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ABSTRACT 

A r e a l i s t i c  model for fission product  release from a badly 

damaged power reactor has been developed i n  t h i s  study. The 

vaporizatian of f lssion products by decay heat, the effects  of the 

metal-water reaction, the deposition of par t iculate  inventory i n  

reactor vessels, and the leakage through the multiple containments are 

a l l  considered i n  t h i s  model. 

The calculation shows t h a t  the vaporization of fission products 

can lead t o  a 35 percent reduction of the decay heat retained within the 

core. Thfs effect  is greatest  f o r  low-vapor-pressure fission 

products. The metal-water reaction heat available t o  vaporize UO, i s  

about 10 percent o f  the decay heat available. The reaction heat can 

produce a reducing atmosphere surrounding the fuel 7eading to  an 

increase o f  Ba and S r  releases by a factor of  30 or  more. The e f fec t  

o f  containment on the fission product release depends on the 

deposition properties o f  the specif ic  f iss ion product. B u t  even a 

badly damaged Containment can lead t o  a reduction of  the fission 

product release by more t h a n  two orders of magnitude. A recirculating 

filter-absorber inside the containment can lead t o  a reductfon of the 

particulate fission product release by more than one order o f  

magnitude. 





CHAPTER I 

INTRODUCTION 

The objective of this s tudy  was t o  develop a model which could 

the accidental f.s”sss”on product release from a power reactor t o  re la te  

the reactor configuration and postaccident s i tuat ion.  

The sequence o f  events following the reactor accident (Ergen, 

1967) was summarized briefly in Table 1. Following the double-ended 

rupture o f  a large, primary-system pipe, there was a violent blowdown 

which took about ten seconds. Then the core temperature began t o  r i s e  

due to  the decay heat, and the various fission products s tar ted t o  

vaporize a f t e r  30 t o  50 seconds. When the reactor core reached 

temperatures greater than 1100’ C ,  the zirconium-steam reaction began 

t o  become a significant energy source. A t  the same time the vaporized 

fuel and f i s s i o n  products were released i n t o  the pressure vessel, and  

s ’ f  they d f d  not deposit, leaked i n t o  the various containments and 

f ina l ly  i n t o  the environment. The pressure vessel melt-through was 

expected i n  from 30 t o  120 minutes a f t e r  the pipe rupture. The 

fission product re1 ease would continue a f t e r  the pressure vessel me? t- 

t h r o u g h ,  b u t  i t  would be influenced by the interaction o f  the fuel 

w i t h  the rsntaiment  atmosphere and materials presented i n  the 

con%a+inmenl, 

y a vapsr%zatisn model (Appendix VI of Auxier and 

Ches te r ,  1573)  as used t o  calculate the v a p o r i r a t j o n  ra tes  c f  various 

f l ” S § i O n  pWC!L!C~S, and dP7 tieb-O%Ql mOdel ( h V j S ,  %g?:) Was Lased t o  

ca lcu la t e  t h e  dzpo5-.‘%jers o f  parti:ulate fission products. 
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TABLE 1 

SEQUENCE OF EVENTS FOLLOWING THE REACTOR ACCIDENT 

0 Reac tor  shutdown 

10 secs Reactor blowdawn 
camp1 eted 

30-50 secs F i  ssi on products 
and UO, start  to 
vaporize 

40 sec-3Q min Zr-steam reaction 

30-120 m i n  Possible pressure 
vessel melt- 
t h r o u g h  

Damage t o  the reactor vessel ,  to 
the reactor primary cooling 
system, and to the emergency 
core coaling systems. A double- 
ended, primary-caolant-system 
p ipe  break i s  assumed. 

Rapid depressuri za t ion  of 
pressure vessel and coolant 
systems 

Fission product afterheat 

Fission product af terheat  

Fission product afterheat and 
Zr-steam reaction heat 
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After the r a p i d  depressurization and loss o f  coolant Pol lowing 

damage t o  the reactor core and cooling system, some of the more 

v o l a t f l e  f ission products were among the most energetic heat sources 

(Morrison e t  a l ,  1966). Since these fission products had higher 

vapor presslcre, most of them vaporized from the core shortly a f t e r  the 

accident. Hence, the decay heat available for v a p o r i z i n g  the 

remaining fission products is  reduced. In this s tudy  th i s  negative 

feedback ef fec t ,  which could lead t o  a reduction o f  the releases o f  

the less  volat 

In  recent 

steam reaction 

material and 

safety device. 

l e  f ission products ,  was investigated. 

years, there has been more concern about  the z rcon i um- 

because of the increasing use o f  zircaldy as a cladding 

because of  the use o f  a water spray as an emergency 

Hence, there were many papers dealing w i t h  t h i s  e f fec t  

(see,  f o r  example, Baker and Ivins, 1965; Dietm, Nyer and Wilson, 

1966; Morrison e t  a l . ,  

emphasized the effects  o f  

rather than the vaporizat 

the magnitude o f  zircon 

1966) .  B u t  almost a l l  of these reports 

zirconium-steam reaction on core temperature 

on ra te  o f  fission products. I n  this study 

um-steam reaction heat re la t ive to the decay 

heat and i t s  e f fec t  on fission product vaporization were investigated. 

After a reactor accident, containment was the most important 

safety device to  reduce the fission product release to the 

environment. In th i s  study, the e f fec t  o f  multiple containments and 

the degree of damage t o  the Containments on the fission product 

release was investigated. 
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CHAPTER I 1  

DESCRIPTION OF THE FISSION PRODUCT RELEASE MODEL 

I .  B A S I C  ASSUMPTION OF THE VAPORIZATION MODEL 

Firs t ,  i t  was postulated t h a t  the ra te  of f ission p roduc t  

vaporizatian from the reactor care was proportional t o  the sum o f  the 

fission product decay heat rate and zi rconium-steam reaction heat. 

Secondly, i t  was p o s t u l a t e d  t h a t  UO, was vaporized by a constant 

fraction of  the decay heat and a different constant fraction of  t h e  

zirconium-steam reduction heat from 56 seconds a f t e r  shutdown onward. 

The effect  o f  fission product vaporization on decay heat generation 

was included and will be discussed i n  detail in Chapter 111. Thirdly, 

i t  was postulated t h a t  each f i s s i o n  product vaporization rate  was 

proportional t o  the ra t io  o f  the vapor pressure of  the fission product 

t o  t h a t  o f  UO . The vaporization rate  was assumed t o  be zero during 

a period of  ten seconds and t o  increase l inearly from zero a t  

ten seconds a f t e r  shutdown t o  the value a t  60 seconds. The ten-second 

heatup period assumptian was taken from the core thermal history a f t e r  

a loss of  coolant a c c i d e n t  (Ergen, 1967) as  mentioned in Chapter I .  

The three postulates were reasonable. The third postulate was 

jus t i f ied  by I?. J .  Davis' work (Appendix VI o f  Auxier and Chester, 

1973). He compared t he  calculated vaporized fraction o f  the core 

inventory of  f iss ian product with the observed inventory for  several 

isotopes I The agreement was reasonably good. The second postui a te  

was made for  simplicity and the? effects  o f  changing t h i s  

2 

heatup 
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are examined in this thesis. The first postulate states that the 

total heat source being considered is from two sources. 

f I .  B A S I C  ASSUMPTION OF THE AEROSOL MODEL 

There are many aerosol models reported in recent years. R. J. 

Davis' model (Dav is ,  1971) was adopted in this study because it was 

simple but reasonably accurate. 

Loss of airborne material in a container was assumed to occur due 

to agglomeration and settling of aerosol particles. In the settling 

process a time-independent particle size distribution was assumed to 

describe the complete sire spectrum from a minimum particle volume to 

a maximum particle volume. The maximum and minimum particle volumes 

were also assumed to be independent o f  time. These particles were 

presumed to be completely mixed SO that the concentration was 

everywhere the same except in a stagnant boundary layer along the 

floor. Particles that fall into the boundary layer did not return. 

The settling velocity was obtained by using Stokes' law together with 

the assumed particle sire distribution. By a mathematical analysis, 

the following differential equation was obtained to describe the 

settling process. 

dn(t)/dt = -Ks (Vmax, Vmin, P ,  h, I-I, A, a, g )  n(t) (1 1 

where n(t> i s  the total particle number concentration at time t ,  K, i s  

a settling rate constant, Ymax, Vmin are the maximum and minimum 

particle volumes respectively, P is the particle density, h is the 

height o f  the container, n is the viscosity o f  the air, A is the mean 

free path o f  the  molecules o f  the gaseous medium, a i s  the Cunningham 
correction constant, and g is the acceleration due to gravity. 
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The kinetics of  t h e  agglomeration process have been worked a u t  by 

Smsluchowski (1916, 1311). Additional mathematical treatment o f  the 

theory has been developed by Fuchs (1934) and  Chandrasekhar (1943) 

I t  eras presumed t h a t  any par t ic le  t h a t  becomes larger than Vtnax by 

coagulation fa1 1s instantaneously. In  o t h e r  words, they were presumed 

t o  disappear a t  the same rate as they are formed by coagulation. 

Hence, the decrease in to ta l  number concentration by this  process i s  

where K c  i s  a coagulation ra te  constant. 

be written f a r  the  formation o f  particles:  

A n  additional expression can 

where S ( t )  is  the r a t e  of aerosol formation which is obtained by the 

vaporization model. Hence, the equation for the change in aerosol 

par t ic le  number concentration w i t h  t ime has t h e  form 

dn(t)/dt = - K c  n 2 ( t )  - KS n ( t )  -+ S ( t )  

I I I .  MATHEMAT I CAk FORMULATION 

List o f  Symbols 

8 t o t a l  inventory of  one fjssion product airborne i n  t h e  

reactor bu i  1 d-i ng curies 

Boi 1 i ng water-cooled reactor BWR 

G to ta l  inventory of one f i ss ion  product airborne i n  the 

containment, curies 

fractional removal efficiency o f  the reactor b u i l d i n g  E b  

( 4 )  
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EC 

F '  

Fb 

FC 

FU 

H 

H' 

Hsub 

K'C 

%P 

KSC 

Y b  

L c 

L, 
P 

Lt 

f i l  ter-absorber for a PWR 

fractional removal efficiency o f  the containment f i l t e r -  

absorber for a PUR 

r a t io  o f  vapor pressures: fission product/U02 

flow ra te  t h r o u g h  the reactor building f i l t e r  absorber, 

crn3/sec 

flow ra te  through the Containment f i l t e r  absorber, cm3/sec 

f r a c t i o n  of core which has vaporized 

fraction o f  fission product decay heat available t o  vaporize 

uo2 

decay heat correction factor 

heat of  sublimation of UO,, jouleslg 

constant i n  aerosol agglomeration term, cm curie- '  s ec - l  

constant i n  aerosol s e t t l i ng  term ( i n  pressure vessel) ,  

sec - l  

constant i n  aerosol s e t t l i ng  term ( i n  containment), sec-1 

constant i n  aerosol s e t t l  ing term ( i n  reactor building),  

sec 'I 

3 

constant i n  aerosol s e t t l i ng  term ( i n  access tunnel) ,  sec-1 

leakage rate  of gas  between the reactor b u i l d i n g  and the next 

containment, crn31sec 

leakage ra te  of gas between the containment and the reactor 

b u i l d i n g ,  cm3/sec 

leakage ra te  of gas  i n  and o u t  of  t he  pressure vessel, cm3/sec 

leakage ra te  of gas between the access tunnel and the environ- 

ment, crn3/sec 
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0 
M 

M 

P 

U 

P '  

'd h 

PO 

PWR 

Q 

QO 

R 

t 

T 

V 

'b 

V 

V 

V 

V 

x 

C 

P 

t 

U 

M a t  reactor shutdswn, CJ 

mass of the core, g 

t o t a l  inventory of OTIC? fission product airborne i n  t h e  pressure 

vessel, curies 

total  amount o f  heat available t o  vaporize U02, watts 

f ission product decay heating rate ,  wat ts  

reactor operating power 1 eve1 

pressurized water-cool ed reactor 

inventory o f  one fission product  i n  the fuel ,  curies 

Q a t  reactor shutdown,  curies 

total  inventory o f  one fission product airborne in  t h e  

environmect, curies 

time a f t e r  shutdown, sec 

total  inventory o f  one fission product airborne i n  t h e  

access tunnel, curies 

ra te  o f  one fission prodlrct vaporization from the core, 

CuriesPsec 

ld 

w a t t s  

valume o f  

VOlMmC? O f  

volume of 

volume O f  

t h e  reactor bu i l d ing ,  cm3 

the containment, cm3 

pressure vessel, cm 

the access tunnel, em 

3 

3 

ra te  of  vaporization of U02, g/sec 

one fission product decay cons tan t ,  sec - 1  



Heat Generation 

The fission product decay heating ra te  is  taken t o  be 

approximately t h a t  for a core which  has operated for i n f in i t e  time 

(Remley, 1973) 

P d h ( t )  = 0.140 P 0 t -0 '291 ( 5 )  

Equation (5)  i s  empirical and is  approximately correct i 'n the time 

range from 60 seconds a f t e r  shutdown t o  1 year a f t e r  shutdown. Under 

the condition that  a l l  the fission products remain i n  the care. 

The magnitude o f  the heat generated by zirconium-water reaction 

i s  estimated i n  Chapter IV, A l t h o u g h  the heat generated by zirconium- 

water reaction i s  signif icant ,  i t s  affect  on the fission product 

release i s  much less t h a n  t h a t  of decay heat due to  several other 

reasons which will  be discussed la te r .  Hence, the metal-water 

reaction heat i s  neglected in the present formulat ion.  

