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SPERT PROGRAM FEVIEW 

W. E. Nyer and S. G .  Forbes 

ABSTRACT 

The needs of the r eac to r  s a fe ty  program f o r  experimental data 
are discussed and the  importance of reactor  k ine t i c  behavior i n  
runaway accidents  i s  described. 
k i n e t i c  s tud ies  are r e l a t ed  t o  these needd i s  presented along w i t h  
a review of the  experimental work and recommendations f o r  t he  con- 
t i nua t ion  of t he  Spert  program. 

The way i n  which the  Spert  
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SPERT PROGRAM REVIEW 

W. E .  Nyer and S .  G .  Forbes 

I. INTRODUCTION 

A .  Objective of the  Report 

The purpose of t h i s  r epor t  is  t o  review the  Spert  work i n  
i t s  re la t ionship  t o  the  problems of reac tor  s a fe ty  and t o  present 
plans and proposals f o r  t he  fu tu re  Spert  program. 

A general  p resenta t ion  i s  required t o  understand individual  
phases of the work which might otherwise appear somewhat i so l a t ed .  
The presentat ion i s  hampered by the lack of a well-developed termi- 
nology i n  the  reac tor  s a fe ty  f i e l d .  
communication, severa l  a r b i t r a r y  def in i t ions  and c l a s s i f i c a t i o n s  . 
are introduced as a framework f o r  discussion. 

To bridge t h i s  gap i n  

The presentat ion w i l l  begin w i t h  a discussion of the  problems 
and needs of the  reac tor  s a fe ty  program. ' This i s  followed by a 
review of  experimental and t h e o r e t i c a l  work on reac tor  k i n e t i c s .  
F ina l ly ,  t he  proposed continuation of t he  program i s  presented. 

B. Reactor Hazards and Objective of Safety Program 

The important f a c t o r s  and t he  f u l l  nature of the problems i n  
reac tor  sa fe ty  will be taken t o  be c l ea r ly  r v aled by the ins t ruc-  

of McCullough, Mills and T e l k r 7 2 ) .  For the  purpose of t h i s  repor t  
t he  following simplified views will be adopted: 

t i o n s  f o r  the preparat ion of ha ards repor t s  he and the  Geneva paper 

The discussion of r eac to r  sa fe ty  will be l imited t o  t h e  
problem of reac tor  runaway and i t s  immediate consequences. 
term "accident" w i l l  be used t o  mean "runaway accident" unless  
otherwise s t a t ed .  Accidents w i l l  be viewed as having three  phases: 
I n i t i a t i o n ,  Reactor Response, and Consequences, with th ree  dis- 
t i n c t  c lasses  of damage e x i s t i n g  under Consequences: 
and p lan t ,  the  p lan t  operators ,  and the  general publ ic .  Damage 
occurs through the  agency of excessive pressures,  excessive t e m -  
peratures ,  excessive r ad ia t ion  leve ls ,  or  movenent of f i s s i o n  
products. 
w i l l  be t y p i f i e d  by mechanical damage. When the damsge volume 
a l s o  encompasses p lan t  personnel, all f ac to r s  become important 
but  the  spread of f i s s i o n  products assumes the  major r o l e .  In  

The 

the r eac to r  

Most l i ke ly ,  accidents  confined t o  the p lan t  equipment 

I \ 8 b q 4 4  
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the  l a rge r  volume occupied by the  general  public the chief agent 
o f  damge i s  undoubtedly the spread of f i s s i o n  Froducts. 
two d i s t inc t ions  w i l l  be recognized: 
reac tor  p l a n t )  and f i s s i o n  product ckmage ( t o  a l l  volumes). 

Only 
mechnica l  damage ( t o  the  

C .  The Phases of an  Accident 

Tne nature of the various problems re la ted  t o  runaway accidents  
w i l l  be 

1. 

each of 
under a 

exanined next .  

I n i t i a t i o n  

A runaway accident c a n  be i n i t i a t e d  i n  numerous ways, but 
these can be character ized as a r e a c t i v i t y  disturbance 
pa r t i cu la r  s e t  of i n i t i a l  conaitions of the reac tor  system. 

The disturbance must be f u r t h e r  specif ied by i t s  magnitude and 
speed of occurrence, which br ings i n t o  consideration the various 
means of r e a c t i v i t y  introduct ion:  
acc identa l  damage, sabotage, operator  e r ro r ,  and even inherent  
i n s t a b i l i t y .  
t ime-scale,  magnitude and probabi l i ty  of occurrence a r e  so  i n t i -  
mately r e l a t ed  t o  the  design d e t a i l s  of individual  reac tor  p l m t s  
that an extended general  discussion i s  not g rea t ly  rewarding. 
However, it csn be noted that the  non-nuclear components of the  
system, p a r t i c u l a r l y  the cont ro l  system, exercise  an important 
r o l e  i n  t h i s  phase. 

malfunctioning of the reac tor ,  

The means of introduct ion of the disturbance and i t s  

2 .  Response Charac t e r i s t i c  of the Reactor System 

Subsequent t o  the  r e a c t i v i t y  disturbance, events a r e  
determined by the  response cha rac t e r i s t i c s  of the reac tor  system, 
which a r e  a combination of t h e  l a rge ly  non-nuclear c h a r a c t e r i s t i c s  
of appendages l i k e  the  cont ro l  system, and inherent charac te rzs t ics ,  
which a re  s t rongly nuclear .  In  the most extreme accident cases 
the inherent c h a r a c t e r i s t i c s  w i l l  f u l l y  deternine the  r e s u l t s .  In  
l e s s  extreme cases where the cha rac t e r i s t i c s  o f  $he appendages may 
produce a sensible  e f f e c t  on the r e s u l t ,  a s impl i f ica t ion  r e s u l t s  
if the i n t e r n a l  and ex te rna l  Ijarts of the reac tor  loop a re  ignored 
SO that  t h i s  phase w i l l  be considered determined so le ly  by the  in-  
herent reac tor  c:haracteriszics. 

3. Consequences 

In  the f ina l  phase add i t iona l  problems a r i s e  such as the 
containment of explosions and f ac to r s  a f f ec t ing  the disDersal 
of f i s s i o n  products. 

I I S b C I 4 5  



D. Importance of Reactor Response Chzracter is t ics  

In  each of t he  above phases it i s  possible t o  take e f f ec t ive  
ac t ion  t o  minimize the  consequences of an accident.  
the  first two phases a r e  i n  the  nature of accident prevention; 
whereas, ac t ion  i n  the  t h i r d  phase i s  e s sen t i a l ly  t h a t  of pro- 
viding adequate containment. 

Actions i n  

His tor ica l ly ,  t he  p r i m r y  sa fe ty  e f f o r t  has been devoted t o  
the  problems of i n i t i a t i o n  where the l i n e  of a t t ack  was more 
r ead i ly  apparent. However, t o  reduce the probabi l i ty  of i n i t i -  
a t i o n  t o  a negl ig ib le  l e v e l  it may be necessary t o  surround the  
reac tor  system with so  m n y  inh ib i to ry  devices that i t s  func t iona l  
purpose i s  compromised. Conversely, i n  providing f o r  normal oper- 
a t i n g  procedures the  screen of s a fe ty  devices may be breached. 
fur ther  weakness of the inh ib i to ry  approach i s  t h a t  failure of 
such a device may i n  itself '  i n i t i a t e  an accident.  

A 

A t  the  other  extreme, the  containment approach is a matter Of 
coping with a bad s i t u a t i o n  after it has already occurred. 
reac tor  accidents  can conceivably be catastrophic ,  it i s  obviously 
b e t t e r  t o  prevent them than t o  cope with them. Even when contain- 
ment successful ly  prevents hazard t o  the general  public,  it i s  
unsa t i s fac tory  from the poin t  of view of plant protect ion.  
t he  sever i ty  of an accident  is  not so le ly  determined by the in i t ia l  
r e a c t i v i t y  disturbance, but a l s o  by the  responses of t he  reac tor  
t o  that ais turbance.  Idea l ly ,  t he  reactor  cha rac t e r i s t i c s  should 
be such as t o  prevent t h e  occurrence of the more ser ious conse- 
quences. Therefore, maximum operat ional  f l e x i b i l i t y  commensurate 
with safe ly  l imi ted  consequences w i l l  be obtained by optimizing 
the reactor  response c h a r a c t e r i s t i c s .  It i s  the inves t iga t ion  
of t he  f ac to r s  a f f ec t ing  the  reac tor  response cha rac t e r i s t i c s  
that cons t i tu tes  t he  r eac to r  k ine t i c s  program. 

