a s soc ia t ed  simu- 
l a n t  f i s s i o n  products  from heated and mel t ing  f u e l ,  and (4 )  dynamic aero- 
s o l  behavior  a t  h igh  concen t r a t ions  i n  t h e  bubble and containment atmo- 
spheres.  

da t a  i n  a manner t h a t  w i l l  f a c i l i t a t e  d i r e c t  assessment of t he  rad io logi -  
c a l  hazard a s soc ia t ed  wi th  a r b i t r a r y  hypo the t i ca l  acc ident  scenar ios .  

An at tempt  w i l l  be made t o  conso l ida t e  and p resen t  t h e  ana lyses  and 
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2. EXPERIMENTAL PROGRAM 

2.1 Source Term ExDeriments i n  FAST/CRI-I11 

A. L. Wright A. M. Smith 
J. M. Rochelle 

2.1.1 In t roduc t ion  

The Fuel Aerosol Simulant T e s t s  (FAST) and t h e  Containment Research 
I n s t a l l a t i o n - I 1 1  (CRI-111) t e s t s  a r e  performed by using t h e  capac i to r  
d i scharge  vapor i za t ion  (CDV) technique t o  p l ace  UO, f u e l  samples i n t o  
t h e  high-energy s t a t e s  t h a t  could be produced i n  LMFBR hypothe t ica l  CDAs 
(HCDAs). The primary goal of the FAST/CRI-I11 t e s t  program is t o  use the  
experimental  r e s u l t s  a s  a da ta  base f o r  developing a n a l y t i c a l  models t h a t  
could be used t o  p r e d i c t  f u e l  t r a n s p o r t  through the  coolant  i n  severe  ac- 
c i d e n t s .  

success fu l ly  performed i n  the  FAST F a c i l i t y .  Test  specimen and e l e c t r i c a l  
energy input  d a t a  a r e  presented  i n  Tables  1 and 2. Ind iv idua l  t e s t  re- 
s u l t s  a r e  presented  i n  Sect .  2.1.2. 

Daring t h e  q u a r t e r ,  t h r e e  undersodium "shakedown" experiments were 

Table 1. Test  specimen d a t a  

Quartz tube P e l l e t  s t a c k  P e l l e t  s t a c k  Microsphere dimension (=) 
T e s t  mass l eng th  mass 

I D  OD (8 )  (8 )  

FAST 101 17.44 90.7 33.92 9.70 17 .15 
FAST 102 17.33 90.2 35.09 9.70 17.15 
FAST 103 17.36 90.4 32.93 9.70 17.15 

Table 2. E l e c t r i c a l  energy input  dataa 

High p rehea t  High p rehea t  CDV time CDV energy input 
power r e s i s t a n c e  t o  a rc ing  t o  a rc ing  
(W) (a) ( m s  1 ( m s )  

FAST 101 1100 0.94 4.66 38.8 
FAST 102 1600 0.48 b b 
FAST 103 1600 0.43 3.15 37.9 

a Input capac i to r  bank energy s torage  i n  FAST 101 and 103 m = 75 LJ. 

bFAST 102 was a "preheat-only" t e s t .  
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2.1.2 Discuss ion  of FAST under-sodium t e s t  r e s u l t s  

Three under-sodium "shakedown" t e s t s ,  FAST 101, 102, and 103, were 
performed t h i s  qua r t e r .  The goa ls  of these  experiments were t o  (1) dem- 
o n s t r a t e  t h a t  the  CDV technique can be used t o  vapor ize  f u e l  i n  a sodium 
pool ;  (2) determine the  appropr i a t e  p rehea t  l e v e l  t o  use i n  t h e  under- 
sodium t e s t s ;  and (3) determine i f  p re s su re ,  acous t i c ,  and aerosol  mea- 
surements can be success fu l ly  made i n  a high-temperature sodium environ- 
ment. 

t e s t  t h e  sodium was heated t o  a temperature of -811 K (10000F),  and t h e  
p re s su re  of t he  xenon gas  i n  the  t e s t  sample was -0.136 MPa. 

2.1.2.1 FAST 101. For t h i s  f i r s t  t e s t ,  approximately one day was 
requi red  t o  move sodium from the  dump tanks t o  t h e  t e s t  v e s s e l  and t o  h e a t  
t h e  sodium t o  811 K. The sodium l e v e l  above the  t e s t  sample was s e t  t o  
0.96 m. 

Through experience,  the  technique of prehea t ing  samples i n  the  water  
t e s t s  had been adopted so t h a t  t he  r e s i s t a n c e  a f t e r  h igh  p rehea t  would be 
-0.5 0; a 1700-W high p rehea t  was used t o  achieve t h i s  r e s i s t a n c e .  In 
FAST 101, resistance-vs-power d a t a  were obtained f o r  low-preheat powers of 
400, 500, and 600 W. Ext rapo la t ion  of t h i s  da t a  seemed t o  i n d i c a t e  t h a t  
an 1100-W high  p rehea t  would l e a d  t o  a 0.5-0 f i n a l  r e s i s t a n c e .  However, 
t h e  r e s i s t a n c e  achieved was 0.94 0; t h i s  implied t h a t  t he  p e l l e t s  prob- 
ab ly  were not  molten a f t e r  prehea t .  

I n  s p i t e  of t h i s ,  it was found p o s s i b l e  t o  perform capac i to r  dis-  
charge and vapor ize  p o r t i o n s  of t he  p e l l e t  s t a c k  success fu l ly .  The CDV 
energy input  time of 4.66 ms was l a r g e r  than t y p i c a l l y  achieved i n  t h e  
water t e s t s  -most  l i k e l y  due t o  t h e  coo le r  sample cond i t ions  a f t e r  pre- 
heat .  Examination of the  cond i t ion  of t he  sample holder  when i t  was 
removed from the  t e s t  v e s s e l  ind ica ted  t h a t  t he  sample rup tu re  had oc- 
curred.  

from the  t e s t  sample and i n  the  argon cover gas above t h e  sodium. An os- 
c i l l o s c o p e  t r a c e  of t he  p re s su re  record  from FAST 101 i s  shown i n  Fig.  1. 
Although the  p re s su re  t r a c e  from the  t ransducer  mounted nea r  t he  source 
is somewhat noisy, the  p re s su re  peaks due t o  bubble co l l apse  and reexpan- 
s i o n  can be e a s i l y  seen. The time between t h e  f i r s t  two p res su re  peaks, 
which i s  t h e  f i r s t  bubble o s c i l l a t i o n  per iod ,  was 27.7 m s  i n  t h i s  t e s t .  
It is  i n t e r e s t i n g  t o  note  t h a t  t h i s  i s  s i g n i f i c a n t l y  l e s s  t han  t h e  per iod  
found i n  underwater t e s t s  - roughly 50 m s  - f o r  s i m i l a r  t e s t  condi t ions .  

