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ANALYSIS OF SELF-SHUTDOWN BEHAVIOR 

I N  THE SPERT I REACTOR * . 

. - 
S .  G .  Forbes, F. L .  Bentzen, P. French, J .  E .  Grund, 

J .  C .  Haire, W .  E. Nyer, and R: F. Walker 

Experimental and t heo re t i c a l  work on the  se l f - l imi t ing  response of 
reactors  t o  s tep  and ramp inser t ions  of r eac t i v i t y  i s  discussed along 
with t he  general cha rac t e r i s t i c s  of s e l f - l im i t i ng  power bu r s t s .  The s t a t i c  
cha rac t e r i s t i c s  of t he  cores invest igated a re  presented and the  techniques 
of measurement are  discussed. Data from s t e p  and ramp t e s t s  a re  presented 
and compared with the  predictions of a t heo re t i c a l  formulation of reac tor  
self-shutdown i n  terms of energy re lease .  The discussion includes an 
evaluation of some postulated shutdown mechanisms i n  the  l i g h t  of experi-  
mental r e s u l t s .  Some r e su l t s  of de ta i l ed  calcula t ions  of shutdown e f f e c t s  
due t o  spec i f i c  mechanisms which a re  believed t o  contribute s i gn i f i c an t l y  
t o  reac tor  self-shutdown a re  presented. 

* The mater ia l  i n  t h i s  repor t  was presented a t  the  1958 Winter Meeting 
of the  American Nuclear. Soc i e ty , ( l )  December 9, 1958. 
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ANALYSIS OF SELF-SHUTDOWN BEWIOR IN THE SPERT I REACTOR 

Introduction . . 

This repor t  ' pre sen t s  some of t he  recent experimental and theo re t i c a l  
work on t h e  s e l f - l im i t i ng  response of reactors  t o  s t  and ramp inject ions  
of r eac t i v i t y .  For Completeness, e a r l i e r  work(2, 3,187 i s  ihcluded. The 
experimental work includes information on four  aluminum cores and a 
s t a in l e s s  s t e e l  core. The t heo re t i c a l  discussions present some r e s u l t s  
of a general formulation of self-shutdown e f f ec t s  i n  terms of t he  energy 
released -by the  reactor ,  and some r e su l t s  of de ta i l ed  .calculat ions of 
shutdown e f f e c t s  due t o  'specific mechanisms. 

.By way.of introduction t o  t he  dtscussion, it i s  des i rab le  t o  point  
out some of t he  general  charac te r i s t i cs  of se l f -1imit ing:reactor  power 
burs t s  induced by the  s t e p  inJect ion of r e a c t i v i t y  which a re  common t o  
a l l  the '  Spert  I cores. Fig. 1 
shows. reprcsenta t ive  p lo t s ,  on 

' ' 

logarithmic scales ,  of reLative 
values of t h e .  power, energy and 
compensated r e a c t i v i t y  at t h e  
time of peak power as.flurcti.ons of - 
t he  i n i t i a l  reciprocal  period, a. 
All s t ep - t e s t s  were i n i t i a t e d  from MAXIMUM PWER 
low power l eve l s .  - 

lb - - 
The peak- power curve i n  t he  

region of s m a l l  a i s  approximately 
a s t r a i g h t  l i n e  with slope about 1, 
and i n  the  region of l a rge  a i s  
approximately a s t r a i g h t  l i n e  with 
slope nearly 2. There i s  a d i s t i n c t  
break ,separating t he  two regions. 
The curves of r e a c t i v i t y  compensated 

- 

at  the  time of maximum power and the  l;j2 
1 I 1 I 1 '  1 1 1 1 1  I 

10' I 10 d d. 
energy a t  t he  time of maximum power RECIPROCAL PERDO (wc4) 

each show a d i s t i n c t  maximum anii 5861 18 

minimum. These minima and t he  break Fig. i,- General Characteristice 
i n  t he  power,curve a re  located a t  a of Power Bursts agproximately 7, which corresponds 
t o  a r e a c t i v i t y  i n j ec t i on  su f f i c i en t  
t o  make t he  reactor  prompt c r i t i c a l .  For a g rea t e r  than about 7 t h e  
general  behavior o f  these  f'unctions is  l a rge ly  i n  accordance w t h  the  
predictions of a model f o r  burs t  behavior f i r s t  used by I?uchs( t ,5)  i n  
which t he  l o s s  of r e a c t i v i t y  a r i s i ng  from t h e  energy rele.ase i s  assumed 
t o  be proportional  t o  t h e  energy re lease .  That i s ,  the  equation coup- 
l i n g  r e a c t i v i t y  changes with t he  power h i s t o ry  has t he  form , 

where ag is  t he  i n i t i a l  reciprocal  period, ~ ( t )  i s  t he  energy re lease  
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at t i m e . t  and b is t h e  shutdown coef f ic ien t .  The general  features  of 
t h e  experimental curves i n  the  region below a about 7 a re  a l so  exhibited 
by machine calcula t ions  based on t h i s  mo e -  when delayed neutrons a re  
taken i n t o  account ( 6 )  . It can be sho~m ?7$ t h a t  these  features  are  , 

r e l a t ed  t o  the  shape of t h e  .burs t .  A bu r s t  s imi la r  t o  t ha t  of t he  
Fuchs model shows a d i s t i n c t  maximum and minimum i n  t he  r eac t i v i t y  
compensation at  the  time of peak power as a function of the  reciprocal  
-period,  a, and a break i n  t h e  peak power versus a curve. In  the  l i m i t  
of very broad o r  very narrow burs t s  these features  disappead8) .  ' 

Whether t he  power bu r s t  shape of a pa r t i cu l a r  reac tor  i s  broad o r  
narrow i s  determined by t h e  abruptness with which r eac t i v i t y  changes 
occur  during a t r ans i en t .  To the  extent  t h a t  the  de ta i l ed  nature of 
t h e  shutdown process can be j.nferred. from, th.e abruptneoc wi th ,  whieh 
they take  place, t he  summary curves of r e a c t i v i t y  compensation and 
power at  the  time of peak do provide a t  least. qua l i t a t i ve  information 
regarding the  general  cha. ractes is t ics  n f  t , h ~  se l f - l imi t ing  proccoo. 

An iu~porl;ant fea tu re  of the  Fuchs model i s  t h a t  burs t s  a re  
characterized by only two parameters,, t he  r e c i ~ r o c n l  peri nii, a, and 
t h e  r e a c t i v i t y  coef f ic ien t  of the  core. For t h i s  model the  v e r t i c a l  
s c a l e s  f o r  the  power and energy functions displayed i n  the  f igure  vary 
l i n e a r l y  with t h e  r e a c t i v i t y  coef f ic ien t ,  This report  describes t e s t s  
with cores of d i f f e r e n t  r e a c t i v i t y  coef f ic ien t s  o r i g ina l l y  undertaken 
f o r  t he  purpose of checking t h i s  predic t ion.  



Ehmirical: Model f o r  Burst Behavior 

In  several  important ways t he  Fuchs model f a i l e d  t o  agree with the  
ea r ly  experimental data .  For example, t h e  predicted burs t  shape was 
noticeably d i f f e r en t  from the  observed shape. Analytical  work was under- 
taken t o  modify t he  theory t o  f i t  t he  burs t  behavior i n  more d e t a i l ( 9 )  
with the  view t h a t  i f  a good match could be obtained between t he  experi- 
mental and calculated power behavior, t he  r equ i s i t e  form f o r  the  coupling 
equation could then be investigated f o r  possible physical  s ignif icance.  

Since some of the  features  of t he  experimental da ta  suggest a 
general  form f o r  the  coupling equation i n  which there  is  a time delay 
between t he  energy released by f i s s i o n  and t he  appearance of r eac t i v i t y  
changes, and t h a t  t h i s  r eac t i v i t y  change i s  a non-linear function of t he  
delayed energy, these  features  were incorporated i n to  t he  prompt k ine t ics  
equations which can then be expressed as  follows: 

T = 0, Zero Delay 

.r r3 l/ao , Long Delay 

i n  which E denotes t he  energy produced by the  reac tor  from the  s t a r t  
of the  t r ans i en t  up t o  the  time t minus T where T i s  the  delay time 
between energy re lease  and i t s  manifestat ion as  shutdown e f f e c t .  0 i s  
the  reactor  power, a i s  i t s  time der ivat ive ,  and ag i s  t h e  reciprocal  
of the  i n i t i a l  asymptotic. period following a s t e p  increase i n  t he  
r eac t i v i t y .  n i s  a pos i t ive  constant, and b i s  a constant proportional  
t o  the  r eac t i v i t y  change produced by t he  energy i n  the  shutdown mechanism. 
The mechanism i s  not specif ied,  but  may be i den t i f i ed  from physical  con- 
s iderat ions  In  suue 1-eaetor oyctem~ . 

This equation has been solved. f o r  both z = 0 and T much g rea t e r  
than the  i n i t i a l  asymptotic period l/%. For t h e  zero-delay case, E 
becomes simply t he  In tegra l  of the  power up t o  t he  t i m e ,  t, while f o r  
t he  long-delay case E becomes the  i n t eg ra l  of t he  ea r ly  pa r t  of t he  
power r i s e ,  thus E~ i s  a simple exponential with an exponent n times 
t h a t  of t he  i n i t i a l  power r ise .o  For n = 1 and T = 0, Eq. (2 )  reduces 
t o  the  Fuchs model Eq. ( 1 ) .  