Vaporization of U02 

During the f i r s t  10 seconds a f t e r  cessation of  f issioning, no 

vaporization was assumed t o  occur 

P '  = 0 for t < 10. 

I t  was assumed t h a t  heatup o f  the core takes about  one minute. 

Therefore, from 60 seconds a f t e r  shutdown onward, i t  was assumed t h a t  

a constant fraction H of the decay heat generated i n  t h a t  fraction of 

the core which had not yet  vaporized, went t o  vaporize UO,. Hence, 

P ' ( t )  = 0.140 H H ' ( t ) P O t - 0 . 2 9 1  for  t > 60 (7)  
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For times between 10 asid 60 seconds a f t w  shutdown, i t  was assumed 

t h a t  t he  decay heating t o  cause vaporization o f  UO, increased l inear ly  

from zero a t  10 seconds t o  the heat ra te  given i n  Equation ( 5 )  a t  60 

seconds* Hence, 

P ' ( t )  0.140 x 6 0 - 0 * 2 9 1  H H'(t)Po ( t -10) /50  

(8) f o r  10 I t 5 60 

The H value i n  Equations ( 7 )  and (8) depends an t h e  heat transfer 

properties of the various material in t h e  core, the geometric and 

rriechanical si tuations a f t e r  the accident and the amount o f  the 

emergency cooling water available. T h i s  value can n o t  be predicted 

before t h e  accident and i s  d i f f i cu l t  t o  be determined even a f t w  a 

react.or accident has s tar ted.  The e f f e c t  o f  th i s  value on the 

fission product release wi l l  be discussed i n  the next  section of th i s  

chapter. 

The H' value i n  Equations ( 7 )  and (8) depends on t he  fuel 

material and a l s o  on the assumed H value. I n  Chapter 111, a method t o  

calculate I-!' as a func t ion  of  time i s  descrlbed and discussed. The 

resu l t  shows t h a t  W '  i s  n o t  sensit ive t o  the change o f  t h e  assumed H 

val ue. 

The rate of vaporization o f  UO, i s  
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The heat subl imat ion o f  UO, a t  18OO0K i s  137.1 kcal /mole (Be l l e ,  1961) 

o r  2150 jou les/g.  V i s  t h e  r a t e  o f  decrease i n  t h e  mass o f  t h e  core, 

M . Hence, 
U 

u 

-V  = dMu/dt . 0.0) 
U 

From Equations (71 ,  (8), (91, and (IO), Mu can be obta ined as a 

f u n c t i o n  o f  t ime by numerical methods. 

F i s s i o n  Product Vapor izat ion and Inven to ry  

The r a t e s  o f  vapor i za t i on  o f  f i s s i o n  products a re  assumed t o  be 

p r o p o r t i o n a l  t o  the  f r a c t i o n a l  r a t e  o f  vapor i za t i on  of UO,, t he  r a t i o  

o f  vapor pressure o f  t h e  f i s s i o n  product  t o  t h a t  o f  UO,, t he  amount o f  

f l i ss ion  product  n o t  y e t  vaporized. Hence, 

U 
V = VuF'Q/M 

In general,  t he  i n v e n t o r y  o f  any f i s s i o n  product  i n  the  f u e l  w i l l  

be g iven by i n t e g r a t i o n  o f  an equat ion o f  t h e  form 

d Q / d t  = -W - AQ . 

s o l v i n g  f o r  Q and i n t e g r a t i n g  g ives 

Release of Vaporized F i s s i o n  Products 

The vapor ized fue l  and f i s s i o n  products were re leased i n t o  t h e  

pressure vessel and, if they d:d n o t  depcrsit, found t b e i r  way i n t o  the  

containment, t h e  r e a c t o r  b u i l d i n g ,  any eccess tunnel  associated w i t h  

the power p l a n t  and f i m l l y  tl ic environment. 
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The inventory in the presswe vessel increased due 

vaporization from the  core a t  a r a t e  of V c u r i e s  per second. 

inventory will decrease d : ~ e  i o  leakage from t h e  pressure vessel t o  

t o  

T h e  

the 

containment and radioactive decay. A leakagc flow proportional t o  

the density of f i s s i o n  ~ P G ~ U C ~ S  f-f-siii t h e  pressure vessel t o  the 

containment and a similar f l o w  f r o m  t l ie  containment t o  t h e  pressure 

vessel were assumed. 

bass o f  particulate fission products  i s  a l s o  due t o  agglomeration 

and  se t t l ing  a f  W P O S Q ~  par t ic les .  I t  was assumed t h a t  particulate 

fission proclucts would be associated w i t h  UO particles and therefore 

t h a t  the f r a c t i o n a l  ra te  O F  deposi t l s n  o f  particulate fission products 

would equal t h a t  of  UO, particles.  The “aerosol model” described in 

the l a s t  section i s  used t s  c a l c u l a t e  t h e  loss due t u  deposition. 

2 

The f-issiorr praducts were divided i n t o  four classes according t o  

the i r  deposition p r o p e r t i e s .  The four classes are refractorirs, noble 

gasesg vo?ata’les, and halogens, Refractory fission products were 

assumed t o  condense a1 oiig w j  t1-i UO, , soon aft.er vapari z a t i  on, hence t o  

be par t f cu la t e  i n  each containment, including the pressure vessel. 

Noble gases were assumed to be mal ecular t h r o u g h o u t  the containment 

systzm. The vol a t i  1 e f i  ssS: on pawducts were assumed t o  i ncl u d e  a1 1 

other fission products  except the halogeos. The volzt i le  f ission 

products were assumed t u  be molecular in t he  p ressu re  vessel and 

p a r t i c u l a t e  i n  each successive containinant. H a l f  o f  the  halogens were 

assumed til remain molecular t h r w g h o u t  l ike  the noble  gases, the other 

h a l f  was assumed ti/ be molecular i n  t h e  pressure vessel and 

p a r t i  cul a t e  in each successi  ve csintai nmee7-t 1 i ke the? v01 ats’ 1 e fission 
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products. 

i n  Table 2. 

The typical f ission products of the four classes are l i s t ed  

We can now write an expression for  the ra te  o f  change i n  the 

inventory i n  the pressure vessel. 

d P / d t  = VuF' Q/MU - L p ( P / V p  - C / V c )  - XP - K ' P2 - K P (14) 
C S P  

where the K' i s  different  from the K i n  Equation ( 2 )  in t h a t  K' 

i s  expressed i n  the units cm3curfe-l sec-l,while Kc is  expressed i n  

the units cm3 sec-1. As mentioned above, K', and K are  equal t o  

zero for those fission products w h i c h  are molecular i n  the pressure 

vessel. 

C C c 

SP 

In the containment, provision was made to  account for  removal o f  

part ic les  by f i l t r a t i o n  o r  o f  iodine by charcoal absorp t ion  and the 

loss ra te  by filtration-adsorption i s  (FcEc./V, ) C .  O f  course, t h i s  

term i s  zero for  noble gas isotopes. The different ia l  equation for  

the fission product inventory i n  the containment can therefore be 

written: 

dC/dt  = Lp (P /Vp - C / V c )  - Lc ( C / V c  - B / V b )  

I f  the Containment i s  enclosed by a b u i l d i n g  and i f  the reactor 

b u i l d i n g  i s  enclosed w i t h  a berm containment (Appendix V I 1  o f  Auxier 

and Chester, 1973), then the equation which described the inventory i n  

the reactor b u i l d i n g  and access t u n n e l  is ent i re ly  analogous t o  those 

above for  the containment. 
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TABLE 2 

FOUR CLASSES OF FISSION PRODUCTS 

----Lc- .._- __... .. . .. ._ .___I_ .._^_I_ -.... _.. -... .--_ 

C 1  ass Number Descri p t i  015 Nuc le i  

I 

E1 

111 

I V  

Noble Gases Kr, Xe 

Ma9 ogens I ,  Br 

Vol a t i  1 es Ge, Se, Rb, Sr, As, Mu, IC, 
R u ,  R h ,  Pd,  Ag, Cd, In, Sn, 
Sb, Te, Cs, Ba 

Refractories Y, Zr, Nb, La, Ce, P r ,  Nd, Pin, Sin 
______I.... .....- ... I .~ .... _CI.I________.__ -...- 
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Consider these cases: an unenclosed containment, 

- AB 

(17 1 

a containment 

enclosed in a reactor building and a containment enclosed in a 

building which is enclosed in an underground or berm containment so 

that the building leaks only to an access tunnel which in turn leaks 

t o  the environment. All these cases are shown in Figures 1 through 4. 

With an unenclosed containment, the release R changes according 

to 

With a containment enclosed in a building, the differential equation 

becomes 

dR/dt = (Lb/Vb) - A R  

If the building is enclosed, then the leak to the environmmt from the 

access tunnel of the underground containment becomes 

dR/dt (Lt/Vt) T - A R  . (20) 

The three equations are analogous to one another; they pertain 

respectively to single, double, and triple containment systems. 
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P 

Fig.  1. A Section Througt.1 a Typical Primary Coolant System and 
Conta'nment for a Large PWR System 
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, . d s  ... 
m-0-m _- 

FSg. 3 .  A Sec t ion  “Tirough a Typical Primary Coolant System and 
Containment for a Large BWR System 
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Equations (14) t h r o u g h  (20)  are solved by means o f  a f i n i t e  difference 

technique. 

IV. THE RELATIVE EFFECTS OF VARIOUS PARAMETERS ON 

THE FISSION PRODUCT RELEASE 

A damaged BWR ( b o i l i n g  water reactor) was chosen t o  be the normal 

case i n  calculating the relative effects  o f  various parameters on 

f ission product release. The values o f  parameters used are shown i n  

the Appendix, Table  8 ,  Table 9 ,  an Table 10, I n  each case, one of 

the parameters is  decreased o r  increased with respect t o  the normal 

case t o  see i t s  effect  on release. 

Since the effects  o f  parameter variation are different  for  the 

four different classes o f  fission products, 133xei ,  9%r, ~ I Y  

were chosen t o  represent the noble gases, halogens, volat i les ,  and 

Pefractories respectively. The effects  o f  various parameters on the 

releases of  t hese  four fission products are  shown in Figures 5,  6 ,  7 ,  

and 8 respectively. 

Figure 5 shows that varying vaporization ra te  has small e f fec t  on 

133Xe release a t  times shortly a f t e r  reactor blowdown, and negligible 

e f fec t  a t  longer t imes .  The ef fec t  of a longer blowdown time i s  t o  

reduce the  133Xe release a t  short times. But t h i s  e f fec t  i s  

negligible a t  longer times. Since nab?e gases were presumed t o  be 

molecular t h r o u g h  the containment system, the release i s  no t  affected 

by changing aerosol parameters a 

Figure 6 ,  page 22, shows t h a t  the e f fec t  sf a longer blowdown 

t ime on the 1 3 1 1  release i s  the same as  that  on the 1 3 3 ~ e  release. 

Chang-ing the vaporization rate  or using a larger par t ic le  f a l l  
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C A S E  19 BLOWDOWN 

C A S E  19 

C A S E  20 

C A S E  2 

C A S E  1 
C A S E  15 

lo1 lo2 lo3 105 
T I M E  A F T E R  REACTOR SHUTDOWN (sec) 

Fig. 5. E f f e c t s  of Various Parameters on 133Xe Release 
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I CASE ---I 

1 HIGHER VAPORIZATION RATE 
-1 5 LOWER VAPORIZATION R A T E  

16 LARGER FALL D I S T A N C  
1 7  LARGER P A R T I C L E  RAD 
18 LOWER P A R T I C L E  

19 BLOWDOWN I N  
600 sec 

- DENSITY 

1 o3 

1 o2 

10’ 

1 O0 

TIME AFTER REACTOR SHUTDOWN (sec)  

~ f f e c t s  of Var ious  Parameters on 1311 Release . 6, 
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ORNL-DWG 74-3628 

16 LARGER F A L L  D ISTANCE 
17 LARGER P A R T I C L E  RADIUS 
18 LOWER P A R T I C L E  DENSITY 

-19 BLOWDOWN I N  600 sec 
20 BLQWDOWN I N  3600 sec 

CASE 2 

CASE 15 

1 
17 

19 

20 

18 

16 
1 oo 

10 
T I M E  AFTER REACTOR SHUTDOWN (sec)  

E f f e c t s  of Various Parameters on 90Sr Release Fig.  7. 
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0 R N 1. I" 5WG 7 4- 3 6 2 9 

17 LARGER PARTICLE RADIUS 
18 LOldEW PARTICLE DENSITY 

20 BLQWDWN IN 3660 sec I . 19 BLOWDQkllN IN 680 sec 

_ _  1-4 . .... 

16 
18 
20 

15 

1 

2 

3 

9 

1 o1 l o 2  lo3 l o b  lo5  

YEME AFTER REACTOR SHU'TDBWN (sec)  
F i g .  8. E f f e c t s  o f  Var jous Parameters on 91Y Release 
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distance or lower particle density has no significant effect on the 

release.But increasing the minimum particle radius leads t o  a 

significant reduction of the l 3 I I  release a t  longer times. 

Figure 7, page 23, shows t h a t  the effect of increasing the 

minimum particle radius on the 90 Sr release is  very large. 