Since 

Clearly, 

A .  

11. REACTOR STUDIES 

General Needs of Reactor Studies 

In  Section I it WES stated that reac tor  response i s  of major 
importance i n  r eac to r  s a f e t y  and that the  reac tor  k ine t i c s  program 
i s  concerned with the study of f a c t o r s  influencing reac tor  response. 
This sect ion w i l l  d iscuss  the  general  needs of a k ine t i c s  program 
and the r e l a t i o n  of t h e  Spert  work t o  these needs. 

I 1 8 b 9 4 b  
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1. Reactor Classes t o  be Investigzted 

P rac t i ca l  considerations or ien t  the program along lines 
of invest igat ing reac tor  systems of pa r t i cu la r  immediate impor- 
tance t o  the reac tor  f i e l d  such as heterogeneous water reac tors ,  
f a s t  reactors ,  and homogeneous reac tors .  m e  emphasis of the  , 
following discussion on heterogeneous water systems should be taken 
as an indicat ion of the  s ta te  of development of the program ra the r  
than as an indicat ion of i t s  l imi ta t ions .  There a re ,  however, 
reasons f o r  defer r ing  the examination of other  systems u n t i l  some 
backlog of experience has been obtained. 
will be confined t o  the  heterogeneous water c lass .  

For the present,  a t t en t ion  

2 .  Types of Reactor Information Needed 

On the one hand, information about reactor  k ine t i c  behavior 
i n  general  i s  needed. 
requires  an extended e f f o r t  of considerable magnitude. 
sen ts  the long-tern object ive of the  program. 

This is  po ten t i a l ly  of grea tes t  use, but 
It repre- 

On the other  hand, the  present  s t a t e  of growth of t he  reac tor  
industry and the  nature of such growth require more special ized 
information which w i l l  have more immediate appl icat ion t o  the 
reactor  class invest igated than t o  the general  program. Ever, 
more special ized information is  sometimes needed f o r  spec i f i c  
reac tors  and w i l l  have only l imi ted  appl icat ion t o  the c l a s s .  

These three kinds of information will be designated as Basic, 
Class-Prototype, and Reactor-Prototype, i n  increasing order of 
spec ia l iza t ion .  These last two ty-pes of information, which repre- 
sent  short-term goals,  can be obtained and applied more quickly, 
but a program based e n t i r e l y  on these would be of l i t t l e  long-range 
value because the necessary unifying f ac to r s  would be lacking. 

I n  the i n i t i a l  s tages  of the  program when experimental data 
a r e  absent, any s e r i e s  of experiments w i l l  contribute t o  a l l  th ree  
a reas  of infornat ion.  A s  the  fund of information i s  accumulated 
it becomes more d i f f i c u l t  fo r  prototype tes t s  t o  contribute t o  the  
bas ic  understanding of k ine t i c  behavior and the ty-pes of t e s t i n g  
become more d i s t i n c t .  

3. Related Studies 

Outside the area of reac tor  resporse a re  r e l a t ed  safe ty  
s tudies ,  such as work on fuses,  cont ro l  systems, and core m e l t -  
down which i n  some s tage of t h e i r  development require  tes ts  under 
simulated accident conditions o r  whicn f o r  s inple  convenience need 
the  use of a Spert-type f a c i l i t y  t o  provide neutron burs t s .  
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4. Types of information t o  be Obtained by Spert  Program 

i n i t i a l l y  the  Spert  program was de l ibe ra t e ly  or iented to -  
ward the  basic  object ives  for th ree  reasons: 
bene f i t s  a r e  most important; second, the common tendency t o  over- 
emphasize short-term object ives  would be appropriately balanced 
by a well-established bas ic  program; t h i r d ,  the  approximations and 
kinds of t e s t i n g  required t o  y i e ld  usefu l  short-term information 
could bes t  be met with a background of consideration and i n i t i a l  
work on a basic  program. 
tance i n  discussing the  extensions of the  program t o  other  reac tor  
c lasses .  

f i r s t ,  the  long-term 

This last  point i s  of p a r t i c u l a r  impor- 

To a somewhat l e s s e r  extent ,  the program has a l s o  been 
d i rec ted  along shorter-term l i n e s  and has i n  f a c t  been multi-  
purpose as i s  shown by the  discussion below. 

Spert I. This reac tor  has been used p r a r i l y  t o  obtain bas ic  
information, but t o  a large ex ten t  i s  also the  class-prototype f o r  
swixning pool r eac to r s .  
been devoted t o  purely service measurements i n  which the  reac tor  
was used as a pulsed source. 
these same funct ions.  

A por t ion  of the Spert I e f f o r t  has a l s o  

in the  future it i s  expected t o  serve 

Spert  11. The primary in ten t ion  f o r  the  use of Spert  I1 i s  t o  
obtain basic  information; however, it i s  expected that needs w i l l  
develop f o r  t he  use of t h i s  system t o  obtain prototype information 
as wel l  as i t s  use as a pulsed source. 

Spert 111. The emphasis on information t o  be obtained i n  t h i s  
system i s  shared among t h e  bas i c  and p r o t o t n e  groups. 
w i l l  also be used as a dr iv ing  source f o r  sub-assembly t e s t s .  

This reac tor  

Prototype t e s t i n g  can be expected t o  increase i n  r e l a t i v e  i m -  
portance as the  program matures u n t i l  it becomes a s ign i f i can t  part 
of the  e f f o r t  because the  r eac to r  sa fe ty  program can only be kept 
abreas t  of the  rap id ly  developing reac tor  technology through selec-  
t i v e  prototype t e s t i n g .  The demands for short-term tes ts  or ig ina te  
from the  following sources : 

a.  The Atomic Energy C o d s s i o n ' s  need f o r  answers 
t o  very s p e c i f i c  questions ir, the reac tor  s a fe ty  
program. 

b.  The Atomic Energy Commission's need f o r  information 
for the development of po l i c i e s  and rules governing 
regula t ion  of domestic and foreign production, sales, 
o r  use of r eac to r s .  
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c. Requests by fore ign  nations f o r  infornation from 
the Atomic Energy Commission In connection with the  
United S ta t e s  i n t e rna t iona l  a c t i v i t i e s .  

d. Requests from commercial organizations f o r  i n f o r m t i o n  
from the Atomic Energy Commission. 

' The general program i s  w e l l  under way and some of the out- 
standing needs of spec i f i c  reac tor  systems have become s u f f i c i e n t l y  
c l a r i f i e d  and in t ens i f i ed  t h a t  t he  program should now more a c t i v e l y  
encompass a c t i v i t y  d i rec ted  toward these needs. 
ce r t a in  s teps  and add i t iona l  f a c i l i t i e s  a re  proposed i n  Section I11 
as a continuation of t he  present  a c t i v i t y .  It should be emphasized 
t h a t  t h i s  i s  a matter of bringing prototype t e s t i n g  i n t o  balance 
with the  other  d i rec t ions  of t h e  program and not a matter of per- 
mit t ing it t o  dominate or  d ive r t  the  pa r t  of the program devoted 
t o  bas ic  s tudies .  

TO t h i s  end 

B. Reactor Safety Studies 

1. General Considerations 

The means by which the  r e a c t i v i t y  disturbance which i n i t i -  
a t e s  reac tor  runaway might occur warrant spec ia l  consideration. 
Obviously no physical process can ac tua l ly  achieve an instantaneous 
change i n  r eac t iv i ty .  In  some cases the  reactor  response will pro- 
duce r e a c t i v i t y  compensation before the  r e a c t i v i t y  addi t ion has 
been completed and thus,  loosely speaking, the accident will be 
over before a l l  the ava i lab le  r e a c t i v i t y  has been inser ted.  
Whether t h i s  l imi t a t ion  on the e f fec t ive  magnitude of the distur- 
bance w i l l  be of p r a c t i c a l  value i n  preventing serious consequences 
depends on the degree of se l f - regula t ion  of the reac tor  and on the  
r e l a t i v e  t i m e  scale  f o r  introduct ion of the  disturbance as compared 
with the speed of the reac tor  response. For moderate r a t e s  of re- 
a c t i v i t y  in jec t ion  it becomes qui te  d i f f i c u l t  t o  i n j e c t  excess 
r e a c t i v i t i e s  above prompt c r i t i c a l  where there  i s  a r a the r  abrupt 
decrease i n  the reac tor  period, p a r t i c u l a r l y  i n  a reactor  with a 
short  prompt neutron l ifetime. However, extremely rapid Dower 
r i s e s  may outrun shutdown e f f e c t s  and increase the hazards. 

