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0. L. Ccrdes 

- - - - - - -  A B S T R A C X  

The d e s t r u c t i v e  t e s t  of a Si%V 1OA/2 r e a c t o r  by water iamrcrrsion 
as p a r t  of tile aercspace nuclear  s a f e t y  (SR-7)  studies beir!! 
conducted by Ph:llips Fetroleum Cmpany f p r  the Atonic Energy 
Ctxmission prcviiied a rere m d  musual q p o r t u n i t y  t o  ekudy t h e  release 
and d i s t r i b u t i c n  of f i s s i o n  p r d u n t s  f r a  a f u l l  s c a l e  r e a c t o r  des t ruc-  
t i m  u,der accicient condi t ions.  

Tne reactor  d e s t r u c t i v e  experiment conducted on Apr i l  1, l$4, 
cons is ted  of a rnrdified SNU 1 0 A / 2  f l i g h t  systm.  r eac to r  mounted in a 
larqe water f i l l e d  concrete  tank. 
vir&, f u e l  cons i s t ing  of 37 zirconium hydrido f u e l  rods formed i n t o  a 
c lose  paclted hexagonal array ccnta in ing  L.75 Kg af '5-235 arid 464 gram 
m l e s  of hydrogen. RaX coolant  f i l l e d  the i n t e r s t i t u a l  spaces between 
the fuel r d s .  Slx bery l l iw!  i n s e r t s  shaped t h e  core i n t o  a cy l inde r  
approximately 9 inches i n  d i m e t e r  and 13 inches high.  
was he13 s u b - c r i t i c a l  by a b i n a l  sleeve u n t i l  t h e  tes t  was I n i t i a t e d  
a t  whic!l time t h e  b i n a l  sleeve was removed by a p i s ton  d r iven  by a 
black powder charge. 

The r eac to r  core  ccntzined e s s e n t i a l l y  

The r e a c t o r  

Fission product release and d i s t r i b u t i o n  d a t a  were obtained fran 
f u e l  remains, environmental water samples and from a r a d i o l o g i c a l  
monitoring g r i d  populated wi th  a i a r i e t y  of sampling devices  Including 
high volume a i r  samplers modified f o r  iod ine  monitoring, f a l l o u t  p l a t e s ,  
fission gas d e t e c t s r s  and p a r t i c l e  s i z e  samplers. A i r  sampler f i l t e rs  
were analyzed f o r  f i s s i o n  products by non-destructive gama r a y  analyses,  
fue l  and water sanp le s  were sub.jected t o  radiochemical separa t ion  before  
analyses. 

Fis s ion  products de tec ted  c u  Lhe g r i d  cons is ted  e n t i r e l y  of daughters 
of noble f i s s i o c  gases (3  sec Kr-92, 10 sec Kr-91, 16 sec Xe-140, 4 1  sec 
Xe-139, and 1'7 min Xe-138). 
de tec ted  i n  a f i s s i c n  gas de tec to r  des ip-ed  t o  hold t h e  longer l i v e d  
gases f o r  decay. 
daughters c f  shcrt, livdlj, n o b l e  gases it  was concluded t h a t  only co3le  
gases were re leased  t c ,  t h e  su r rmnd ing  a t i r~xp t~e re .  
f i r , s i r , n  products renained i n  t h e  f u e l  %id envircnmental water. 

The  CS-136 daughter of 17 min Xe-138 was 

Frm the lack cf any fission products o the r  than  

h'alogens a d  s o l i d  

F i s s ion  pmduct  r z l e s s e  d a t a  oistsi ned from t h e  g r i d  were cor rec ted  
for. the por t ion  r :  eal.ti del-ay chain t k 3 t : t  wes n s t  sampled because the 
fission product, parent was I n  a gaseous fo rn .  T h e s e  corrected anouiits 
were used t9 determir ie  t x  laterdl c l x d  diffusicn 3nd the peak i so top lc  
c x icent ra t ion  a t  e w h  grje .  'These cxicerltratj.cn va].ues -dcre use3 t c  

http://cxicerltratj.cn


pred ic t  a f lsaicr!  c l - 9 ~ 6  release mde l  t h a t  would fit t h e  observed data. 
The r e l e a s e  model was then conikined with a Suttor, type diffuston 
e q n a t i f n  ?,! c?xtsir, t h e  quac+,i+.jr c;f t he  f ’ iFs i cn  Fr:ducts re leased  frca 
t h e  reac tor .  

E S f d r t s  t c  d s t e m i n e  t h e  distributicl cf’ t he  rad ic icd ine  lead t o  
+,‘ne ccr ,c lue jnn tha t  the ma, ; r? r l ty  05- %he iodine  reFained i n  t h e  fuel 
w i ‘ k  t5e rer,:<nder t;?ir,g ei+i.Pr absorbed i n  the ecv i ro raen ta l  tank 
w 2 t v  o r  p l a t e d  out  c)c the roficrete wails.  

The genera!. - c ~ ~ ~ ~ : ~ ~ s ; o ~ r s  reached regardirig t he  release r,f tox ic  and 
rsdi - x t i v e  ma!er!iL1c: to the er ivir~me:i t  8s a res-ilt :f t!ie d e s t r u c t i v e  
e j c c w z i ~  n 0:’ t’ie xLi:trJr were as fcllws: 

1. Mcre c’7n.n 94% of the  f i s s i o n  prcducts were ret,a;ned i n  t h e  
e r i v i r  : m e n t a l  wster a c ?  rea.:tQ:r 3x1 remains. 

2.  Hal~gers released from t h e  f71el were retilined by the  environ- 
r e n t a l  t a n k  vater  w i t h  tile re.rul? that, nr dectaS‘le iodine was re leased  
t o  t t ,e r&i.:oacti-:e c loud .  

3. 
t h e i r  daugt : ters .  Ctiliiulnt.ic.$r::: i : ,dicate that the noble  gas r e l e a s e  
r ’rac t im was lees t i t a n  1-5 of t he  t o t a l  noble gas inventory. 

The radi ;nct ive cLsii0 -8ontained ricly cflble fission gases and 

AltlLdu:,.h t ’ : e  SNAP 1rjA,/2 reactor used i n  t h i s  t es t  is not  represent -  
a t i v e  of cccvent ional power reac tors ,  t h e  infomati.on obtained i s  u s e f u l  
f o r  e-Tal uht: ng an;tly+, icsl models. 