Increasing the UO, vaporization rate leads t o  an increase o f  the "Sr 

release. Decreasing the UO2 Vaporization rate changed the magnitude 

o f  the  'OS, release more than  increasing the UO2 vaporization rate 

d i d .  This i s  also true for l 3 I I  release. A l t h o u g h  particle f a l l  

distance does n o t  appear t o  be an important parameter, i t  leads t o  a 

slight increase of the 'OSr release a t  short times. Longer blowdown 

time leads t o  a reduction of  90Sr release a t  times shortly after 

blowdown b u t  this effect is  less important for the "Sr release t h a n  

for the 1311 and '33Xe release. 

Figure 8 shows t h a t  the effects of changing the vaporization rate 

and changing the aerosol parameters are mure significant for 91Y 

release than for the other three fission products. On the other hand,  

the effect of a longer blowdown time i s  relatively unimportant for 

91Y release. 

In summary, the minimum particle radius i s  the most important 

parameter in determining the magnitude o f  the release of particulate 

fission products. For refractories an increase o f  the minimum 

particle radius by a factor of ten can lead t o  a three orders of 

magnitude reduction o f  release a t  the end o f  l o 5  sec after reactor 

shutdown. 
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1 lhe assumed fract ion o f  decay heat available t o  vaporize UU2, 

which determines t h e  v a p o r i z a t i o n  ra te ,  i s  important  for  f ission 

products w i t h  vapor pressure equal or lower than  that  of  9 0 ~ r  b u t  i s  

n o t  important  for fission problrcts w i t h  higher vapor pressure. The 

reason i s  t h a t  h igh  vapor pressure f i s s i o n  products were released from 

the much fas te r  than they were leaked t h r o u g h  the containments; 

hence, the release rate  was n o t  controlled by t he  ra te .  

T h i s  reasoning a l s o  exp la ins  why decreasing the vaporization ra te  had 

inore effect  on the 

core 

vaporization 

'*Sr release than on the I 3 l 1  release. 

The var 

i n  Table 3, 

O u r  ca 

ous parameter changes and effects  are briefly summarized 

v. CQNPAINMENl EFFECTS 

culation shows t h a t  t h e  e f f e z i s  o f  containment systems on 

the four different classes of f ission produc t  :-$'~2:15es a r e  similar.  

Hence only the effect  on the 91Y re1ea.e : s  :!iw;-"i: r~cre- 

Figure 9 sko~vs t h a t  t he  addi" i i o n  o f  svec a damaged access tunnel 

reduces the release by two orders o f  magnitude. And the fission 

product release o f  a BWW with damaged reactor building and damaged 

access tunnel i s  about t h e  same as t h a t  o f  a BWR w i t h  design bas is  

reactor b u i l d i n g  b u t  w i t h  no access tunnel I 

The effect  o f  containment f-r 1 ter  on t h e  ''Y release o f  a PWR i s  

also shown in Figure 9% The calculation shows tha t  the f i l t e r  can 

lead t o  a reduction o f  the release t a  the environment by two orders 

o f  i i m g n i t u c k ~  I n  o the r  words, t h e  e f f e c t  of adding a containment 

f i l t e r  i s  about the same as r e p l a c i n g  a damaged access tui~rsnel by a 

design b a s i s  access tunnel. 
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TABLE 3 

VARIOUS PARAMETER CHANGES AND EFFECTS 

Pararreter Change Effect on Magnitude of Release 
( a t  105 sec) 

Higher Vaporization Rate 

Greater Fa1 1 Distance 

Increases 

Increases 

Greater Minimum Particle Radius Decreases 

Lower Particle Density Increases 

Slightly 

Greatly 

S1 i g h t l y  

Elowdown in 600 sec 

Blowdown i n  3600 see 

Remains Unchanged 

Remains Unchanged 
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ORNL-DWG 74-3630 

I 1 

7 BWR DAMAGED CONTAIMMENT, 
DAMAGED REACTOR BUILDIN2 
AND DESIGN B A S I S  ACCESS 

BLDG. NO ACCESS TUNNE 

TAINMENT,DAMAGED CON 
TAINMENT FILTER,  

- NO ACCESS TUNNEL 

6 PWR DESIGN B A S I S  

14 PWR DESIGN B A S I S  CON- 

SIGN B A S I S  CON- 
TAINMENT F I L T E R ,  

- TUNNEL 

10' 102 1 2  I O 4  IO5 

TIME AFTER REACTOR SHUTDOWN (sec)  

F i g .  9. E f f e c t s  of Var ious  Containment Systems on 91Y Release 
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A t  t he  f 

d i v i d e d  i n t o  

r e f r a c t o r i e s .  

product  rema 

CHAPTER I11 

THE EFFECT OF THE FISSION-PRODUCT VAPORIZATION 

ON DECAY HEAT AVAILABILITY 

I .  STAGES OF CALCULATION 

r s t  stage o f  our  c a l c u l a t i o n ,  t h e  f i s s i o n  products were 

f o u r  c lasses : noble gases % ha1 ogens , vo l  a t i  1 es , and 

And i t  was assumed t h a t  t h e  f r a c t i o n s  o f  each f i s s i o n  

n ing  i n  the  core as a f u n c t i o n  o f  t ime a re  the  same f o r  

a l l  f i s s i o n  products i n  t h e  same c l a s s i f i c a t i o n ,  and l33Xe, 1 3 1  I, 

90Sr,91Y were se lec ted  t o  represent  t h e  f o u r  c lasses o f  f i s s i o n  

products,  respec t i ve l y .  I 

F i r s t ,  H ' ( t )  i n  Equations (7)  and (8) was s e t  equal t o  one. The 

f r a c t i o n  o f  1 3 3 ~ e  remaining i n  the core as a f u n c t i o n  o f  t ime was 

obta ined by us ing  Equations ( 5 )  through (13) w i t h  the  a i d  o f  t h e  

computer. Then t h i s  f r a c t i o n  was m u l t i p l i e d  by the  f r a c t i o n  o f  t h e  

t o t a l  decay heat  a t t r i b u t a b l e  t o  a19 noble  gases. The l a t t e r  f r a c t i o n  

i s  also a f u n c t i o n  o f  t ime. The same c a l c u l a t i o n  was a l s o  done f o r  

90Sr,1311, and 91Y. 

Then, the  r e s u l t s  for t h e  f o u r  f i s s i o n  product  c l a s s i f i c a t i o n s  

were summed. The sum was the  f i r s t  approximat ion t o  the  f r a c t i o n  o f  

decay heat  remaining i n  t h e  core and was t o  be used as the  value o f  

H ' ( t )  i n  t h e  c a l c u l a t i o n  o f  t he  second approximat ion.  

Because t h i s  e f fec t ,  as mentioned before, i s  a negat ive  feedback 

e f f e c t ,  and a l so  because the  r e s u l t  obta ined i n  the  f i r s t  

approximat ion i s  quite d i f f e r e n t  from u n i t y ,  t h i s  procedure was 
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i terated for  ten. runs t o  get the f-inal convergent resul t .  The final 

convergent value i s  def-ined as the decay heat  "correction factor".  

Since t he  vapor pressure o f  different  f ission products i n  the 

same classif icat ion varied over several orders of rnagni tude (Bedford 

a n d  Jackson, 19651, i t  wins decided 'chat t h e  second stage was t o  

classify t h e  fission products i r t o  inore than  

their  vapor pressure., T h e  reclassification 

ten groups i s  shown in Table 4.  

I n  Table 4,  i t  i s  worth noting t h a t  a 

our classes according t o  

o f  fission products i n t o  

though the theoretical 

value o f  Te vapor pressure i s  high, a lower value from experimental 

work (Parker, e t  a l . ,  1967) i s  used -in our c lass i f icat ion since Te can 

be dissolved i n  Zi- cladding (Appendix VI of  Auxier and Chester, 1973).  

The results obtained by using tear fission product  groups rather than 

four wjll be shown and d-iscussed in t h e  nex t  section. 

The decay heat available for  vaporizing fission products i s  

reduced appreciably. B i r t  the mast important thing a f t e r  the accident 

i s  the fission product release rather t h a n  the decay heat i t s e l f .  

Hence, the final stage was t o  use the m o d i f i e d  decay heat t o  calculate 

the f-ission p r o d u c t  release. The results are compared w i t h  some 

will he g iven in the l a s t  section of available d a t a .  The comparison 

t h i s  chapter. 

The three stages o f  calculat  

by Figures 18 and 11. 

on described above are  i l lus t ra ted  

There i s  one t h i n g  t h a t  should be pointed o u t  here. Although ten 

groups of  fission products were used i n  calculating the Fraction o f  

decay heat  remaining i n  the  care, t h e  original four  c lass i f icat ions 
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TABLE 4 

FISSION PRODUCT GROUPS WITfl THE RATIO OF THEIR 

2 
VAPOR PRESSURE TO THAT OF UO 

Group Nuclei Ratio of their vapor pressure 
Number tQ t h a t  o f  UO 

2 

1 

2 

As, Se, B r ,  Kr, Rb, 
Cd, I ,  Xe, Cs 

Ge, Sr, P d ,  Sn 

3 Ag, I n  

Sb, Ba 

5 La, Nd, Pm 

6 Ge, Pr, Te 

7 Rh,  Sm 

1.0 x 106 

8.0 x 1Q2 

1.0 x 104 

1.5 x 105 

70.0 

8.0 

1 . 0  

0.25 8 Y, Nb 

9 Zr, Ru 3.0 x 10-2 

10 MQ, Tc 7.0 x 10-2 
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ORNL-DWG 94-8067 

LIMIT VALUE OF 
fl 

Fili i  

i=l 

Fi: = fraction o f  class i f i s s t o n  products not vaporized 

H i  

n = 4 i n  the f irst  stage o f  calculation 

n = 10 i n  t h e  second stage o f  calculation 

= fraction o f  decay heat contributed by class i f i s s i o n  
products 

F i g .  10. The First and Second Stages o f  Calculation o f  E f f e c t  o f  
Fission Product Lass on Decay Heat 
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* 

DECAY HEAT 

ORNL-DWG 74-8068 

X (CORRECTION FACTOR) 

FISSION PRODUCT 
LEAKAGE DEPOSITION 



were used t o  calculate the fission praduct release. Th is  i s  due t o  

the fac t  t h a t  t h e  original c lass i f icat ions were based on the ra te  of 

deposition o f  t h e  fission products. I n  other w ~ r d s ,  i n  calculating 

the decay heat escape fraction the fission products were classi f ied 

i n t o  teen groups according t o  the i r  vapor pressuresg b u t  i n  calculating 

the fission product release the fission products were classif ied i n t o  

four classes according t o  the i r  deposition properties. 

11. RESULTS AND INTERPRETATION 

The decay heat correction factors obtained i n  stage one and stage 

two calculations w i t h  an M value o f  IOp3 are shown i n  Figure 12 .  The 

higher correction factor o f  curve A ( i n  Figure 12) shor%ly a f t e r  

blowdown, the monotonic decrease o f  curve A ( i n  Figure 12)  a f t e r  l o 3  

seconds, and the continued increase o f  curve 5 ( in  Figure 12) a f t e r  

10Q seconds are explained by the following reasoning, 

The decay heat f m c t i o n s  contributed by the four and ten classes 

of f ission products are  shown in Figure 13 and Table 5 ,  respectively, 

which are based on the work of R .  0. Chester (1973). From Figure 13, 

i t  i s  c lear  t h a t  shor t ly  a f te r  bl~wdown t h e  volatiles contribute t o  

most of the decay heat. By reexamining t h e  vapor pressures of 

volat i les ,  i t  i s  found t h a t  using Sr t o  represent the volat i les  makes 

the vapor pressure lower t h a n  the actual value. This reduces the 

fission product vaporization, which, i n  turn, leads t o  a higher 

correcti on factor.  

The monotonic decrease w i t t i  time o f  curve A ( i n  Figure page 

35) a f t e r  10 seconds i s  a l s o  due t o  using Sr t o  represent t h e  ent i re  

group o f  volati les.  escaped 

12, 

5efot-e l o 3  seconds most o f  t h e  v s l a t j l e s  
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ORNL.-DWG 73-12221 

TIME AFTER REACTOR SHUTDOWN (sec) 

F i g .  13. Decay Heat Cont r ibu t ion  Due t o  F i s s i o n  Products in Each 
C 1  a s s i  f i  cati; on 
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TABLE 5 

DECAY HEAT FRACTIONS ATTRIBUTABLE TO THE 

TEN FISSION PRODUCT GROUPS 

Group Number Fractions a t  100 Seconds Frac t i ons  a t  l o 5  Seconds 

1 

2 

3 

4 

5 

6 

7 

8 

9 

10 

0.356 

0.061 

0.000 

0.067 

0.152 

0.145 

0.003 

0.097 

0.040 

0.079 

0.214 

0.050 

0.000 

0.041 

0.197 

0.172 

0.008 

0.169 

0.110 

0.038 
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from t h e  core due t o  the high vapor pressure, B u t  the f r a c t i o n  o f  SI- 

which escaped from the core was only 0.157 a t  10 seconds and 0.995 

a t  IO seconds. 

~ i though a t  l o 5  seconds t h e  refractories con t r i bu ted  

approximately 60 percent of the decay heat (by Figure 13, page 361, 

they  do n o t  contribute too  much t o  the change of correction f a c t o r  

since only a very small fraction o f  the refractories have vaporized. 