Attempts t o  sample the argon cover gas were made t o  determine i f  UO, 
a e r o s o l s  were t r anspor t ed  through the  sodium i n  t h i s  t e s t .  The f i l t e r  
paper  used i n  t h e  aerosol  sampler was supposed t o  wi ths tand  temperatures  
of 773 K. However, i n spec t ion  of the  f i l t e r s  a f t e r  t he  t e s t  seemed t o  
i n d i c a t e  t h a t  they had r e a c t e d  wi th  the  sodium vapor because they had 
turned  brown i n  co lo r  and were very  b r i t t l e .  The f i l t e r s  t h a t  could be 
removed from the  sampler were sen t  t o  a n a l y t i c a l  chemistry;  masses of UO, 
found on t h e  samples were very  small  and ind ica t ed  t h a t  -0 .5  mg of UO, 
had reached t h e  cover gas. This  i s  roughly 0.003% of the  i n i t i a l  p e l l e t  
s t a c k  mass of 17.4 g. 

2.1.2.2 FAST 102. Evalua t ion  of r e s u l t s  from FAST 101 i nd ica t ed  
t h a t  t h e  1100-W high p rehea t  used d id  no t  produce p e l l e t  mel t ing ,  and t h a t  

The r e s u l t s  from these t e s t s  a r e  d iscussed  i n  t h i s  sec t ion .  I n  each 

P res su re  measurements were made i n  the  sodium a t  a d i s t ance  of 0.23 m 



5 

ORNL-DWG 82-5274 ETD 

l i  

Fig. 1. Osci l loscope t r ace  of 

0 0 2 OD0 m u  

r e s s u r e  v s  time measurement from 
FAST 101. 
t r a c e  i s  p re s su re  measured 0.23 m from the  t e s t  sample. Tota l  time of 
measurement i s  -100 m s .  

Upper t r a c e  i s  pressure  measured i n  argon cover gas, and lower 

a 1600-W l e v e l  would have been more appropr ia te .  
only" under-sodium t e s t  using a 1600-W prehea t .  Af te r  the  t e s t  was com- 
p l e t e d ,  t he  t e s t  sample was vacuum impregnated wi th  epoxy r e s i n  and sec- 
t ioned;  p i c t u r e s  were then  taken of the sample c r o s s  s e c t i o n  a t  f i v e  loca- 
t i o n s  along i t s  length .  Photographic r e s u l t s  i nd ica t ed  t h a t  about 50% of 
t h e  p e l l e t s  became molten; t h i s  corresponded w e l l  t o  mel t  f r a c t i o n s  deter-  
mined photographica l ly  from t e s t s  done i n  argon gas. Based on these  re- 
s u l t s ,  t he  1600-W prehea t  l e v e l  w i l l  be the  s tandard  f o r  f u t u r e  under- 
sodium t e s t s .  

A p a i r  of acous t i c  t ransducers  ( t r a n s m i t t e r r e c e i v e r )  was mounted on 
s t a i n l e s s  s t e e l  waveguides f o r  t h i s  t e s t  i n  o rde r  t o  determine the  l e v e l  
of s igna l  t h a t  could be t ransmit ted through the  sodium. The t r ansmi t t i ng  
t ransducer  was exc i t ed  with a 10-Vms s i g n a l  a t  a frequency of 2.25 MHz. 
When sodium was f i r s t  loaded i n t o  the  v e s s e l ,  no s igna l  was t r ansmi t t ed  
through it. A day l a t e r ,  however, a t r ansmi t t ed  s igna l  was produced, 
which sugges ts  t h a t  the  sodium did  not  i n i t i a l l y  wet t he  ves se l  wall .  The 
t r ansmi t t ed  s i g n a l  was -7 mVms, which corresponds t o  a t o t a l  s igna l  at- 
t enua t ion  of -63 dB. This  was roughly t h e  l e v e l  of a t t e n u a t i o n  expected 
on t h e  b a s i s  of f a i r l y  simple ca l cu la t ions .  

2.1.2.3 FAST 103. For t h i s  t e s t  t h e  sodium l e v e l  above the t e s t  
sample was 1.12 m, the  sodium temperature was 811 K, and t h e  cover-gas 
p re s su re  was 0.122 MPa. Data from t h i s  t e s t  i nd ica t ed  t h a t  the  sample 
energy input a t  sample rupture  was s i m i l a r  t o  t h a t  produced i n  the  under- 
water t e s t s .  Figure 2 i l l u s t r a t e s  t he  d a t a  obta ined  from the pressure  
t ransducer  mounted 0.23 m from the t e s t  sample. The i n i t i a l  bubble per iod 
of 34.5 m s  was somewhat l a r g e r  than t h a t  produced i n  FAST 101. The short-  
dura t ion ,  high-pressure event t h a t  occurred a t  43.1 m s  was not  t y p i c a l  of 

FAST 102 was a "preheat- 
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T = 4.05 ms, 
P = 1.45 MPa t f T = 38.5 ms, 
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3 .  
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, r T  = 43.1 ms, 
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* '  
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Fig. 2. P i c t u r e  of o sc i l l o scope  t r a c e  of p re s su re  v s  time from FAST 
103. Pressure  measured a t  a d i s t ance  of 0.23 m from t he  bubble source. 

any event ever  observed i n  t h e  underwater t e s t s .  A t  t h i s  po in t  i t  i s  pos- 
s i b l e ,  bu t  not proved, t h a t  t h i s  p re s su re  spike may have been the  r e s u l t  
of a fuel-coolant  i n t e r a c t i o n .  

f o r  t h i s  t e s t  i n  an at tempt  t o  d e t e c t  bubble t r anspor t .  However, the  
acous t i c  energy from sample breakup pulsed  the  RMS meters  used t o  measure 
t r ansmi t t ed  s i g n a l s ,  and the  meter recovery t imes of 1 t o  2 s d i d  not  per- 
m i t  v a l i d  measurements t o  be made. 

Three p a i r s  of acous t i c  t r ansduce r s  were mounted on v e s s e l  waveguides 

2.2 Secondary Containment Aerosol S tudies  i n  the  NSPP 

R. E. Adams R. P. Benson 
M. T. Hurst 

2.2.1 In t roduc t ion  

S tud ie s  r e l a t i n g  t o  the  behavior  of ae roso l s  r e l eased  under LWR acci-  
dent  cond i t ions  i n t o  secondary containment environments were continued. 
S ix  single-component aerosol  t e s t s  involving U,O, aerosol  i n  steam envi- 
ronments and one single-component ae roso l  t e s t  involving Fe,O, aerosol  i n  
a steam environment have been conducted. Runs 401-405 have been repor ted  
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previouslyJ1-3 and r e s u l t s  from Runs 406 and 501 a r e  contained i n  t h i s  
r e p o r t  . 
2.2.2 LWR aerosol  experiment No. 406 

Mixing of the  U,O, ae roso l s  w i t h i n  the  steam-air atmosphere has  not  
been a s  uniform a s  i n  previous U,O, aerosol  t e s t s  under dry condi t ions .  
During Runs 401-403 (Refs. 1 and 21, an aerosol  concent ra t ion  g rad ien t  
e x i s t e d  e a r l y  i n  each t e s t  wi th  the h igher  concen t r a t ion  e x i s t i n g  i n  the  
upper p o r t i o n  of the  ves se l .  In an attempt t o  improve mixing, a small a i r -  
d r iven  f a n  was i n s t a l l e d  near  the bottom of the  ves se l  with the a i r  move- 
ment d i r e c t e d  upward. Use of t h i s  mixing f a n  during Run 404 (Ref. 3 )  
seemed t o  enhance the mixing of the  aerosol  with the steam atmosphere; t he  
f a n  was operated f o r  about 1 h, measured from s t a r t  of aerosol  genera- 
t ion. 

se rve  the  inf luence  of forced  mixing of the  aerosol-steam atmosphere on 
t h e  aerodynamic behavior of the  U,O, aerosol .  This  t e s t  dupl ica ted  Run 
404 i n  most d e t a i l s  except t h a t  the fan-mixer was operated f o r  the f i r s t  
9.5 h of the  t e s t  r a t h e r  than f o r  1 h a s  i n  Run 404. 