One means of l imi t ing  the i n i t i a t i n g  r e a c t i v i t y  disturbance i s  
t o  l i m i t  the  r a t e  a t  which r e a c t i v i t y  can be introduced i n t o  the  
system t o  as small a value 2s prac t icable .  Aside from problems of 
f u e l  handling during loading and spec ia l  experimental s i t ua t ions ,  
t he  reactor  control  rods a r e  the  most obvious sources of possible  
r e a c t i v i t y  disturbances.  Limitation of rod ~ t h d r a w a l  rates i s  
therefore  c l ea r ly  des i rab le  from a safe ty  standpoint. 
s i b l e  withdrawal r a t e  w i l l  depend i n  p a r t  on the power l e v e l  a t  
which the reactor  i s  operating because reactor  response t i n e  must 
be expressed i n  terms of t he  time required t o  reach the power l e v e l  
a t  which se l f - regula t ion  becomes e f f ec t ive  ra ther  than by reac tor  
period alone. 

The permis- 
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Limitation of t he  withdrawal r a t e s  i s  not a s u f f i c i e n t  guaran- 
t e e  of sa fe ty  because o ther  inherent sources of r e a c t i v i t y  
disturbances e x i s t  such as sudden temperature or pressure changes. 
One consideration which appears t o  be of pa r t i cu la r  importance i s  
that of reac tor  s t a b i l i t y .  I n s t a b i l i t y  has been frequent ly  t r ea t ed  
as a problem i n  p lan t  operation while being regarded as an  unl ikely 
source of la rge  and sudden r e a c t i v i t y  changes. 
view has not been borne out by experiment and the  in t e r - r e l a t ion  
and importance of a l l  these f ac to r s  must be invest igated fu r the r .  

This r e s t r i c t e d  

2. Indices of Safety 

For a la rge  c l a s s  of problems, reac tor  s a fe ty  and reac tor  
s a f e t y  s tud ies  call be conveniently discussed i n  terms of the way 
i n  which the  reac tor  u l t imate ly  responds t o  a step-input of 
r e a c t i v i t y .  
the asymtotic period, f ,  or  i t s  reciprocal ,  d. This can be t r ans -  
l a t e d  t o  the customzry units of A k  i f  su i t ab le  secondary determi- 
nat ions of prompt neutron l i f e t ime  and delayed neutron f r a c t i o n  can 
be made, but  Tis prefer red  because it i s  a d i r e c t l y  observable 
experimental quant i ty .  

The measure of the  r e a c t i v i t y  input i s  taken t o  be 

Three types of behavior can be dis t inguished:  safe, unsafe, 
and disastrous,  corresponding t o  no damage, l imited mechanical 
damage and widespread f i s s i o n  product re lease ,  respec t ive ly .  These 
response-types form zones of behavior as a function of /I with 
hazards increasing as 7' decreases,  as i l l u s t r a t e d  i n  t h e  sketch 
below. 

Safe I w w n  b-1 ,'?e a F p  I Disastrous 
ie layed  c r i t i c a l  A prompt c r i t i c a l  

I n  prac t ice ,  r eac to r  s a fe ty  has been achieved e s s e n t i a l l y  by 
considering the  safe, o r  operating, zone t o  be t h a t  f o r  which the  
excess r e a c t i v i t y  was almost zero. The region of d i s a s t e r  was 
general ly  believed t o  begin i n  the  neighborhood of prompt c r i t i c a l  
and the  region between these was unknown, but assumed unsafe.  
should be emphasized that general ly  the  imperfect s t a t e  of knowledge 
permits ne i ther  t he  determination of the boundary of the  danger 
zones nor the  extent  of t h e  danger i n  the  zones. 

It 

A second behavior c h a r a c t e r i s t i c  that can be used a s  an index 
of sa fe ty  i s  reac tor  s t a b i l i t y .  The mny  fac to r s  which contr ibute  
t o  r eac to r  instabi-lity a r e  mly par t fa l ly  un&rstood a t  present but 
i n  generel  increasing the  operating power l e v e l  w i l l  a l s o  increase 
t h e  tendency toward unstable behavior. Since i n s t a b i l i t y  i s  not 
dependent on large i n i t i a l  r e a c t i v i t y  disturbances the s t a b i l i t y  
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index of sa fe ty  may be regarded as being power dependent. 
s t a b i l i t y  can be classed a s  a p a r t i c u l a r  case of t h e . i n i t i a t i o n  
phase, it i s  dis t inguished from other  sources of r e a c t i v i t y  d i s t u r -  
bances by i t s  spontaneous nature .  

While in-  

3. Types of Measurements 

Four types of experiments have been =de i n  the k ine t i c s  
program: 

1. Step t r a n s i e n t s  
2.  Ramp t r a n s i e n t s  
3. S t a b i l i t y  t e s t s  
4. S t a t i c  measurements 

Ramp and s tep  s tudies  a r e  concerned mainly with accident be- 
havior with the  ramp being the  more l i k e l y  representat ive of 
conditions surrounding an a c t u a l  accident,  but with the  s t ep  being 
simpler t o  in t e rp re t  i n  the present  view and a l s o  more representa- 
t i v e  of extreme accidents .  S t a b i l i t y  i s  an ever-present problem 
which i s  r a the r  spec ia l ly  r e l a t e d  t o  the behavior about an equi l ib-  
rium power under normal operating conditions;  however, i t s  ro l e  as 
an i n i t i a t o r  of major r e a c t i v i t y  disturbances needs inves t iga t ion .  
The s t a t i c  measurements a r e  of major importance f i rs t  as part of 
the  ca l ib ra t ions  f o r  the exper imnts ,  and second because these bas ic  
r eac to r  quant i t ies  a r e  required i n  the  d i r e c t  i n t e rp re t a t ion  
experiments. 

The t h e o r e t i c a l  and experimental work on these problems 
now be surveyed. 

of the 

w i l l  

4. Borax Test Ser ies  

a. Scope of Experiments 

The f i rs t  extensive experimental k ine t i c  s tud ies  were 
the Borax experiments(3) (4). 
Borax I and I1 t r ans i en t  work covered the period region between 100 
msec and 5 msec a t  bo i l ing  temperatures, and between 100 msec and 
13 msec sub-cooled t o  ambient temperature. Burst behavior was ex- 
plored as a function of temperature f o r  a selected number of periods.  
I n  addi t ion,  one sub-cooled des t ruc t ive  t e s t  was run a t  a period of 
2.6 msec. Schematically, t he  regions explored were these : 

Quite b r i e f l y ,  the non-destructive 

Sub-Cooled Boiling 

3 1 b s t m c t i v e  

0 100 13 2.6 msec 0 100 5 msec 

T+ 
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That is, t h i s  was an examination of burst behavior f i r s t  as a 
funct ion of zlpha and second as a function of temperature. 

S t a b i l i t y  t e s t s  were conducted i n  the  safe alzd unsafe zones 
under non-pressurized and pressurized conditions.  

b . General Borax Results 

Even though the  experiments as such did not permit any 
general izat ions of reactor  behavior, there  were the  following very 
important consequences : 

The experiments demonstrated that use fu l  
information could be obtained from tes ts  
of t h i s  type. 

The exis tence of experimental data, where 
heretofore there  had been none, formed a 
f o c a l  point  and stimulus f o r  t h e o r e t i c a l  
work. 

C .  

(3)  Questions concerning the  uncer ta in t ies  
be came more pointed 
that a p a r t i c u l a r  type reac tor  could w i t h -  

became meaningful t o  ask such questions 
as, "Exactly how much r e a c t i v i t y  in j ec t ion  
can any reac tor  stand?" That i s ,  t o  w h a t -  
ever extent  prompt c r i t i c a l  had previously 
represented the t r a n s i t i o n  between harmful 
and d isas t rous  conditions, it did so  no 
longer 

With the  evidence 

- stand s izeable  r e a c t i v i t y  in jec t ions ,  it 

Spec i f ic  Resul ts  f o r  Borax-Type Reactor 

More quant i ta t ive  conclusions a re  possible  f o r  the 
spec i f i c  type of reac tor  represented by Borax: 

For s tep- inputs  of r eac t iv i ty ,  the permissible 
limits on ava i lab le  r e a c t i v i t y  f o r  t h i s  system 
could be s e t  wi th  grea te r  assurance and the  
loca t ion  of t h e  three  zones of operation could 
be b e t t e r  es tab l i shed .  The safe  operating 
zone could be expanded from a narrow area  about 
zero r e a c t i v i t y  t o  the s tar t  of the  uncertain 
region which could be put w e l l  above prompt 
c r i t i c a l ,  with the  beginning of the  d isas t rous  
region somewhere be l a :  4 per  cent .  
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The des t ruc t ive  t e s t  represented 2 considerable 
s tep  forward i n  the  evaluation o f  accident 
consequences. 