On t h e  o t h e r  hand, a t  IO ' seconds the volatiles s t i l l  contribute 

approximately 20 percent of t h e  decay heat  (by Figure 13); and since 

most o f  Sr vaporized between 10 seconds and 10 secondsp the escape 

o f  Sr was t h e  primary c o n t r i b u t o r  o f  the  decreasing o f  correction 
3 - 

factor  a f t e r  10 seconds. [ h i s  f a c t  leads t o  the decrease of  curve 

A ( in  F i g u r e  1 2 ) .  The continue:! i m p e a s e  of  curve 5 ( in  Figure 13) 

was due t o  the smaller escape f r a c t i o n  o f  refractories.  

As mentioned in the ?,bird s e c t l a n  of  Chapter 11, the  decay heat  

correction f a c t a r  a l s o  depesisls on tkls da 'ue assumed f o r  H in Equations 

( 7 )  and (8) .  The decay heat correction factors obtained by set t ing H 

equal t o  IO"+, 1 r 3 ,  are shown in Figtare 14. ~rom ~ i g u r e  14 i t  

i s  c lear  t h a t  the  correction factor i s  n o t  sensit ive t o  the change in 

t h e  value o f  H ,  since the correction f a c t o r  changes by less than  a 

factor o f  two while il changes by two orders of magnitude. 

The e f f e c t  s f  fission product escape on the hl0, vaporization i s  

shown in F i g u r e  15. From Figure 15, t h e  escape o f  f iss ion products 

can lead t o  a 35 percent reduction in the UO vapcrri z a t i o n  a f t e r  10 

seconds. 

3 
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The calculated releases o f  various fission products f o r  the case 

including the fission product vaporization e f fec t  are  compared w i t h  

those which were obtained without including th i s  e f fec t .  This 

comparison i s  shown in Table 6.  Table 6 shows t h a t  f ission product 

vaporization has negligible e f fec t  on the release of high vapor 

pressure fission products, b u t  i t  can lead t o  appreciable reduction of 

the low vapor pressure fission product release. 

111. COMPARISON OF THE CALCULATED VALUES WITH 

THE A E C  SUGGESTED VALUES 

The AEC regulatory staff (DiMunno e t  a7 ., 1962) suggests typical 

values of the amount o f  radioactivity which leaves a PWR reactor core 

and reaches the reactor building. The AEC values a re  essent ia l ly  the 

total  airborne release from the core. They include natural deposition 

processes b u t  n o t  the effects  of  washdown or  f i l t e r ing  from protective 

safeguards. Next, leakage t o  the environment i s  assumed to  occur a t  

a constant ra te  o f  0.1 percent per day. 

In  order to compare the calculated values w i t h  the AEC suggested 

values, three numerical values must be examined: F i rs t ,  the fission 

product inventories i n  pressure vessel, containment, reactor b u i l d i n g  

and the releases i n t o  the environment a re  summed. Doing the summation 

i n  t h i s  way, the deposition process was included b u t  the e f fec t  of 

leakage was excluded. The summed values can be compared d i rec t ly  w i t h  

the AEC suggested values. Parker (1967) suggested values for  Cs and 

Ru based on his experimental work. These values are also included i n  

the comparison which is  shown i n  Tab le  7. Table 7 shows t h a t  the AEC 

suggested values compared t o  the calculated values of Zr and Nb 
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TARbE 6 

FISSION PRODUCT W E L E A ~ E  AT 105 SECONDS AFTER A DESIGN BASIS 

ACCIDENT ( M T K  AND WITHOUT FISSION PRODUCT ESCAPE EFFECT) 

Nuclei Without FPEE ( C i )  N i t h  FPEE ( C i )  

Xe- 133 0.21 x 106 0.21 x lo6  

1-131 0.87 x 1 0 5  0.87 x l o5  

Sr-90 0.44 x 104 0.38 x 18" 

Y-91 0.54 x 102 0.34 x l o 2  

Nb-95 0.60 x 10' 0.38 x 102 

Z r -  95 0.72 x l o1  O"46 x 101 

Ru-103 0.79  x lo1 0.50 x 101 

Ru-106 0.27 x lo1 0.16 x 101 

Te- 12% 0 . 2 3  x 103 0.15 x i o 3  

Cs- 137 0.69 x l o 4  0.69 x 1O!+ 

Ba- 140 0.10 x 106 0.10 x 106 
_y__-.- 

-_s_-- 
-1.1 ..... ~ . . . . . .  .I.-.._ ...______ .- -__I___. 
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TABLE 7 

COMPARISON OF THE CALCULATED FISSION PRODUCT SOURCE 
TERM WITH SUGGESTED VALUES 

Suggested Val ue Calculated Val uef-f 
Fission Percent o f  Inventory Percent o f  Inventory 
Product i n  Bldg. to Envir* Sum i n  Bldg t o  E n v i r  

Xe 1 oo* .012 47 30 .Ol 

I 5 O* .003 46' 28t .O098' 

Z r  1" 1 . 2  x 10-4 2 x 10-3 9 x 10-4 2 x 10-7 

Nb 1* 1.2 x 10-4 2 x 10-2 7 x 10-3 2 x 10'6 

Ba 1* 1.2 x 10-4 36 22 7 x 10-3 

Sr 1" 1.2 x 10-4 36 15 4 x 10-3 

cs 50** ,006 3.8 2.3 8 x 10-4 

R U  5** 6 x 2 x 10-3 1 x 10-3 2 x 10-7 

Gross 
Activity 15" 1.8 x 10-3 16 10 3 . 5  x 10-3 

*These values are  suggested by AEC in TID-14844 (1962). 
** 

These values are suggested by Parker, e t  a l .  (1967). 

+In this particular calculation, 50 percent of the core inventory o f  
iodine i s  considered to  have aerosol properties similar t o  the rare 
gases. 

decay heat available for  the evaporation of U6,. 
o f  a l l  isotopes i s  included i n  these values. 

As such, these numbers may be an overestimate o f  the release. 

"The calculated values are  obta ined  a t  l o 4  sec, and assume l o m 3  o f  the 
Radiological decay 
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overest imated the  release by a t  l e a s t  a f a c t o r  o f  50, b u t  the values 

f a r  Ba 2nd S r  were underestimated by a f a c t o r  o f  36. I o d i n e  was 

s l i g h t l y  overestimated. Xenon was overest imated by a f a c t o r  o f  two.  

The higher c a l c u l a t e d  values of S r  and Ba re lease r  can be exp la ined by 

Lhre fo7 lowing reasoning; because o f  the rirconiurn-steam r e a ~ t j ~ n ~  t h e  

atmosphere survounding t he  fuel changed f rom m i d i  z i n g  c o n d i t i o n  t o  

reducing cond i t i on .  Hence, the  vapor pressure o f  Sr and Ba increased 

by  more than two oi-ders o f  magnftude (Sedford and Jackson, 1965).  

Further,  i t  should be n o t d  t h a t  t h e  c a l c u l a t e d  values are a nonlinear 

funct ion o f  t ime,  he t ime chosen f o r  comparison i s  IO'+ seconds a f t e r  

shutdown. 'l'hi s i s  approximately t h r e e  hours , t h e  1 ongest t i m e  

real i s t i c a l l y  est imated bsfore back-up emergency ass is tance w i l l  have 

a r r i v e d  a t  t hs  reactor s i t e  (Aux ie r  and Chester,  1973). Also,  i n  many 

circumstances i n  th ree  hours t h e  pvessure vessel w i l l  n o t  y e t  have 

me1 t e d  t - q u i  r i  ng a basii c g e m e t r y  change i n  t h e  ca7 c u l  a t i o n .  

Second, t he  c a l c u l a t e d  aiirhorrse i nven to ry  i n  the r e a c t o r  b u i l d i n g  a t  

10' seconds i s  l i s t e d  i n  Table 7 .  T h i r d ,  t h e  c a l c u l a t e d  t o t a l  

r e l e a s e  t o  the  ~ n v i v ~ o i m w n t  a t  l o 4  

through 

seconrjs i s  l i s t e d .  

There i s another  i n t c r e s t i  ng tiii nq whi  ck s h o u l d  be po in ted  o u t  

here. By i n t u i t i o n ,  one migh t  guess t h a t  the release SQUI"CE~ term o f  

h S g h  vapor p ~ e s s u r e  fission prsbuct..i i s  greatei- than t h a t  o f  low vapor 

pressure f i s s i a n  productss. B u t  t he  v ~ l i i e s  o f  Cs, Ba, and Sr i n  Table 

7 show t h a t  t h e  i n t u i t i o n  i s  cvror,g. This  i s  because a h i g h e r  

concent ra t ion  produces a :nee than compensating h ighe r  depasi t i o n  

rate.  
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CHAPTER IV 

ESTIMATION OF ?HE MAGNITUDE OF THE EFFECTS 

OF METAL-STEAM REACTION 

I f  the heat released from the zirconium-steam reaction as a 

function of time i s  t o  be determined very accurately, the detailed 

mechanical and geometrical changes following the reactor accident are  

needed. Since the objectives o f  this  study were t o  investigate the 

effect of zirconium-steam reaction on the f iss ion product release 

rather  than the reaction i t s e l f  and the general character is t ics  of 

th i s  ef fec t  rather than tha t  of a single and unique accident, an 

assumption was used to  avoid this complexity w h i c h  i s  based on the 

resu l t s  obtained by Louis Baker and R .  0. Ivins (1965). 

I t  was assumed tha t  the rirconium-steam reaction s t a r t s  a t  40 sec 

a f t e r  the reactor shutdown and 20 percent o f  the to ta l  zirconium 

reacts within the f i r s t  half hour a t  a constant rate. This constant 

ra te  is  determined by the following calculations. 

The zirconium-steam reaction heat a t  1800 O K  i s  137,780 cal/mole 

o r  6.359 x 10 joules/g (Lemon, e t  al., 1959). And the to ta l  mass o f  

zirconium i s  137.172 pounds or 0.6 x 10' g (see,  f o r  exampre, USAEC 

Docket No. 50-259/260/296, 1973). Hence 

3 

Total reaction heat = 6.359 x l o 3  joules/g x 0.6 x lo8 g 

= 3.815 x 1OI1 joules 
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The assumed constant reaction heat rate 

= 3.815 x I O i 1  joules x 0.2 I 11300 sec 

= 4.24 x I O 7  joules/sec . 

Since the decay heat  is distributed within the fuel rod where the 

fission products are  stored while the nirconiurn-steam reaction heat is 

distributed outside the fuel rod, the fraction o f  mirconium-steam 

reaction heat available far the vaporization o f  the fission products, 

whlch is dentated by H, in the following calculations, s h o u l d  less 

than And if there is some cooling water left 

in the c ~ r e ~  the water should be in contact with zirconium-cladding 

rather than the ins-ide of the fuel rod. Hence the fraction o f  heat 

used to vaporize t h e  water should be greater for mirconiurn-steam 

reaction heat than f o r  decay heat, Both effects lead t o  the 

conclusion that H i  should be less  than H. Hence in our calculation, 

Hi was assumed to be one order o f  magnitude less than H. 

be 

that o f  the decay heat. 

Incorporating the mirconium-water reaction to the decay heat by 

combining Equations (71, (8), and (21 ) ,  the f o l l o w i n g  equations are 

obtained: 
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p '  (t) = 0.140 x 6 0 - O ~ ~ ~ '  H H'  (t)  P (t-10)/50 + 4.24 x l o7  H, 
0 

f o r  40 5 t 60 (23)  

P '  ( t )  = 0.140 H H' ( t ) P  t e 0 a Z 9 '  f 4.24 x lo7 H, 
0 

f o r  60 5 t < 2200 (24 )  

P '  ( t )  0.140 H H '  ( t ) P O t - 0 * 2 g 1  

for t 2 2200 (25) 

Inserting Equations (22),  ( 2 3 ) ,  and (24) i n t o  Equations (9) and ( l o ) ,  
0 . 2 9 1  

-dMu/dt = A60- ( t  - 10)/50 f o r  10 2 t < 40 

= A60-0-291 ( t  - 10)/50 + 5 fo r  40 5 t 60 

= A t - 0 . 2 9 1  + 3 for 60 5 t 2200 

= A t - 0 . 2 9 1  f o r  t I 2200 

where 

A = 6.511 x 

B = 1.971 x 1 0 4  H . 

H H'(t) Po 

1 

In order t o  compare the importance of  the zirconium-steam 

reaction heat t o  t h a t  of the decay heat, the f i r s t  and second terms i n  

the r i g h t  side o f  Equation (26) were calculated separately. In  th is  

calculation, p0 i s  set equal t o  3.44 x l o 9  watts and H is  s e t  equal t o  

From Figure 10, H' (60 )  equals 0.588 and H'(1800) equals 0.564. 
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CHAPTER V 

SUMMARY 

The reactor accident i n  th i s  study was assumed to  be a double- 

ended break o f  a large primary-system water pipe and concurrent 

fa i lure  of the emergency core cooling system. Following the reactor 

blowdown, the decay heat raised the core temperature. A certain 

fraction of  the decay heat was assumed to  vaporize U02 . The 

vaporization of  various fission products was assumed to  be controlled 

by the i r  vapor pressure relat ive t o  that  o f  U02. The airborne f iss ion 

products were then subjected t o  decay, deposition and leakage 

processes, and f ina l ly  released to  the environment. 