As i n  previous t e s t s ,  steam was introduced i n t o  the  closed NSPP ves- 
s e l ,  which was a t  0.039 MPa, t o  b r ing  t h e  v e s s e l  atmosphere t o  an average 
temperature of 314 K and a pressure  of 0.164 MPa. This  process  requi red  
about 1 h. A t  t h i s  po in t  t he  r a t e  of steam i n j e c t i o n  was reduced, and t h e  
accumulated steam condensate,  which had c o l l e c t e d  i n  the  v e s s e l  during 
heat-up, was removed t o  a holding tank. The U,O, aerosol  genera t ion  was 
then  s t a r t e d ,  and the  in t roduc t ion  of the  ae roso l  i n t o  t h i s  environment 
continued f o r  9 min. Steam i n j e c t i o n  a t  t he  lowered r a t e s  continued f o r  a 
per iod  of 6 h. During t h i s  per iod  t h e  p re s su re  and temperature slowly 
increased  t o  about 0.195 MPa and 382 K, r e spec t ive ly .  The vesse l  and i t s  
conten ts  were allowed t o  cool f o r  about 1 8  h a f t e r  te rmina t ion  of the  low- 
l e v e l  steam i n j e c t  ion. 

t i o n ,  p a r t i c l e  s i z e ,  f a l l o u t  and p l a t e o u t  r a t e s ,  t o t a l  f a l l o u t  and p l a t e -  
out,  vesse l  atmosphere temperature,  temperature grad ien t  near  the  v e s s e l  
wa l l ,  p ressure ,  moisture  conten t ,  and steam condensation r a t e  on t h e  ves- 
s e l  wal l .  

2.2 .2 .1  Aerosol mass concent ra t  ion.  The maximum average U,O, aero- 
so l  mass concen t r a t ion  was about 15.2 pg/cm3, which i s  comparable wi th  
the  23 pg/cm3 aerosol  concen t r a t ion  achieved during Run 404. Operat ion 
of t he  fan-mixer during Run 406 improved the  mixing of the  steam and aero- 
so l  considerably a s  compared t o  t h a t  observed during t h e  e a r l y  phases of 
Run 404. Figure  3 con ta ins  the  r e s u l t s  from seven aerosol  mass samplers. 
Samplers 1 5 1  and 152 a r e  loca t ed  i n  t h e  upper r eg ion  of the  v e s s e l ;  sam- 
p l e r  153 is  loca ted  about midplane of the  v e s s e l ;  and sampler 154 is  lo- 
ca ted  i n  the  lower reg ion  of the vesse l .  Samplers 155-157 p e n e t r a t e  t he  
vesse l  wal l  a t  about t he  same e l e v a t i o n  a s  sampler 153.  

The inf luence  t h a t  ope ra t ion  of the fan-mixer had on aerosol  behavior 
may be observed by comparing t h e  r e s u l t s  of Runs 404 and 406 with those of 
Run 403 where the  fan-mixer was not  used. F igure  4,  which compares these  
t h r e e  rnns  on t h e  b a s i s  of a normalized aerosol  mass concentrat ion,  shows 

This  s i x t h  t e s t  i n  the  LWR aerosol  s tudy  was designed t o  f u r t h e r  ob- 

During t h e  t e s t ,  measurements were made of aerosol  mass concentra- 
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SAMPLER 
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3 .  
Note that  aerosol  concentration i s  ca lculated under temperature 

U,O, aerosol  mass concentration a s  a funct ion of time for 

and pressure that  e x i s t e d  i n  v e s s e l  a t  time of sampling. 
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F i g .  4 .  Comparison of behavior of U,O, aerosol in  Runs 403, 404, and 
Use of fan-mixer i n  Runs 404 and 406 may have caused ear ly  reduction 406. 

in aerosol mass concentration. 
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t h a t  during t h e  f i r s t  hour or  so, t h e r e  i s  an  acce le ra t ed  r a t e  of removal 
of t he  aerosol  mass from the ves se l  environment when t h e  fan-mixer i s  
used. This  a i r  movement may be r e spons ib l e  f o r  an increase  i n  aerosol  
p a r t i c l e  s i z e  through tu rbu len t  agglomeration, causing enhanced aerosol  
f a l l o u t  o r  impaction on su r faces  w i t h i n  t h e  ves se l .  This  behavior of the  
aerosol  i n  Runs 404 and 406 was a l s o  r e f l e c t e d  i n  increased  ae roso l  f a l l -  
out and p l a t e o u t  over the  f i r s t  hour of the  experiments. 

Although t h e r e  appears t o  be an  i n i t i a l  l o s s  of aerosol  through use 
of the  fan-mixer, the  r a t e  of disappearance of aerosol  a f t e r  about 1.5 h 
i s  t h e  same f o r  a l l  t h r e e  experiments. Durat ion of fan-mixer ope ra t ion  i s  
not  a f a c t o r  a f t e r  the  i n i t i a l  1.5 h-period. 

2.2.2.2 Aerosol p a r t i c l e  s i ze .  The aerodynamic mass median diameter 
(AMMD) of the  U,O, aerosol  was measured both by impactor and cen t r i fuge  
samplers. 
i n t roduc t ion  i n t o  the  samplers. The AMMD of the  "dried" ae roso l  ranged 
from about 1.5 t o  2 pm over the f i r s t  1.5 h of the run. These va lues  a r e  
comparable wi th  those measured i n  the  previous steam t e s t s .  

2.2.2.3 Aerosol d i s t r i b u t i o n .  A t  the  te rmina t ion  of t he  t e s t  
(24 h ) ,  the  approximate aerosol  d i s t r i b u t i o n ,  a s  determined by both the 
t o t a l  f a l l o u t  and p l a t e o u t  samplers and t h e  f i n a l  f i l t e r  sample, was a s  
fol lows:  aerosol  s e t t l e d  onto  the  f l o o r  of the  ves se l ,  74%; aerosol  
p l a t e d  on to  i n t e r n a l  su r f aces ,  26%; and aerosol  s t i l l  suspended i n  the  
vesse l  atmosphere, n i l .  