I. INTRODUCTION 

A s  p a r t  of the space e f f w t  of t h e  United S t a t e s , ' a  number of small 
nuclear  r e a c t o r s  a r e  under development t o  qupply a u x i l i a r y  pcwer f o r  
space vehic les .  These SNAP (Systems f o r  Nuclear Auxiliary Power) 
reac tors ,  which cannot be provided v i t h  t h e  usua l  engineering safe- 
guards, because of weight l imi t a t ions ,  pose unique nuclear  s a f e t y  
problems, 
as p a r t  of i t s  o v e r a l l  nuclear  s a f e t y  effort, a test  program t o  de t e r -  
mine t h e  r ad io log ica l  consequences of p o t e n t i a l  nuclear inc idents  
involving these  r eac to r s  under a c t u a l  acc ident  condi t ions.  
program, which is  being conducted for t h e  Atomic Energy Commission by 
P h i l l i p s  P e t r o l e m  Company a t  the  National Reactor Tes t ing  S t a t i o n  
(NRTS), has been designated t h e  SNAPTRAN Program, with  the f i rs t  r e a c t o r  
t e s t i n g  being the  SNAP 1 0 A / 2 .  

The Atorric Energy Commission, therefore ,  has es tabl ished,  

This testing 

A t  1144 hours on A p r i l  1, 1964, t h e  Engineering Test  Branch (GTB) 
of P h i l l i p s  Petroleum Company i n i t i a t e d  a des t ruc t ive  excursion with 
a SNAP 1 0 A / 2  r eac to r  t o  simulate  a water  immersion type of accident .  
This test  was designated as the  SNAFTRAN 2 j l O A - 3  Water Immersion 
Des t ruc t ive  Tes t .  

The purpose of t h i s  paper i s  t o  present  t he  r ad io log ica l  d a t a  
concerning t.he r e l e a s e  and spread of f i s s i o n  products obtained f rm 
t h i s  simulated r e a c t o r  accident .  

11. DESCRIPTION 

The r e a c t o r  des t ruc t ion  experiment cons is ted  of a modified SNAP 
10A/2 F l i g h t  System reac to r  mounted i n  a l a r g e  water f i l l e d  concrete  
tamk (Figure 1). 
cf Figure 2, was coplposed of s ix  beryll ium i n s e r t s  and th i r ty-seven  
f u e l  rods arranged i n  a close-packed hexagonal a r r ay  containing 4.75 
kg of  U-235 and 464 g-moles of hydrogen. 
a l loy  of zirconium hydride and 10 weight percent  of f u l l y  enriched 
uranium, c l ad  wi th  hastelloy-N. The f u e l  rods and beryll ium i n s e r t s  
fcrmed a cy l inde r  approximately 9 inches i n  diameter by 13 inches long 
and were contained i n  a thin-walled s t a i n l e s s  s t e e l  vesse l .  NaK coolant  
f i l l e d  t h e  i n t e r s t i t u a l  spaces between t h e  f u e l  rods. 

The r eac to r  core  as shown i n  t h e  c ros s  sec t ion  view 

The fuel rods cons is ted  of an 

The r e a c t o r  was cont ro l led  by t h e  axial  pos i t i on  of a 1/4 inch 
t h i c k  neutron absorbing b i n a l  s leeve  which surrounded the  r eac to r .  
I n i t i a t i o n  of t h e  des t ruc t ive  excursion was accomplished by removing 
the  b i n d  s leeve  w i t h  a pyrotechnic ac tua tor .  The pyrotechnic ac tua tor ,  
powered by a black powder charge, removed the  control s leeve  from the  
r eac to r  a t  v e l o c i t i e s  comparable t o  thcse a t  whlch t he  r eac to r  would 
eri+,er t h e  water  from a launch abort .  Under these  conditions,  the 
distructivz t es t  2ppronched the  m a x i m u m  c r ed ib l e  azcident  f o r  a water 
imnrersio:i ::icider.t. 



Fission prcduct release and d i s t r i b u t i o n  d a t a  were obtained fran 
fuel remains, environmental tank water samples and from samples re- 
covered Prom an extensive r ad io iog ica l  monitoring @ i d .  

The moni tor i rg  g r i d  consis%ed cf 8 s e r i e e  of concentric arc8 w i t h  
A heavy concentration of smpling the r e a z t c r  t e s t  pad as the  <en te r .  

equiparnt was placed i n  a 60' sector ,  o r i en ted  w i t h  t h e  c e n t e r l i n e  of 
the  propqsed " c l o d  t r a j e c t o r y  30" east of t r u e  northw.  me typf26 of 
samplers used and t he  placement of the i n s t m e n t a t i o n  OB the monitor- 
ing  g r id  a r e  shown ir, Figures 3, 4, and 5 ,  v i t n  a typical g r i d  s t a t i o n  
shown i n  Figure 6. 

Respons ib i l i t y  f o r  Konitoring t h e  r ad ioac t ive  f i s s i o n  product re- 
lease was div ided between P h i l l i p s  P e t r o l e m  Company h'ealth and Safety 
Branch and the Health m d  Safe ty  D i v i s i m  of the USAM: Idaho Operations 
Office. P h i l l i p s  Petroleum Cmpany provided monitorlng out  t o  approxi- 
mately 1600 meters and ID Health and Safe ty  provided monitoring beyond 
1609 meters. The U. S. Weather Bureau was respons ib le  f o r  determining 
t h e  atmospher!r- d i f f u s i o n  conditions and t h a t  t he  following meteorolog- 
i c z l  cox.diti,J-nr v e A e  met: 

1. 

2. 

3. 

k .  

h p s e  (uns t ab le )  conditions,  t o  persist a min iam o f  three 
hours a f t e r  t h e  t e s t  t o  insure adequate d i f f u s i o n  condi t ions  

Mean wind direction i n  t he  s e c t o r  between 18'3 and 240 , w i t h  
t h e  allowance of an additional 20' on each s i d e  of the  sector 
f o r  short term wind f l u c t u a t i o n s  t o  a6oure passage of t h e  
cloud over t h e  instrumented grid.  

0 

Wind speed between 10 and 30 miles p e r  hour, t he  lower l i m i t  
t o  insure  r e l i a b i l i t y  f o r  f o r e c a s t i n g  a persistent w i n d  
d i r e c t i o n  and t h e  uFper limit t o  assure s a f e  aerial monitoring 

No p r e c i p i t a t i o n  i n  t h e  area, i n  order  t o  maintain good 
sampling conditions and t o  prevent l oca l i zed  washout of 
rad 1 oac t i ve m a t  e r i a1 . 