I n  this s tudy  the transport o f  f iss ion products a f t e r  release was 

not treated. Only agglomeration and gravitational s e t t l i ng  were 

considered i n  the airborne fission product deposition process. The 

pressure vessel melt-through which may occur as soon as 2 hours a f t e r  

p i p e  rupture was not considered. 

The assumption of a constant fraction o f  decay heat available t o  

vaporize UO, was investigated i n  t h i s  study by taking into account the 

decay heat loss due to  vaporization of fission products and by 

changing the assumed fraction. 

The e f fec t  on fission product release of adding the metal-water 

reaction heat t o  the heat source was investigated. 

The e f fec t  of m u l t i p l e  containments, the e f fec t  of a containment 

f i l t e r ,  and the effect  of various parameters (par t ic le  f a l l  distance, 

m i n i m u m  par t ic le  radius and par t ic le  density) in the aerosol model on 

f ission product release were s t u d i e d  also.  
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The a-esults showed t h a t  the vapori7ation o f  fission products 

t o  a 20 percent t o  50 percent. reduction (depending on the would 

value o f  other parameters) i n  the decay heat avajlable t o  vaporize 

lead 

UO,. 

The release o f  low vapor pressure fission products i s  

approximately proportional t o  the assumed fraction o f  decay heat 

available t o  vaporize UO,. B u t  the! w l e a s e  s f  fission products with 

vapor pressure higher t h a n  t h a t  of Sr i s  almost independent of  the 

assumed fraction. 

The metal-water reaction heat available t o  vaporize UO, i s  a b o u t  

one order o f  magnitude less  than  t h a t  o f  decay heat, I t s  e f fec t  on 

t he  fission product release i s  small. B u t  the zircanium-steam 

reaction changed the atmasphere surrounding t h e  f u e l  from an oxidizing 

condition t o  a redwing condition, thus  changing the vapor pressure o f  

various fission prodlnets. This can lead  t o  an increase o f  S r  and 13a 

releases by ai factor o f  30 or  more. 

The addition o f  even a damaged access tunnel can reduce the 

fission p r o d u c t  release by more than two orders o f  magnitude. The 

containment f i l te t -  can lead to  a reduction of  the refractor ies '  

releases by more than one order  o f  magnitude a t  the end of  2 hours 

af ter  reactor shutdawnz 

The minimum part ic le  radius i s  t h e  most important parameter in 

the aerosol model. For refractory fission products, increasing t h e  

m i n i m u m  par t ic le  r a d i u s  by a factor o f  ten can lead t o  a reduction o f  

release by two orders o f  magnitude a t  the end of  2 hours a f t e r  reactor 

shutdown. 
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The p a r t i c l e  f a l l  d i s t a n c e  and p a r t i c l e  d e n s i t y  have no 

s i g n i f i c a n t  e f f e c t s  on t h e  fission p r o d u c t  re lease .  



52 

L m  OF REFERENCES 

Auxier, J .  A , ,  and R .  0. Chester, "Report o f  the Clinch Valley Study, 

May 15-June 2 ,  1972," Appendix VI, OWNL-4835 (January 1973).  

Baker, L., and R .  0. Ivins, "Analyzing thhe Effects of  a Zirconium-Water 

Reaction," Nucleonics 23 NO. 7,  70 ( j l l lY  1 9 ~ 5 ) .  
I 

Bedfard, R. G., and 8. D. Jack50n~ "Volatiles o f  the F i s s i o n  Products 

and Uranium Oxides," UCRP-12314 (Jaaiuary 20, 1965). 

Belle, J . ,  Edi to r ,  "Uranium Dioxide: P r o p e r t i e s  and Nuclear Application," 

Naval Reactors, Division o f  Reactor Development, USAEC (July 1961). 

Chandrasekhar,  S . ,  Rev. Mod. Phys. - 15, 1 (1943). 

Ches%er, R .  O . ,  Persona1 Conimunication (1973). 

Dav is ,  R .  J . ,  Amer. In$. Hyg. Assoc. J .  _._I 32 ,  603 (197%).  

Dietz, K. A . ,  W .  E. Nyer, and T. R .  Wilson, "Quarterly Technical Report- 

Step Pt-sject," IBO-17145 (May, 1966).  

DiNunno, J .  J , ,  F. D. Andersonl W. E. Baker, and R. L a  Waterfield, "Cal- 

culation of Distance Factor for Power Test Reactor Sites, ' i  TID-14844 

(1962). 

Ergin, W .  K., Chairman, "Emergency Core Cooling Report o f  Advisory Task 

Force on Power Reactor Emergency Cool i n g  ,I' TIP24226 (1967). 

Fuchs, N . ,  A. Physik.  Chem. A. 131, -- 199 (1934). 

Lemnm, A .  W., C .  A.  Alexander, I _ .  E .  Hulbert, and  R .  B. Filbert, "Core- 

Temperature Excursions Following a Piping Failure in the Plutonium 

Recycle T e s t  Reactor," BMT-1356 (July 6, 1959). 

Morrison, D. I-., J .  M .  Genco, J .  A.  Gieseke, R. b. Witmman, C .  T. Walters, 

and D. N .  Sunderinan, "An Evaluation o f  the Applicability of Existing 



53 

Data t o  t h e  A n a l y t i c a l  Desc r ip t i on  of a Nuclear-Reactor Acc ident  

BMI-1779 (August 2 ,  1966). 

Parker, G. W . ,  G. E. Creek, C. J. Barton, W .  J .  Mar t i n ,  and R. A.  Lorenz, 

"Out -o f -P i le  Studies of F iss ion-Product  Release from Overheated 

Reactor Fuels a t  ORNL-1955-1965," ORNL-3981 ( J u l y  1967). 

Remley, M. E., Chairman, Subcorn i t tee  ANS-5, "Proposed ANS Standard Decay 

Energy Release Rates Fo l low ing  Shutdown o f  Uranium-Fuel Thermal 

Reactors" (October 19731, Atomics I n t e r n a t i o n a l  P. 0. Box 309, 

Ganoga Park, C a l i f o r n i a  91304. 

Smoluchowski, M. Von, Physik. Z. - 17, 557 (1916). 

Smoluchowski, M. Von, Z. Physik. Chem. - 92, 129 (1917). 

"The F i n a l  Safe ty  Ana lys is  Report of Fe r ry  Brown's Nuclear Reactor," 

Tennessee Va l l ey  Au tho r i t y ,  USAEC Document No. 50-259/260/296 

(1973). 

"Theore t ica l  Possi b i  1 i t i e s  and Consequences of Major Accidents i n  Large 

Nuclear Power Plants,"  WASH-740 (1%7). 





55 

APPENDIX 

COMPUTER PROGRAMS FOR THE ESTIMATION OF THE FISSION PRODUCT 

FROM A WATER-COOLED REACTOR 

The program "RELEASE" i s  w r i t t e n  t o  c a l c u l a t e  the  f o l l o w i n g  

v a r i a b l e s  as a f u n c t i o n  o f  t ime: 

1. the f r a c t i o n  o f  UO, core vaporized. 

2. 

3. 

t h e  f r a c t i o n  o f  s p e c i f i c  f i s s i o n  product  vapor ized. 

the a i rbo rne  i n v e n t o r i e s  o f  t he  s p e c i f i c  f i s s i o n  

product  i n  the  pressure vessel, containment, r e a c t o r  

b u i l d i n g ,  and access tunnel .  

4. t he  f r a c t i o n ,  t he  amount and the  r a t e  o f  t he  

s p e c i f i c  f i s s i o n  product  released t o  t h e  

env i  ranment . 
Another program "FEED" i s  w r i t t e n  t o  c a l c u l a t e  the e f f e c t  o f  

f i s s i o n  product vapor i za t i on  on the  decay heat.  The c o r r e c t i o n  f a c t o r  

o f  the decay heat as a f u n c t i o n  o f  t ime obta ined by program "FEED" i s  

used as p a r t  o f  t he  i n p u t  o f  program "RELEASE". I n  t h i s  r e p o r t ,  the 

program "RELEASE" i s  discussed f i r s t ,  then fo l lowed by a d iscuss ion o f  

program "FEED". 

I .  THE DESCRIPTION OF THE USAGE OF THE PROGRAM "RELEASE" 

The f i s s i o n  product  re lease a f t e r  a r e a c t o r  acc ident  depends upon 

the r e a c t o r  type and t h e  degree o f  damage t o  the  r e a c t o r  containments. 

Twenty rep resen ta t i ve  cases are b u i l t  i n  t h i s  code. I n  a l l  t he  cases 

except cases 1, 15, 16, 17, 18, 19, and 20, t he  standard parametr ic 

values are used. The standard parametr ic  values a re  determined by 

spec i f y ing  whether the  r e a c t o r  i s  a PWR o r  BWR, t o  what degree t h e  

r e a c t o r  containments a r e  damaged, and how many containments the  



reactor has. Those s t a n d a r d  parametric values are l i s t ed  i n  Table 8,  

while the descriptions of  the thirteen standard cases are tabulated i n  

Table 9. Cases 1, 15, 16, 17 ,  18, 19, and 20, nonstandard parametric 

values, are l i s ted  i n  Table 10. Descriptions o f  the corresponding 

nonstandard cases are given in Table 11. In  o the r  words, these seven 

cases are  used t o  investigate t h e  re lat ive effects  o f  the various 

parameters o f  the model by comparing the resul ts  o f  those cases with 

that o f  case 2 .  

The no ta t ion  o f  some parameters i n  t h i s  code are described 

b r i e f l y  in the following and can be changed by the user t o  get t h e  

resul ts  o f  a specific case which i s  not  included in the twenty 

representative cases. 

a. EMU = t o t a l  mass o f  UO, core  (1 = 1 -48  x l o 8  gm 

i n  t h  s code). 

PWR = t h e  reactor operat ing power level ( = 3040 F9w 

i n  t h  s code).  

b. 

c. IC = the  number of reactor containments, 

d. H 5 assumed fraction o f  decay heat available for the 

vapori  mati on of  UO 2 and f s ’ ss i  on products. 

e. VP, VC, VB, VT = volumes of pressure vessel, containment, 

reactor building, and access tunnel. 

f .  HP, HC, H5, HT = f a l l  distance o f  aerosol particles in 

pressure vessel, containment, reactor building, and 

access tunnel. 

g. FLTIC,  FLTIB, FLTIT = flow rates t h r o u g h  iodine absorber in 

containment, reac ta r  building, and access tunnel. 



TABLE 8 

STANDARD PARAMETRIC VALUES USED IN THE CODE 

Desc r ip t i on  of the Reactor Design Basis Damaged Design Basis Damaged 
and Accident Type -+ BWR BWR PWR PWR 

Containment Vo1 ume (cm3 ) 
Pressure Vessel 
Con t a  i nmen t 
Reactor Bui 1 d ing  
Access Tunnel 

5x108 
5x109 
5x1010 
5x1010 

5x108 
5x109 
5x1010 
5x1010 

5x108 
6x1010 

5x108 
6x1010 

5x1010 5x1010 
F i  I t e r  Adsorber 

Flow Rate (containment volume/sec) 10-2 
95% 

10-2 
95% 

10-2 
95% 

10-2 
95% F r a c t i o n a l  Remove Ef f ic iency 

Aerosol Parameters 
Max. P a r t i c l e  Radius (mu) 10 

0.09 
11 

10 
0.09 

11 

10 
0.09 

11 

10 
0.09 

11 
Min. P a r t i c l e  RadiLis (mv) 
P a r t i c l e  Densi ty  (g/cm3) 

P a r t i c l e  F a l l  Distance (cm) 
1x102 
2x I 0 2  

6x 1 O2 
1x103 

1x102 
2x102 

6x102 
1x103 

1x102 
1x103 

1x102 
1x103 

i n  Pressure Vessel 
i n  Containment 
i n  Reactor B u i l d i n g  
i n  Access Tunnel 

Vaporizes UO, Core 
F rac t i on  o f  Decay Heat which 

6x102 6x102 

10-3 10-3 10- 3 10-3 
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TABLE 9 

STANDARD REACTOR ACCIDENT TYPES 

Case Reactor Pressure Containment Containment Access 
Number Type Vessel F i  1 ter Bui 1 ding Tunnel 

--- B 

G 

L-- 2 %WR B B 

3 BWR €3 G 

4 BWR B B 6 B 

5 PWR 5 B B 

6 PWR B G G 

7 BWR 5 B E? G 

8 BWR B G G B 

9 BWR 5 G G G 

G 

--- -...- 
--- 

--- --- 
--- --- 

--- 
--- 
--- 

--- 10 PWR B G G 

11 BWR B B 

12 BWR B G 

13 PWR B B G 

14 PWR 6 G B 

--- G 

B 

*-- 

...-I --- 
--- --- 
--* --- 

Where: G = design basis containment 

B = damaged containment 

--- =does not apply 



TABLE 10 

THE NONSTANDARD PARAMETERS USED IN CASES 

1, 15, 16,  17, 18, 19, AND 20 

__1_1__ - _I.-.- . .. .._ .. . 
I_- -- 

Nonstandard Pa rameter Case 
Number Deseri p t i  on Parameter Val we 

_I... - .- .. . . . 