The "wet" aerosol  was d r i e d  by d i l u t i o n  wi th  dry  a i r  p r i o r  t o  

2.2.3 LWR ae roso l  experiment No. 501 

The purpose of t h i s  t e s t  was t o  observe the inf luence  of condensing 
steam on an  aerosol  composed of Fe,O, p a r t i c l e s .  This  i s  the  f i r s t  i n  a 
s e r i e s  of t e s t s  using Fe,O, a s  a simulant f o r  ae roso l s  emanating from 
molten core  support  and s t r u c t u r e  ma te r i a l s .  The aerosol  was produced by 
introducing i r o n  powder and oxygen gas i n t o  t h e  plasma to rch  genera tor ,  
which was i n s t a l l e d  i n  the  top of the  ves se l .  Operat ional  procedures were 
the  same a s  u t i l i z e d  i n  the  U,O, aerosol  t e s t s .  Steam was introduced i n t o  
t h e  c losed  NSPP v e s s e l ,  which was a t  0.041 MPa (abso lu te )  , t o  b r ing  t h e  
ves se l  atmosphere ( a i r )  t o  an average temperature of 382 K and a p re s su re  
of 0.201 MPa (abso lu te ) .  This  procedure requi red  almost 1 h. A t  t h i s  
po in t ,  t he  r a t e  of steam i n j e c t i o n  was reduced, and t h e  accumulated steam 
condensate , which had c o l l e c t e d  i n  t h e  v e s s e l  during heat-up, was removed 
t o  a holding tank. 
t roduc t ion  i n t o  the  steam environment continued f o r  14 min. Steam in jec-  
t i o n  a t  low r a t e s  continued f o r  a per iod  of 6 h. During t h i s  per iod,  t he  
p re s su re  and temperature  increased  t o  0.250 MPa (abso lu te )  and 390 K a t  
2.8 h; a t  t e rmina t ion  of steam i n j e c t i o n  t h e  va lues  were 0.239 MPa and 
389 K. Vessel cooldown continued f o r  the  next 18 h. Sampling procedures  
and parameters  were the  same a s  used i n  Run 406. 

2.2.3.1 Aerosol mass concent ra t ion .  The maximum average Fe,O, 
aerosol  mass concen t r a t ion  was 0.91 pg/cm3 a t  4.6 min a f t e r  te rmina t ion  of 
aerosol  generat ion.  Operation of the  fan-mixer produced a f a i r l y  homoge- 
neous mixture  of aerosol  and steam a s  evidenced by Fig. 5, which con ta ins  
t h e  r e s u l t s  from the seven ind iv idua l  aerosol  mass samplers. 

The Fe,O, aerosol  gene ra t ion  was then  s t a r t e d ,  and in- 
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A s  a l r eady  noted i n  the  U,O, aerosol  t e s t s ,  the  behavior  of the  steam 
s t rong ly  inf luenced t h e  aerodynamic behavior of the  t e s t  aerosol ;  t h i s  
same behavior  i s  observed i n  the  Fe,O, ae roso l  t e s t .  On t h e  whole, t h e r e  
i s  a small d i f f e rence  i n  behavior between t h e  U,O, and Fe,O, aerosols .  
This  d i f f e r e n c e  i n  behavior may be caused by a d i f f e rence  i n  aerosol  con- 
c e n t r a t i o n s ;  no U,O, aerosol  t e s t s  i n  steam were conducted i n  t h e  1 pg/cm3 
concen t r a t ion  range. The next Fe,O, aerosol  t e s t  i s  intended t o  be i n  a 
h igher  concen t r a t ion  range; d a t a  from t h i s  run w i l l  al low a b e t t e r  com- 
pa r i son  t o  be made of the  behavior of these  two aerosols .  

The AMMD of the  Fe,O, aerosol  was 
measured both  by the  impactor and the  cen t r i fuge  sampler. The "wet1' aero- 
s o l  was d r i e d  by d i l u t i o n  wi th  dry a i r ,  a s  before .  The AMMD of the  
"dried" Fe,O, aerosol  ranged from 1.0 t o  1 .6  pm over the  f i r s t  3.4 h of 
t he  t e s t .  Scanning e l e c t r o n  microscope (SEM) p i c t u r e s  of t he  "dried" 
Fe,O, ae roso l  show sphe r i ca l  clumps of aerosol  p a r t i c l e s  q u i t e  s i m i l a r  i n  
appearance t o  "dried" U,O, aerosol .  The most no tab le  d i f f e r e n c e  i s  i n  the  
s i z e  of t he  primary p a r t i c l e s ;  those of the  Fe,O, aerosol  a r e  much smaller  
than  those of the  U308 aerosol .  

2.2.3.3 Aerosol d i s t r i b u t i o n .  A t  the  te rmina t ion  of the  t e s t  (24 
h ) ,  the  approximate aerosol  d i s t r i b u t i o n ,  a s  determined by both the  t o t a l  
f a l l o u t  and p l a t e o u t  samplers and the  f i n a l  f i l t e r  samples, was a s  fo l -  
lows: aerosol  s e t t l e d  onto  the  f l o o r  of the  ves se l ,  94%; ae roso l  p l a t e d  
onto t h e  i n t e r n a l  su r f aces ,  6%; and ae roso l  s t i l l  suspended i n  t h e  ves se l  
atmosphere, n i l .  

2.2.3.2 Aerosol p a r t i c l e  s i ze .  

2.3 Basic Aerosol Experiments i n  CRI - I1  

G. W. Parker  G. E. Creek 
A. L. Sut ton,  Jr. 

2.3.1 Introduction 

This  program of b a s i c  experiments i s  c a r r i e d  out i n  the  5-m3 t e s t  ves- 
s e l ,  CRI-11, a s  p a r t  of the ART Program. Vapor-condensation a e r o s o l s  
l i k e l y  t o  comprise mixtures  of importance i n  va r ious  nuc lea r  acc idents  a r e  
sys t ema t i ca l ly  produced in 100-g q u a n t i t i e s  and then  charac te r ized .  Gen- 
e r a t i o n  techniques un t i l  r e c e n t l y  were based on powdered metal-oxygen com- 
b u s t i o n  i n  a dc plasma a r c  o r ,  i n  t h e  case of sodium, by i g n i t i o n  of the  
l i q u i d  metal  i n  a high-pressure spray. These processes ,  of course,  pro- 
duced only  the  oxide forms. Recently,  due t o  the  cu r ren t  i n t e r e s t  i n  a 
l i m i t e d  number of pure m e t a l l i c  a e r o s o l s  t h e  plasma torch  has  been adapted 
t o  produce vapor-condensation ae roso l s  of the  more v o l a t i l e  meta ls  without  
oxidat ion.  

I n  the  program of b a s i c  ae roso l  experiments,  t h e r e  w i l l  be cont inuing 
i n v e s t i g a t i o n s  of the  fundamental p r o p e r t i e s  of the  single-component aero- 
sols inc luding  those  of t i n ,  s i l v e r ,  cadmium, and indium f o r  the  pressur-  
ized-water r e a c t o r  (PWR); t i n  and boron f o r  the  boi l ing-water  r e a c t o r  
(BWR); and calcium, aluminum, and s i l i c o n  f o r  the  concre te  basemat in t e r -  
a c t i o n  products  f o r  core  meltdown. 
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A s impl i f i ed  summary of the  sys temat ics  of s i z e  d i s t r i b u t i o n  and de- 
p o s i t i o n  r a t e  of a s  many of these  ae roso l s  a s  poss ib l e  should be a p r a c t i -  
c a l  r e s u l t  of these  experiments. 