The major advances i n  s t a b i l i t y  were made l a rge ly  
with the  pressurized systems which demonstrated 
a high degree of sa fe ty  and ease of control  a t  a 
usably high power for a boi l ing reactor  system. 

Some measure was obtained of the conditions unaer 
which s t a b i l i t y  decreased t o  the point of becoming 
unsafe. 

Implici t  i n  (4)  above was the  f a c t  that s t a b i l i t y  
could be a t  least  p a r t i a l l y  control led i n  design 
and operation. 

d .  Associated Theoret ical  Work 

Although not a pa r t  of the  Borax ac t iv i ty ,  per t inent  
eh v ' o r  were stimulated a t  

These a t tacks  were 
theo re t i ca l  e f f o r t s  t o  explain bur t 
ORNL, NDA and NRL by Borax results ?-)?)6)a(?j .  2 
a l l  concerned pr imari ly  with steam-void growth i n  the moderator and 
d i f fe red  only i n  the  models adopted f o r  describing the mechanism of 
energy t r ans fe r  from f u e l  t o  moderator. 

5 .  SDert Emerimental-Theoretical  Ac t iv i t i e s  

a. Scope of Experiments 

The Spert  p ro jec t ,  which was i n i t i a t e d  a t  l e a s t  p a r t l y  
i n  response t o  the  new questions r a i sed  by the Borax work, had the 
o r i g i n a l  d i rec t ive  t o  continTJe and extend the  Borax t e s t s .  A p a r t  
of t h i s  e f f o r t  was t o  be spec i f i ca l ly  directed toward repeating the  
Borax work and a t  the same tine t o  extend the  work in to  the  region 
between the destruct ive and non-destructive t e s t s .  

In  l i k e  manner t o  the treatment of Borax work, the Spert un- 
pressurized work can be summarized as explorations of various zones 
Of t rans ien t  and s t a b i l i t y  behavior, and s t a t i c  measurements. The 
s t ep  t r a n s i e n t  t e s t s  covered the  regions from 10 sec t o  5 .5  msec 
sub-cooled t o  ambient; from 10 sec t o  5 msec boiling; and from 10 
sec t o  1C msec sub-cooled t o  the  intermediate t e q e r a t u r e  a t  8 5 O C ,  
a s  shown schematically below. 
by the  cross hatching 

The new areas  explored a re  indicated 

Ambient 8j0c Boiling 

I 1 8 b C ; 5 3  
T -  
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In  addi t ion t o  the  study of bu r s t  behavior as a funct ion of alpha 
and of temperature, a s ta r t  was made on the  study of t he  influence 
of water-head. Ramp t r ans i en t  explorations were conducted f o r  a 
range of s t a r t i n g  powers of a f ac to r  of 109, i . e . ,  from lo-' watts 
t o  105 w a t t s ;  and f o r  a range of r e a c t i v i t y  in j ec t ion  r a t e s  from 
O.Ol'$ Ak/sec t o  0.3@ hk l sec .  S t a b i l i t y  s tud ies  were made of the  
conditions f o r  onset of "divergent" power o s c i l l a t i o n s  as functions 
of r e a c t i v i t y  i n  the  system, temperature and water-head. A s  a p a r t  
of the  s t a t i c  measurements s e r i e s  a de t a i l ed  inves t iga t ion  of void 
coef f ic ien ts  w a s  car r ied  out. 

b. Scope of Theoret ical  Work 

A s  part of t he  Spert  program, t h e o r e t i c a l  studies have 
been made deal ing with excursions, s t a b i l i t y  and s t a t i c s .  The ex- 
cursion work followed three  major d i rec t ions  dis t inguished by the  
r e l a t i v e  emphasis given t o  the  types of shutdown mechanisms postu- 
l a t ed ,  t he  d e t a i l s  of energy t r a n s f e r  t o  the  given mechanism, and 
the  method of coupling shutdown e f f e c t s  t o  burs t  behavior. 

The individual  groups of calculat ions are described below with 
the  f i rs t  s i x  items covering t r a n s i e n t s 9  

O m ,  NDA, h i  Boiling Models. 
appl ica t ion  of the  NRL, I D A ,  and ORNL models t o  

One e f f o r t  was the 

Spert  work with a r e l a t i v e l y  minor adjustment i n  
t h e  theory of the r e a c t i v i t y  t o  be compensated. 
place of t he  i n i t i a l l y  inser ted  prompt excess 
r e a c t i v i t y  or t o t a l  excess r eac t iv i ty ,  t h e  k com- 
pensated a t  the  t h e  of peak power was used. This 
was obtained from computer analysis of Spert  data. 
This permitted extension of t he  models t o  include 
t h e  f u l l  range of Spert experimental work. 

In 

Diffusion Calculations of Temperature. Diffusion 
model ca lcu la t ions  of temperature d i s t r ibu t ion ,  
such as those performed by MIL, were used t o  obtain 
t h e  energy t r ans fe r r ed  t o  the  moderator as a 
funct ion of time. Refinements consisted of the use 
of t he  k-compensated information and t h e  experi- 
mentally obtained temperature coef f ic ien t  and p l a t e  
temperature. 

Bubble Formation. Because the  importance of the  
d e t a i l s  of t he  i n i t i a t i o n  and growth of bubbles 

*As a temporary measure a t  the  outse t  of the  program, the  -0- 
Wooldridge Corporation was engaged as a sub-contractor t o  P h i l l i p s  
Petroleum Company t o  car ry  out t heo re f i ca l  inves t iga t ions .  
repor t  i s  being prepared a t  the  present  time. 
major i ty  of t he  work on items 2, 3,  5 and 7 .  

A f i n a l  
It covers the  

I 1 8 b 4 5 4  
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could not e a s i l y  be evaluated, a preliminary survey 
was made of the  problems i n  t h i s  f i e l d  i n  order *to 
determine whether t h i s  l i n e  should be extended. 

(4) General Model with Coupling Betwsen k ( t)  and 
Power Bistory.  The F'uchs model(0) f o r  burst  be- 
&hvior ,  which e x p l i c i t l y  includes the coupling 
between self-induced shutdown e f f e c t s  end power 
behavior, was appl ied t o  the reactor-problem by 
general izat ion of t h e  shutdown coef f ic ien t  and the  
inclusion of i n e r t i a l  e f f e c t s  t o  predict  t r ans i en t  
pressure behavior. The pr inc ipa l  vlrtue of t h i s  
s implif ied approach l i es  i n  the f a c t  t h a t  a n a l y t i c a l  
expressions f o r  t he  importance of the individual  
reac tor  parameters can be readi ly  derived and used 
as guides i n  pred ic t ing  the r e s u l t s  of more de t a i l ed  
mathematical models f o r  which a n a l s i c a l  solut ions 
a re  general ly  not rea l izable .  

( 5 )  Models with Coupling. Another group of calculat ions 
was nade i n  which coupling was a l s o  employed with 
spec i f i c  func t iona l  forms f o r  heat t r a n s f e r  from 
f u e l  t o  moderator. 
and was intended t o  include analog machine study. 

This work was p a r t l y  analytical 

(6) Model with Coupling and Character is t ic  Time 
Constants. The above models on one hand suffered 
from the  neglect of feed-back and delayed neutron 
e f f e c t s ,  and on the  o ther  hand attempted too 
de ta i l ed  a n  ana lys i s  of t he  energy t r ans fe r  process. 
I n  pr inc ip le ,  the  first defec ts  a r e  easy t o  remedy. 
The problems of complexity were sidestepped by 
accounting f o r  t h e  shutdown e f f e c t s  i n  te rns  of a 
formation r a t e  and disappearance r a t e ,  i . e . ,  i n  
terms of c h a r a c t e r i s t i c  tines f o r  energy t r a n s f e r  
and energy escape. Early models a r e  "one-shot" 
models s ince they describe only the primary bu r s t  
of a s tep- t rans ien t .  The inclusion of a r e a c t i v i t y  
escape mechanism i s  the  only means vnereby - any 
model can descr ibe the  secondary power burs t s  which 
follow the  primary burs t .  