1 Higher vapor i za t ion  ra te  Fract ion o f  decay hea t  which 
vapet-ized UO, core 

15 bower vapor i za t ion  r a t e  Same as  in case 1 

16 Larger f a l l  dis tar ice Fall  distance (cm) in 
presswe vessel 

I n  containment 

In r e a c t o r  building 

17 Larger p a r t i c l e  M i n i m u m  par t ic le  r a d i u s  (mp) 

18 Lower p a r t i c l e  d e n s i t y  Par t ic le  d e n s i t y  (g/cm3) 

19 Longer blowdown time Blowdown t i m e  (sec )  

20 Same as case  19 Same as case  19 

10-2 

10- it 

103 

2 x 103 

104 

0.9 

5 

609 

3600 
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TABLE 11 

NONSTANDARD REACTOR ACCIDENT TYPES 

Case Reactor Pressure Containment Reactor Access 
Number Type Vessel Containment F i  1 t e r  Bu i l d ing  Tunnel 

--- B 1 BWR B B 

5 15 BWR B B 

E 16 BWR B B 

B 17 BWR B B 

B 18 BWR B 5 

B 19 BWR 5 B 

20 BWR B B 8 

--- 
--- --.. 

-- - --- 
--- --- 
--- -- - 
-I- --- 
--- 

Where: B = damaged containment 

- - does no t  apply 
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h .  FLTKC, FLTRB? FLTKT = f l o w  r a t e s  th rough  par t iculate  filters 

i n  containment, reacLor building, and access t d n n e l .  

i. ELP, ELC, ELB, EL7 = l e a k  rates from pressure? vessel, con- 

tainme~t, i - e a c t ~ r  b u i l d i n g ,  and access t u n n e l .  

Input o f  Program __ " R E L E A S E "  I 

1. List = IPLOT 

Format = I10 

IPLOT = 0, no c !~ rv2  p l o t t e d ,  

=: 1, p l o t  t i l e  curves o f  F i ss ion  product i n v e n t o r i e s  

i n  coreg pressure v e s s e l ,  containment, r e a c t o r  

bu i  1 d i n g ,  access tunnel and t h e  env i  r s n m e n t  as 

a functSon o f  time on a l o g - l o g  sca le .  

2.  L i s t  = I C O L ,  IRO'nr, N D Z M ,  EPS 

Format = (3110, E l 0 . 2 )  

ICOL = 1. 

IROW = number o f  times a t  which t he  correction f a c t o r  of  

decay h e a t  i s  available. 

number o f  p o i n t s  used t a  i n t e r p o l a t e  the correction 

f a c t o r  o f  decay hea t  a t  a g iven time, 

means 1 inear i n t e r p s l a t i o n ) .  

NDIM = 

( N D I M  = 2 

EPS = ail i n p u t  constant which i s  used as t h e  upper bound 

f o r  t h e  absolute  e r r o r .  

3.  L i s t  = z, F 

Format = ( 8 8 1 0 A )  

Z = values o f  xime ( w i t h  dimensions equal t n  I R O W )  

F = c o r r ~ c t i o n  f a c t o r  o f  decay h e a t  correspandi r~g  to t h e  



tjme in Z ( w i t h  dimensions equal t o  I R O N ) .  

4. List  = IM,  XLAMDA, QZERO, G, FP, ATNO 

Format = (110, 5E10.2) 

IM = the classificatioi7 number o f  the specific f iss ion 

product we want t o  calculate.  

= 1 for noble gases. 

= 2 for valat i les .  

= 3 for halogens. 

= 4 for refractories.  

XLAMDA = decay constant of the specific fission product, sec-’ 

QZERO = inventory o f  the specific fission product i n  fuel 

a t  time equal t o  0. 

G = fraction of halogen fission products which remain gaseous. 

FP = ra t io  of the specific fission product vapor pressure t o  

U02 vapor pressure. 

ATNO = atomic number of  the fission product. 

5. List = (TITL&(k), k = 1, 10) 

Format = (10A8) 

TITLE = consists of 20 cards, on each card p r i n t  the name of 

the specific fission product followed by the case 

number, (For example, 1-131 CASE 1). The case 

number must be i n  the order: 4 ,  7 ,  9 ,  8, 5, 14, 6, 13, 

10, 15, 1, 12, 3, 11, 2, 16, 17, 18, 19, 20. These 

l e t t e r s  wi l l  be printed on the curve as the t i t l e  of  

each case. 
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Output o f  Pro9 . .... am _---.." "RELEASE" ...-. ̂ ~. 

1. The f o l l o w i n g  results arc p r i n t e d  o u t  as a f u n c t i o n  o f  t i m e  

a t  40 po in ts ,  i . e . ,  w i t h  equal t ime i n t e r v a l  an l o g  sca le  f r o m  10 sec 

t o  10 see. 5 

a .  the fract-isn o f  reactor core vapor ized ,  

b. 

c .  

d. 

e. 

f .  the sum o f  t h e  F rac t i on  o f  F iss ion  products i n  

the  f r a c t j m  o f  f i s s i o n  p roduc ts  vapor ized-  

the  f r a c t i o n  o f  f i s s i o n  products released. 

the fission prodrict i n v e n t s r i e s  i n  each vessel. 

the f i s s i o n  product re lease rate. 

each reg ion  under t h e  c o n d i t i o n  w i t h o u t  deposi t i on  

and f i  1 t e r i i l g .  

2. I f  IPLQT equals t o  1, the  f l i ss ion  produc t  i n v e n t o r i e s  i n  each 

reg ion  are p l o t t e d  as il f u n c t i o n  o f  t i m e  on a l o g - l o g  scale.  

Sampl a Cal.c,M!_ati on o f  h ~ g r a r n  "RELEASE" -. . . .. .- 

The i n p u t  d a t a  cards are shown i n  F igure  15. That i s :  

1st card  = IPLOT 

2nd card = ICOL, IROW, NDIM, EPS 

3rd card t o  13th  card = Z, f 

1 4 t h  card = IM, XLAMDA, ? Z E R O ,  G, FP, ATNO 

15th card t o  24 th  card = T I T L E  

The p r i n t e d  ou t  results toge ther  w i t h  t he  p l o t t  

i n  Figure 17 and Figure? 18, r e s p e c t i v e l y .  (The t o t a  

given by the o u t p u t  i s  twenty, but only four o f  them 

order t o  save pages.) 

d curve a r e  shown 

number o f  cases 

a re  shown here i n  
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00250 05 0.160-02 0.110 00 0.553-09 0.110 OB 0.300 06 0.5LD 06 0.340 03 0.220 02 0.660-02 0,130-05 0*1OB 01 
0.320 05 0.190-02 0.120 00 0.16D-08 0.110 08 0.280 06 0.530 Ob 0.520 03 0.476 02 0.200-01 0.280-05 OoLOD 01 
0.40D 95 0.223-02 0 . 1 4 0  00 01443-08 0.100 08 0.26C 06 0.650 06 0.760 03 0.890 02 0.530-01 0.530-05 0.100 Ok 
0.500 05 0.260-02 0.170 00 0.113-07 0,lOC 08 0.240 06 0,690 Ob 0 . l l D  04 0.160 03 0.130 00 0 ,960-05  0 . 1 0 D  01 

0.790 05 0.363-02 0.220 00 0.530-07 0.930 07 0.200 06 0 .700  06 0.160 04 0.430 03 0.640 00 0.260-04 0.103 01 
0.100 06 0.420-02 0.260 00 0.110-06 0.890 C7 0.180 06 0.660 06 0.220 04 0.650 03 0.130 01 0*390-04 001Oa 01 

0.630 05 0.300-02 0.190 00 0.25C-C7 0,970 C7 0.220 Ob 0.710 O b  0.14D 04 0.270 03 0.300 00 0.160-04 0.100 01 

P R - 1 4 7  C A S E  2 
CASE 2 

DECAY CONSTAHTI l f  SEt 0. a 3 80-08 

FRACTION OF FP H H I C F  I S  CASEOUS 0.1000 01 
CLASS OF FISSION PRCDUCT 4 

C3RE I N V E N T O R Y  AT ZERO TIME, C U R I E S  0.1200 08 
R A T I O  OF F P  VAPOR PRESSURE Ta u02 VAPOR P R E S S L I R E  Oe7000 02 

T I M E  

f SEC 1 
0.0 
0.100 02 
00130 02 
0.160 02 
0120D 02 
0.2SD 02 
0.32D 02 
0.4QD 02 
0.500 02 
0.630 02 

0.100 04 
0,130 03 
0.160 03 
OeZUD 03 
0 . 2 5 0  03 
0.320 03 
0.400 03 
O a S O D  03 
0.630 03 
0.790 03 

0 . ~ 9 0  02 

FRACTXON FRACTION FRACTICF;  
OF CORE OF FP CF FP 
V 6 I P O R I Z E C  V A P C R t  Z E C  RELEASE0 
0.0 0 .0  0.0 
0.0 0.0 0.0 
0.190-07 0.13O-05 0.0 
0.970-07 0.680-05 O*O 
00280-06 0.200-04 0.0 
0.650-06 0.460-04 0.0  
0.13D-05 0. 930-04 0.0 
0-250-05 0.180-03 0.0 
0.460-05 0.32D-03 0.0 
0.180-05 0.550-03 0.0 
0*&10-04 0. 8CD-03 0.0 
O-lbD-04 0.110-02 0.0 
0.210-04 0 s  15D-02 0.0 
0.270-04 0.190-02 0,O 
0.34D-04 0.240-02 0.0 
0,430-04 0.300-02 0.0 
0~540-04 00380-02 0.0 
0.670-04 a.460-02 o .i ~ D - L O  
0*82D-O4 09570-02 0.460-08 
0.990-04 0.690-02 0.260-07 
O e 1 2 D - 0 3  O.t?40-02 0 .980-07  

INVENTORIES (CURSES) 

I N  CORE 
0.120 08 
0.120 08 
0.12c 08 
0.120 08 
0.120 0 8  
0.12D 08 
0.120 0 8  
0 .12c 08  
0.120 C B  
0 .120  0 8  
O . 1 t D  08 
0.120 C 8  
0.120 C8 
Q.IZC C 8  
0 ,120  08 
0.12C 0 8  
0.120 C8 
0 .12C 08 
0.120 08 
O*LZO 0 0  
0.120 C 8  

IN PV 
0.0 
0.0 
0.130 02 
0.760 02 
0.230 03 
0.530 Q3 
0.110 G4 
0.210 04 
0.380 04 
0.650 04 
0.960 04 
00130 05 
0.170 05 
0.220 C5 
0.280 05 
0.350 G5 
0.430 05 
0.530 05 
0.640 05  
0.77D 05 
0.920 C5 

I N  ( 2 )  
0.0 
0.0 
0.0 
0 . 0  
o*o  
0.0 
0.0 
0.0 
0.0 
0.390 01 
0.140 02 
0.350 02 
0.700 OL 
0.131) 03 
0.230 03 
0.390 03 
0.630 03 
0.100 04 
0.160 04 
01250 04 
0.380 04 

IN ( 3 1  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0  
o*o 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 

I N  t 4 )  
0.0 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.0 
0.0 
0.0 
0 .o 
0.0 
0.440 00 
0.990 01 
0,320 02 
0 . 7 7 0  02 

R E L € & S E  

f CUR1 ES 1 
o * o  
0.0 
0.0 
0 .0  
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.0 
0.LSD-a3 
0.5 50-0 1 
0.320 00 
0.12D 0 1  

1 C f / S E C )  
0.D 
0.0 
0.0 
0.0 
0.0  
0.0 
0.0 
0.0 
oe.0 
0.0 
0.0 
0.0 
0 , o  
0.0 
0.0 
0.0 
010 
0 4 10-04 
0 9 80-0 3 
0.3 20-0 2 
0 . ~ 7 0 - 0 2  

0.100 01 
0.LOO 01 
0.100 0L 
0.100 OL 
0.100 OL 
0.100 01  
0.100 01 
O.1OD 01 
0.100 OL 
0.100 01 
0.100 01 
o.io0 01 
OIlOO 01 
O o l O D  01 
O e A O D  01 
O*lOD 01 
0.100 01 
O.lOD 01 
o.aoo 01 
0.100 01 
0110D 01 

F i g .  17b .  
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0 . 6 3 0  02 
0.790 02 
01100 03 
0.130 03 
0.160 03 
0.200 03 

0.320 03 
01250 03 

0.400 03 
0.500 03 
0.630 03 
0,790 03 
0.100 04 
0.130 04 
0.160 04 
0.20D 04 
0.250 04 
0.320 04 
0.400 04 
0.500 04 
0.630 04 
0.790 09 
9e:cB $5 
0. t39  05 
0.16D 05 
O I L O O  05 
0 .250  05 
0.320 05 
0.40D 05 
0.500 05 
0.630 05 
0.790 05 
0.10D 06 

0.7 8D-0 5 
0. I 10-04 
0. 160-04 
0.2 10-04 
0 270-04 
0.340-04 

0.540-04 
0.4 30-04 

0.4 70-04 
0.82D-04 
0.990-04 
0.120-03 
0.140-03 
0.170-03 
01 2 AD -03 
0.2 SD-0 3 
0.290-03 
O.35D-03 
0.410-03 
0.690-03 
0 . 5  BD-03  
0 s  69D-0 3 
9- f! 12-93 
01 960-03 
0. L 1D-02 
0.130-02 
0 s  i6D-02 
0.19D-02 
0.220-02 
0.260-02 
0.300-02 
O m  360-02 
0. 420-02 