2.3.2 Charac te r i za t ion  of t he  ae roso l s  of cadmium metal  and CdO 

Experiments conducted r e c e n t l y  i n  the  p a r a l l e l  program t o  character-  
i z e  core-melt ae roso l s  have served t o  i n d i c a t e  the  important c o n t r i b u t i o n  
t o  the  t o t a l  aerosol  mass of the  PWR con t ro l  rod a l l o y  metals ,  s i l v e r ,  
cadmium, and indium and of the  t i n  component of the  Z i r ca loy  f u e l  c ladding 
i n  both types of LWRs. Since cadmium appears t o  be the  most v o l a t i l e  com- 
ponent of PWR con t ro l  rods i t  was s e l e c t e d  i n i t i a l l y  f o r  c h a r a c t e r i z a t i o n  
of i t s  aerosol  forms. Cadmium oxide was inadve r t en t ly  generated f i r s t  
because the  argon-4% hydrogen gas mixture  i n  the  containment ves se l ,  due 
t o  a n  unexpected inleakage of a i r  during f i l l i n g ,  contained enough oxygen 
t o  i g n i t e  the cadmium metal vapor and produce a dense c r y s t a l l i n e  orange- 
yellow oxide of a somewhat unusual ly  high aerodynamic p a r t i c l e  diameter  
and a very low value f o r  the  geometric s tandard  devia t ion .  The AMMD val- 
ues a r e  l i s t e d  i n  Table 3 and may be compared wi th  those of var ious  o t h e r  
nonc rys t a l l i ne  ae roso l s  produced wi th  s to i ch iomet r i c  oxygen i n  t h e  plasma 
torch.  The appearance of the  c r y s t a l l i n e  primary p a r t i c l e s  i n  a cha in  
agglomerate i s  shown i n  Fig.  6. 

Cadmium metal was f i r s t  success fu l ly  vaporized i n  a dark m e t a l l i c  
form a f t e r  c a r e f u l l y  e l imina t ing  oxygen from the containment atmosphere 
wi th  ex tens ive  leakage c o r r e c t i o n s  and r e s o r t i n g  t o  opera t ing  a t  p o s i t i v e  
pressure .  Removal of t r a c e s  of oxygen i n  a s l i g h t l y  pressur ized  hydrogen- 
argon atmosphere was accomplished by opera t ing  t h e  dc plasma torch  f o r  

ORNL-PHOTO 6029-82 

Pig. 6. CdO aerosol  agglomerate showing c r y s t a l l i n e  p a r t i c l e s .  



Table 3. Size  and composition of cha in  agglomerate ae roso l s  

Diameter of Pr ima r y  Maximum a 

agglomerate concen t r a t ion  

Ag g 1 ome r a t e 
AMMD average p a r t i c l e s  pe r  a i  rborne Aero s o l  

source form BET surface primary 
Ae T o s o l  Me a s u r  ed 

(Run No. 1 (x-ray 1 ( m a / g )  (number) (g/m3 1 (P) (pm) 

13 .O 0.04 1.4 x 104 2.8 1 .o 
3 .O 0.16 40 0 6.0 1.6 

7.2 0.11 2.0 x 103 50 .O 6 .O 

25.0 0.05 4.0 x 104 5 .O 3.7 

CDV 16b UOa 

AF 8' UOa 

PT 2Od U 3 0 8  

PT 44 FeaO3 
PT 45 SnO , 7.3 0.12 1.5 x 103 20 .o 4.4 

PT 47 SiO, 38.0 0.07 9.0 x 104 7.5 3.1 

36.2 0.09 1.6 x 104 7.3 3.3 PT 50 BaO3 
28.3 0.05 1.1 x 105 18 .O 3.4 PT 51 A I 2 0 3  

PT 52 Al,SiO, 18.4 0.09 2.0 x 104 30 .O 3.5 

PT 53 CdO 6.6 0.11 5.3 x 103 8 .O 6.1 

PT 54 Cd (metal)  2.5 0.27 200 9.0 8.6 

Size  from s p i r a l  cen t r i fuge  da ta .  a 

bCDV = capac i to r  discharge vapor izer .  

d 
AF = a r c  furnace.  

PT = plasma torch. 

C 
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severa l  minutes without  metal  feed and thus  al lowing t h e  hot  hydrogen t o  
dep le t e  t he  oxygen. Metal feeding was then  introduced while  the  contain- 
ment gas  pressure  was severa l  pounds gage p o s i t i v e .  This  r e s u l t e d  i n  a 
pure m e t a l l i c  ae roso l  wi th  an even g r e a t e r  aerodynamic mass median diame- 
t e r  than  t h e  corresponding oxide and a very  narrow s i z e  d i s t r i b u t i o n .  
The primary p a r t i c l e s  a s  seen i n  an e l e c t r o n  photomicrograph a r e  shown i n  
Fig.  7 .  The r a t e s  of change i n  a i rborne mass concent ra t ion  f o r  cadmium 
and CdO a r e  shown i n  Fig.  8. The d i s t i n c t  d i f f e r e n c e  i n  the  two curves 
sugges ts  corresponding d i f f e r e n c e s  i n  the  s i z e  and na tu re  of the  aerosol  
agglomerates, a s  is confirmed by the  va lues  i n  Table 3 .  

P a r t i c l e  s i z e  d i s t r i b u t i o n s  f o r  CdO and cadmium metal a s  determined 
wi th  the  s p i r a l  cen t r i fuge  a r e  shown a l s o  f o r  comparison i n  Fig.  9 i n  t h e  
form of f r a c t i o n  i n  a s i z e  increment v s  t h e  width of t he  increment. The 
d i s t r i b u t i o n  da ta  a r e  a l s o  shown f o r  comparison by the  l o g - p r o b a b i l i t y  
graphic  method i n  Fig.  10.  

I n  t h i s  program, m e t a l l i c  s i l v e r  and m e t a l l i c  t i n  should be the  next 
i n  o rde r  f o r  cha rac t e r i za t ion .  

2.4 Core-Melt Aerosol Release and Transport  

G. W. Parker G. E. Creek 
A. L. Sutton, Jr. 

2.4.1 In t roduc t ion  

The core-melt ART experiments a r e  intended t o  address  phenomena as- 
soc ia t ed  wi th  LWR Class  IX acc idents ,  p a r t i c u l a r l y  the  pos tu l a t ed  large-  
s c a l e  vapor i za t ion  of f i s s i o n  products,  core  components, and s t r u c t u r a l  
ma te r i a l s .  To a t t a i n  t h e  des i r ed  high temperatures  and melt ing r a t e s ,  the  
r f  induct ion  me1 t i n g  of Zircaloy-clad f u e l  p i n s  i n  p re s in t e red  powdered 
oxide s h e l l s  of UO, o r  ZrO,, the  "skull-melting" technique, has been 
chosen a s  the  b a s i s  of t he  experimental system. A wide v a r i e t y  of core- 
s imula t ing  charge mixtures  may be used i n  t h i s  method, and f i s s i o n  product 
t r a c e r s  may a l s o  be employed. Addi t iona l ly ,  apparatus  scale-up appears t o  
be reasonably s t ra ight forward .  

2.4.2 Observations on t he  s i l v e r  a l l o y  c o n t r o l  rod 
i n t e r a c t i o n  wi th  f u e l  c laddinq 

For the  average opera t ing  PWR approximately 2300 kg of s i l v e r  a l l o y  
is used i n  the  form of fu l l - length  s t a i n l e s s  s t e e l  c l ad  rods i n s e r t e d  
i n t o  t h e  core  of the  r e a c t o r  through approximately 16 guide tubes f o r  each 
assembly. That t h i s  quan t i ty  of r e l a t i v e l y  low-melting metal  should have 
s i g n i f i c a n t  e f f e c t  upon accident  a n a l y s i s  became known a f t e r  the  Three 
Mile I s l and  (TMI) inc ident  and has thus  become an i n t e g r a l  p a r t  of the  
p re sen t  core-melt aerosol  study. 