Items (1) and ( 2 )  were simply appl icat ions of ex is t ing  boi l ing  
model approaches with a minor modification t o  broaden the region of 
app l i cab i l i t y .  The remaining e f f o r t s  were extensions because of the 
inclusion of coupling and delayed neutrons, and the lack of r e s t r i c -  
t i o n  t o  boi l ing  shutdown. 

(7)  Osci l la t ions.  Studies of the divergent o sc i l l a t ions  
observed i n  Spert  I have resu l ted  i n  l i n e a r  and non- 
l i n e a r  mathematical models which describe the 
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observed behavior qua l i t a t ive ly ,  but a close r e l a -  
t ionship  between the parameters i n  the  models and 
physical  phenomena remains to .be  establ ished.  

(8) Transfer Function. Transfer f'unction work, which 
i s  now i n  i t s  earliest  stages,  has two objectives-- 
the  study of l i n e a r  and non-linear s t a b i l i t y ,  and 
the measurement of reac tor  constants.  

( 9 )  S t a t i c s .  Calculations of the s teady-state  proper- 
t i e s  of Spert  reac tors  have been required f o r  
purposes of reac tor  design and experiment design. 

c.  General S p e d  Results 

The Spert  experiments(9) have produced some i n t e n s i f i -  
ca t ion  and c l a r i f i c a t i o n  of the  general  results obtained by Borax 
i n  that the usefu l  information has assumed a more quant i ta t ive  
aspec t .  Certain o ther  consequences of general  appl ica t ion  t o  a l l  
r eac to r  systems have a l s o  resu l ted .  

(1) The reactivity-compensation required t o  t u r n  a 
burst i s  sens ib ly  less than the in j ec t ed  
r e a c t i r l t y  for an important c l a s s  of t e s t s .  
ratio i s  influenced very strongly by the  shape of 
the  burst. The immediate p r a c t i c a l  importance of 
th i s  r e s u l t  i s  that f o r  many incidents ,  that i s  
those involving r e a c t i v i t y  in j ec t ions  up t o  the  
region of cont ro l  by prompt neutrons alone, t he  
emergency cont ro l  of a reac tor  does not require  a 
fas t -ac t ing ,  strong control .  A fast -act ing,  small 
cont ro l  w i l l  produce the  needed delay i n  the  burst 
t o  permit the slower i n se r t ion  of the strong con- 
t r o l .  
addi t ions not g rea t ly  i n  excess of prompt c r i t i c a l .  
This simplified view does not adequately describe 
reac tors  which can be au toca ta ly t ic  f o r  p a r t  of a 
bu r s t .  

The 

This advantage i s  l imi ted  t o  r e a c t i v i t y  

( 2 )  of equal importance and genera l i ty  of appl ica t ion  
i s  the  r e s u l t  that the  sever i ty  of t he  mm?- 
produced bu r s t  i s  s t rongly dependent on ramp-rate 
and weakly dependent on i n i t i a l  power over a very 
wide range. The results imply f i r s t  that i n  many 
cases the  source s t rength i s  unimportant and in-  
deed that only a very weak source i s  necessary, 
and second that r e a c t i v i t y  in j ec t ion  r a t e  must be 
l imited.  

It i s  possible  f o r  the  small i n i t i a l  r e a c t i v i t y  
disturbances cha rac t e r i s t i c  of s t a b i l i t y  problems 

(3) 

I l 8 b 9 5 b  
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t o  lead t o  the la rge  r e a c t i v i t y  c-hanges assoc ia ted  
with runaway. The very rapid and large s e l f -  
modulation of r e a c t i v i t y  demonstrated by the Spert  
o s c i l l a t i o n s  shows that it i s  not an adequate claim 
t o  r eac to r  s a fe ty  t o  show that r e a c t i v i t y  cannot be 
introduced i n t o  a reac tor  a t  the  r a t e  required t o  
produce an acc ident - - i t  must a l s o  be shown that the  
reac tor  i t s e l f  cannot do t h i s .  S t a b i l i t y  thus be- 
comes an important f a c t o r  i n  runawsy i n i t i a t i o n .  

(4) S t a t i c  measurements of reac tor  proper t ies  a r e  re -  
quired i n  d e t a i l  f o r  i n t e q r e t a t i o n  of theor ies  on 
t r ans i en t  behavior and f o r  sa fe ty  evaluation. The 
fundamental constants  such as the  e f f ec t ive  delayed 
neutron f r a c t i o n  and prompt l i fe t ime 1 a r e  not 
adequately known f o r  these purposes. 

d .  Specif ic  Results f o r  Spert  I-Type Reactor 

The more quan t i t a t ive  results, which a r e  s t r i c t l y  appl i -  
cable of course only t o  t h e  s p e c i f i c  reac tor  type, a r e  the  following: 

(1) The extension of t he  sub-cooled work from the 13  
msec region covered by Borex t o  the 5 . 5  msec region 
covered the  major p a r t  of the unexplored zone 
between 13 and 2.6 msec. 

(3)  

A very s l i g h t  decrease i n  period would r e s u l t  i n  
f u e l  p l a t e  melting. Hence, the d iv is ion  between 
the unsafe and d isas t rous  zones has been located 
with considerably g rea t e r  precis ion.  
the loca t ion  has been narrowed from the period- 
range of 13  t o  > 2.6 msec t o  the period-range 
from 5.5  t o  > 2.6 msec with the pred ic t ion  that it 
begins a t  a per iod of 4 msec. Extrapolation d the  
curves of the  measured quant i t ies  t o  the  2.6 msec 
region becomes correspondingly more accurate.  

For example 

On the bas i s  of such extrapolat ions it seems highly 
unl ikely that the re  were any d lscont inui t ies  i n  the 
Borax curves of the  energy released, the tempera- 
t u r e s  developed, or  the peak powers reached. It 
a l s o  seems l i k e l y  %at there  was a &iscont inui ty  i n  
the pressures  developed because the extreme pressure 
observed i n  the Borax des t ruc t ive  t e s t  would not be 
predicted from Spert  data. 
pressure i s  probably due t o  a simple steam explosion 
caused by melting of the f u e l  p l a t e s  which g rea t ly  
increased the r a t e  of energy t r a n s f e r .  

This d i s c o n t i w i t y  i n  
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(4) An increase of weter-head o r  water-temperature 
lowered the  reactivity-compensation l e v e l  a t  which 
o s c i l l a t i o n s  diverged; t h a t  i s ,  decreased s t a b i l i t y .  

m e  need f o r  de t a i l ed  consideration of l o c a l  void 
e f f e c t s  was demonstrated by a s e r i e s  of s t a t i c  
measurements performed e x p l i c i t l y  as an a i d  t o  the 
A E C  i n  evaluat ing the  treatment of t h i s  subject  i n  
hazards reviews. 
treetment was inadequate. Void worth calculat ions 
must be ca r r i ed  out i n  d e t a i l  as a funct ion of void 
s i z e  and locat ion.  

( 5 )  

it was shown that a s u p e r f i c i a l  

( 6 )  Several consequences a r e  of a more de t a i l ed  nature.  
The extension of the  sub-cooled t e s t s  t o  the long- 
pericd region revealed that boi l ing  could not be 
the  shutdown mechanism f o r  periods g rea t e r  than 
about 50 msec. The bo i l ing  models are thus  in-  
appropriate over a large region of i n t e r e s t  and 
other  e f f e c t s  must be incorporated i n t o  the  theory.  