It i s  found t h a t  by appropriate choice of t h e  constant n, c i t h e r  
t he  zero-delay o r  long-delay solut ions  w i l l  provide an adequate f i t  t o  
t he  experimental power burs t  up t o  t he  time of peak. However, t he  
long-delay form i s  required t o  match t he  post-peak behavior. This i s  
i l l u s t r a t e d  i n  Figs .  2 and 3 ,  where t h e  log of t he  power i s  shown on 
t he  orillrlaLe and time from peak i n  peri-nds i s  shown on t h e  abscissa.  
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' In Fig.  2, the s o l i d  l i n e s  a r e  the  ana ly t i c a l  r e su l t s  from the  zero 
delay model f o r  d i f f e r e n t  values of t h e  constant n, and the  points 
a& experimental da t a  from a 9.5 msec t r ans i en t .  Up t o  the  time of 
peak t he  experimental bu r s t  i s  matched r a the r  well by the  n = 2 curve, . 
b u t  t he  post-peak agreement i s  - It should be noted t h a t  t he  
zero-delay case with n = 1, the  simple Fuchs model, which has been 

DIMENSIONLESS BURST SHAPES 
ZERO WI-AY MOOEL 

0 - - THEORETICAL C U M  
EXPERIMENTAL DATA 

No.IS15 r * 9.5 nnrc 
*-I - 

-6 -5 -4 -3 -2 - 1  0 1 2 3 4 
X (periods) e - a - . ~  

58-2315 . 

shown t o  p red ic t  many of t he  general fea tu res  of bu r s t  behavior, does 
no t  represent t h e  power bu r s t  well i n  the  short-period region. In . 
f a c t ,  it can be s t a t e d  t h a t  a si.mple shutdown proportional  t o  t he  energy 
re lease  w i l l  not match t he  experimentally observed power ,hehaxior f o r  
e i t h e r  zero-delay o r  long-delay models, and t h a t  a non-linear re la t ion-  
s h i p  must be used; t h a t  i s ,  n must be s n i f i c an t l y  g rea te r  than unity.. te ,  I n  t h e  l i m i t  of l a rge  n it can be shown t h a t  both t h e  compensated 
r e a c t i v i t y  at t h e  time of peak power and t he  peak power i t s e l f  a re  
l i n e a r  functions .of a f o r  a l l  a, even i n t,hp d ~ l a y e r l  neutron region. 
I n  Fig .  3 t he  same experimental burs t  i s  compared with r e su l t s  from 
t h e  long-delay model. For n = 1 . 5  t he  agreement i s  good, not only 
f o r  t he  r i s i n g  part of the  curve, but  a l so  on t h e  f a l l i n g  s ide ,  f o r  
at  l e a s t  two decades below t h e  peak. The curve f o r  l a rge  n approaches 
an "exponential sawtooth", as indicated by t he  case f o r  n = 100. 
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0 - THEORETICAL 
EXPERIMENTAL 

No. ISIS r 9.5 
-e - 1  

9' 
-r -2 

-3 

-4 

-5 
-6 -5 -4 -3 -2 - 1  0 1 2 3 4 , .  

X (periods) 58-23 14 

2 1 I I I I I I I I 

Fig.  3 

I 

I COMPARISON OF TRANSIENT No. 1529 
. . 

(T = 7.4 msec), 
WITH 

' DIMENSIONLESS BURST SHAPES 
- LONG DELAY MODEL - 

a g loo 

40 

' 20 

. LONG DELAY MODEL 

. n - 2  LONO DELAY MODEL - 4 (I) (EXPERIMENTAL) A 

I I I I I I I 1 J 
-50 -40 -30 -20 -10 0 ' 10 20 30 

TIME (msec)' 58-23 13 

Fig.  4 

I n  Fig:  4 the  observed power shape f o r  a 7.4 msec t r an s i en t  i s  
compared with the  long-delay model with n = 2 on a l i n e a r  s ca l e .  The 
s o l i d  l i n e  was Lraced d i r e c t l y  from tde  oscillogra,ph record. The 
agreement i s  good except f o r  a small devia t ion near t he  t a i l .  
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Another point  of comparison between the  model and experiment is the  
r e a c t i v i t y  behavior as a function of time during a burs t .  I n  Fig. 5', 
t h e  experimental values of r eac t i v i t y  compensation as a function of 
time a r e  shown f o r  a 9.5 msec t rans ien t .  The compensated r eac t i v i t y  was 

x (periods) 58-2308 

Fig. 5 

obtained by analys s of the  experimental power bu r s t  us'ing t he  reactor  
k ine t i c s  equat ionst lo) .  The calculated l i n e s  a re  f o r  d i f f e r en t  values 
of n i n  t h e  long-delay model. It i s  seen t h a t  f o r  one t o  two periods 
on e i t h e r  s ide  of the  power peak, t he  r eac t i v i t y  compensation i$ growing 
exponential ly with an exponent about one -and-a-half times g r ea t e r  than 
, t h a t  of t h e  i n i t i a l  power r i s e .  .That. i s ,  of course, exact ly  t he  form 
of t he  long-delay 'model, where the  r a t i o  was e ~ r e s s e d  as  t he  constant n, 
and n was found t o  be between 1 . 5  and 2.0 f o r  the  be s t  f i t  t o  the'power 
da ta .  The same general  behavior i s  exhibited by a l l  t he  sh0,r-t-period, 
sub-cooled s tep  t r ans i en t s .  
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A r e s u l t  of pa r t i cu l a r  i n t e r e s t - i s  the  p red ic t ion .o f . th ,e  dependence 
of the  reac to r  peak power, O ( t m ) ,  on the-parameters 8, b and n; The 
analytical.  r e su l t s  a r e  given i n  Eqs. (3 )  and ( 4 )  f o r  the..  zero-delay and 
long-delay cases, respect ively .  

. . . .  . . . 

n + l  
n 

a n + l  
@(trn) = (7 ) Zero Delay (3)  

Long Delay 

In  each case, the  same dependence on a appears with an addi t ional  
dependence on t he  product, a.c, appearing i n  t he  long-delay case.  I n  
both cases, the  peak power i s  seen t o  be proport ional  t o  t he  rec iprocal  
of the  nth root  of the  shutdown coef f ic ien t ,  b .  Since n i s  found t o  be 
of the  ordcr  of two, t h i s  implies t h a t  the  dependence on t he  constant b ,  
which i s  proport ional  t o  the  r a t i o  of the  void coef f i c ien t  t o  t he  prompt 
neutron lifet,i.me, i s  weaker than the  l i n e a r  dependence predicted from 
the  simple Fuchs model. Therefore, f o r  s i m i l a r  reactors  it would be  
expccted t h a t  the  peak power would vary approximately as t he  rec iprocal  
of the  square root  of the  void coef f i c ien t  over t he  l i f e t ime .  This 
weakened dependence on b i s  impl ic i t  i n  any reac to r  which displays  a 
shutdown e f f e c t  t h a t  increases more rapidly  than t he  energy released,  
and i s  not  the re fore  unique t o  t he  ana ly t i c a l  form used here .  
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S t a t i c '  Charac te r i s t i cs  of Sper t  I Cores 
. . 

~ h &  experimental techniques f o r  determining t he  s t a t i c  charac- 
t e r i s t i c s  of t h e  cores used i n  t h e  study. of t he  e f f e c t  of the  shutdown 
coe f f i c i en t  on k i n e t i c  behavior, and t he  r e s u l t s  of t he  measurements ( l )  
a r e  presented i n  t h i s  sec t ion .  

Fig.  6 i s  a cut-away view of t he  reac tor  vesse l  i n  which t he se  t e s t s  
have been conducted. . . 

Fig.  6 - Spert  I - Reactor C Z z t ~ w ~ y  



The Spert  I cores are  contained i n  the  open tank four  f e e t  i n  
diameter and f i f t e e n  f ee t  high. This tank is  normally f i l l e d  t o  a 
point  about two f e e t  above t he  core with l i g h t  water which serves as ' 

a moderator and r e f l ec to r .  The i n t e rna l  s t ruc ture  shown i s  t h a t  used 
f o r  the  f i r s t s f o u r  cores, which were of aluminum construction.  This 
s t ruc ture  has been modified f o r  the  s t a i n l e s s  s t e e l  core present ly  
under invest igat ion.  ' 

SPERT I OPERATIONAL 

11111111 

Fig. 7 

' I l l u s t r a t e d  i n  Fig. 7 are  plan vi.ews o f  the  operational  loadings 
f o r  the  f i ve  cores used ' in t r ans i en t  t e s t s .  The cores a re  designated 
by a l e t t e r  f o r  the  type f u e l  assembly used. The ' f i r s t  number denotes 

' the  number 'of fi~el. p la tes  per  assembly and t he  second 'number i s  t he  
number of f u e l  assemblies i n  the  operational  'core. Since all t h e  cores 
a re  approximately the  same height,  the  core volumes a re  proportional  t o  
t h e  plan- view asPn.s .shown. The core volumes, i n  f ac t ,  d i f f e r  by nearly - 
a f ac to r  of f ou r .  between the P-18/19 core and the  B-12/64 core. 
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. . The A core w a s  made up of Type "A" fue l  assemblies which. were 
plate-type, box-form aluminum assemblies with nominal dimensions of 
3 i n .  by 3 in .  by 24 in .  long. Each assembly had. 17 fixed fue l  plates  
separated by 117 mil water chape l s .  The fue l  plates  consisted o f .  a 
20 m i l  enriched uranium-aluminum al loy meat, clad with 20 m i l  aluminum. 

The B cores were composed of assemblies tha t  were essent ia l ly  
i d e n t i c a l  t o  the Type "A" asseniblies, except tha t  they had four per- 
manently brazed-in fue l  p la tes  and 20 removable fue l  plates .  This 
permitted variat ion i n  the number of plates '  per assembly and conse- 
quently, var ia t ion  of the water moderator channel thickness between 
p la t e s .  These a l te ra t ions  were t o  provide sizable changes i n  the void 
coef f ic ien ts  while leaving other  s t a t i c  character is t ics  re la t ive ly  
urlchmged. 