0 5 50-03 
0.  aoc-03 
0.110-02 
0.150-02 
0 19D-02 
0.240-02 
0 * 3 Q O - O 2  
0.380-r)Z 
0.460-02 
0 5 70-02 
0 69D-02 
0 645-02 
0. LOG-01 
0 m 1 2 0-0 1 
01 14D-01 
0.170-01 
0.2oc-Ol 
0.240-01 
0.290-01 
0.34O-01 
0 4GD-01 
0.470-01 
C,55"9? 
0.6 55-01 
0.77C-01 
O m  900-01 
O,l1D 00 
0.125 00 
0.140 00 
0.17D 00 
0.19D 00 
0 . 2 Z D  00 
0.260 00 

0.0 
0.0 
0 .O 
0 *12D-11 
0.4'ID-10 
0.250-09 
0*890-C9 
0 ,260-08 
0 e 6  60-0 8 
01170-07 
0.3 80-(37 
0 -8 30-07 
0.170-06 
0.340-06 
0 a63D-06 
C e l  10-05 
0.1 90-05 
0.300-05 
0.440-05 
0.63D-05 
0.85D-OS 
0.1 10-04 
0 1 C D - 0 4  
0 180-04 
0.220-04 

0 .3  10-04 
0.3 70-04 

0 2 6 0-04 

0.44D-04 
0.52D-04 
0 b OD-04 
0.70D- 04 
0 -8 1D-04 

0.12~ o a  
O e 1 2 C  08 
0.12c 08 
0.12c 08  
0.120 00 
0.12D 0 8  
0.120 08 
0.12c 5 8  
0.120 C8 
0.120 0 8  
0.12c 0 0  
0.12c 08 
0.12c 0 8  
0.120 U6 
0,12C 06 
O . t Z G  0 %  
0.120 0 8  
0.12c 08 

0.12c 0 8  

0.110 08 
O I l l D  00  
0.110 0 8  
0 . 1 l C  08 
0 . l l C  08 
0.llC 08 

0.100 06 
0.lOC 0 8  
0 . 9 7 0  c7 
0.930 0 7  
0.890 C7 

0 .120  oe  
0.121) ce  

0.110 a a  

0.620 C4 
0.890 c4 
0012D C5 
0.15f2 C5 

0.22D C5 
0.250 CS 

0.180 OS 

0.28D 05 
0,310 05 
0.33D C5 
0.330 CS 
0.330 G5 
0.320 05 
0.300 C5 
0.28D C S  
0.260 C S  
0.s2IO c5 
0.220 c5 
0.210 05 
Q.19C c 5  
0.180 05 
0.160 C5 
a,isc! 05 
0.140 a5 
0~1x1 as 
0.lZD cs 
0.110 05 
0,100 05 
0.91c c4 
0.830 04 
0 . 7 5 0  04 
0 . 6 7 0  C4 
O * b O D  04 

0.110 02 0.0 
0.230 02 0.0 
0.430 02 0.0 
0.760 02 0.0 
0.130 03 0.0 
0.200 03 0.0 
0.300 03 0.0 
0 . 4 3 0  03 0.0 
0.6 iO 0 3  0.0 
0e82D 03 0.0 
0.10D 04 0.0 
0.13D 04 010 
O . 1 5 D  0 4  0.0 
0.160 04 0.0 
0.170 04 0.0 
0.170 04 0.0 
0.160 04 0.0 
0.150 04 010 
0.140 04 0.0 
0.120 Oft 0.0 
0.110 04 0.0 
0.100 0% 0.0 
Q,%60 03 0.0 
0.880 03 0.0 
0*8L0 03 0.0 
01750 03 0.0 
0.680 03 0.0 
0.620 03 0.0 
0.570 03 ob0 
0 . 5 2 0  03 0.0 
0.47D 03 0.0 
0.420 03 0.0 
0.380 03 0.0 

0 00 
0.0 
0.0 
0 14 00-01 
0 , 3 2 0  00 
0 . 9 2 0  00 
0'210 01 
0.430 o r  
0.820 01 
0.150 02 
0.258 02 
0.41D 02 
0.630 02 
0.92D 02 
0.120 03 
0.160 03 
0.190 03 

012ZD 03 
O a Z 1 D  03 
0.200 03 
0.190 03 
0,179 Q3 
O.1SC 03 
0.14C 03 
0.130 0 3  
O - l l D  03 
0.100 03 
0.940 02 
0.650 02 
0 . 7 7 0  02 
0.690 02 
0.620 02 

0.21D 03 

0.0  
0.0 
0.0 
0.140-04 
0.560-03 
0.300-02 
0.110-01 
0.3 1G-0 1 
0.8 20-01 
0,201) 00 
0.460 00 
O o l O D  0 1  
O - Z l D  01 
0,410 01 
0.760 01 
0.13D 02 
0.230 02 
0.36D 02 
0.530 02 
0.765 02  
O.10D 0 3  
0.130 0 3  
0,139 Q3 
0.210 0 3  
0.260 03 
0.310 0 3  
0.380 0 3  
0 .450 0 3  
0.530 0 3  
01620 03 
0.720 03 
0,840 03 
0.98D 03 

O I O  
0.0 
0.0 
0.4OD-05 
(1.3 20-04 
0 * 920-04 
0 a 2 10-03 
0 4 3D-0 3 
0.82O-03 
0.150-02 
0 0,250-02 -4 10-02 

0.63O-0 2 
0.920-02 
0.120-0 1 
0 160-0 L 
0. I9D-0 1 
0.2 10-0 1 
0.220-0 1 
0.2 lD -0  I. 
0.2 00-0 1 
0 190-01 
c.2 7"-'31 
0. L 50-01 
0.140-01 
0 1 30-01 
0.110-01 
0.1 00-0 1 
0 6 94D-0 2 
0.8 50-02 
0.770-02 
0.6 90-02 
0 6 2D-02 

0.100 01 
0.100 OL 
0.100 o i  
0.100 01 
OarOD 01 
0.100 01 
0.100 01 
O,L00 01 
0.1OD 01 
O e l O D  01 
0.100 01 
0.LOD 01 
0.100 OL 
OSLO0 01 
0.100 01 
OeiOD 01 
0.100 01 
O I t O D  01 
0.lOU OL 
0.100 O i  
O.LOD 01 
0.100 or 
OI19E 81 
0.100 01 
0.100 01  
O - l O D  01 
O*LOD 01 
01100 01 
O a l O D  01 
0.100 o i  
0+100 01 
0*105 OI 
0.100 01 

F i g  l l d .  
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O.13D 05 
0.160 05 
0.200 05 
01250 05 
0.320 05 
0.400 05 
0.500 05 
0.630 05 
0.79D 05 
OelOD 06 

0.5TD-03 
0.7513-03 
0.960-03 
0,120-02 
0% 15D-02 
0.180-02 
0.220-02 
O m  260-02 
0.320-02 
0.380-02 

0.390-OL 
01510-01 
0.65C-01 

0.seo-01 
0.120 00 
0.140 00 
0.170 00 
0 . 2 C D  00 
0.24D 00 

0.800-oi 

0 - 6  70- 03 
0 e 1  60-02 
0 e 4  LO-02 
o .e 50- a2 
0 160- 0 1 
0 a 9  70-01 
0.410-01 
0.5 $0-01 
0.78D-01 
0.99D-01 

O . 1 Z D  0% 
0.llD 0 8  
0.L10 0 8  
0,110 0 8  

0 . 1 i C  08 
0*10C 08 
0.100 08 
0.96G 07 
0,920 07 

0 . ~ 1 ~  5 8  

0.260 
0.280 
0.2BC 
0.270 
0.26D 
O e Z 4 D  
0.210 
0 190 
0.17D 
0,150 

C6 0.100 06 
06 0.14D 06 
06 0.1'70 Ob 

06 0.210 06 
E 6  0.200 06 
06 O . l Y D  Ob 

C6 0 .200 06 

06 0.170 06 
06 0.150 Ob 
06 0.130 06 

0.0 
0.0 
0.0 
0.0 
0.0 
0 . 0  
0.0 
0.0 
0.0 
0.0 

0.290 05 
0.53D 05 
0.840 05 
0.120 06 
0e15D 06 
O.L~O 06 
0.17D O b  
0.15D 06 
0 , 1 4 0  06 
0.120 06 

0.800 0 4  0.290 01 0.10D 01 
0,210 0 5  0.530 01 OalOD 01 
0 .50D OS 0.84D 01 O - l O D  01 
O * l O D  06 0.120 0 2  0*100 01 
0.190 06 0.150 02 0.100 01 
0.322) 06 O e i L O  0 2  0.100 QI 
0.4913 06 O d 7 D  02 0.100 01 
0.700 Ob 0 . 1 5 D  02 OalOD Q L  
0.930 06 0.140 02 0.IOO 01 
O e J . 2 0  0 7  O a l Z D  0 2  Os100 OL 

F i g .  1 7 f .  



ORNL-DWG 74-3623 Pt.  1 
PM-1'67 CRSE 9 

-. . . . . . . . 

.... 

RELEASE TO THE 
ENVIRONMEHT 

CONTAINHENT 
INYENTORI 

1 

T I M E  RFTER CESSf lT idN O f  F I S S I O N I N G ,  (SECI T I M E  RFTEW CESSATION OF FISSIONING, [SECI 

F i g .  18. The Plo t t ed  Curves of Program "Release" 



. 
1

,
 



74 

11. PROGRAM " F E E D "  

A. I n p u t  

1. L i s t  = ICOL, IKOW, N B M ,  EPS, ISE'I' 

Format = (3110, ElQ.2, 110) 

ICOL = 1 

IRON = number of times a t  which t h e  F value (will be explained 

l a t e r )  i s  available. 

N D I M  = number of  p a i n t s  used t o  interpolate the F value a t  a 

g iven  time- ( = 2 means l inear i n t e r p o l a t i o n ) .  

EPS = an input constant which i s  used as the upper bound f o r  the  

absolu te  e r ~ o r .  

ISET th i s  va lue  deterrni'nes t h e  total  number o f  runs. In t h i s  

code ISEY must be i e s 5  than 20. By our calculation, i f  

tl I- 

f o r  H = IO-'+, ISET = 4 i s  enough. 

, ISET = 7 i s  enough t o  g e t  the  convergent resu l t ;  

2 .  List I M ,  XLAMDR, Q Z E R O ,  FP 

Format := (110, 3E10.2) 

IM = The group n m b w  o f  t h e  specific f i s s i o n  product 

= 1 for  As,  Se, B r ,  Kr, hb,  Cd, I ,  Xe, Cs 

= 2 f o r  Ge, Sr, Pb, Sn 

= 3 f o r  Ag, Irr 

= 4 f o r  S b ,  Ba 

= 5 for  !_a, rjd, PI)] 

= B for  Ge, P r ,  re 

= 7 for  Rh, Sm 

= 8 f a r  Y ,  Nh 
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= 9 f o r  Zr, Ru 

= 10 f o r  Ma, Tc 

XLAMDA = decay constant  of the f i s s i o n  product ,  sec-l 

QZERO = can be set  t o  a r b i t r a r y  value. 

FP = r a t i o  of f ission product vapor pressure t o  UO, 

vapor pressure. In our c l a s s i f i c a t i o n ,  the FP 

values  f o r  the ten groups are as follows: 

group 1 

group 2 

group 3 

group 4 

group 6 

group 7 

group 8 

group 9 

group 10 

group 5 

1.0 x 106 
8.0 x 102 
1.0 x 104 
1.5 x 105 
70.0 
8.0 
1.0 
0.25 

3.0 x 10-2 
7.0 x 10-3 

3. L i s t  = z 
Format = (8E10,4) 

Z = values  o f  times a t  which  the F value i s  a v a i l a b l e  

(with dimefisions equal t o  IROW). 



7 6  

4. L i s t  = F 

Format = (8210.4) 

F = t h e  f r a c t i o n  o f  t o t a l  decay heat a t t r i b u t a b l e  t o  

a l l  t h e  f i s s i o n  products  i n  one c l a s s i f i c a t i o n  

at. t h e  correspanding t i m e  i n  T .  

The I M ,  XLAMDA, QZEKO, FP, Z ,  F i n p u t  da ta  cards o f  f i s s i o n  

p roduc t  group one i s  followed by t h a t  o f  f i s s i o n  pr*oduct group two and 

then followed by t h a t  o f  f i s s i o n  product group t h r e e  and so on.  

The most i m p o r t a n t  parameter which i s  s u b j e c t e d  t o  change i n  this  

code i s  the  assumed f r a c t i o n  a f  decay heat a v a i l a b l e  f a r  t h e  

v a p o r i z a t i o n  o f  UO, and f i s s i o n  products (denoted by H i n  t h e  code). 

The o t h e r  two parameters which are sub jec ted  t a  change a r e  the  t o t a l  

o f  U Q 2  (denoted by FMU) and t he  reactor o p e r a t i o n  l e v e l  (denoted 

by PWR) , b u t  b o t h  a r e  n o t  as i m p a r t a n t  as the H v a l  [ne. 

B. . -.- Output 

For each r u n  t h e  f r a c t i o n  o f  f i s s i o n  p roduc ts  vapor i zed  a s  a 

func t i on  o f  t i m e  i s  printed o u t  f o r  each of the ten f i s s i o n  p r o d u c t  

groups. Then t h e  c o r r e c t i n n  f a c t o r  i s  p r i n t e d  o u t  a l s o  as a func t i on  

o f  t ime.  A l l  o f  these arc? p r i n t e d  o u t  a t  equal time intervals  ( l o g  

scale!) between 10 sec and 10 sec, 
6 

The n o t a t i o n s  on the o u t p u t  a x  exp la ined  as f o l l o w s :  

INDI = T h i s  number i n d i c a t e s  t h e  number o f  runs. For example, 

on the second run INDl =: 2 i s  p r i n t e d  a t  t h e  top  

o f  each page. 