It was also observed tha t  the  energy released and 
the  r e a c t i v i t y  compensated had the  same general  
dependence on reac tor  period and t h a t  both passed 
through a minimum i n  the  region of prompt c r i t i c a l .  
This i s  probably a general  r e s u l t  a r i s i n g  from the  
neutron k i n e t i c  behavior, although ce r t a in  char- 
a c t e r i s t i c s  of the  shutdown process could contr ibute  
t o  t h i s  e f f e c t .  The r e a c t i v i t y  compensation r e -  
quired t o  halt the burs t  w a s  found t o  be an order 
of magnitude smaller than had previously been 
assumd on the  basis of the i n i t i a l  r e a c t i v i t y  in-  
j ec t ion .  A de t a i l ed  examination of mechanism pre- 
viously considered ins igni f icant  thus becomes 
necessary. I n  mking  such calculat ions accurate 
measurements of k ine t i c  parameters become basic  t o  
the  in t e rp re t a t ion  of long-period tes ts .  
example, the  value of t he  e f f ec t ive  delayed neutron 
f r a c t i o n  probably l i es  between 0.7@ and 0.m but 
t h i s  spread represents  an uncertainty of about a 
f a c t o r  of two i n  the  calculated values of required 
r e a c t i v i t y  compensation. 
uncertainty rnakes se lec t ion  of t he  responsible 
mechanisms impossible. 
required t o  determine the importance of individual  
me chani sms . 

For 

The magnitude of t h i s  

Special  experiments w i l l  be 

I 1 8 b 4 5 8  
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111. C O N T I ~ A T I O N  OF THE S E R T  PROGRAM 

A .  General 

The program w i l l  continue t o  extend the experimental-theoretical  
a c t i v i t i e s  a s  f O l l O w S  : 

1. &sic  Studies 

The long-range bas ic  inves t iga t ions  of the importance of 
various parameters i n  reac tor  k ine t i c s  behavior w i l l  be continued 
both experimentally and t h e o r e t i c a l l y .  
systematic study of the e f f e c t s  and importance of nuclear, engineer- 
ing, and environmental var iab les  whose importance has been general ly  
acknowledged but not previously invest igated,  i n  order t h a t  they may 
be properly incorporated i n  the  t h e o r e t i c a l  models of reactor  
k ine t i c s .  
l a t i o n  and pa r t i cu la r ly  i n  the evaluat ion of reactor  k ine t i c  theor ies .  
The extensive se r i e s  of t e s t s  which has been performed on the  
Spert  I "A" core cons t i tu tes  a de t a i l ed  s e t  of reference measurenents 
on a system having a p a r t i c u l a r  combination of c-haracterist ics.  From 
t h i s  base point the  e f f e c t  on k i n e t i c  behavior produced by varying 
individual  parameters w i l l  be s tudied i n  d e t a i l .  
years of experimental work w i l l  reach i t s  maximum u t i l i t y  as the pro- 
gram of parameter var ia t ions  matures. 
s e l ec t ion  of r e a l i s t i c  t h e o r e t i c a l  models w i l l  be placed on a much 
firmer foundation as t h i s  phase of the program develops. 

This program consis ts  of a 

This experimental information i s  e s s e n t i a l  i n  the  formu- 

'Thus the past  two 

Similarly,  the t e s t i n g  and 

Spec i f ica l ly ,  the program includes var ia t ions  of void and tem- 
perature  coef f ic ien t ,  prompt neutron l i fe t ime,  thermal charac te r i s -  
t i c s  of fuel pla tes ,  f u e l  p l a t e  geometry, moderator hydrodynamics, 
pressure,  temperature and coolant flow. The invest igat ions w i l l  be 
ca r r i ed  out along the es tab l i shed  l i n e s  of s t a t i c ,  s tep,  ramp and 
s t a b i l i t y  s tudies  together with o ther  techniques t o  be developed and 
incorporated wherever these appear t o  be useful  zdjuncts t o  sa fe ty  
s tud ies  . 

One such technique which has been under consideration but not 
previously employed a t  Spert  i s  that of 2 i l e  o s c i l l a t o r  measurements. 
This technique i s  being a c t i v e l y  pursued f o r  immediate appl ica t ion  
t o  the Spert  I reactor .  Ultimately t r a n s f e r  function invest igat ions 
of e s s e n t i a l l y  l i nea r  o s c i l l a t i o n s  w i l l  be car r ied  out on a l l  systems 
as a p a r t  of the study of reac tor  s t a b i l i t y  as an operating problem. 
The purposes are t o  check the  predict ions of Betheliu) i n  regard 
t o  the s u i t a b i l i t y  of t r a n s f e r  f m c t i o n  teckniques i n  determining 
reac tor  sa fe ty ,  t o  develop the  technique f o r  t e s t i n g  and analysis ,  
and f i n a l l y  t o  be a preliminary f o r  the study of non-linear Oscil- 
lat ions---  accident problem. The conditions f o r  l i nea r  s t a b i l i t y  
do not necessar i ly  determine non-linear s t a b i l i t y  and the r e l a t i o n  
between these must be establ ished.  The inaependent determination of 



such important s t a t i c  parameters as prompt neutron l i fe t ime and 
e f f ec t ive  delayed neutron f r a c t i o n  by t h i s  means i s  also an a t t r a c -  
t i v e  p o s s i b i l i t y .  

2 .  Class Prototype Tests 

Although the  Spert  I reac tor  i s  i n  many ways t y p i c a l  of t he  
swilxnning pool  c l a s s  of reac tors  it i s  inadequate as a c l a s s  prototype 
i n  the  important inves t iga t ion  of reac tor  s t a b i l i t y .  In the  Spert  I 
s tudies  it was found that both water head and the  s i ze  of t h e  water 
reservoi r  had an important bearing on s t a b i l i t y  and ne i the r  of these 
f a c t o r s  could be adjusted t o  be properly representat ive of the  swim- 
ming pool c l a s s  i n  the  present  f a c i l i t y .  
condition represented by the  deep pool i s  not equivalent t o  the ap- 
p l i c a t i o n  of s t a t i c  pressure because pressure generated by moderator 
expulsion depends on the  magnitude of t he  i n e r t i a l  load and i t s  
acce lera t ion  and i s ,  therefore ,  time-dependent; whereas an ex- 
t e r n a l l y  imposed s t a t i c  pressure remains constant during moderator 
expulsion. The urgent need f o r  s a fe ty  information on t h i s  rap id ly  
growing c l a s s  of research r eac to r s  makes it advisable t o  conduct a 
complete c l a s s  prototype t e s t  i n  t he  immediate fu ture .  It appears 
e n t i r e l y  f eas ib l e  t o  construct a f a c i l i t y  which w i l l  f u l f i l l  t h i s  
need and which w i l l  possess adequate f l e x i b i l i t y  f o r  other  c lass-  
prototype o r  small reactor-prototype t e s t i n g  as the  need a r i s e s .  

It should be noted that  the  

3. Destructive Tests  

Planned des t ruc t ive  t e s t s  were not considered as a part Of 
t he  e a r l y  s tages  of the  program because of t h e i r  interference with 
the  more bas ic  s tud ies .  Although such t e s t s  a r e  p r inc ipa l ly  con- 
cerned with the  consequence phase of an accident and hence f a l l  
outs ide the response phase which i s  the  f i e l d  of k ine t i c s ,  many 
aspects  of des t ruc t ive  behavior are so  int imately r e l a t e d  t o  the 
r eac to r  behavior tha t  representa t ive  data can only be obtained i n  a 
r eac to r  experiment. 
an accident and the  p o s s i b i l i t y  that such t e s t s  will become necessary 
cannot be exclucied from the  program. 

A t  present  the  data a r e  meager on t h i s  phase of 

4. Services 

Services f o r  special t e s t s  such as neutron bu r s t s  f o r  de- 
t e c t o r  evaluation, fuse t e s t i n g ,  control  system t e s t i n g  and melt- 
down s tudies  w i l l  be provided. 

5 .  New Reactor Types 

Examination of o ther  r eac to r  t n e s  f o r  possible  inclusion i n  
t h e  Spert program w i l l  continue. New k i n e t i c  reactor  s tud ies  should 
t o  some extent  follow r a t h e r  than lead'demonstration of t he  probable 
usefulness of new reac tor  types. 

I 1 8 b 9 b O  I .  
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The program s e t  f o r t h  represents  a continuation and broadening 
It of the  program as conceived a t  the outse t  of the Sgert p ro jec t .  

i s  based upon the  pas t  developments w i t h i r -  the  program, and d i s -  
cussions w i t h  and informal recommendations from persons ac t ive  i n  
the reac tor  f i e l d .  
out interference from other  a c t i v i t i e s .  
destruct ive t e s t s ,  service funct ions and invest igat ions of new 
reac tor  types a r e  t o  be kept i n  balance w i t h  the  current needs of 
reac tor  technology. 
the  e a r l i e r  proposal can be seen by comparing it w i t h  Figure 1 and 
the  following paragraphs, w h i  h 

The program of basic  s tudies  ' is t o  continue w i t h -  
Protorype measurements, 

The manner i n  which the present program extends 

re condensed from the  proposal sub- 
mitted t o  ID0 i n  October 1955 7117. 