Three Type "B" assembly configurations were used f o r  the s t a t i c  
t e s t s  and subsequent t rans ien t  t e s t s .  These were: 

I 

(1) The B-24 assembly with 24 fue l  plates  per assembly and 
65 m i l  water channels used i n  the B-24 core; 

(2 )  The B-16 assembly with 16 fue l  plates  per assembly and 
a l t e rna te  190 and 65 m i l  water channels used i n  the B-16 core; and, 

( 3 )  The B-12 assembly with 12 fue l  plates  per assenibly. and , 
190 m i l  water channels used i n  the B-12 core. 

Blade-type control rods, which were located i n  the control rod 
guide s t m c t u r e  tha t  divided the core into quadrants, were used f o r  
a l l  the aluminum cores. 

The core presentiy under investigation, the P-18/19 core, i s  
composed of s ta in less  s t e e l  APPR-type fue l  assemblies. These fue l  
assemblies are box-Yorm with nominal dimensions 3 in .  square by 22 .in. 
long. Each assembly has 18 fue l  plates ,  each plate  consisting of a 
20 m i l  uranium oxide-stainless s t e e l  meat; clad with 5 m i l  ,304~ 
s t a in l e s s  s t ee l .  The water channel between plates  is  133 mils. The 
shaded areas i n  the plan view are the f'uel-poison control rods used 
with t h i s  core. 

Ffg. 8 shows a p lo t  of 
c r i t i c a l  mass versus hydrogen- 
to-uranium r a t i o  f o r  the f ive  
cores investigated. The hydrogen- 
to-uranium ra t io  d i f f e r s  by a 
f a c t o r  of s i x  between the P core, 
on the  l e f t ,  and the B-12 core, 
on the r ight ,  with the  'other 
cores having intermediate values. I 

IIIWO. - The-B-16 core w a s  near the minimum o I I I I I I .  I I 

0 1 2 3 4 5 6 7 8  
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The excess r eac t i v i t y  i n  each operat ional  core was of the  order of 
four  t o  s i x  do l la r s ,  which w a s  su f f i c i en t  t o  conduct the  t r ans i en t  t e s t  
s e r i e s .  The excess r eac t i v i t y  was determined from control  rod cal ibra-  
t i ons  by t he  period method using bor ic  acid as a  d i s t r ibu ted  poison. 

Flux d i s t r i bu t i ons  i n  each core were obtained by gold f o i l  ac t iva-  
t i on .  

Temperature e f f e c t s  were determined by heating the  water i n  t he  
reactor  tank from ambient temperatures t o  bo i l ing  with e l e c t r i c a l  
heaters .  React ivi ty  changes and a temperature coef f ic ien t  were obtained 
from t h i s  temperature range. The temperature coef f ic ien t  d i f f e r s  by a  
f ac to r  of nearly s i x  among the  cores a t  20°C, but  t he  t o t a l  temperature 
defect  between a m h i ~ n ~  and bo i l ing  was nearly constant f o r  a l l  t he  cores. 
This temperature defec t  between ambient and bo i l ing  ranged from one , 

d o l l a r  f d r t y  cents t o  one d o l l a r  seventy cents r eac t i v i t y  f o r  a l l  t h e  
cores. 

As s t a t ed  above, the  purpose of the  B cores was t o  e f f e c t  s i zab le  
changes i n  the  void coeff ic ient  and t o  determine i t s  e f f ec t  on t he  
system's dynamic behavior. Several experimental devices, such as  s tyro-  
foam sheets,  p l a s t i c  air bags, aluminum and magnesium p l a t e s ,  and a 
sealed f u e l  assembly were used t o  simulate voids i n  t he  water moderator. 
These devices were f o r  the purpose of evaluating t he  r eac t i v i t y  e f f ec t s  
of d i s t r i bu t ed  and local ized voids. Experiments were conducted t o  
determine the in te rac t ion  e f f ec t s  of voids i n  various core locat ions  
and the  combined e f f ec t s  of voids and temperature. 

The average void coef f ic ien t  was found t o  be negative i n  all cases.  
As i s  shown i n  Table 1, t h i s  coef f ic ien t  varied by a  f ac to r  of nearly 
ten. among the  cores with the  B-12 core having t he  smallest  value, and 
t he  P core having t h e  l a r g e s t .  The l o c a l  void coef f ic ien t  was a l so  
negative f o r  a l l  except t he  B-12 core, where a pos i t ive  coef f ic ien t  was 
found near the  center  of the  core. 

The experimentally determined r a t i o  of the  e f f ec t i ve  - neutron l i f e -  
time, a*, t o  e f f ec t i ve  delayed neutron f rac t ion ,  p, i s  a l so  shown. 

The r a t i o  of these  twq experimentally determined quan t i t i es ,  cv,. 
t he  average void coef f ic ien t  i n  do l l a r s  per  cubic centimeter, and a*D, 
i s  cv/j*, i n  $ &/cm3-sec. It i s  shown i n  t h e  bottom row and i s  pro- 
por t ional  t o  b, t he  r eac t i v i t y  coef f ic ien t .  It increases from the  
minimum value of 0.9 f o r  the.B-12 core through t h e  values f o r  t he  B-16, 
A, and B-24 cores t o  a maximum of 50 f o r  the  P core. 

The f i v e  cores d i f f e r  i n  several  features ,  but  t he  main one i s  
t he  f ac to r  of f i f t y  di f ference i n  the  cV/i* r a t i o  and t he  order , i n  
which it increases.  It is  t he  e f f ec t  of t h i s  parameter on t he  t r ans i en t  
behavior t h a t  i s  t o  be compared with t he  predic t ions  of the  models. 



TABLE I' 

Stk t ic '  t;haract&rlstYcs' b y .  t.hk Sp'ert I Cbre: 
c z  m I 

. . 
P 

Pch 
Cowl 

. . IU 
03 - . - 

Core B-12/64 B-16/40 " , - A-17;/28. . . .  .. 3-241 32 P-'18/19 

A1; ' 
Clad Material . Al Al A 1  3s 

C r i t i c a l  Mass, Kg U-235 4. j 3.6 3.9 . . k . 5  7..6 . . . 

Total  U-235 Loaded, Kg 5.4 4.5 4.7 5.4 9 .3  

H/U Ratio 
' 5  

M,/W Ratio 0.b6 0.63 . . '0 .79 1 . i 4  . 0 .3  ~. 

Available ' kcess  Reac- 
4.3 . ' 5.'6 5.2 ' 6.6 4.9 t iv i t y ,  $ 

! .  

Temperature Defezt, . 
20° - 95Oc, $ 1.44 . 1.67 1.47 x.73, . .. 1.48 

~ e m ~ e r a t . u r e  Coefficient  , P. -2 . - 2 - 2 
20°c, $/OC -1.6 x 1 8  -1.7 x 10-L -0.67 x 10 .. -lol x 10 -0 -25 x 10 

Teaperature. Coefficient  - 2 6. -2 -2 
9 5 " ~ ~  $lO.c L2.Cq x 1C. -,3.4 x lo-' -2.7 x 10 ,, .--3.4 x .lo -3.4 x 

Central  Void Coefficient ,  -4 14 
$/em3 &.e x 10" . . 11.7 x l om4 -9.3 x -10 . . -17 x 10 -18 x lom4 

Average Void Coeff ic i rnt ,  - 4 -4 -4 . - 4 -4 $/em3 -0.93 x 10 -2.9 x .10  -4.6 .x 10 -5.3 x 10 -9.9 x 10 v ' 
a*,/ p ( s ee )  . . 11 x 10-5 . 1 3  . x : 7 x 7 x 10 2 10-3 - 3 



Dvnamic Behavior - Step Tests 

The genera l i ty  of the  shutdown model Eq. ( 2 )  makes it applicable 
t o  many reactors ,  but  on the  other  hand, does not p red ic t  t he  de ta i l ed  
dependence of k ine t i c  behavior on spec i f i c  shutdown mechanisms.. However, 
Eq. ( 2 )  can be in terpreted as spec i f i c a l l y  including the  shutdown coef- 
f i c i e n t  i n  t he  constant b .  Thus it gives a  quan t i t a t ive  predic t ion of 
the  dependence of k ine t i c  behavior on t h i s  quanti ty,  which i s  believed 
t o  be s ign i f ican t  on the  bas i s  of general considerations.  A reactor  
with a  l a rge  negative void coef f ic ien t  woi.iLd be expected t o  shut down' 
with a  smaller energy re lease  than one with a  small negative vo id '  
coef f ic ien t .  Five cores with widely d i f fe r ing  shutdown coef f ic ien t s  
have been used t o  determine t h i s  dependence experimentally, 'and t he  
r e su l t s  have been compared with the  predictions from theory. . '  

In Fig. 9 are  shown the  general  
features  of the' da t a  from a t r ans i en t  
with an asymptotic period of 17 rnsec, 
which corresponds t o  an a of approxi- . 

mately 60. This i s  typ ica l  of a l l  ' 

shor t  period s t e p  t r ans i en t s  and in-  
d ica tes  the  general  behavior of the  
var iables  on a rb i t r a ry  scales  as a  
function of time. The most use fu l  
index of t he  dynamic reactor  behavior 
i s  the  power. Since it of ten r i s e s  
nine o r  more decades, (from below one 
w a . t t  too g r ea t e r  than 109 wat t s ) ,  it i s  
usual ly  p lo t ted  on a logarithmic sca le  
as  shown. The shape of the  bu r s t  i s  
a l so  important because, as mentioned 
above, a  sharp turnover implies a weak 
dependence on the  shutdown coef f ic ien t ,  
b, i n  contras t  with -a round top burs t  
which implies tt s lrullgem. dependence on TIME 7 584140 

b .  .The r e a c t i v i t y  of the  system, shown 
near Llie center of the  f igure ,  i s  ca l -  Fig. 9 - General Behavior of 
culated from the  power' h i s to ry .  Only Parameters During Transient 
a small change i n  r eac t i v i t y  is  ,necessary . 

t o  s top  the  r i s e ,  but  a  inuch g rea t e r  negative r e a c t i v i t y  develops l a t e r .  
The f a c t  that '  most of the  r e a c t i v i t y  change occurs a f t e r  t h e  energy 
re lease  by f i s s i o n  i s  e s sen t i a l l y  complete indicates  a  delay between 
the  energy re lease  and the  appearance of energy i n  the  shutdown mechanism. 