I n  order  t o  provide a r ep resen ta t ive  a l l o y  f o r  the  core-melt experi-  
ments, a m i d l i f e  mixture,  which has t h e  composi t ion shown i n  Table 4, was 
se l ec t ed  from the Reactor H a n d b ~ o k . ~  These v a l u e s  r e s u l t  from neutron cap- 
t u r e  i n  a beginning composition of 80% Ag, 15% In, and 5% Cd. 
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ORNL-PHOTO 6030-82 

Fig .  7 .  Cadmium metal aerosol agglomerate showing mainly spherical 
p a r t i c l e s .  
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Table 4. Control rod 
a l l o y  2567 

Element Weight 
(96) 

Ag 76.3 
In 12.1 
Cd 9.4 
Sn 2 .o 

The mass r a t i o  of s i l v e r  a l l o y  t o  Zi rca loy  i n  a PWR v a r i e s  wi th  ven- 
do r s  between 1 0  (Ref. 5 )  and 17% (Ref. 6 ) .  For our s t u d i e s  we have mi- 
formly used t h e  lower value.  Impl ica t ions  of the  e f f e c t  of the  range of 
va lues  should not  be overlooked. 

Several  experiments have been conducted t o  i l l u s t r a t e  t he  i n i t i a t i o n  
of a candling-type of c l ad  mel t - s i lver  a l l o y  i n t e r a c t i o n ,  which was f i r s t  
observed by S. Hagen and reproduced photographica l ly  i n  1978 i n  t h e  prog- 
r e s s  r e p o r t  KFK 2750 (Ref 7 ) .  According t o  Hagen t h e  s t a i n l e s s  s t e e l  tube 
conta in ing  t h e  s i l v e r  a l l o y  con t ro l  rod b u r s t  when heated t o  140OOC a s  
a r e s u l t  of t he  i n t e r n a l  vapor p re s su re  exer ted  by t h e  cadmium component, 
and t h e  molten a l l o y  ex tens ive ly  covered p a r t s  of t he  z i r c a l o y  cladding 
throughout t he  f u e l  bundle. Then upon hea t ing  t h e  bundle t o  1700OC a low- 
melt ing s i lver-zirconium a l l o y  was melted o f f  of t he  f r e e  s tanding f u e l  
and then  r e f r o z e  a t  the  base of the  f u e l  bundle. 

t e s t s .  In one of these ,  a s e c t i o n  of s t a i n l e s s  s t e e l  tubing conta in ing  a 
f u l l - s i z e  con t ro l  rod was sea l  welded i n  helium and placed i n  a r e s i s t a n c e  
furnace,  where i t  was heated i n  success ive  s t e p s  t o  1350OC. Af te r  t h i s  
t ime when no swell ing was not iced ,  t he  specimen was heated t o  1405OC a t  
which temperature it b u r s t  by complete weld f a i l u r e  a t  one end. 
pearance of the specimen shown in Fig. 11 e s s e n t i a l l y  confirms the  140OOC 
value i n  Hagen's r epor t .  

In core-melt Tes t  14 ,  a bundle of 12  Zircaloy-clad f u e l  capsules  
about 1 0  cm long were mounted a t  r e a c t o r  spacing wi th  two s t a i n l e s s  s t e e l  
spacer  p l a t e s .  The conf igu ra t ion  i s  shown i n  Fig.  1 2 ( a ) .  The loading de- 
t a i l s  a r e  shown i n  Table 5. 

The assembly was heated slowly i n  steam over a per iod  of 7.5 min 
t o  a maximum temperature of about 180OOC (es t ima te ) .  Examination revea led  
t h e  f r e e  s tanding f u e l  a s  shown i n  Fig.  1 2 ( b )  wi th  e s s e n t i a l l y  a l l  of t he  
m e t a l l i c  components "candled" t o  form a s o l i d  base t h a t  showed evidence 
of i n t e r a c t i o n  wi th  the  ZrO, c ruc ib l e .  

An a n a l y s i s  of t he  y i e l d  of both the  a e r o s o l s  c a r r i e d  t o  t h e  down- 
stream f i l t e r  by the  hydrogen and t h a t  p l a t e d  out  i n  t h e  furnace chimney 
showed t h a t  i t  cons i s t ed  of about 6.5% of t h e  cadmium and 0.35% of t h e  
s i l v e r .  No o the r  c o n s t i t u e n t  was de tec ted .  

Both of Hagen's observa t ions  have been confirmed he re  i n  sepa ra t e  

The ap- 



ORNL-PHOTO 6031-82 

. 
1; 

. .  . - I ~. 

CENTIMETERS 

N 
0 

Fig .  11. Test specimens used t o  confirm the f a i l u r e  of the control 
rod tube (below) and the s i l v e t Z i r c a l o y  in terac t ion  (above) .  
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F i g .  12. Steps i n  the s i lver-Zircaloy  candling process  a t  1400OC 
(a) showing Zircaloy r e t t e d  by the s i l v e r  a l l o y  and cladding completely 
melted off and (b) a t  18OOOC. 
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Table 5 .  Core-melt Tes t  14 

"0, 712 g 

zry-4 178 g 

ss 49.5 g 

Ag, In, Cd 10.5 g (Rod i n  SS tube)  

H,O added 27 mL 

Ha r e l eased  22 L (equal  t o  25% Z r  ox ida t ion)  

An extended core-melt experiment, Run 16 ,  was next conducted i n  which 
the  fol lowing loading (Table 6) i n  a f u e l  bundle was subjec ted  t o  t h r e e  
incremental  increases  i n  temperature,  and the  res idue  a f t e r  mel t ing i s  
p i c tu red  i n  Fig.  1 3 .  

The aerosol  r e l ease  d a t a  were determined f o r  approximately equal in- 
t e r v a l s  of hea t ing  t ime t o  1800, 2200, and 2400OC. The r e l a t i v e  composi- 
t i o n  of t he  aerosol  c o l l e c t e d  on t h e  downstream f i l t e r  was f i r s t  deter-  
mined by d i r e c t  x-ray f luorescence analyses  a s  i l l u s t r a t e d  i n  Fig. 14 .  
The prominence of cadmium i n  the  f i r s t  hea t ing  and of the  s i l v e r  a t  the  
h igher  temperatures was evident  i n  the  f i l t e r  sample (Table 7) a s  we l l  a s  
i n  t h e  furnace p l a t eou t  (Table 8 ) .  The mass was divided about equa l ly  be- 
tween t h e  two f r a c t i o n s .  

A summary of t he  t o t a l  v o l a t i l e  ma te r i a l  r e l eased  i s  given i n  Table 
9 .  In t h i s  case over h a l f  of t he  cadmium (53%) was r e l eased  and about t he  
same mass of s i l v e r  (but  only 6.1% of the  inventory) .  About 5.4% of the  
indium was re leased .  Almost no t i n  (0.2%, which inc ludes  the  inventory 
of t i n  i n  t h e  Zi rca loy)  was re leased .  There w a s  also a t r a c e  of uranium 
(1  x lo-*%) re leased ,  mainly on t o  t he  furnace wal l .  