A i r  samplers used on t h e  g r id  were Staplex hi-vclme samplers 
modified t o  draw a i r  through a four-inch-diameter p a r t i c u l a t e  f i l t e r  
backed by a standard one inch deep i cd ice -co l l ec t ing  charcoa l  c a r t -  
r idge  Figure 7. 
these samplers was approximately 22 cCm. 
nodifled t o  cb ta in  greater f l o w  rates (approxlinately 49 cfm) by en- 
larging t h e  i n l e t  s ide  I;f the sampler t f J  hold two  four inch  dfemeter 
filters, each backed by a charcoal c x t r i d g e .  

With t h i s  arrangement, t h e  average flow rate through 
Some of these samplers were 

F i l t e r i n e  media cons i s t ing  c!' ccrnmercially available spun poly- 



s ty rene  pads (Micrcsorbm) were used on all p a r t i c u l a t e  a i r  samplers 
dur ing  t h e  t e s t .  
while  meintaining a h.lqh c o l l e c t i o n  e f f i c i e n c y  ( g r e s t e r  than  99 perceot  
fx- F z r t i c l e s  g r e a t e r  %ha? C . b ) .  
t h i s  mec?ia contal  ;,od LG c e ~ y l l t m . ,  which ma& then aseful f o r  beryl l ium 
mor,i t o r  i rig. 

T h i s  n a t e r i a l  had t h e  advantage of low f lm reaistance 

I n  addi t ion ,  the f i l t e r s  m d e  f rm 

r- k r e e  t y p e s  of pai ' t icle size smplers were used i n  t h e  dmnwind 
s e c t o r  cf t h e  g r i d  t o  o b t a i n  p s r t i z l e  s i z e  ic fJnra t1m.  
t w o  s t ~ g e  -yz lsne  s m p i e r ,  t h e  U z i i c ?  cascc2.e impactor and the h d e r S G A  
s avpler  . 

These were t h e  

Deposition sainpitng was ac:rxglished w i t h  f a l l o u t  p l a t e s  loca ted  
a t  eazh grid s t a t i o n .  
t r anspa ren t  paper mcurited rin r idged steel frames. Large s i ze  p l a t e s ,  
12 x 1 5  inches,  were used in  c lose  t o  t h e  r e a c t o r  t o  obte in  a h ighly  
sens i t i - Je  messurenent. Smsl le r  p l a t e s  4 i i iches by 9 iilches were used 
where l a r g e  n m b e r s  were required.  

These f a l l o u t  plates  were cade f r m  a sticky 

Direc t  r cd ia t ion  neiisurements of t h e  f iss im product l d e n  cloud 
were octained using pers3nnol film dosimeters  c f  t he  type used a t  t h e  
KITS (Dupont f i l a  peckets)  and remote area monitoring ion-chamber type 
monitors.  &ta exposure measurements from f i l m  dcs ine t e r s  located on 
8 tower and on the  t e s t  pad exhaust s t e c k  were used t o  m a s w e  the 
height  of t h e  cloud while d i r e c t  r a d i a t i o n  dcse rete measuremects from 
t h e  remote a r e a  mc..\'tcrs were used t o  cbtairi informetion about t h e  
c1c:ud passage time. 

Ir. addi t tor .  t o  instruments for obta in ing  f i s s i c n  product release 
data o t h e r  instruments were i n s t a l l e d  on the gr id  f o r  measuring d i r e c t  
r a d i a t i o n  dose ra tes  and ef fec ts .  In p a r t i c u l a r  a 25 unit t e lemeter ing  
system was used with the 25 uriits dispersed on the  150'3 and 2500 meter 
arcs. These wits repor t in6  t o  a renmte con t ro l  center ,  two miles away 
t n  t h e  Technical  Support  see, provided ime3ia te  Lnfomation regarding 
t h e  sever i ty  of th r e l ease .  

V. TEST OPE3UT'I'JN 

I l 8 b 3 b 2  



f o r  recz iv lng  and d i spa tch lng  s m g l e s  recovered f rm t h e  grid fol lowing 
t h e  tes t .  
f i e l d  crews, r e a c t o r  t es t  pe r somel ,  and t h e i r  respectI.JP c o n t r o l  
cer,ters. 
g r id  area out t o  I60G meters had beer, c l ea red  of preorrnel.  
samplers en  the  inner u c s  (from 25 t o  302 meters),  scheduled t o  operate 
f o r  four  miniit.+,cs, were starteO 9.t 30 seccnds p r i o r  t o  t h e  i n i t i a t i o n  of 
t h e  t e s t .  
k u x s ,  when t h e  2 e s t r u c t i v e  excursion w a s  i n i t i a t e d .  

Each respons ib le  g o u p  had two-way radio contac t  ketween 

By l03c hours, a l l  g r i d  s t a t i o n s  had beec ec t iva t ed  and the  
Air 

C o w t  d m n  prxedures  continued without l n c l d e n t  un t i l  1144 

Within d l l i a e c o n d s  following the i n i t i a t i o n  of t h e  rewto? excur- 
sion, steam arLd water were e J e r t e d  from the  envirczmental tenk i n  a 
spherically shaped cloGd. 
f o r  a s h o r t  t i m e  during irhich most of t h e  water collspstd back i n t o  the 
environmental ttu&. Tallowing the co l l apse  of t h e  water, E v i s i b l e ,  
vapor - f i l l ed  cloud blew dcumind over tl-& heavi ly  icstrumcnted s e c t o r  
of t h  m m i t o r i n g  gr id .  
vided inmediete i n f o m e t i o n  t h a t  t h e  r a d i o a c t i v i t y  release had been 
small aid t ha t  no s i g a i f i c a n t  rsdtaticn hazard had been created. 