For the  shor te r  period t r ans i en t s  about. two-thirds of the  t o t a l  
energy i n  the  burs t  is  released by the  time of peak power. The energy 
i s  s tored mainly i n  the  f u e l  p la tes ,  causing the  temperature r i s e  as 
shown. The surface temperature of the  p l a t e s  at the  time of peak power 
i s  t he  s i gn i f i c an t  quant i ty  i n  shutdown considerations. It i s  "seen t o  
be l e s s  than the  maximum temperature v h i r h  i s  reached a f t e r  the  power 
peak. The maximum temperature can be qui te  l a rge  and approaches the  
melting point  of the  f u e l  p l a t e s  on the  shor tes t  period t r ans i en t s .  
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Transient  pressure is  another var iab le  of Tmportance i n  reactor  

s a f e ty .  It i s  usua l ly  of s u f f i c i e n t  magnitude t o  be measurable only 
on periods sho r t e r  than  35 msec, and has.never been observed t o  exceed 
100 p s i  i n  the  end box, even f o r  the  shor tes t  t r ans i en t s .  The !delay 
of t he  pressure peak with respect  t o  the  power peak i s  reduced as the  
period becomes sho r t e r .  

Summary d a t a  of t h e  type j u s t  discussed f o r  mdre than 200 s t e p  
t r a n s i e n t s  with i n i t i a l  asymptotic periods ranging from 20 sec  t o  
5 msec', a = 0.05 sec-1 t o  a = 200 sec- l ,  are  shown i n  Figs.  10 through 
14. 

Fig.  10 shows t h e  pressure, mcasured i n  the end box u f  une of the  
CEtli.Cr&L t'uel assemblies f o r  the  f i v e  d i f f e r en t  cores. The pressure 
becomes observable only f o r  l a rge  values of a. The scale  f o r  the  
absc i ssa  matches t h a t  used f o r  t he  temperature, power and energy 
funct ions  i n  F igs .  11 through 13, and was se lected t o  emphasize the  
s m a l l  range of t e s t s  i n  which measurable pressures occurred. The 
experimental d a t a  show l a rge  s c a t t e r  and s t r a igh t - l i ne  f i t s  a re  
shown f o r  comparison. It can be seen t h a t  t he  pressures a re  all small, 
and t h a t  t h e  behavior is  s imi la r  f o r  a l l  cores.  

' 1  MAXIMUM PRESSURE . 

Oi- 20T 

Head = 24 ~nches 

I I 0  10' 
lo' RECIPROCAL PERIOD (s ix- ' )  

lo' 
5041 17 

Fig.  11 shows the.maximum surface temperature as  a flmction of 
a and t h e  f h e l  p l a t e  surface  temperature r i s e  a t  t he  time of maximum 
power versus a. 

The lower group of curves represents t he  surface temperature 
r i s e  at  peak power, which is  the  quant i ty  of concern i n  heat t r ans f e r  
and r eac to r  shutdown considerations.  The dashed l i n e  a t  sa tu ra t ion  
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Fig. 11 

temperature indicatcs  t ha t  only f o r  a l a r g e r  than 10 does t h e  f u e l  
p l a t e  surface temperature exceed t h e  bo i l ing  point  of water. There- 
fore ,  some mechanism other  than steam formation i s  required t o  explain 
t he  s e l f  -slrutdow~ e f f ec t  a% long periods. , 

The upper group represents the  maxirmun surface temperature.. The 
values f o r  a pa r t i cu l a r  a all l i e  within a f ac to r  of two of each other,  
and i n  t he  l a rge  a region t he  B-12/64 core ( t he  core with t he  smallest  
void coef f ic ien t '  and longest, l i f e t ime)  reaches t he  highest  temperature, 
while the  P-18/19 core has t he  lowest temperature. It i s  apparent 
t h a t  periods s l i g h t l y  shor te r  than those already performed on these  
cores would r e s u l t  i n  t,emperFttu.res exceeding t he  melting point  of t he  
f u e l  p la tes , ,  as represented by t he  upper dashed l i n e s .  - 
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Fig.  12  i s  a p l o t  of t h e  peak power reached during the"burs t  f o r  
t r a n s i e n t s  with d i f f e r e n t  asymptotic periods. The two features  which 
s tand out are t h e  remarkable s imi l a r i t y  of t he  curves and the  break 
between a = 5 and 10.  The l i n e s  t o  t he  l e f t  of the  break have a slope 
s l i g h t l y  l e s s  than one, and the  l i n e s  t o  the  r i gh t  of the 'break a 
s lope of approximately two. The break can be shown t o  be a property 
of t h e  bu r s t  shape and e x i s t s  only f o r  bu r s t s  t h a t  a re  not extremely , 

sharp.  

RECIPROCAL PERIOD 

RECIPROCAL PERIOD (sec") 58-6 103 

Fig. 12 

I n  t$e prompt region t h e  model predic ts  t ha t  the  peak power f o r  
a given a should vary approximately as  the  reciprocal  of the  square 
root  of t h e  shutdown coef f ic ien t ,  b .  Since b, which includes the  void 
coe f f i c i en t  divided by the  l i fe t ime ,  has been shown t o  vary over a . 

f a c t o r  of 50, t h e  estimated range f o r  the peak powers i s  approximately 7. 
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The da t a  show t h a t  5.5 i s  the  maximum spread f o r .  an a of 100. This i s  
r a the r  good agreement and indicates  t h a t  t he  weak dependence on the  
shutdown coef f ic ien t  predicted by the  model does e x i s t .  . The P-18/19 
( s t a i n l e s s  s t e e l )  core has the  l a r g e s t  void coef f i c ien t  and the  shor tes t  
l i f e t ime .  T h i s ' r e s u l t s  i n  t he  smallest  peak power f o r  a p a r t i c u l a r  a. 
The highest  power occurs f o r  the  B-12/64 core, t he  one' with the  smallest  
void co'ef f  i c i e n t  and the  longest  l i f e t ime .  The weakened dependence 'on 
,the void coef f i c ien t  lessens  t he  reac to r  designer ' s control  over dynamic 
, c h a r a c t e r i s t i c s  through t h i s  parameter. 

. The energy released t o  t he  time of peak power i s  shown i n  Fig .  13. 
Energy re lease  i s  measured pr imar i ly  by in tegra t ion  of t he  power t race .  
The t o t a l  energy can a l so  be measured by bulk reac to r  temperature . r i se ,  
and the  two mcthod~ give r e s u l t s  which agree t.o wi thin  lo$. 

loX- 
ENERGY TO TIME OF PEAK POWER 

VS 
RECIPROCAL - PERIOD / 

I .  I . I I 
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Fig. 13 
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The energy t o  maximm power, which i s  roughly two-thirds t he  t o t a l  ' .  

energy under the  burs t ,  exceeds 10 Mw-sec only f o r  shor t  periods.  The . . 

u p p e ~ o s t  l ' ine . represents the  B-12/64 core, which has t h e  smal les t  void 
coef f i c ien t  and the' longest  neutron-. l i fet ime,  and t he  1ow.esf'curve re-, 
presents  the,^-18/19 core with t h e ,  l a r g e s t  void c o e f f i c i e n t  and sho r t e s t  

. . . . 1iPe.Llroe. . :  
. . 

. . 
kl. the.' summary da t a  so f a r  presented have been p ld t t ed  agains t . ' a  :.; 

a.5 .,the'. independent va r iab le .  This i s  .a pa r t i cu l a r l y  'useful  ihdex '.. 

because' .it is  Sxperimentally observable, and i n  heat  t r ansger  and . . 

other  cohside&tions,! it 5s the  ac tua l  power r i s e -  o r  t he  r a t e  of energy 
dep6s.itibn .,that i c  of i n t e r e s t  i n  .correl~.t,t,ion amnng :csre.s. Eowever, it 
should.be:'e~mph@sized t h a t  "care..mu?t be taken when .correlat ing cores on 
the  bas is ,  . df . .  ' .a because .the imp1ici.t dependence on r e a c t i v i t y  and l i f e -  
time may he,' qhsc~lred.  . . F O ~  example, the  peak power has been shown t o  
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decrease f o r . s h o r t e r  l i fe t imes when compared on the basis of a. This 
i s  not the  case when the correlations are made on the .bas is  of reac- 
t i v i t y .  Here, as expected, the peak power i s  increased as the l i fe t ime 
i s  shortened,. It. i s  not usua l ly  the power, however,' but the energy 
released tha t  i s  important i n  safety considerat'ions, and ~ i g .  i 4  shows, 
the energy to  the  peak power as a  function of the reac t iv i ty  i n  dol lars .  
Curve,s of a l l  the  , cores are  quite similar,  each having a d i s t inc t  minimum 
near the prompt c r i t i c a l  value of one dol lar .  . . 