Table 6 .  Core-melt Tes t  16 

UOa 481 g 

ZrY-4 156 g 
Ag, Cd, In 10.6 g 

H,O added 53 mL 

Ha r e l eased  58 L (76% Z r  ox ida t ion)  

To ta l  time 14.5 min t o  2400OC 
heated 
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F i g .  1 3 .  Core-melt r e s i d u e  from T e s t  BI-16 a f t e r  h e a t i n g  t o  2400OC. 
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Fig .  14.  X-ray fluorescence analyses  (EDAX) of s i l v e r  a l l o y  metals  
vaporized i n  core-melt Experiment 16 .  

J c 
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Table 7. CM-16 f i l t e r  paper analyses  

Analysis (wt. i n  mg) Maximum Release 
(mg) Cd Ag In Sn U 

s s m ~ l  e temper a t u r  e 
(OC) No. 

16-A 1800 294 178 103 9 3 (1 

2200 103 1 80 20 1 (1 16-B 
16-C 2400 23 (1 17 3 (1 (1 

Table 8. CM-16 furnace depos i ted  a e r o s o l s  

Analysis ( w t .  i n  mg) Release Maximum 

(OC) (mg) Cd Ag In Sn U 
e temper a t u r  e No. 

16-A 1800 3 45 270 73 (1 (1 

16-B 2200 17 5 (1 158 15 (1 

16-C 2400 21 8 83 108 21 6 

Table 9. CM-16 t o t a l  aerosol  r e l ease  

Mass r e l eased  Percent  of 
mass inventory Element 

Cd 0.53 53 

Ag 0.54 6.1 

In 0.07 5.4 

Sn 0.005 0.2 

U 0.006 1 x 10-3 

From t h i s  experiment i t  i s  obvious t h a t  t he  con t ro l  rod a l l o y  domi- 
na t e s  t h e  aerosol  formation f o r  the PWR core  meltdown. A decidedly d i f -  
f e r e n t  aerosol  should be expected when a BWR-type assembly i s  subjected 
t o  a s i m i l a r  meltdown. (The con t ro l  rods t h e r e  a r e  based on boron carbide 
and do not con ta in  s i l v e r . )  
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ANALYTICAL PROGRAM 

l e  O s c i l l a t i o n  Including Ef fec - s  of 
I n e r t i a  of t he  Surrounding F l u i d  

M. L. Tobias 

3.1.1 In t roduc t ion  

The "pis ton" o s c i l l a t i o n  code descr ibed  i n  t h e  previous q u a r t e r l y  
r epor t '  has  been extended t o  include the i n e r t i a l  e f f e c t s  of f l u i d  motion 
around t h e  bubble. There were two purposes f o r  t h i s  study. The f i r s t  was 
t o  determine i f  t h e r e  were any changes i n  t h e  bubble o s c i l l a t i o n  p a t t e r n  
due t o  such flow; t h e  second was t o  examine the  e f f e c t s  of such motion a s  
a func t ion  of bubble depth. 

f o r  a d i a b a t i c  gas motion and wi th  the  use of t he  a c t u a l  p r o p e r t i e s  of a 
s a t u r a t e d  l iquid-gas  mixture  of UO,. 
t h e  layout  of the  phys ica l  s i t u a t i o n  shown i n  Fig.  1 5 ( b ) ,  an i d e a l i z a t i o n  
of the  sphe r i ca l  bubble expansion s i t u a t i o n  shown i n  Fig.  1 5 ( a ) .  The bub- 
b l e  i s  assumed t o  be a c y l i n d r i c a l  volume of f ixed  c ross -sec t iona l  a r ea  A 
he ld  between upper and lower l i q u i d  reg ions .  These a r e  connected by a 
pipe of f i x e d  l eng th  of c r o s s  s e c t i o n  AP through which l i q u i d  can flow i n  
e i t h e r  d i r e c t i o n .  The bubble i s  assumed t o  expand a d i a b a t i c a l l y .  For 
numerical checking purposes,  l i q u i d  motions a r e  assumed f r i c t i o n l e s s ,  
al though t h i s  i s  not  a necessary r e s t r i c t i o n .  

The model was cons t ruc ted  us ing  both the  PVy = const .  a s  t h e  equat ion  

The equat ions  der ived  a r e  based on 

COVER GAS 

ORNL-DWG 82-5282 ETD 

CROSS SECTION A 

LOWER LIQUID RE iGlON 

BUBBLE R E G I O N - '  

Fig. 15. ( a )  Expanding bubble i n  FAST experiment causes  f l u i d  motion 
and (b )  i d e a l i z a t i o n  of the  expanding bubble a s  a c y l i n d r i c a l  region. 
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3.1.2 D i f f e r e n t i a l  eaua t ions  of t he  svstem 

The computer code was cons t ruc ted  on t h e  b a s i s  of t h r e e  simultaneous 
d i f f e r e n t i a l  equat ions,  one f o r  each region. 
of conserva t ion  of momentum. 

Each i s  der ived on t h e  basis 

Lower Liquid Region: 

Connecting Liquid Region: 

d / d t  (AP x H 1  x pV) = (P1 - P2)/(2Lp) - g / p  (2)  

Upper Liquid Region: 

(p1 - P2)A + AP x V l V l p  - H3 X PAg = 

d/dt[(pA x H3) d / d t  (H4 + H 1  + 0.5H3)I (3)  

where ( a s  i n  Fig. 1 5 ) :  

A = cross-sec t iona l  a rea  of the  v e s s e l  

g = a c c e l e r a t i o n  of g r a v i t y  
AP = cross-sec t iona l  a r ea  of the connecting pipe 

H 1  = height  of the  c y l i n d r i c a l  bubble r eg ion  
H2 = height  of the  cover-gas r eg ion  
H3 = height  of upper l i q u i d  s lug  above the  bubble 
H4 = height  of l i q u i d  below the  bubble 

P1 = pres su re  i n  bubble 
P2 = pres su re  i n  the  cover gas 

L = l ength  of the  connecting p ipe  

t = t ime 
V = v e l o c i t y  of l i q u i d  i n  the  connecting p ipe  

p = dens i ty  of the  l i q u i d  
IVl  = absolu te  value of V 

d /d t  = d e r i v a t i v e  

The pressure-volume r e l a t i o n s h i p  f o r  the  g a s  r eg ions  was programmed 
a s  pVy = const .  and a l s o  by use of the method descr ibed by Kirbyik,E a s  
programmed l o c a l l y  by A. L. Wright,S which makes use of m a t e r i a l s  proper- 
t i e s  equat ions  f o r  DO2, 

programmed using t h e  CSMP system.10 
The d i f f e r e n t i a l  equat ions  and t h e  phys ica l  p roper ty  equat ions  were 
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3.1.3 Some r e s u l t s  obtained wi th  the  code 

While only a few t e s t  c a l c u l a t i o n s  have been done wi th  the  program, 
the  fol lowing s ta tements  can be made. 