The cloud maintained i t s  symmetrical shape 

Telenetered date from t h e  2500-meter a r c  pro- 

Follcwing t h e  d e s t r u c t i v e  excursion, t h e  s e n i c r  staff of t h e  
Engineering and Test Branch evaluated t h e  condi t ion  of the reactor using 
TV cameras, wiiter l e v e l  i nd icc to r s ,  aril nuc leer  radiati.Cn d e t e c t o r s  t o  
determine t h a t  the reaEtor remains were i n  a safely shutdown condition. 
Approval WRS given f3r the re-entry t e a m  t o  e n t e r  t h e  test c e l l  axe8 at 
I220 hours. Direc t  r a d i a t i o n  readings of 150 mr/hr were encountered a t  
t h e  test c e l l  en t rance  and a maximum of 400 mr/hr was recorded adJacent 
t o  t h e  environmental tar&. The team made a b r i e f  inspection of the test 
area arid the  environmental t ank  and re turned  t o  tke underground change 
r o o m  where they  were surveyed f o r  contamination. Low level a c t i v i t y  
(1.0 m r e m / h r )  was de tec t ed  by EL GM portable survey instrument on the 
soles of the shoe covers worn by t h e  re-entry t e r n ,  which ind ica t ed  
t h a t  t h e  r e a c t o r  test  pad was only slightly contmina ted .  

A t  approximately 1240 hours, sample recovery terns, beg= re- 
t r i e v i n g  samples frcm the r a d i c l o g i c a l  g r i d  and fran around the r e a c t o r  
t e s t  pad. 
c o l l e c t e d  by 2WO hours. 
following day. 
the sample recovery t r a i l e r s ,  sealed i n  plastic bags, and routed to 
those respons ib le  f a r  t h e  m-alyses. 

All smples t o  be analyzed f o r  shor t - l ived  a c t i v i t y  were 
Other nonpr io r l ty  samples were c o l l e c t e d  the 

Sample8 c o l l e c t e d  from t h e  grid were checked through 

V I .  FISSION PXODE'i' DISTXXBVTIGN 

Fiss ion  products from tine t e s t  were d i s t r i b u t e d  anong the radio- 
ac%iire cloud, t h e  water i n  tnc3 environmental tank, 0,nd the s o l i d  remains 
rif the r e a c t a r  fuel. Measurements were made on each ~f these three 
items ir! orcler tg detern-he the i s o t c p l c  d l s t r i b u t i c n  of the  fission 
products Prrm t'ie tes:. 

1. Fission Products i n  Cloud 

http://respectI.JP
http://radiati.Cn


Orly daughtzrs  from s h o r t  l i v e d  noble gas fission products 
(3-sec Kr-92, 10 sec .Kr-gl, 16 zec Xe-140 and bl sec Xe-139) were 
co l l ec t ed  by p a r t i c u l a t e  samplers sampling t h e  cloud. I n  addi t ion,  t h e  
baxiun; daughter of Xe-139 w a s  detec ted  m charcoal  ch r t r idges  in t h e  
a i r  samplers, and t h  c e s i m  daughter or' 1L s i n  Xe-135 was co l l ec t ed  by 
f i s s i o n  gas de tec to r s .  

1.1 F z r t k l e  S ize  and Depcsl t ion 

Careful  aqa lys i s  of t h e  f a l l o u t  p l a t e  depGSitiCn s m p l e r s  
by both r ad icchen i s t ry  and by damna r ay  ccw-ticg shcwed t h a t  upwind and 
downwind p l a t e s  had co l l ec t ed  t h e  same trace l e v e l s  of a c t i v i t y  which 
was taker, t o  be Sa.kground a c t i v i t y .  

P a r t i c l e  s i z e  s m p l e r s  out  t o  1600 meters l ikewise d i d  not  c o l l e c t  
suffi.ient, a c t i v i % y  t r ,  permit a n  ana lys i s  of t h e  p a r t i c l e  s ize  d i s t r i -  
but ion  of t h e  r e l eased  f i s v i c n  prcducts .  Cnly tne  backup f i l ters of 
t h e  Cyclnne samplers co l l ec t ed  s u f f i c i e n t  a c t i v i t y  f o r  aoa lys i s  and 
t h e s e  merely ind ica ted  that the  p a r t i c l e s  were smaller than 'he 10 p 
c u t  of f  range of this scuapl.er. 
air-sampler f i l t e r s  shared a very smocth, even d i s t r i b u t i o n  ind ica t ing  
t h a t  tce p a r t i c l e s  associated w i t h  t h e  radioact i .J i ty  were small and v e l 1  
d ispersed .  

Autorzdiography of t he  high v o l m e  

1.2 Cloud Radiat ion 

Di rec t  r a d i a t i o n  frcm t h e  cloud was measured by remote 
r a d i a t i o n  monitors, f i lm  dosimeters, end f i lm  dosimeters loca ted  i n  
"wells". The downwind fi lm-dosimeter exposures ind ica t e  t h a t  t h e  
cloud passed down t h e  cen te r  of t h e  g r i d  d i r e c t l y  overothe f i v e  renote  
r a d i a t i o n  monitors loca ted  on t h e  c e n t e r l i n e  of t h e  60 
r ad io log ica l  gr id .  The measured dose rates from t h e  de t ec to r s  are 
shown as a func t ion  of tfme a d  d i s t a n c e  i n  Figure 8. 
a small response t o  the pronpt gamma rad ia t ion ,  f o l l a r e d  by a decay 
of t5e delayed gamna r a d i a t i o n  p r i o r  t o  t h e  a r r i v a l  of t h e  cloud. 

s e c t o r  of t h e  

The traces show 

The " w e l l "  f i l m  dosimeters,  being sh ie lded  from the  reac tor ,  saw 
only t h e  d i r e c t  r a d i a t i o n  f r m  t h e  cloud. 
dose from t h e  cloud occurred w i t h i n  25 meters of t h e  r eac to r .  Three 
"well" s t a t i o n s  on t h e  25-meter a r c  recorded t o t a l  b e t a - @ ; m a  doses of 
240 firem, I+60 m r e m ,  and 290 m r e m ,  r espec t ive ly .  One hundred meters 
from the reac tor ,  t h e  m a x i m u m  dose frm, the  cloud, as measured by a 
'!well" film-bad.ge dosimeter, was 35 m r e m .  
a c t i v e  decay were such t h a t  filin dosimeters a t  a l l  g r i d  s t a t i o n s ,  300 
meters o r  more fron t h e  reac tor ,  recorded less tiIan 25 m r e m ,  t o t a l  dose. 

The m a x i m u m  reccrded r a d i a t i o n  

Cloud dispers ion  and radio- 

A n;onitoring sirFlane in te roepted  t h e  a a i n  cloud a t  approximately 
one n l  Le f'r7m the tes t  s i t e  and f o l l m e d  it fi;r twenty-one miles  before  
r lout l  d ' s p e r s i o n  and ra,dioazt:ve d e c a y  reduced the r a d i a t i o n  l e v e l s  t o  
backgroimd. 4.t .:ever! miles fxm the  t e s t  s l t e ,  the  hirplene neaswed  
2 peak read; ng of ?. 1 mrm,jbir v t l i l e  f ly ing  a t  3pprnximately 1 2 0  f e e t  
ab0s.e the terrair i .  