For reac t iv i ty  additions of one-and-one-half dol lars  the energy 
release i s  approximately four times l a rge r  f o r  the'l3-12/64 core than 
f o r  the  P-18/19 core with i t s  large void coefficient and - short  neutron 
l i fe t ime.  Since the e f fec t ive  delayed neutron fraction, f3, i s  d i f fe rent  
f o r  each core, these curves w i l l  be shif ted s l igh t ly  when de l t a  k, 
ra ther  than dol lars ,  i s  used as the independent variable.  
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I n  summarlzing the t ransient  behavior of thc Epcrt cores following 
a  s t ep  addition of reac t iv i ty ,  the important resu l t s  can be s ta ted  as 
follows: f i r s t ,  the behavior of a l l  cores on the basis  of a is  remark- 
ably s imilar ,  notwithstanding the inclusion of both aluminum and s ta in-  
l e s s  s t e e l  cores and the wide range of s t a t i c  character is t ics  involved; 
and second, those changes t h a t  do ex i s t  are predicted by an elementary 
theory which incorporates two experimentally determined quantit ies--the 
average void coeff ic ient  and the neutron l i fe t ime.  The power- o r  energy- 
r a t i o  a t  a constant a has been shown t o  vary inversely as the square 
root of the  void coefficient,  divMed by the neutron l i fe t ime.  Also, on 
the bas is  of reac t iv i ty ,  increasing the void coefficient w i l l  r e su l t  i n  
a core t h a t  releases l e s s  energy. 

. 
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Dynamic Behavior of the  ~ ~ e r t ' c o r e s  - Ramp Tests  

I n  addit ion'  t o  t he  problems of reactor  s a f e ty  represented by the  
s t e p  t e s t s ,  t h e r e  i s  another group of problems which can be represented 
by the  ramp-rate t e s t s .  I n  contras t  with the  s t e p  t e s t s ,  the  r e ac t i v i t y  
input -increases continuously .throughout the  ramp experiment. Studies ' 

have been made on two cores t o  determine the  response of t h e  reac to r  t o  
such disturbances.  

Fig. 15 shows 'data obtained on t he  B-12/64 core. The i n i t i a l  
temperature of 2 0 ' ~  and. the  water head, 24 ihches above t he  core, were 
constants f o r  a l l  of the  experimental r e s u l t s  discussed i n  t h i s  sect ion.  
Logarithmic reac to r  power versus time a f t e r  i n i t i a t i o n  of t he  ramp i s  
presented f o r  various s t a r t i n g  powers. React iv i ty  addi t ions  were begun 
with t he  reac to r  a t  delayed c r i t i c a l .  

Fig. 15 

In  geheral ,  the  reac to r  behavior following the  i n i t i a t i o n  of a. 
ramp r e a c t i v i t y  i n se r t i on  displays  a r i s e  i n  log  power with ,slope 
increasing t o  a maximum and then decreasing t o  zero a t  t he  time of a 
power m a x i m .  The area  of p r inc ipa l  concern i n  analyzing the  ramp- 
r a t e  da t a  i s  t he  region of the  pbwer excursion up t o  and including 
the  power maxim1.1.m. 

Two in t e r e s t i ng  parameters i n  ramp-induced excursions a r e  the  
s t a r t i n g  power and the  r e a c t i v i t y  addi t ion r a t e ,  va r ia t ions  of both 
i n i t i a l  power and.ramp-rate were the re fore  undertaken. The e f f e c t  
of s t a r t i n g  power, denoted Oi, on t he  reac to r  power behavior during . 
an excursion can be seen i n , t h i s  f i gu re .  

The r e a c t i v i t y  addi t ion r a t e  of approximately 0.14 Ak/sec was 
t he  same f o r  a l l  t e s t s ,  and the  r e a c t i v i t y  addi t ion i s  indicated by 
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- t h e  lower l i n e  i n  the  f igure.  The peak power and the maximum reciprocal 
period, denoted am, are both observed t o  increase with decreasing i n i t i a l  
power. However, the increase i n  peak power from the lowest t o  the 
highest w a s  only about a fac tor  of 10, from approximately 8 Mw and am of 
3 reciprocal seconds t o  about 80 Mw and % of 15  reciprocal seconds, 
while the s t a r t i n g  power decreased s i x  decades from 10 kw t o  about 5 mw. 
Results of a s imi lar  nature were obtained on both cores and f o r  all 
reac t iv i ty  addition r a t e s .  The ra te  used f o r  these t e s t s ,  about 0.1$ 
Aklsec, i s  approximately the  middle of the range of ra tes  investigated 
which was from 0.01s t o  0.  $ hk/sec. 

. REACTOR POWER BEHAVIOR' 
AS A FUNCTION OF RAMP RATE 

The ef fec t  of ramp r a t e  on thc general behavior i s  i l l u s t r a t ed  
i n  Fig. 16, which displays logarithmic reactor power versus time a f t e r  
i n i t i a t i o n  of the  ramp as functions of ramp-rate with i n i t i a l  power 
held constant. These data  are  also .from the B-12/64 core. The peak 
reactor  power and the maxirmun reciprocal period are both observed t o  
increase with increasinff ramp r a t e ,  The peak power increased by f l  

f ac to r  of approximately 100 from about 2 Mw t o  about 200 Mw; a increased 
from 0.5 reciprocal seconds t o  24 reciprocal seconds; and the ramp ra te  
increased by a fac tor  of about 25, from 0.01$ Ak/sec t o  0.27$ &/see. 
Thus, an increase i n  the  ramp ra te  i s  accompanied by an e a r l i e r  power 
excursion with a la rger  reciprocal period and a higher maximum power. 
The s t a r t i n g  power f o r  the t e s t s  shown here w a s  approximately ten  watts 
and is  about the mid-point of the nine decade range of s t a r t ing  powers 
investigated. The lowest w a s  v and the highest lo6 w. This 
behavior i s  representative of the behavior of both cores a t  all v d u e s  
of i n i t i a l  reactor power. 
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In  Fig.  17 the.maximum reactor  power versus maximum rec ip raca l  
period da t a  f o r  ramp t e s t s  on the  B-12/64 core i s  shown by the  points .  
The s o l i d  l i n e  ind ica tes  s t e p  t e s t  da t a  from the  same core:   he 
crosses, ,  c i r c l e s  and - t r i ang l e s  denote da t a  f o r  ramp r a t e s  of 0.01$ 
&/see; 0.146 &/see; and 0 .  $ &/see, . respect ively .  The s i m i l a r i t y  

Fig.  17 

> 
between s t ep  and ramp da ta  shows t h a t  t he  primary bu r s t  during a ramp 
induced excursion i s  e s sen t i a l l y  equivalent t o  a s t ep  excursion with 
i n i t  i a l  rec iprocal  period equal t,o the  maximum reciprocal  period 
observed during the  ramp b u r s t .  That is, i f  a  ramp t e s t  i s  charac- . 

t e r i z ed  by i t s  maximum reciprocal  .period,  it can be t r e a t ed  as. a s t e p  
t.es.t having ~lqiie.1. i n i t i a l  rec iprocal  period.  These gen ral charac- 
t e r i s t i c s  are the same a s  had been noted f o r  t he  A corer2) .  . 

  he observed,cbaracte-ristics of ramp induced excursions a r e  
predic ted-by t he  prompt k ine t i c  equation, Eg. (1)) with a modifi- 
ca t ion t o  take  i n t o  account the  continuous addi t ion of r e ac t i v i t y .  
The prompt equation f o r  ramps then becomes 

. . 

where 7 = 0, n = 1, and a, t he  only symbol not  previous defined, i s  
proport ional  t o  t he  r a t e  of addi t ion of r e ac t i v i t y .  

The logari thmic der iva t ive  of the  power with respect  t o  time i s  
defined as t he  rec iprocal  period, a(,t) 
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' . - From Eqs. (5 )  and (6 ) ,  t he  reac tor  power a t  t h e  time of t he  
maximum rec iproca l  period may be shown t o  be( 

which i s  dependent s o l e l y  on the  ramp ra te ,  a, and t he  r eac t i v i t y  coef- 
f i c i e n t ,  b .  It i s  ipdependent of t he  i n i t i a l  r eac tor  power and a l so  
independgnt of t h e  l i f e t ime ,  

Also, the maximum power, OM, achieved during a  ramp induced excur- 
oion i o  

and t he  maximum rec iproca l  period, a i s  given by 
m ' 

Thus, a. weak dependence of % on i n i t i a l  power, R, and reac'1;ivity 
coe f f i c i en t ,  b, i s  predic ted by t h i s  model. The s t rongest  dependence i s  
on t h e  r e a c t i v i t y  addi t ion r a t e ,  a. Neglecting shutdown e f f ec t s  i n  
Eq. ( 5 ) ,  tha-t is,  s e t t i n g  a = at i n  Eq. ( 6 ) ,  would. l ead  t o  a reciprocal  
period,  

at the  power 0, = a/b. This a d i f f e r s  very l i t t l e  from t,hat. given by 
Eq. ( 9 ) .  Thus t h e  reac tor  behaves l a rge ly  as  i f  there  were no shutdown 
e f f e c t s  up t o  the  power given by Eq. (7) .  That is, t h e  r eac t i v i t y  up t o  
t h i s  power i s  e s s e n t i a l l y  t he  term at .  

The maxiruum power i n  a  raarag burs t  can be shown t o  a l s o  take t he  form, 



From s t e p  theory, f o r  zero delay and n  = 1, the  .maximum power i s  

. . 

Consequently, t he  maximum power during ramps i s  equal t o  t h a t  o f . s t e p s .  
having i n i t i a l  reciprocal  period equal t o  the  maximum reciprocal  period 
of t he  remps with a small correct ion f ac to r  which i s  the  r a t i o  of two 
logarithmic terms. 

Results of t he  prompt approximation can now be discussed i n  some- 
what more d e t a i l .  