Measurements were proposed on the  e f f e c t s  of var ia t ion  o f :  

fue l -p la te  spacing 
prompt neutron l i f e t ime  
thermal c h a r a c t e r i s t i c s  of fuel  p l a t e s  
i n e r t i a l  load 
ramp- rat  e 
pres  sure s 
t e q e r a t u r e  s 
flow 
i n i t i a l  power 
flux- o r  space-dependent fac tors  such as 

void coe f f i c i en t s  

This involved s i x  core types : 

A - aluminum p l a t e  
B - aluminum p l a t e  adjustable  spacing 
C - s t a i n l e s s  s t e e l  
D - zirconium 
E - aluminum l o w  concentration 
F - mixed combinations of A and E 

i n  the reactor  systems Spert  I, ii, 111. Provision was made 
f o r  special  tes ts  such as the " los s  of flow" s e r i e s .  
as outlined has been followed except f o r  the  addi t ion of a 
l imited amount of service t e s t s  a t  the request of  the AEC. 

The plan 

"he f a c i l i t i e s  considered necessary t o  ca,-ry the program f o r -  
ward a r e  out l ined i n  the  following sect ion.  

B. F a c i l i t i e s  

Each of the three reac tor  f a c i l i t i e s  present ly  included i n  the  
program was designed t o  provide cont ro l  over ce r t a in  environmental 
conditions believed t o  be important i n  reactor  behavior. 
var iables  were based p r inc ipa l ly  on the needs f o r  the basic  s tud ies  

These 
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and t o  a l e s s e r  extent  (pr imari ly  i n  Spert  111) on the  need f o r  c l a s s  
prototype information. 
nuclear cha rac t e r i s t i c s ,  hydrcdynamical and thermal cha rac t e r i s t i c s  
i s  provided f o r  by se l ec t ion  of spec i f i c  cores t o  be used i n  these 
reac tor  f a c i l i t i e s .  I n  addi t ion  t o  these three p lan t  i n s t a l l a t i o n s  
it i s  proposed t o  add a four th  f a c i l i t y  t o  provide the  high water 
head and large reservoi r  necessary t o  car ry  out adequate prototype 
t e s t s  of swimming pool reac tors .  The importance of these f a c t o r s  
has been demonstrated but not adequately explored i n  Spert  I. 

The inves t iga t ion  of environmental parameters, 

The new f a c i l i t y  w i l l  provide a f l ex ib l e  s i t e  fo r  prototype 
t e s t s  of small r eac to r s  t o  meet the needs f o r  such eqe r imen t s  with- 
out  interference w i t h  t h e  bas ic  program and could a l s o  be used f o r  
b a s i c  or c l a s s  prototype t e s t s  i f  occasion so demnded. 

For completeness the cha rac t e r i s t i c s  of these four  i n s t a l l a -  
t i o n s  a r e  summarized below: 

Spert  I i s  a minimum f a c i l i t y  providing f o r  a l imited adjustment 
of water temperature and hydrostat ic  head but without provision f o r  
cooling o r  flow control .  Control of water qua l i ty  i s  limited by in-  
f i l t r a t i o n  of airborne debr i s  and contamination by rus t ing  of the  
carbon s t e e l  vesse l .  The reac to r  construction i s  simple andread_i ly  
modified. Tne core i s  e a s i l y  accessible  for s t a t i c  measurements, 
core modifications and instrument i n s t a l l a t i o n ,  within the  l i m i t s  of 
individual  core i n t e r i o r  dimensions. 

Spert  I1 i s  an intermediate pressure f a c i l i t y  providing con- 
s iderable  f l e x i b i l i t y  i n  pressure,  temperature and flow. 
i s  designed pr imari ly  t o  permit se lec t ion  of various moderator and 
ref l e c t o r  materials, p r inc ipa l ly  l i gh t  and heavy water. 
qua l i t y  cont ro l  i s  good, concomitant with the  requirements f o r  main- 
t a in ing  heavy water pu r i ty .  
provided f o r .  The f a c i l i t y  i s  r e l a t i v e l y  complex and much less 
f l e x i b l e  than Spert  I i n  regard t o  design modifications, s t a t i c  
measurements and instrument i n s t a l l a t i o n .  

Tne system 

Water 

Both up and down control led flow i s  

Spert  111 provides f o r  a wide range of temperature, pressure 
and flow plus  heat  removal capaci ty  f o r  power operation. 
t he  complexities introduced by high-pressure and high-temperature 
operation, it i s  by far the least  f l e x i b l e  with regard t o  e i t h e r  
p l an t  modifications or  experimental work. 
provide class-prototype data f o r  pressurized water reac tors .  
of t he  d i f f i c u l t i e s  i n  even simple opening and closing of t he  pres- 
sure  vesse l  the experimental progress w i l l  be necessar i ly  slow. 
t h i s  reason experiments on a p a r t i c u l a r  core f o r  t h i s  reac tor  w i l l  be 
car r ied  out wherever f eas ib l e  i n  the  Spert  I1 f a c i l i t y  over the range 
of environmental conditions ava i lab le  there in .  
qua l i ty  w i l l  be good. 
vided f o r  but flow i s  r e s t r i c t e d  t o  the  up d i rec t ion  f o r  p r a c t i c a l  
reasons. 

Because of 

Emever, the  p lan t  w i l l  
Because 

For 

Control of water 
WEter flow control  over a wide range i s  pro- 
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Spert IV would provide s h e l t e r  and f a c i l i t i e s  f o r  construction 
Although no de ta i l ed  pro- and t e s t i n g  of small r eac to r  prototypes.  

posal  has been prepared, it i s  conceived t h t  the f a c i l i t y  would 
consis t  of a large p i t  su i t ab ly  housed and provided with cof fer  dams 
t o  permit d iv is ion  i n t o  e i t h e r  water f i l l e d  and/or d r y  sect ions.  
t rave l ing  bridge would be provided f o r  supporting swimming pool core 
and cont ro l  devices. 
draining the  pool  and using the p i t  as  a su i tab le  sh i e ld  f o r  p r o -  
t ec t ion  i n  the event of des t ruc t ive  t e s t s .  

.4 

Other small reac tors  would be accommodated by 

Cores and Tests .  To car ry  out the  invest igat ion of various 
core cha rac t e r i s t i c s  s eve ra l  cores of varying design a r e  needed. 
Again f o r  completeness, cha rac t e r i s t i c s  a re  l i s t e d  f o r  a l l  cores 
including past  t e s t  cores, p resent ly  committed cores and suggested 
future  core types.  

A Core: 
aluminum f u e l  p l a t e s .  
measurements f o r  f u l l  range of environmental conditions i n  
Spert  I, I1 and the f u l l  range of the  environmental f a c t o r  of 
pressure i n  Spert  111. 

This i s  a reinforced M I 3  t n e  with enriched uranium- 
It provides the  reference s e t  of 

B Core: 
removable p l a t e s  so that seve ra l  core confi iprat ions can be pro- 
duced giving e s s e n t i a l l y  d i f f e r e n t  parameters. 

The B core i s  an enriched uranium-aluminum core having 

I n  Spert I, I1 t h i s  provides f o r  t he  *Jariations i n  void 
coef f ic ien t  and hydrodynamical cha rac t e r i s t i c s  t o  t he  extent  
determined simply by p l a t e  spacing over the  f u l l  range of 
environmental conditions ava i lab le  i n  the  two systems, f o r  
l i g h t  water conditions.  
i s  intended as p a r t  of t he  heavy-water invest igat ions i n  
Spert  11. 
study the e f f e c t  of prompt neutron l i fe t ime.  

Possible use of t h i s  core In  Spert  I1 

The heavy-water, l ight-water s e r i e s  i s  intended t o  

C Core: 
core capable of withstanding the  complete range of environmental 
conditions ava i lab le  i n  Spert  III. 

This i s  an enriched uranium-stainless s t e e l  p l a t e  type 

D Core: 
C core except that zirconium will be used and the e f f ec t  of  the  
changed heat conduction proper t ies  of the cladding w i l l  be ob- 
s e rved . 