I l8b3b4 



2. F i s s ion  P r a l u c t s  i n  Water 

Samples of water expel led during t h e  excursion were captured 
Samples of t h e  water remaining In the  

O f  the 10,OOO ga l l aos  of water 

i n  ca tch  cans and water t r a y s .  
environmental tank were obtained two deys fol lcwing t h e  t es t  frao an 
undergrcund "hot waste" s torage  tank. 
o r i g i n a l l y  i n  t,3e tank, a l l  bct. about 5 0 0  gallons returned t o  the tank 
f o l l m i n g  t h e  I n i t i a l  power bu r s t .  Spcc i f ic  ana lys i s  f o r  Ce-141, 1-131, 
Ba-La-140 and Zr-Nb-95 were performed. The water expulsed during t he  
excursion conteined s i g d f i c m t l y  higher  concentrs t ion of Ce-141 than  
d id  the  water  remaining i n  the  tank w h i l e  j u s t  the  opposite w a s  t r u e  
with 1-131. 
re leased  frm the  fue l  i n  time f o r  it to be trapped in t h e  water t h a t  
d i d  not  r e t u r n  t o  the  tank. 
parent  WES held i n  the  fue l .  The iodine was not  re leased  u n t i l  e t e r  
the  excursion. I n  add i t i cn  t o  the i so topes  l i s t e d ,  l a r g e  q u a n t i t i e s  
of a c t i v a t e d  sodium (Na-210 and t r a c e  qu .mt i t ies  3f Ru-193, Ce-143, 
Hp-239, Te-132, 1-132, and 1-133 were de tec ted  i n  t h e  e n v i r o m t a l  
tank water.  

The Ce-141 would i nd ica t e  t h a t  i t s  parent  Xe-141 w a s  

The 1-131 r a t i o  ind ica t e s  t ha t  the t e l l u r i m  

3. Fuel  Analysis 
I 

3.1 Radiochemical Analysis For F iss ion  Products 

Because of t h e  problems connected wl th  recovering radlo- 
a c t i v e  fue l  and i n  preparing s u i t a b l e  sample specimens for  radiochemical 
analysis, the  f u e l  ana lys i s  w a s  not  started u n t i l  near ly  one month 
fol lowicg the t e s t .  Because of this r e l a t i v e l y  l m g  time interval, only 
t he  longer- l ived i s c topes  could be q u a n t i t a t i v e l y  measured. 

Four samples from each of three fuel p ins  were analyzed for  1-131, 
Ea-La-lhO, Ce-141, Zr-Nb-95, Cs-137 and Sr-89. I n  addi t ion  one fuel 
p in  s a n p l e  was analyzed f o r  ~ r - 8 5  t o  measure the quan t i ty  of noble gas 
re ta ined .  

3.2 Fr-entation 

F i s s ion  product s a p l i n g  of t h e  varloue f u e l  s izes ,  while 
not completely r igorous because of d i f f i c u l t i e s  In obtaining represent-  
a t i v e  samples, showed a t rend tswards higher l e v e l s  of a c t i v i t y  in the 
more f i n e l y  divided fue l .  
completely c lear ,  I t  can be pcsut la ted  t h a t  i n  p G t  it was due t o  the 
f i n e r  p a r t i c l e s  caning from the  regions ~7f t h e  core  having the  highest 
f lux .  

While the r e a m  f o r  t h i s  t rend  I s  not 

Table I s h m s  t h e  approximate s i z e  range and quan t i ty  of the reac tor  
Essentially e l l  of t h e  f u e l  was conthined with-  f u e l  fr>liowirig t h e  te t j t .  

i n  the  en-ri r-)nment,d t a n k .  
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TABLE I 

(4  

k s s  7’c mLrrjns 13.0 

F a r t l c l e  Size Range Grams 

74 t o  1L9 micrcns 74.9 

149 t o  1,000 microns 1,015.17 

1,900 t o  4,760 a i c r o r s  2,776 c 
Tota l  Grams 

Crcater 4,760 nicrons 53,335.91 P r i o r  t c  Test 

To ta l  57,215. fa 57, ‘720 

Perc en-t 
Recoverod 

(a )  Includes fue l ,  claddiog, arrd end cape. 

VII. DATA ANALXSIS 

A number of conclusisns  can be drawn frm t h e  des t ruc t ive  test 
da ta ;  same of which, including t h e  d i s t r i b u t i o n  of rad ioac t ive  iodine, 
and t h e  f r a c t i o n  of f i s s io r ,  products re leased  t o  the atnosphere, are 
explored i n  t h i s  sec t ion .  

1. Iodine Di s t r ibu t ion  

Because of its p o t e n t i a l  b i o l o g i c a l  effect a great deal  of 

For 
i n t e r e s t  ha3 developed I n  t h e  r e l e a s e  of Iodine f rm damaged r e a c t o r  
f u e l s ,  e s p e c i a l l y  i n  f u e l s  ruptured under accident condi t ions.  
t h i s  reason an atteropt was mhde t o  a c c o m t  f o r  the iodine produced 
during t h e  d e s t r u c t i v e  excursion. 

1.1 Availa’ule I d i n e  

The number of c u r i e s  of var ious i o d i n e  ~ S G ~ C ~ C S  which were 
prcduced dur ing  the  d e s t r u c t i v e  excursii,n and were, f,her?fore, ava i l ab le  
f o r  r21ease to t he  atzospkere a t  t he  t i m ?  3f t h e  z e s t  are shcwn in 
Table TI. 

I I 8 b 3 b b  



T4- - 
7 

10' :?I" 

C u r  Le s A-rat 1 able 
.. 17 

1.9 x 10 

I-i31 

1-3-32 

1-1 33 

1-134 

1-135 

1-136 

1-137 

i- 138 

I-i:S 

20.8 hr 

52.5 min 

6.7 hr 

% sec 

2ZL.4 sec 

0 . 3  sec 

2 sec 

0.1C' 
-7 1.4 x LC! 