F i r s t ,  t h e  power at t he  t ime.of  maximum reciprocal  periocl i s  
independent of t he  s t a r t i n g  power and i s  determined so l e ly  by the  
r eac t i v i t y  addit ion ra te ,  a, and t he  r eac t i v i t y  coeff ic ient ,  b. The 
r e l a t i o n  ~ r o v i d e s  a  determination'of b  from the  ramp r a t e  and the  
experimentally observed power a t  t he  time of maximum reciprocal  period. 
The values of .b thus obtained from ramp d a t a ,  were within a  f a c t o r  of 
two of the  values obtained from the  compensated r e a c t i v i t y  and energy 
da ta  from the  s e r i e s -  of s t e p  t e s t s  on each core. 

The experimentally observed va r i a t i on  of power at maximum rec i -  
procal  period trud r eac t i v i t y  coef f ic ien t ,  b, f o r  the  cores t e s t ed  
implies a re la t ionsh ip  something l e s s  than the  l i n e a r  dependence pre- 
d ic ted by I;'ucho model ramp theory. Thils the  modification t o  t he  
theory, required t o  improve agreement with ramp data, i s  the  same 
modification required f o r  the  s t e p  case; i. e . ,  introduction of an 
nth order  dependence of shutdown e f f ec t s  on energy t o  reduce t he  depen- 
dence on b .  

- EXPERIMENTAL DATA A-17/28 
- PROMPT APPROXIMATION 

Fig.  18 - Maximum Power vs I n i t i a l  Power - 
P m m p t  Mndel m d  Experimental Ramp Data 



The re su l t s  of Eqs. ( 5 )  and (8) are  compared with experimental data  
i n  Fig. 18 where the m a x i m  reactor power i s  plotted versus the i n i t i a l  
power as functions of ramp rate .  The experimental data  are indicated by 
t h e  heavy so l id  l i n e s  and are  re la t ive ly  insensit ive t o  the s t a r t ing  
power and more strongly dependent on ramp ra te .  The maxirmun power pre- 
dicted f o r  the various ramp rates  i s  plotted as l i g h t  l ines  and gives 
good agreement f o r  the two highest ramp rates  a t  the low s t a r t ing  powers. 
The hazards s i tua t ion  bes t  represented by these t e s t s  is  the s ta r tup  
accident. 

In  Fig. 19, the maximum reciprocal period f rom the prompt approxl- 
mation i s  compared with experiment. The maximum reciprocal period i s  
p lo t ted  versus s t a r t i n g  power fo r  the several rtmp r ~ t e s  investjgated 
with the  A-17/28 core. The experimental data  indicated by the so l id  
l i n e  demonstrate a weak dependence of the maxirmuR reciprocal period on 
the I nit1 a1 p n w r  and st.rclnghr dependence on rmp rate,  a. 

----PROMPT APPROXIMATION 

Fig. 19 - .Max im Reciprocal k r i o d  vs I n i t i a l  Power - 
Prompt Model and Experimental Remp Data 

.The values of maximum reciprocal period predicted by the prompt 
approximation a re  indicated by the dashed line? f o r  each of the experi- 
mental ramp rates .  The agreement is  good f o r  the 0.s Aklsec ramp rate ,  
but becomes successively worse a t  the lower ramp ra tes .  This lqck of 
agreement i s  t o  be expected since delayed neutrons, which have been 
en t i r e ly  neglected i n  the theory, are of greater  importance on the slow 

, ramps. Prompt c r i t i c a l  i s  reached i n  a short  time on f a s t  ramps; conse- 
quently, a prompt approximation should yield resu l t s  i n  agreement with 
experimental data.  I n  a l l  cases, the p&nrpt approximation gives values 
of the m a x i m  reciprocal period la rger  than those experimentally ob- 
served which, from a safety standpoint,-enhances i ts  usefulness. 



The extension of the  method t o  include delayed neutrons f o r  t he  
ramp case i s  done i n  the  following way. Eq? (7) i s  used t o  compute the  
power a t  which.. the  maximum k occurs. Then, assuming t h a t  t he  .maximnu 
a occurs a t  nearly t h e  same power, t h e  k ine t ics  equations with delayed 
neutrons a re  used i n  any convenient way t o  compute the  a of t he  system 
when the  power has r i s en  t o  t he  value given by Eq. ( 7 ) ,  s t a r t i n g  from 
a prescribed i n i t i a l  power. It i s  assumed tha t ,  s imi la r  t o  the  prompt 
case, t he  shutdown term bE i n  Eq. ( 5 )  i s  s m a l l  compared t o  t he  t e r n  
a t  whenever the  power i s  l e s s  than t h a t  given by Eq. ( 7 ) .  

An approximation due t o  ~ u r w i t z ( l 3 )  has been used i n  an unpublished 
work of Walker t o  incorporate the  delayed neutron behavior i n to  t he  
model. The method a l so  uses t he  assumption t h a t  shutdown e f f e c t s  a re  
negl igible  up t o  t he  time of maximum reciprocal  period, which i s  cer-  
t a i n l y  va l i d  f o r  low s t a r t i n g  powers. For high s t a r t i n g  powers, it 
might be expected t o  be l e s s , s a t i s f a c t o r y  s ince  shutdown e f f e c t s  appear 
e a r l i e r .  However, agreement i s  s t i l l  qui te  good, as may be seen i n  
Fig.  20, i n  which t h e  maxirm reciprocal  period i s  shown on the  ordinate 
and i n i t i a l  power on t he  abscissa  with ramp r a t e  as the  parameter. The 
experimental da t a  from t e s t s  on the  A-17/28 core a r e  indicated with the  
heavy s o l i d  l i n e  and t he  predic t ions  derived a f t e r  inclus ion .of delaye'd 
neutrons by using t he  Hurwitz approximation are shown by t h e  dashed 
l i ne s .  For all values of r e a c t i v i t y  addi t ion t he  agreement i s  good, 
espec ia l ly  a t  low s t a r t i n g  powers. A t  the  high starting powers some 
disagreement i s  t o  be expected s ince  shutdown waa neglected. ,  A' more 
accurate evaluation of the  expressions leading t o  t he  m a x i r m  reciprocal  
period, ut i1, izing machine calcula t ions  would be expected t o  produce 
closer agreement f o r  t he  highest  s t a r t i n g  powers. 

Fig. 20' - Maximum keciprocal  Period'vs I n i t i a l  PoVer - ' 

Model Inc lud iw  Delay Groups and Experimental   am^ Data 



Three conditions can be es tabl ished with these  r e su l t s  and a r e  
indicated i n  Fig .  21. The s t r a i g h t  l i n e  represents a condition t h a t  
any ramp excursion, e i t h e r  prompt o r  l e s s  than prompt, can occur, only 
f o r  those values of i n i t i a l  power and ramp r a t e  ly ing t o  the  r i gh t  of 

. t h i s  l i n e .  This l i m i t  must be regarded as qua l i t a t i ve  s ince  an adequate 
descr ip t ion  of t h e  high power s t a r t i n g  condition would necessar i ly  ' 

include escape of shutdown energy, which is  neglected i n  the  model. 
The curved l i n e  represents t he  combination of conditions which r e s u l t  
i n  a maximum a = 7, which.is  approximately prompt c r i t i c a l  f o r  these  
Sper t  cores.  The Sper t  s t ep- t rans ien t  da t a  p red ic t  t ha t  s ign i f ican t  
core melting w i l l  occur f o r  ~7250. This value of a  can be obtained 
on ramp excursions , f o r  combinations of c o n d i t l ~ n s ,  defined by the  dashed : 

l i n e .  V e . l u ~ ~  t - o  the l e f t  of the l i n e  are f o r  cxcur~ iono  which w i l l  
. sa f e ly  s e l f - l i m i t  without melting. 

Fig. 21 - Conditions f o r  Ramp Induced Excursion 

In  summarizing t he  t rans ien t  behavior of these  cores' following a .  
ramp addi t ion of r e a c t i v i t y ,  the important r e su l t s  can be s t a t ed  as 
follows: f i r s t ,  t h e  &st importmt parameter i s  t he  r eac t i v i t y  inser-  
t i o n  r a t e ,  s ince  it a f f ec t s  the  t r ans i en t  behavior more s t rongly than 
e i t h e r  t h e  i n i t i a l  power o r  the  r e a c t i v i t y  coeff ic ient ;  second, t h e  
ramp and s t ep  excursions a r e  equivalent i n  terms of maximum a; and 
f i n a l l y ,  t he  simple elementary model employed t o  describe s t ep  t e s t s  
a l so ,  properly modified, describes ramp t e s t s  and provides t%n aqaly- 
t i c a l  method of obtaining values of t h e  .maximum reciprocal  period, and 
consequently, ramp behavior can be predicted from the  r e su l t s  of s t e p  
experiments. 
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Shutdown' Processes in '  the  Spert '  Reactor 

The preceding sect ions  have d e a l t  with a general  model f o r  reactor  
k ine t i c  behavior, and the  experimental r e s u l t s  were shown t o  be i n  s a t i s -  
factory agreement with the theory. However, t he  mechanisms responsible 
f o r  the  s e l f - l im i t i ng  behavior were not discussed nor do they appear 
spec i f i c a l l y  i n  the  theory. The i den t i f i c a t i on  of the  constant, b, i n  
the  theory as the  r a t i o  of t he  void coef f ic ien t  t o  the  e f fec t ive  prompt 
neutron l i f e t ime  does not contribute s i gn i f i c an t l y  t o  t he  understanding 
of the  mechanisms involved. If the  experimental r e su l t s  are  t o  be extra-  
polated t o  markedly d i f f e r en t  reac tor  systems, t he  processes must be 
i den t i f i ed .  This sect ion describes the  work on de ta i l ed  calcula t ions  
of the  r e a c t i v i t y  e f f ec t s  from spec i f i c  mechanisms. 