The D core i s  similar i n  puqose  t o  the s t a i n l e s s  s t e e l  

The A, B, C ,  D s e r i e s  provides three  var ia t ions  of p b t e  
cha rac t e r i s t i c s  and a l s o  a means f o r  separating t h e i r  e f f e c t  
from other parameter changes so  that a f a i r l y  d i r e c t  comparison 
of the e f fec t  of the  heat t r ans fe r  charac te r i s t ics  can be ob- 
ta ined.  
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E Core: 
nation with A, B, w i l l  permit a comparison of the  behavior of 
more t y p i c a l  D20 systems w i t h  t y p i c a l  l ight-water  systems. 

Low Enrichment Core:: 
enrichments, an e n r i c h n t  c k n g e  can be replaced i n  most con- 
s idera t ions  by a simple change i n  f u e l  concentration. 
f u l l  range of enrichments t h i s  i s  not possible because SO many 
f ac to r s  are thereby a f f ec t ed .  For example, t he  form i n  which 
f u e l  i s  used i s  i n  i t s  gross cha rac t e r i s t i c s  determined by the  
enrichment f a c t o r .  
t a i l s  of moderator shutdown e f f ec t s ,  and spec i f i ca l ly  nuclear 
shutdown due t o  the Doppler e f f ec t .  
a l s o  required f o r  two reasons: f i r s t l y ,  because of t he  tech- 
nology, and secondly, as a p a r t  of the  study of t he  physics of 
reactor  k i n e t i c  behavior. 

F Core: This combination of A and E cores will permit study 
of space dependent e f f e c t s  within the core. 
approach can be f r u i t f u l l y  pursued only a f t e r  a basic under- 
standing of the behavior of unmixed systems has been achieved. 
I t s  inclusion therefore  i s  contingent on the developments i n  
the bas ic  program. 

APPR Core: The APPR core i s  a s t e i n l e s s  s t e e l  c lad enriched 
uranium core which w i l l  be used i n  t h e  Spert  I reac tor  f o r  
e a r l y  evaluat ion of t he  thermal proper t ies  of s t a i n l e s s  
assemblies under the  l imi ted  range of conditions ava i lab le .  

BSR Core: A s  a possible  a l t e rna t ive  t o  the  aluminum core f o r  
swimming pool reac tors ,  ORNL i s  considering a s t a i n l e s s  s t e e l  
core which has operating sa fe ty  advantages i n  the  higher m e l t -  
ing point rnaterial  and i n  the  fas t -ac t ing  cont ro l  system which 
can be used with t h e  smll core. 

The t e s t s  w i t h  t h i s  l o w  concentration core, i n  combi- 

A t  t he  high end of the  ava i lab le  range of 

Over t h e  

Similar ly  so  a re  the  reac tor  volume, de- 

Hence, these cores are 

However, th is  

Under severe accident conditions when the  p o s s i b i l i t y  of 
complete f a i l u r e  of the cont ro l  system must be taken i n t o  
account, the  advantage of high melting point may be o f f s e t  by 
the  shorter  prompt neutron lifetime. 
ments a re  ava i lab le  on the  void coeff ic ients  but the  s i ze  of 
the core suggests that t h i s  may be small. Hence, i n  order t o  
compare the two cores, s t a t i c  and dynamic measurements are r e -  
quired; 
second t o  determine whether the  gains o f f se t  the dlsadvantages 
The k ine t i c  measurements should include tes ts  of the  a b i l i t y  
of the  f a s t - ac t ing  cont ro l  system t o  cut off short-period 
burs t s  and thereby check the  predict ions concerning the  need 
f o r  small r e a c t i v i t y  compensation. 

In addition, no measure- 

t he  f i r s t  t o  determine void coef f ic ien ts ,  and the  
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Tests on t h i s  core provide information f o r  the  bas ic  
program, pool-reactors and improvement of contra1 systems. 
The l a t t e r  point  i s  an extension of the f i e l d  of enaeavor t o  
include problem areas i n  the  i n i t i a t i o n  phase. 

Plutonium: A plutonium meled core will provide a s ign i f i can t  
change i n  the  delayed neutron f r a c t i o n  and therefore  w i l l  per- 
m i t  some separation of behavior depending p r inc ipa l ly  on the  
neutron k ine t ics  from e f f e c t s  produced by shutdown mechanisms. 
The probable fu ture  importance of plutonium i n  a nuclear power 
economy makes information on cores of t h i s  type desirable .  

Borax IV Type: This i s  needed t o  extend the  Borax IV measure- 
ments as far a s  possible  from the points  of view of operating 
s u i t a b i l i t y  of t h i s  type of core and understanding of shutdown 
mechanisms. 
f o r  conduction from the fuel  region t o  the metal water i n t e r -  
face w h i c h  suggests p o s s i b i l i t i e s  f o r  separating prompt shut- 
down e f f e c t s  from the  delayed thermal e f f ec t s .  
explored by applying a p l a s t i c  coating t o  the Type A assemblies 
i n  order t o  delay heat  conduction from the f u e l  t o  the  moderator. 
The recent Borax I V  r e s u l t s  have considerably reinforced the 
p o s s i b i l i t y  suggested e a r l i e r  by Spert work that prompt e f f e c t s  
a r e  causing shutdown r a t h e r  than the  r e l a t i v e l y  delayed heat- 
t r ans fe r  tbrough the f u e l  plates. 
it would be enormously important t o  reactor  design t rends 
because it i s  conceivable that th i ck  fuel p l a t e s  a r e  sa fe r  than 
t h i n  ones. 

The Borax IV core has a lor4 thermal t i m e  constant 

This w i l l  be 

If t h i s  were t o  prove t rue ,  

Program Schematic. The way i n  which the  cores w i l l  be used i n  the  
various reac tor  f a c i l i t i e s  i s  presented schematically i n  Figure 2. 
The approximate scheduling of these tes ts  i s  indicated by the  
v e r t i c a l  time scale ,  contingent on s t a r t i n g  dates  f o r  each f a c i l i t y .  
Those p a r t s  of the program t o  which the groject  i s  p e s e n t l y  commit- 
t ed  are enclosed i n  s o l i d  l i n e s .  Dashed l i n e s  a re  used f o r  proposed 
extensions of the program and double dashed l i nes  indicate  the  more 
t en ta t ive  portions of a fu tu re  program. The elapsed time assigned 
t o  each port ion of t he  program cannot be determined with ce r t a in ty .  
The discovery of unexpected phenomena i n  these reactors  Will very 
l i k e l y  add considerably t o  the  experimental program as has indeed 
been the case with the  Spert  I A core t e s t s .  
spec ia l  requests, such as those by duPont, will cause displacements 
i n  the indicated program. Therefore, the  scheduling and sequence 
become l e s s  f irn as the program progresses chronologically. 

Accommodation of 

Test Outline: An out l ine  of the t e s t  sequences t o  be followed on 
the various cores i s  presented i n  Figure 3 f o r  those parts of t he  
program that have been given d e t a i l e d  consideration. 
t a t i v e  portions of t h e  program would follow similar sequences w i t h  
appropriate modifications. Again these sequences a re  subject  t o  

The more ten-  
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changes or addi t ions which may become desirable  In l i g h t  of experi- 
mental r e s u l t s .  
car r ied  out r a t h e r  than the  de t a i l ed  experimental procedures which 
a r e  selected on a current  basis as the  program progresses. 

The out l ine  l i s t s  only the  types of t e s t s  t o  be 

Class i f ica t ion  of Experiments: The r e l a t i o n  of the  experimental 
work t o  the  needs of the  s a f e t y  program, that  is ,  bas ic  studies, 
c l a s s  prototype t e s t s ,  reac tor  prototype tes ts  and services ,  i s  
shown i n  Figure 4.  
of p lan t  equipment appears t o  be more or l e s s  uniform over the  
various portions of t he  program the  d iv is ion  of e f f o r t  i s  s t i l l  
l a rge ly  concentrated on the  bas i c  invest igat ion.  

It w i l l  be noted that although the  d i s t r i b u t i o n  

Summary of Proposed F a c i l i t y  Additions: 
f a c i l i t i e s  and cores necessary t o  carry out the proposed extensions 

For convenience the 

which cons t i tu te  addi t ions t o  present  commitments are l i s t e d  below: 

Spert  FJ  f a c i l i t y  
Zirconium core 
Low enrichment core 
APPR core 
BSP-type core 
Plutonium core 
Borax type core 

These addi t ions should be provided a t  in t e rva l s  which are consis tent  
w i t h  the  approximate t i m e  schedule indicated i n  Figure 2, although 
not necessar i ly  in t he  indicated sequence. 
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