-6 3.4 x 1G 

77 

47 
4 

1.1 x 10 
4 

6.1 x i o  

1.6 x I O 5  

s 
2.7 x 10 



t a r s r d s  highly s e n s i t i v e  d e t e c t i c n  of a i rborne  rad ioac t ive  iodine,  
iodine W ~ S  n c t  de tec ted  i n  t h e  r d i o & r t i v e  cloud.. 

The mtnimur concentrat ion of i o d i m  de tec tgble  by the  s m p l i n g  and 
coimting syscem under t e s t  conzi t ions  was 2.9E x 
100 perzent c o l l s c t i m  e f f i c i e c c y  f o r  t h e  charcasal bed, a cloud sampling 
time ~f 10 seconds, and a sanipling ra te  f 20 cfm. Using an est imated 
upper- l imit  Zlstld folume of !+.I-; x 1J m , tnis 2mcec t r z t ion  y i e lds  an 
es t imsted  upper- l imit  c~f' 0.012 c u r i e s  cf i cd ine  t h k t  could have been 
re leased  wi t rou t  de tec t ion .  This corresponds t2 approximately 0.03 
percent  of t he  ava i l ab le  iodine-135. The r e s u l t &  cf t h e  f i e l d  measure- 
ments nr,d t h e  sensF t iv i ty  c a l c u l r t i o n s  i n d i c a t e  t h z t  t h e  iodine release 
r r m  t h e  d e s t r u c t i v e  excursion, i f  i+l~y, was insigni ' icant.  

yc/cc. This  assumes 

!+ '3 

1.3 IcJdine Releesed t o  the Water 
_I 

Radiochenical ana lys i s  of t h e  ecvi rmmenta l  tank water, 
t w q  days f d l o w i n g  t h e  t es t  a l sc  shcwed s u r p r i s i r g i y  l i t t l e  iodine.  
The two-day de lay  i:iterval r edwed  t h e  amount of d i r e c t - y i e l d  iod ine  by 
r ad l2ac t ive  decay; hmever,  i f  l a r g e  amew.ts of iodine had been re- 
leased, it would have been r e a d i l y  dc t ec t ab le .  On the  d a t e  o ana lys i s ,  
t h e  ecvirocmental  t bc/ml o r  
a t o t a l  2f 1 . 2  x 13 
quan t i ty  0.92 c u r i e  ca l cu la t ed  by t h e  CURIE csde. 

k wster (+500 g a l )  ccntaized 3.15 x 3j 
c u r i e s  cf 1-131, corpsred t 6  tne  t o t a l  a x i i l a b l e  

-3 
SLmLlarly, t h e  iodine-133 d a t a  showed 3 s m h l l  ainount ( 4 . 4  x 19 

c u r i e s )  cf 1-133 i n  t h e  water, compared t o  the calcult i ted quan t i ty  of 
4.3 a r i e s  f o r  t he  corresponding time. 

The evidence from t h e s t  two i so topes  of iodine ind i - a t e s  t h a t  t h e  
rel.ehse of iod ine  i n t o  t h e  water  was q u i t e  lm.  

1 .4  Icd ine  Retained i n  t h e  Fuel 

Radiochemical ana lys i s  of t h e  twelve semples of f u e l  taken 
from f G u r  d i f f e r e n t  f u e l  p ins  si,owed hn average concentrat ion of 1'7 p c  
c~f  1-131 per  gram of f u e l  at, t h i s  t i n e .  T h i s  average value gives  a 
tQta1 rif 0.e'; c u r i e s  of 1-131 remainir-g i n  t n e  f u e l  compared wi th  t h e  
CLTRIE code ca l cu la t ed  quan t i ty  of 1.0 cu r i e s .  
r m g h l y  87 percent  cf the  1-131 was re ta ined  i n  the  f u e l .  While t h i s  
Etversge value does rL8-,t t ake  inti> acccwnt t h e  v e r i a t i o n  of neu+,ron f l u  
from czmple  t r ~  sample and the  degree (.f f r a g e n t a t l c n  of f u e l  pins,  it 
dce; serve ts. st,ow thst a ma,'or F x t i ? p  of t he  1-131 rensined in  the  
fue l .  It c a  e 5peC:il&w? that  o the r  isctc,pec -f iod iae  keha,led i n  a 
sini l.+r mrqrier. 

Thus, it appears t h a t  

I 1 8 b 3 b &  
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2. F r a c t i c n  of Noble GES Released t3 Envirmrnen', 

It is n o t  possible t o  perfjrrn ci c z l c u l a t i c r  cr, the guactity of 
radi?act,ive gsses re leased  frm a f u l l  s c a l e  r e a c t r r  des t ruc t ive  test 
withcbt n e c e s s s r ? l y  a&&-q 5 r;mker cf assinnptions. 
poss ib l e ,  in w-lst cases, t >  s e l e c t  P. set of %suml;tims t h a t  can 
rnasmabl.;r be expected t o  3;ve ea upper lirnit t c  tne qaan t i ty  re leased  
and this mode cf  approach nas been used in tbie f 2 l l m i n g  sec t ion .  Three 
rne%nods have k e n  used t o  determine the f r s c t i ~ i  cf r:3t:e gases r e l e s sed  
during the d z s t r u c t i v  test. 

It j s  however 

2 .1  i l i f fus lcn  Calculat ions Using Kr-91, Kr-92, and Xe-139 
Decay Chains 

A n  es t imate  sf the f r a c t i o n  of t h e  m b l e  gas fission 
prcducts  re leased  t o  t h e  atnosphere w a s  made using t h e  dats. from the  
q u a n t i t y  of gss daug;it?rs c c l l e c t e d  by high-volume a i r  samplers. F i r s t  
a r'ele,Ase msdel wk, ick  corresponded t o  t h e  observed data was pos tu la ted .  
?Lis mcdel wqs thep  ccmbiried w i t h  a Su t ton  type d i f fxs ion  equat ion t o  
d?+,ermine e. szurce rele%se tern1 f r m  the r eac t e r .  

Since only daughters frcm s h o r t  l ived noble gas fission products 
were observed on k i q h - v o l u w  iLir sazpler f i l ters ,  it was conchided that, 
(jnljr noble gases were releasee t o  the <laud. 
remote &,rea. nnorlitors, Figure 8, i n d i c a t e  t h a t  fhe -loud was i n  t h e  fom 
of a single "puff" ty-pe r z l e a s e .  Beta film i toslnzters  da t a  from t h e  
r ad io l3$ lca l  +,mer, F i g w e  3, i nd ica t e  that t h e  rsdiGactFve pcrtion of 
:LIP c i m ;  was b(+tue-r~ 9 azd 13 n e t e r s  3bi-w the g r ~ u r d  a t  t'ie t m e r  
I ~ i ? - t i ~ r i .  