The hypothesis of a radioact ive  prompt f i s s i o n  product having a la rge  
absorption cross sec t ion  f o r  t h e m  eutrons has been advanced as an ex- 

e 4 7  p l a n a t i o n o f  reactor  self-shutdown . Since no de f in i t i ve  experiments 
es tabl ishing physical  bases -for any explanations of s e l f - l im i t a t i on  of 
power excursions have been performed, t h i s  model, l i k e  others,  must be 
evaluated by considering p l a u s i b i l i t y  of assumptions, cor re la t ion  with 
data,  and reasonabi l i ty  of t h  values,of physical  constants required t o  
provide cor re la t ion  with dataT15) . Several spec ia l  cases have been - 

considered . 
In t h e  f i r s t  case, a de t a i l ed  invest igat ion was made t o  determine t he  

conditions under which shutdown can occur from a shor t - l ived,  l a rge  cross 
sect ion,  prompt f i s s i o n  product. The invest igat ion was carr ied out using 
s t e p  r eac t i v i t y  inputs and a prompt, one-group model, which should y ie ld  
a l l  the  general  features  of t h i s  type of shutdown. If r a t e  of' poison 
density generation i s  characterized as a constant times t he  neutron density,  
it i s  found t h a t  shutdown can occur only f o r  i n i t i a l  reciprocal  periods 
l e s s  than t h i s  constant .  Further invest igat ion of t h i s  case shows t h a t  
shutdown from a long h a l f - l i f e  poison w i l l  r e s u l t  i n  a s ing le  power peak, 
whereas a su f f i c i en t l y  shor t  h a l f - l i f e  can cause damped osc i l l a t i ons  i n  
the  power f o r  c e r t a in  i n i t i a l  periods.' 

\ 

A l l  t h e  burs t  shapes predicted by t h i s  f i r s t  model show a much slower 
power f a l l - o f f  a f t e r  peak than has been observed i n  t h e  Spert  experiments, 
so a modification was introduced t o  obta in  a b e t t e r  f i t  i n  t h i s  region. 
For t h i s  case t he  poison is  hypothesized t o  be an intermediate member of 
a decay sequence ra ther  than a d i r e c t  f i s s i o n  product, and a b e t t e r  descrip- 
t i o n  of post-peak I r e l ~ a u i u r  i s  obtained. 

I n  both cases, the  form of t he  p e r t i n e i t  equations i s  reasonable and 
t he  general  behavior of t h e i r  solut ions  agrees with observed reactor  be- 
havior. The poison has not been observed d i r ec t l y ;  therefore ,  t he  corre-  
l a t i o n  between t he  behavior predicted by the model and the  experimental 
da t a  cannot be construed as pos i t ive  evidence f o r  i t s  v a l i d i t y  because 
the  equations a r e  qu i te  s imi la r  t o  those describing any model i n  which 
ohutdown e f f e c t  i s  proportional  t o  energy release. 



10  
A lower l i m i t  f o r  t h e  required poison cross sec t ion  of 6 x 10 , 

barns i s  obtained from experimental values of energy re lease  and reac- 
t i v i t y  compensation observed f o r  reactor  t r ans i en t s .  An upper l i m i t  f o r  
i t s  h a l f - l i f e  of  3 sec  i s  obtained by noting t he  elapsed time between a 
power peak and t h e  minimum a f t e r  t he  peak. This cross sect ion is'much 
l a r g e r  than  the  present  t heo re t i c a l  l i m i t ,  given by t h e  Breit-Wigner 
formula, of about 108 barns, and a l so  much grea te r  than t he  l a rge s t  
observed value of 3 x 106 barns f o r  ~ e 1 3 5 .  

Since the  required cross  sect ion i s  unreasonably l a rge  and t he  
equations a re  e s s e n t i a l l y  those of a simple energy shutdown model, 'it 
i s  concluded. t h a t  t he  poison model affords  no advantages over other,  
more reasonable, explanations of reac tor  s e l f  -shutdown. 

Among these  o the r  p o s s i b i l i t i e s  a re  thermal processes(16). I n  
t h e  s t e p  t r a n s i e n t  t e s t s .  it has been observed t h a t ,  f o r  burs t s  having 
i n i t i a l  asymptotic periods of l e s s  than about 50 msec, t h e  f u e l  p l a t e  
surface  temperatures exceed t h e  bo i l ing  point  of water before peak power 
i s  reached. Thus, f o r  these  t e s t s ,  bo i l ing  would be expected t o  con t r i -  
bu te  t o  t h e  self-shutdown process. However, t he  formation of steam voids 
under t r ans i en t  condit ions i s  not s u f f i c i e n t l y  well understood t o  permit 
exact  ca lcu la t ions  of void growth during a bu r s t ,  The r eac t i v i t y  changes 
observed under these  condit ions ind ica te  c l ea r ly  t h a t  t h e  steam volume 
i s  at l e a s t  an order  of magnitude l e s s  than would be predicted on t h e  
b a s i s  of steady s t a t e  heat  t r ans f e r .  

A number of poss ible  explanations ex i s t ,  such as suppression of 
t he  bo i l i ng  point  by t r a n s i e n t  pressures,  steam blanketing of t he  f u e l  
p l a t e s ,  and requirements f o r  t r ans i en t  superheats t o  i n i t i  a t e  boi 1.l ng . 
Analyses based on these  various hypotheses have been t r i e d  by several  
authors, and i n  every case, some degree of success has been achieved i n  
matching t h e  Borax d a t a  i n  t h e  shor t  period region, In  t h i s  discussion 
an a l t e r n a t i v e  approach i s  introduced which cor re la tes  a somewhat wider 
range of d a t a  than previous treatments.  

It i s  generally agreed t h a t  t he  high heat  t r ans f e r  r a t e s  observed 
i n  sub-cooled nucleate bo i l i ng  are  a r e s u l t  of bubble ag i ta t ion  of t h e  
boundary layer ,  with only a small f r ac t i on  of the  energy transported by 
t he  bubbles themselves(l7).  I f  it is  assumed t h a t  under t rans ien t  heat-  
ing  conditions t h i s  "micro-convection" w i l l  not develop instantaneously, 
t h e  trans ' ient  heat  t r a n s f e r  r a t e s  may be t r ea t ed  as  cha rac t e r i s t i c  of 
conduction t o  stagnant water ra ther  than of bo i l ing ,  The temperature 
d i s t r i b u t i o n  i n  t h e  moderator may then be calculated by a simple thermal 

. d i f fu s ion  equation. If it i s  a lso  assumed t h a t  a f ixed f r ac t i on  of t he  
t r ans f e r r ed  heat  goes i n t o  steam formation, t he  steam void growth can 
be calcula ted and t he  behavior of t he  reactor  thereby predicted. This 
approach has been used i n  t h e  analysis  and i s  referred t o  as  t he  Con- 
duction Boiling Model. 

Analytic& expressions have been obtained f o r  t he . r eac to r  powcr, 
energy released,  and f u e l  p l a t e  temperature a t  the  peak of t he  power 
b u r s t  as functions of t he  reac tor  period and of t he  i n i t i a l  temperature. 



The frac ' t ion of energy going i n to  steam formation i s  t r e a t ed  as an 
a rb i t r a ry  constant, the  value of which i s  adjusted t o  give. t h e . b e s t  
f i t  f o r  a given s e r i e s  of experiments. The ana ly t ica l  r e su l t s  have 
been compared with experimental da t a  from four  Spert  I cores and 
Borax I a t  i n i t i a l  temperatures of 20°C and a t  bo i l ing .  

These comparisons are  shown i n  Figs. 22 through 26. ' Fig. 22 
compares t he  predicted behavior of the  Sper t  I A core with. experi-  
mental . r e su l t s  f o r  both. bo i l ing  (95 '~)  and 2 0 ' ~  i n i t i a l  temperatures. 
The peak power, t h e  p l a t e  temperature a t  the  time of peak power, and. 
the energy re lease  up t o  t he  time of peak power, re fe r red  t o  the  
sca le  a t  the  l e f t  i n  a rb i t r a ry  u n i t s ,  a re  p lo t ted  versus the  r ec i -  
procal  of the  i n i t i a l  asymptotic period, a, g iven . i n  sec-1 on t h e  
lower s ca l e s .  The so l i d  l i n e s  represent the  values of these  quan t i t i es  
predicted on the  bas i s  of a given f r ac t i on  of the  energy t rans fe r red  
t o  the  water a t  above-boiling f u e l  p l a t e  temperatures going i n to  the  

-formation of steam. The quant i ty  of steam f o r  each case i s  equated 
t o  the  void s i z e  required f o r  the  proper r eac t i v i t y  compensation a t  
peak power.. I n  order t o  obta in  values f o r  the  ,energy re lease ,  peak 
power, .and p l a t e  temperature r i s e ,  a power-time behavior .o f .  a simple .k. 

exponential form has been assumed. This form does not correspond t o  a - .  
,?: . ,;. ' t he  ,ac tual  time behavior of t he  reactors ;  but  i s  applicable because . . , , ,  

of the  constant power burst- shape exhibited by the '  r e a c t o r s  inves t i -  f . .  I. 
.. ' >.., gated f o r . t r a n s i e n t s  i n  which bo i l ing  temperatures a re  exceeded. ' ,. . .. 
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Fig. 22 - Comparison of Conduction.Boiling 
. . 

Model with Experil~lent~al Data 

The f i g ~ ~ r e  shows t h e  excellent agreement between these  predicted 
quan t i t i es  f o r  t he  Spert I A core, and the  experimental values as 
shown by t he  c i r c l e s  f o r  both bo i l ing  and ambient i n i t i a l  temperatures. 
The i n i t i a l  temperatures a re  given at t he  top  of each graph. 

' 
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Fig. 24 

Fig. 25 

Fig. 26 

Figs .  23 - 26 - Comparison of 
Conduction Boiling Model with 

Experiment a1 Data. 