1. The per iods  ca l cu la t ed  f o r  FAST cond i t ions  wi th  the  bypass method do 
not appear t o  d i f f e r  s e r i o u s l y  from those obtained when bypass flow 
i s  neglected.  

bubble can e x h i b i t  a d e f i n i t e  downward motion as t he  l i q u i d  underneath 
i t  i s  pushed i n t o  the  bypass l i n e  and i n t o  the  top region,  a s  was ob- 
served wi th  EXCOBULLE experiments . l l  

3. The i n e r t i a l  e f f e c t  of the  f l u i d s  s e r i o u s l y  r e t a r d s  t h e  upward motion 
of t he  bubble even i n  t h i s  f r i c t i o n l e s s  model. While the e f f e c t  i s  
probably exaggerated by the  "pis ton" geometry, t h i s  ma t t e r  should be 
f u r t h e r  s tud ied  f o r  i t s  poss ib l e  s ign i f i cance  t o  HCDA ana lys i s .  

4.  A s  a s ide  c a l c u l a t i o n  b u i l t  i n t o  the  program, the  exponent 7 was e s t i -  
mated a t  about 0 . 9 8  f o r  the s a t u r a t e d  UO, vapor i n  t h e  bubble. More- 
over,  i t  was found t h a t  the r a t i o  PV/nT f o r  the vapor i n  t h e  bubble 
was very  c lose  t o  the  gas cons tan t ,  i nd ica t ing  t h a t  UO, vapor could be 
t r e a t e d  a s  a p e r f e c t  gas. 

2. I f  t he  l e v e l  of l i q u i d  above the  bubble i s  s u f f i c i e n t l y  high, the  

3.2 Analy t ica l  S tud ie s  wi th  the  WABWL Code 

W. P. Schuetz* 

The WABUBL code has  a l r eady  been introduced and d iscussed  i n  pre- 
vious q u a r t e r l y  r epor t s .  It i s  a code t o  descr ibe  h e a t  and mass t r a n s f e r  
from a f u e l  bubble i n  e i t h e r  water  o r  sodium, mainly r e l a t e d  t o  t h e  FAST 
t e s t s .  Among o t h e r  modi f ica t ions ,  an op t ion  t o  c a l c u l a t e  piston-type ex- 
pansion processes  was added t o  the  code during t h e  l a s t  r e p o r t  per iod.  
This  type of expansion i s  more r e a l i s t i c  t han  t h e  sphe r i ca l  (Rayleigh) 
expansion i f  t he  bubble s i z e  i s  of t he  same order  a s  t h e  tank diameter.  
During t h e  r e p o r t  per iod,  the  code was appl ied  t o  experimental  (FAST) 
a s  wel l  a s  l a r g e  s i z e  condi t ions .  

FAST water  t e s t s .  The main purpose was t o  compare the  piston-type expan- 
s i o n  wi th  the  sphe r i ca l  (Rayleigh) expansion and t o  vary  the  bubble emis- 
s i v i t y .  The experiments a r e  much b e t t e r  descr ibed  by a piston-type cal-  
c u l a t i o n  than  by a sphe r i ca l  expansion ca l cu la t ion .  By assuming small  
va lues  f o r  t he  bubble emis s iv i ty  (below 0 . 0 5 1 ,  t he  code p r e d i c t i o n s  f o r  
bubble per iod  and maximum rad ius  agreed reasonably wel l  wi th  the  experi-  
mental values .  A sample of the  r e s u l t s  i s  shown i n  Table 10. 

In one case (W1351, entrainment was included i n  the  c a l c u l a t i o n s ,  
using an  entrainment cons tan t  of 1. The e f f e c t s  on bubble s i z e  and pe r iod  
were only small ,  compared wi th  the  case without  entrainment (W134). 

We a l s o  made a f i r s t  a t tempt  t o  run  t h e  code f o r  the  f i r s t  FAST so- 
dium t e s t  (No. 101). Two d i f f e r e n t  ca ses  were ca l cu la t ed .  In t h e  f i r s t  

A s e r i e s  of runs ( a l t o g e t h e r  35 runs)  was performed t o  analyze the  

*Research p a r t i c i p a n t ,  KFJC Karlsruhe.  
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a Table 10. WABWL calculations for FAST water test conditions 

Experimental 
b Parameters Calculated 

results results 

pr e s s u r  e temper a tur e %ax t %ax t const ant em is s iv ity 
Entrainment Bubble wABwL Cover-gas Pool 

case 

(MPa 1 (K ) ( cm) (ms 1 (cm) (ms) 

w120 0.025 298 0 10-6 20.78 152.6 18.9 173.9 
w121 0.02 20.35 147.7 
w122 0.05 20.26 161.9 
W123 0.1 20.90 c 
W124 0.2 21.95 c 
W125 0.3 22.64 c 

W126 0.122 
W127 
W128 
W129 

3 63 0 10-6 13.14 57.6 13.4 87.2 
0.02 13.16 63.9 
0.05 13.56 c 
0.1 15.10 c 

W13 4 0.122 298 0 0.05 
W135 1 0.05 12.58 52.8 9.9 55.0 

A piston-type expansion was assumed in all cases. Initial bubble temperature was a 

4600 K. 

bR - Maximum bubble radius. z = bubble period. max 

No bubble condensation within 200 ms because of water vaporization into the bubble C 

from the bubble-water interface. 
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case,  using a f u e l  mass (MF) of 17.5 g ( i . e . ,  assuming t o t a l  vapor i za t ion  
of t he  t e s t  sample), the  code p red ic t ed  a bubble per iod  of 34 m s ,  compared 
wi th  27 m s  from experiment, and a maximum bubble r a d i u s  of 10.3 cm. Run- 
ning a second case  wi th  UF = 10  g only,  t he  experimental  per iod  was almost 
e x a c t l y  v e r i f i e d .  

condi t ions ,  t he  code was appl ied  f o r  the  f i r s t  time t o  a r e a l  r e a c t o r  
case.  Some of these  condi t ions  a r e  f u e l  mass of 7500 kg, f u e l  temperature 
of 4800 K a t  beginning of expansion, sodium pool he ight  of 9 . 9  m, and 
cover-gas volume of 21 m a .  I n  a l l  cases ,  t he  cover-gas volume i s  t h e  
l i m i t i n g  f a c t o r  f o r  the  bubble expansion. The bubble per iod  i s  very  sen- 
s i t i v e  t o  t h e  amount of f i s s i o n  gas and v o l a t i l e  f i s s i o n  products  assumed 
t o  p a r t i c i p a t e  i n  the  expansion process.  

F i n a l l y ,  Bayleigh-type expansion cases  were run f o r  f u e l  amounts on 
t h e  order  of 1 kg i n  a very l a rge  pool,  where v e s s e l  wal l  e f f e c t s  could 
be neglected,  t o  study buoyancy and condensation. Typica l ly ,  a 1-kg and 
4800-K UO, bubble i s  p red ic t ed  t o  condense i n  an  800-K sodium pool w i th in  
0.8 s and r i s e  0 . 9  m during t h a t  time, i f  an emis s iv i ty  of 0.05 is  as- 
sumed. It should be pointed out ,  however, t h a t  the  emis s iv i ty ,  which 
s t i l l  i s  not  very  wel l  known, p l ays  a very  important r o l e  i n  these  cal-  
c u l a t  ions.  

By introducing t y p i c a l  Clinch River  Breeder Reactor (CRBB) boundary 
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