Traces fro% recording 



hold-up time of 3 seconds p r e d i c t s  a r a t i o  of Sr-92 t o  Sr-91 in gocd 
agreement w i t h  t h e  o b s e n e d  date. It also cc inc ldes  favorably w i t h  
t h e  time in+,ervrtl dur ing  which t h e  e j ec t ed  column of weter remaid 
above t h e  e n v i r o m e n t a l  t ank  follcwing the excursion, 

I 

F i g u r e s  10 am3 3.1. 

The 3-second-delsg male1 WRS adopted on t h e  above basis, although 
t h e  lack  of agreement between t h e  p red ic t ed  ant! ~lcserved ratio of Ba-139 
t o  Sr-91 ind ica t ed  a d d l t l o n a l  u n c e r t a i n t i e s  in the model o r  i n  the 
inventory c a l c u l a t i o n s  performed w i t h  t h e  C m  c d e .  

The pos tu la ted  r e l e a s e  m d e l  w a s  ther. combiced w i t h  Suttona 
d i f f u s i o n  equat ion and the  high volume air  sampler data i n  order  to 
c a l c u l a t e  the  quan t i ty  of noble gases re leased  t o  t h e  cloud. To do 
tMs, t h e  cloud was assumed t o  follow the  bas ic  metsorological  diffusion 
equat ion for a ground level r e l ease .  

where 

X I s  the  peak t ime- in tegra ted  doncentrat ion at downwind d i s t ances  
obtained by d iv id ing  the a c t i v i t y  co l l ec t ed  on each f i l t e r  by 
t he  flow ra te  of the sampler 

p 

Q is the  source tern, c u r i e s  released 

ii i s  t h e  mean wind speed, meters per second 

u is the la teral  cloud spread, metera 
Y 

i s  t h e  v e r t i c a l  cloud spread, meters. az 

0.85 An average value of 0.20 x was determined frm t h e  lateral  
cloud spread, a as a func t ion  of d i s tance .  Th i s  value ccmpares very 
well wi th  o the r  NRTS measurements made by t h e  U. S. Weather Bureau for 
30-minute t r a c e s  re leased  under similar meteorological conditions.  In 
c o n t r a s t  t o  t h e  measured (I parameter, e s s e n t i a l l y  no measurements of 
t h e  v e r t f c a l  cloud spread, 'oZ, were obtained. mere fo re ,  an es t imate  
of the oZ paraqe ter  was necessa r i ly  used i n  determining the  source tenn, 
Q. 

Y' 

NfMlS experience ind ica t e s  that for s l i g h t l y  uns tab le  condi t ions  
observed dur ing  the  t e s t  the  distance dependency of oz w i l l  not exceed 
t h a t  of a and t h a t  normally it would he on t he  order of 2/3 ay. 
t n e  m a x i m t u n  condi t ion  cf az = u and t h e  measured value of aJy = 0.20 X 

yields a s t r a i g h t  l i n e  curre fr&n equatior: one with  a slope of -1.7, Whose 
value a t  a Oistance of one meter i s  numerically equsl t o  t h e  c u r i e s  
r e l eased .  

U s i % e 8 5  Y 

Figure 12, shows the  peak t i m e  i n t eg ra t ed  concent ra t ion  :C obtain,& 
f rm a i r  smpler measurements made on each a rc .  
t e r r a i n  as a function of d i s t ance  from t h e  r e w t o r  i s  also shown. The 

The he ight  ofPthe  



dark s t r a i g h t  l i n e  curve drawn through the  last t h r e e  uieasured poin ts  
is a t h e o r e t i c a l  l i n e  w i t h  a slope of -1.7 ca l cu la t ed  f rm the diffusim 
equaticn.  

' '  

The t h e o r e t i c s 1  line was Crawn through the  las t  th ree  poio ts  oi the 
experimental  data on the  basis or" the pos tu la ted  r e l ease  of the radio- 
a c t i v e  cloud at a height  af eleven meters. 

The cloud was t hen  assumed t c  rernaFn a t  a constant  l e v e l  above t h e  
gromd out  t o  about 1600 meters where t e r r a i n  take6 a sharp rise of 
about 10 meters. 
t h e  cloud t r a j e c t o r y  a 2  measured values  of 

then Gbtained by drawins a curve wi th  t h i s  s lope through tine po in t s  
from t he  last, three a rc s  on t h e  grid whish represent  t he  highest values 
of X 

A t  tnis poin': It is assumed t h e  t e r r a i n  in t e r sec t ed  
f rm t h e  three  remaining 

azcs represent  true ground l e v e l  diffusion. $5 he naxinum value of Q i s  

wi th  respec t  ts dla tanre .  P 

k curve wi th  a s lope of -1.7 drawn through X f rm the 1 t three 
micro- P 8% a r c s  g ives  an ex t rapola ted  scurce release tern of Q = 1.0 x 10 

cur i e s .  

The sourca term ca lcu la ted  from the ex t rapola ted  curves i s  t h e  
microcurie amounts of Sr-91 at t he  time of 2.28 hours after the t e s t  
assuming a puff release. According t o  the CURIE code ca lcu la t ions ,  
t h e  total 3-91 Inventory ava i l ab le  from i ts  kry-pton parent  a t  t h i s  
time was 25.6 cur ies .  Conparing the largest or upper l i m i t  extrap- 
ola ted  source term with t h i s  inventcry determines a release fraction for  
t h e  Kr-91 decay chain of about 4 percent.  By s i m i l a r  comparisons, the 
upper l i m i t  r e l e a s e  f r a c t i o n  f o r  the  Xe-139 chain w a s  about 3.0 percent  
and for t h e  0 - 9 2  chain about 3.0 percent.  One can assume c a p a r a b l e  
r e l e a s e  f r a c t i o n s  f o r  o ther  noble gases. Harever, t h e  fission yields 
e d  decay modes of these  o ther  noble gases were such t h a t  t h e i r  daughters 
were not de tec ted  by gamma spectroscopy of the a i r  sampler filters. 

2.2 Clcud V d u m e  Calcu la t ion  - Xe-138 Decay Chain 

The quantity of noble gas re leased  can be ca lcu la t ed  from 
a knowledge of the  cloud volume and the concentrat ion of the noble gas 
in t h a t  volume. 