Figs. 23, 24 and 25 show the same 
comparisons f o r  the  B-24, B-16 and 
B-12 cores and again show the same good 
correla t ion.  It is  noteworthy t h a t  
t h i s  simple shutdown theory applies 
so successfully t o  a l l  three  B cores 
used i n  the  Spert I reactor,  since 
these cores cover a large range of 
p rac t ica l  designs f o r  swimming-pool 
type reactors.  ' 

Fig. 26 s h ~ w s  the results of 
th'ls w d a l  w qJplleil to Borax I. 
While experimental da ta  a re  not 
available f o r  all curves, good 
agreement' with the calculations 
ex i s t s  where the comparison can be 
inade . 

Although the  Conduction Boiling 
Morlt.1 provirl~s qui te  st i t isfaetory 
agreement with the experimental data, 
the assumptions, while reasonable, 
are  ra ther  a rb i t r a ry  i n  nature and 
probably represent an over-s impli- 
f i ca t ion  of the  actual  physical. 
processes involved. The empirical 
agreement obtained shoi11.d not be 
conotrued ss establishing the 
validity of the assumptions contained 
i n  the  theory. 

.In the longer period region, 
where boi l ing can not contribute t o  . 

shutdown, an investigatfon has been 
made in to  the e f f ec t s  of thermal 
expansion of the  core and. moderator 
on reactor shutdown. The shutdown 
mechanisms which a re  considered here 
are  those based on e i t h e r  conductive 
heuL l r m s f e r  o r  direct  neutron, 
gamma ray and f i s s ion  heating. The - 
resu l tan t  physical changes which 
produce r eac t iv i ty  e f fec t s  are  the  
following: reduction i n  moderator 
density due t o  thermal expansion of 
the  moderator, moderator expulsion 
resul t ing from thermal expansion of 
the metall ic core s t ructure , 'and core 
geometry changes associated with the 
heating of the mechanical 'structure. 



The power burs t  i s  approximated by t he  two-term form 

where 00 i s  t h e  peak power, a i s  t he  reciprocal  of t he  i n i t i a l  asymp- 
t o t i c  period, t i s  t h e  time as measured from'peak power, and r i s  a  
f i t t i n g  constant .  

In  Fig. 27 a representa t ive  power burs t ,  indicated by c i r c l e s ,  i s  
compared with t h i s  two-term exponential representation,  indicated by 
the  so l i d  l i n e .  The f i t t ing ,paramete r ,  r, can be found geome$rically 
by extending the  asymptote t o  the  leading edge of the  power b u r s t . t o  
t he  time of peak power. I t s  magnitude i s  the  r a t i o  of t h i s  asymptote 

a t  t h e  ;time of peak power 
. . t o  the-peak .power value.  

This asymptote , i s  simply 
t he  f i r s t  term of t he  ex- . 

NORMAL1 ZED POWER ponential  represent a t  ion, 
hence a may be found from . 
i ts  slope.  

. , 
' The agreement between. 

t he  experimentd bu r s t  , . 

shapes and t he  two-term 
representation f o r  a 
g rea t e r  than f i ve  i s  good 
,enough so t h a t '  negl igible  
e r ro r s  a r i s e  from i t s  use 

, i n  heat  t r a k f e r  c d c u l a -  
t i ons  . For a l e s s  than 
f ive ,  it is' nect;ssary t o  
ineroduce art i f  i c i ' a l  
values of a in to  t he  two- 
term form t o  obta in  s u i t -  
able  representations of 
t he  burs t  shapes. with 
t h i s  modification accurate 

59- 1384 
calcula t ions  can be made 

t ( s ~ c )  over the  e n t i r e  a range. 
covered by experiment. 

Fig.  27 Since t he  heat  transfer " 

processes under considera- 
. t i o n  can be t r ea t ed  as  .. . 

l i nea r ,  the  use of t h i s  burs t  shape allows ana ly t ic  solut ions  ,of  the  
reactor  temperature d i s t r ibu t ions ,  which then the  inclusion o f .  
non-linear e f f ec t s ,  such as thermal expansion of the  moderator, t o  be . 
t r ea ted  i n  a straightforward manner. 



Fig. 28 

I 

Fig.  28 shows t h e  compensated r e a c t i v i t i e s  a t  the  time of peak 
power versus a f o r  t he  Sper t  I A core with i n i t i a l  t emper~ tures  of . 
20'~. The lower s o l i d  curve i s  t he  contribution due t o  d i r e c t  gamma 
and neutron heat ing of t he  moderator, and i s  l i n e a r  with energy re lease .  
The curve' labeled "water" represents the  l o s s  i n  r e a c t i v i t y  due t o  
expansion of t h e  water moderator from conduction heating and includes 
t h e  non-linear expansion cha rac t e r i s t i c s  of water. For very small a 
t h i s  con t r i bu t i on  is  responsible f ~ r  the  bulk ,  of t h e  known shdtdown 
e f f e c t  due t o  t he  r e l a t i v e l y  high' temperature coef f ic ien t  of expansion 
of water. For ' large  values of' a, however, the power bursts are of 
.such sho r t  dura t ion  t h a t  l i t t l e  heat  i s  t r ans fe r red  t o  the  moderator, , '  

so t h a t  t h i s  term.contr ibutes  only s l i g h t l y  t o  the  shutdown. . 

The curve shown f o r  t he  metal expansion contribution includes the  
e f f e c t s  of both moderator expulsion from the  core and reactor  geometry 
changes. It i s  i n t e r e s t i ng  from a sa fe ty  standpoint that,  t h i s  contr i -  
but ion i s  qu i te  s i z ab l e  i n  the  region of l a rge  a, f o r  i f  a l l  o ther  
shutdown e f f e c t s  were absent, t he  metal expansion alone would l i m i t  
energy re leases  t o  s a f e  l eve l s  f o r  a as la rge  as 50. 

\ 

The sum of these  th ree  contributions,  plus a steam term taken from 
t h e  Conduction Boil ing Model, form the  " to t a l "  compensated r eac t i v i t y  
curve which can be compared d i r e c t l y  with t he  experimental values 
indicated by t h e  c i r c l e s .  It should be noted t h a t  t he  t o t a l  compensated 

. r e a c t i v i t y  curve has a shape qui te  s imi la r  t o  the  energy re lease  up t o  
t h e  time of peak power, which i s  proportional  t o  t he  lower curve. The 



s imi l a r i t y  of t he  a-dependence of these  two functions i s  undoubtedly 
responsible f o r  the  success of simple energy shutdown models i n  the  
predic t ion of reac tor  se l f - l imi t ing  behavior. 

Comparing the  calculated t o t a l  compensated r e a c t i v i t y  curve with 
the  measured values over the  e n t i r e  range of experimental da t a  available,  
it i s  seen t h a t  the  agreement i s  general ly  very good. There i s  one 
region, i n  t he  neighborhood of a = 1, where the  calculated value f a l l s  
somewhat shor t  of accounting f o r  t he  e n t i r e  r eac t i v i t y  change. In  t h i s  
region.radiolyt ic '  gas i s  expected t o  contribute t o  t he  shutdown, but  no 
calcula t ions  of i t s  e f f ec t  have been made due t o  t he  l ack  of an. ade.quate 
descr ipt ion of .the evolution of t h i s  gas under t rans ien t  conditions. 

I n  t he  region from a = 5 t o  a = 20, the  known, e f f e c t s  accbunt f o r  
t he  e n t i r e  reactor  shutdown within t he  l i m i t s  of ca lcu la t iona l  e r ro r s ,  
which here a re  about + 1 5  per  cent .  This complete shutdown descr ipt ion 
by well-understdod meFhanisms i s  of considerable a id  i n  es tab l i sh ing  ' 

upper l i m i t s  t o  contributions from postulated shutdown models such .as 
the  Poison Model presented e a r l i e r .  

For a grea te r  than 20, the  inclus ion of t he  steam shutdown term t 

gives a very good f i t  between the  calcula ted and measured compensated 
# 

r e a c t i v i t i e s  . Here the  steam contribution has been adjusted at  a = 100 
t o  f i t  t h e  di f ference between a  measured compensated r eac t i v i t y  and t h a t  
ca lcula ted from known e f f e c t s .  The exactness of t h i s  f i t  i s  important 
from a reac tor  s a f e ty  standpoint, s ince  a s ing le  experimental determina- 
t i o n  of t he  steam f r ac t i on  mentioned i n  the  Conduction Boiling theory 
allows an accurate predic t ion of t he  t r ans i en t  charac te r i s t i cs  of a 
given reac tor  over t he  e n t i r e  l a rge  a region. With such a technique 
avai lable ,  it may be unnecessary t o  carry  out extensive experiments i n  
t h e  po t en t i a l l y  dangerous l a rge  a region t o  loca te  important s a f e ty  
parameters, such as t he  a associated with fue l -p la te  melting. 

I n  summary, it appears t h a t  s a t i s f ac to ry  descr ipt ions  of reac tor  
shutdown behavior have been obtained over t he  regions most important 
from a  s a f e ty  standpoint .  The calcula t ions  of the  known thermal e f f e c t s  
a re  e a s i l y  made and could be used alone t o  f ind  somewhat conservative 
l i m i t s  on t r ans i en t  operation.  However, t he  inclusion of shutdown 
e f f ec t s  from t h e  Conduction Boiling Model gives very good predic t ions  
of behavior over t he  e n t i r e  l a rge  a region, with only a s ing le  experi-  
mental determination needed f o r  i t s  use.  

s ince  t h i s  model i s  empirical,  t he  agreement between calcula t ions  
and experimental da t a  does not imply ve r i f i c a t i on  of the  model. Thus, 
o ther  mechanisms such as r ad io ly t i c  gas fo rma t iono ) ,  cannot be excluded 
as poss ible  contr ibuters  t o  t he  observed shutdown e f f ec t s .  
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