IM = The f i s s i a o  product group number. 

MULTIPLIER = t h e  c a w a c t i o n  fac tor .  
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C.  Sample Ca lcu la t i on  

The i n p u t  data cards are shown i n  F igure  19. 

1 s t  card  = ICOL, IROW, NDIM, EPS, ISET 

2nd card  = IM,  XLAMDA, QZERO, FP 

3rd card t o  7 t h  card  = Z of f i s s i o n  product  group one 

That i s :  

8 t h  card t o  12 th  ca rd  = F o f  f i s s i o n  product  group one 

The same p a t t e r n  o f  i n p u t  cards repeated f o r  each o f  t h e  ten 

f i s s i o n  product  groups and the  ou tpu t  i s  shown i n  Table 12. I n  o rder  

t o  save space o n l y  p a r t  of t he  4 t h  run  i s  shown here. 

A l i s t  o f  t he  computer programs "RELEASE" and "FEED" f o l l ows .  
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TABLE 12 

THE PRINTED OUTPUT OF PROGRAM "FEED" 

I N D I  = 
IM = 1 o4 

Time Frac t i on I N D I  = 4 
o f  FP 

(Set 1 Vaporized Time Mu1 ti p l  ier  

0.0 
0. lOOOD 02 
0.1259D 02 
0.1585D 02 
0.19950 02 
0.25120 02 
0.31620 02 
0.39810 02 
0.5012D 02 
0.6310D 02 
0.7943D 02 
0. IOOOD 03 
0.1259D 03 
0.1585D 03 
0.199511 03 
0.25120 03 
0.3162D 03 
0.3981D 03 
0.5012D 03 
0.6310D 03 
0.7943D 03 
0.1OOOD 04 
0.12591) 04 
0.15850 04 
0.19950 04 
0.25120 04 
0.31621) 04 
0.3981D 04 
0.501213 04 
0.63100 04 
0.79430 04 
0. lOOOD 05 
0.12590 05 
0.1535D 05 
0.19950 05 
0.2512D 05 
0.3162D 05 
0.3981D 05 
0.5012D 05 
0.6310D 05 
0.7943D 05 
0.18000 06 

(a 1 

0.0 
0.0 
0.1118D-09 
0.5706D-09 
0.16520-08 
0,3812D-08 
0.7798Q-08 
0.148Z.D-07 
0.26840-07 
0.4680D-07 
0.7236D-07 
0.1024D-06 
0.13830- 06 
0.181313-06 
0.2330D-06 
0.2951D-06 
0.36941)-06 
0.45781)- 06 
O.5627D-06 
0.6866D-06 
0,832813-06 
0.1005D-05 
0.12070-05 
0.1444D- 05 
0.172313-05 
0.2049D-05 
0.24320-05 
0.2883D-05 
0.3415D-05 
0.40450-05 
0.4795D-05 
0.5687D-05 
0.6741 D- 05 
0.79770-05 
0.9414D-05 
0.1108D-04 
O.1303D-04 
0.1532D-04 
0.180313-04 
0.2125D-04 
0.25081)-04 
0.2962D-04 

0.0 
0. lOOOD 02 
0.1259D 02 
0.15858 02 
0.1995D 02 
0.2512D 02 
0.31621) 02 
0.3981D 02 
0.50120 02 
0,6310D 02 
0.79430 02 
0. 100013 03 
0.1259D 03 
0.15850 03 
0.1995D 03 
0.25121) 03 
0.3162D 03 
0.3981D 03 
0.5012D 03 
0.6310D 03 
0.7943D 03 
0.1000D 04 
0.1259D 04 
0.1585D 04 
0.19951) 04 
0.2512D 04 
0.3162D 04 
0.3981D 04 
0.5012D 04 
0.6310D 04 
0.7943D 04 
0.1000D 05 
0.12590 05 
0.1585D 05 
0.1995D 05 
0.2512D 05 
0.31620 05 
0.39811) 05 
0.5012D 05 
0.63100 05 
0.79430 05 
0. l O 0 O D  06 

(b)  

0.0 
0.1OOOD 01 
0.9936D 00 
0.9634D 00 
0.915413 00 
0.8313D 00 
0.7301D 00 
0.6448D 00 
0.6000D 00 
0.58430 00 
0.5789D 00 
0.5781D 00 
0.5805D 00 
0.5852D 00 
0.5915D 00 
0.598413 00 
0.60540 00 
0.6119D 00 
0.61791) 00 
0.62280 00 
0.627013 00 
0.63020 00 
0.63271) 00 
0.63431) 00 
0.6353D 00 
0.635813 00 
0.63571) 00 
0.6356D 00 
0.6358D 00 
0.6366D 00 
0.6384D 00 
0.6408D 00 
0.6433D 00 
0.6450D 00 
0.6451D 00 
0.644113 00 
0.6422D 00 
0.640313 00 
0.6394D 00 
0.6394D 00 
0.6405D 00 
0.6423D 00 
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1 ’ ,  

C DELTA T I M E  PARAMETER 

C TOTAL M A S S  OF U02 CORET G 

C REACTOR POWER, WATTS 
PW R =3 44E9 

u=2. 

EMU = 1.48 E 8  

C FRACTIONAL REMOVAL EFFIC IENCY OF I O D I N E  AOSOPBER ON CONTAINMENT 
EFf f=0.95 

C FRACTIONbt  REMOVAL E F F I C I E N C Y  OF P A R T I C L E  FILTER ON CONTAINMENT 
E F F z m 9 5  

C i P L O T = I  USE PLOT SUBROUTINE 
R E A O  81s IPLOT 

8 1  FORMbT (ILO) 
C I C Q C T ~ R Q H * N D S M T E P ~ T Z T F  A R E  O E S C R I B E D  I N  SUBRQUTfNE QATSG WHICH IS CJSEO 
C TO INTERPOLATE THE CORRECTION FACTOR OF T H E  EECAY HEAT 

R E A O  
F O R M P f ( 3 1  IO? E 10.2 1 
R E A D  8 r Z r F  

7 9 I C O t  F I ROW, ND f M EPS 
1 

8 F C l R M P T ( 8 0 1 3 m 4 )  
c READ tiass OF FISSION PROOUCT 
C READ OECAY CONSTANT, I f S f C  
C R F A O  I N V E N T O R Y  I N  FUEL b f  T I M E  ZERO, C U R I E S  
C READ FRACTION OF C L A S S  3 FP W H I C H  REHAINS GASEOUS 
C FEAO R A T I O  OF F I S S I O N  PRODUCT VAPOR PRESSURE TO UU2 VAPOG PRESSURE 
C READ THE ATOMIC NUMBER OF THE FKSSKON PROOUCT 
C LOOP F O R  DIFFERENT FISSION PRODUCTS 

200 R E A o ( 5 0 ~ 5 8  v E N O = l ?  !F” I XCAM04 tQZERO T G T  FP 9 ATNO 
58 FORMAT (ItOv5Ef0.2) 

C LOOP FOP DIFFERENT C A S E S  
DO 600 f I = L r 2 0  
?FtIf.EQe I )  GO TO 31 
I F 4 I f m E Q e  21 GO TO 32 
f F t I I . E O .  4) GO TO 33 
f F 1 I I . E Q .  41 GO TO 34 
IF( fI*EQ* 5 )  GQ TC 35 
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'. I , . 

C VOLUME OF LAST CONTAINMENT. CM**3  

C FALL D I S T A N C E  FOR PARTICLES I N  PRESSURE V E S S E L ?  

C FALL DISTANCE FOR PARTICLES I N  SECOND CONTAINWENTq CM 

C FALL. O I S T A N C E  FOR PARTICLES IN THIRO CONTAINMENT, C M  

C F A L L  DISTANCE FOR P B R T I C L E Z  I N  LAST C O N f A I N M E h f t  CM 

E FLOW R 4 T E S  THROUGH f Q C % N E ~ - o b B S O R B f P S q  C M * * 3 / S € C  

V f t S o E l O  
CM 

HPt i * E 2  

HC=2.€2 

fie= 1 .E3 

HT=6 *E2 

F t T I C c O e  
F t T  f 310 
FCT !T=O 

C FLOW R A T E S  THROUGH PARTICULATE F f L f E R S y  CM**3/SEC 
F L T A C z O e  
FLT RB=Om 
FL T R T s O  

EL P = 1. €-e* VP 

€ C C = 1 . € - 4 * V C  

C LEAK R A T E  FROM PRESSURE VESSEL, C M * * 3 f S E C  

C LEAK RATE FROM SECOND C C N T A I N M E N f t  C M * * 3 / S E C  

C L E A K  R A T E  FROM THIRD CONfbINMENTr t M * * 3 / S E C  

C LEAK R A T E  FROM L4ST CONTAlNHENTq C M * * 3 / S E C  

C P A R T I C L E  S I Z E  D I S T R I R U T I O M  PARAMETERS 

E L B = I . E - 4  * V 6  

E L T z i o E - 4  +VT 

RHO=ll* 
PM I Ns9 e €06 
RM A X = l  E-3 
Xfc )  * 
GO TC 75 

32 CONTINWF 
C CASE 7 
C READ T I T L E  
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ELC=6.€-8 * V C  
GO T'C 75 

37 CONTINUE 
C CASE 4 
t READ T I T L E  

READ 1 6 r ( T f T L E ( K I  r K = A r l O )  

FLT I C z  1 € - 2 * V C  
FLTRC-1. E-Z*VC 

I t ! =  6 

GO TC 75 
38 CONTINUE 

C CASE 13 
C READ T I T L E  

REA0 L 6 r ( T I T t E [ K )  ,K=l,LOI 
! I f =  13 
ELC 
GO TO 95 

39 CONTINUE 

1 E-4* V C 

C CASE X 
C READ T I T L E  

R E A O  16t(fITLE(KI tK=lrlO) 
16 FORHLTt L O A 8 1  

r 1  I = I O  
f Z = l O .  
T I  = 60. 
IC= 3 
el .E-3 
VP=5.€8 
V C = 6 . E 1 0  
VBz5.ELO 
Vf= 1 .E10 
HP= 1 .E2 
HCzteE3 
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ELB=l .E-4*VB 
GO TC 1 5  

41 C9NTINUE 
C CASE I 
C READ T I T L E  

Hz 1 E-2 
GO TC 75 

42 CONTINUE 
C C A S E  X I 1  
t READ T l T t E  

H= i o  E-3 
E t t = 6 . € - 8 * V C  
GO T t  75 

43 C O N T ~ N U E  
c CASE I I ~  
C REAO T I T L E  

EL B = l .  E-5*V B 
GO TC 75 

44 CONTINUE 
C C A S E  X I  
C REAO T I T L E  

E L C = l *  E - W V C  
GO TQ 75 

45 CONTINUE 
C C A S E  I 1  
C R E A O  T I T L E  





. I .  # ' I  

RH0=11* 
T2s6000 
T 1 ~ 6 5 0 ,  
GO TI! 75 

50 CONTINUE 
C CASE X X  
C P E A 0  T I T L E  

R E A 0  1 6 , t T  
11 1120 
T2=3600, 

75 C O N T I N U E  
TL= 3650 a 

f 

e SET i N r T r A L  VALUES 
W t i0  I=i,4550 

C T I M E  A F f f R  SHUTDOWN, S E C  
T I M E f I )  = 0 .  

C FRACTION OF FISSION PROCUCT V A P O R f 2 f D  

C FRACTICN OF CORE V A P O R l Z E C  
FI( r )=o. 
FU( I ) = O o  

€24 I ) = O ,  
t INVENTORY OF ONE FISSION PRODUCT I N  THE FUEL, CURIES 

C TOTAL INVENTORY OF ONE FISSION PR@DOCT AIRBORNE I N  THE PRESSCIRF V E S S E L  
C tCURlES 

P ( 1 t  = 0 ,  
C TOTAL XNVENTORV O F  ONE F I S S I O N  PT?@DUCT A I R B O R N E  I N  THE CONTAINMENT, 
C CURIES 

C TOTAL I N V E N T O R Y  OF ONE FISSION PROOUCT A S R B O R N E  IN THE R E A C T P R  
C f 1 8  = 0 ,  

C BUILDINE,CUPIES 

C TOTAL I N V E N T O R Y  OF ONE FfSSIOhl PRODUCT A I R B O R N E  I N  THE A C C E S S  TUNkELr 
C CURIES 

6 ( f B  = 0, 

T( I ) = O .  
C TOTAL INVENTORY OF ONE flSS?ON PPOOUCT AIRBORNE I N  THE ENVIRONMENT, 
c C U R I E S  

R { I )  = O s  
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C 
7 J=NG I M  
8 Y J V B L ( J ~  
9 RETURN 

c 
c THERE IS S U F F  f C I E N 7  ACCURACY WITHIN N D I M - 1  I T E R A T I O N  STEPS 

1 3  i € R = O  
GDTG 8 

c 
C T E S T  VALUE OELT2 S T A R T S  OSCXLLATING 

11 I E P r l  
12 J= I END 

GOTO 8 
c 
C THERE A R E  TWO ICENTICAL ARGUMENT' VALUES I N  VECTOR ARG 

13 E E R - 3  
GOTO 12 
END 
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