The concent ra t ion  of t he  noble gas (xe-138) detected by a ission 
gas detector on t h e  25 meter arc was ca lcu la ted  t o  be 1.7 x ld yc/cc. 
Th i s  corresponds t o  the  cc l l ec t ion  of 1 .4  vc of xe-138 in the  d e t e c t o r  
balloon during t h e  10 second cloud passage t h e  end a sampling rate of 
830 cc/sec. 
t r a t i o n  record& fro:n the clcud was near ly  4 times t h a t  de tec ted  a t  
pos i t i cn  A-3. 
incc-wed by F f a c t o r  C Y  L t,o ob tz in  un upper l i m i t  es t imate  of 6.8 x 

Air p a r t i c u l a t e  samples showed that the  m a x i m u m  concen- 

I?r:cortl:nqly t h e  cloud concentrat ion of xe-138 wae 

1O'lC wc, /cc.  

( a )  The height  of the clcud a t  t h o  2; meter a r c  was determined 
by v i s u a l  inspec t ion  of not ion Fictures ,--.ti by beta film dosimeter 



2.3 Fuel Pnalysts Xe-137 Chain 

h i n d i r e c t  approazh t o  t:ie measureaect of ttle r e l e a s e  3f 

"hi6 approach 
;he m b l e  qases can be made by maijxicg the r eac to r  f u e l  f o r  the 
qvactity of t h e  daugb'er  w t i v i t )  rem.iniEg i n  th; f u e l .  
W P S  used on t he  Xe-lj7 decay c h s h  Fy cc,n;parFng tne  mollr.t cf Cs-137 
remainicg in the f u e l  tg t n e  mount  i d e d l y  a-JailetoLe from t h e  total 
-Lain yie1.a sf Cs-13'7 f o r  the in t eg ra t ed  energy release f rm the f u e l .  
The d i f f e ren<?  between tke calcula7,ed value of tbe  avsi lable  Cs-137 
and the measured value gives  the number of parent  atoms (1-137 and 
Xe-137) tnst were re leased.  By ccrnbining t h e  fuel analysis w i t h  a 
coxmallzed flux d i s t r i b u t j  on over t h e  core,  t h i s  ?mpar ison  technique 
ind ica tes  t h a t  an upper U n i t  on the release fra7tion of the xenon- 
1?J chain WPS less than 5 percent.  

A similar Ind i r ec t  masurenent was possible using e-@ becaue  
its 10.4 year h a l f - l i f e  allnwed i i t t l e  decay. 
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using the  Kr-91 chain represent  the most re l iable  deteraimtion kecatlse 
of the considerably large!r mmber of measurements used t G  establish the 
mcdel. 
f i s s i o n  gasec should be considered t o  be cn the order  of four percent. 

:: 
On t h i s  b s s l s  it appears t h a t  the percent%@ relewe of the noble 

The summatica of noble gases formed d i rec t ’q  by the excursica w 9 8  
calculated by tho CUR23 code t c  be 8 x LO5 curies, shout 10 percent of 
the  total f i s s i o n  prcduct inventory.  
corresponds t o  a r e l ease  of 32,000 curies. 

Four percent of the noble gases 

VII. coxmIoNs 

The hazaids involving the  release of toxic and r ad io log ica l  
material t o  the environment in conJunctian with the dsstructioo af a 

10A/2 reactor were CGIlt3iderFLbly lese than  an t ic ipa ted .  Tl?e 
general c o n c l y i o n s  which con be drwn frm t h e  S S m L . !  2/lQA-3 
d e s t r u c t i v e  test are: 

No berjrlllun! was released wi th  the radioactive cloud. 

More than 99 percent of the f i s s i o n  products were r e t a i n 4  ia 
the environmental water and r e a c t o r  f u e l  remains. 

Halogens, released frun t he  fuel, vere re ta ined  by the 
env i romen ta l  tank water, with the r e s u l t  that  no detectable 
iodine wm released t o  the rad ioac t ive  cloud. 

The rad ioac t ive  cloud contained only noble f i e s i o n  gasas and 
their daughters. 
release f r a c t i o n  w a a  less than 4 percent  of the total noble 
gas inventory. 

Calculation8 i n d i c a t e  that the noble &a8 

There was l i t t l e  d i spe r s ion  of rad ioac t ive  debria i n  the 
v i c i n i t y  of t h e  test area. 
background levels three days after t h e  t e e t .  

Contamination levels approached 

Based on the avai lab le  data, the most dependable mettad fox 
determining t h e  f iss ion-product  re lea82 fran tbe reactor w a s  
the diff’usion-type ca lcu la t ions  based on the spread and 
dispersion of the radioactive clod. 

The e-xperlence gained fran t h i s  t e s t  indica%ee %hat (a) bet+,er 
d e f i n i t i o n  of the cloud trajectory and d i f fus ion  could be obtained 
w i t h  more c l o s e l y  epaccd sampling s t a t i o n s  on the monitoring arcs; 
(b) rneaeurements of t h e  cloud d i f f u s i o n  i n  t h e  v e r t i c a l  d i r e c t i o n  were 
ceeded for  t h e  s o w c e  term c a l c u l a t t o a s ;  ( c )  earlier radiochemical 
Paalysis of the f u e l  would have aided i n  detcxminiag t he  f r a c t i o n  of 
t h e  f i s s i o n  prcduct r e t a i n e j  i n  the bel; (a)  continuous pen-type 
recorders ,  corsccted t o  be ta -sens i t ive ,  gamma-insensitive detec tore ,  
would have provided better d e f i n i t i o n  of the clocd Oynunics by rc- 
spofiding only when i n  the immediate v i c i n i t y  of the clcud. 
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In general, :t c a n  be concluded tha t  the d e s t m c t t v e  t e a t  w a  
success,%l i n  c l e a r l y  demcnstratlna thrst a water imere ion  accident of 
a SWLD 10A/2 rea- tor  does not present a aerious radiological  hazard t o  
L I e  publ ic .  
i n h e r a t  i n  the ma2,vtical procedure f o r  pexfcming s v f t t y  analysis on 
t h i s  t y p e  of reactor, e . g . ,  ectual release of lese t h m  4 percent cf 
noble fission gases cmpared w i t h  t 3 e  1CO percen t  release nomallg 
p c s t ulst ed . 

It was a lso  successful i n  detuomtretiq the consematlsm 
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