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I. LNTRODUCTION AND SUMMARY 

Recent developments i n  the Spert Program appear t o  varrant changes 
i n  the program direct ion superseding some of the plans suggested in 
100-16415. 
future a c t i v i t i e s ,  a review of the h is tory  and accomplishments of the 
program in  i t s  relat ion t o  the Atomic Energy Commission's Reactor Safety 
Program i s  desirable.  
comments of e a r l i e r  reviews and proposals w i l l  be b r i e f ly  repeated. 

I n  order t o  provide a sound basis  for  the consideration of 

For completeness of th is  report some of the 

The Reactor Safety Program i s  centered on those problems associated 
with the operation of nuclear reactors  which involve the poss ib i l i t y  of 
extreme hazards. 
investigation: 
Containment. 
and i ts  behavior are e s sen t i a l  factors .  
which the investigations in  the several  areas may be unified and it i s  
the main instrument f o r  studies i n  the area of Reactor Dynamics. The 
problems usually considered in the la t ter  area are  Runaway, Plant 
S t ab i l i t y ,  and Afterheat. A t  the  present stage of development of the 
program and the understanding of safety problems, Runaway i s  considered 
the major problem and w i l l  receive the most a t tent ion i n  t h i s  report .  

Related t o  these problems are  three broad areas of 

The Spert Program i s  aimed at studies in  which the reactor 
Thus, it provides the means by 

Reactor Dynamics, Chemical Reactions, and Reactor 

The e a r l i e s t  large-scale experimental work on t h i s  subject was the 
Borax se r i e s  of t e s t s ,  whose pr inc ipa l  objectives were re la ted  t o  the 
f e a s i b i l i t y  of operating boi l ing reactors  but which included the study 
of the self- l imit ing properties of such systems when subjected t o  sudden 
and large additions of react ivi ty .  
t i a l l y  completed the portion of th i s  program dealing with violent  kinet ic  
studies.  
information could be obtained by such methods and the Commission deter-  
mined t h a t  t h i s  kind of investigation should not end with the completion 
of t h i s  t e s t .  
Ph i l l i p s  Petroleum Company undertook t o  continue work of t h i s  so r t  with a 
broadened outlook. 
the general study of reactor safety.  

The destructive t e s t  i n  1954 essen- 

However, the t e s t s  had c lear ly  revealed t h a t  valuable safety 

Accordingly, at the request of the Atomic Energy Commission, 

The emphasis i n  the new program was t o  be placed on 

This work has since gone forward along the l i nes  l a i d  out i n  the 
or ig ina l  P h i l l i p s '  proposal and developed in subsequent program reviews. 
Section I1 discuses, i n  some d e t a i l ,  the  h is tory  of the Spert program i n  
terms of the broad objectives and accomplishments. 
i n i t i a t e d  under these plans is s t i l l  in the e a r l i e s t  stages and should 
continue without s ignif icant  a l te ra t ion .  However, a s h i f t  i n  emphasis 
for  future work in some portions of the program appears desirable because 
by the end of 1958 some of the ini t ia l  objectives had been achieved. 
par t icu lar ,  the specif ic  task of determining the maximum step and ramp . 
additions of reac t iv i ty  t h a t  can safely be introduced into a few selected 
types of reactor  cores has been completed. The analyt ical  work carr ied 
out i n  connection with these experiments contributes a great  deal  t o  the 
most important in i t ia l  objective,  which was t o  obtain a thorough under- 
standing of reactors under t rans ien t  conditions. As a consequence, many 
general properties of excursions which apply t o  a l l  reactors are  now 

Much of the work 
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believed t o  be w e l l  understood and the need t o  explore general burst  
behavior i s  correspondingly lessened for the range of pcriods studied 
thus f a r .  
program i n  progress which are deserving of greater  empnasis, m d  t o  those 
phases of the work which, heretofore, have not been pursued. 

More at tent ion can now be devoted t o  cer ta in  aspects of the 

Excursion studies will continue f o r  the purpose of determining the 
dynamic reac t iv i ty  coefficients,  identifying specif ic  shutdown mechanisms, 
es tabl ishing empirical safe l imitat ions on steps and ramps fo r  various 
core types and operational conditions, assessing the hportance of 
specif ic  fac tors  in self-shutdown, and determining the par t icular  form 
of the shutdown equations appropriate t o  various core-types. 

The proposed program fo r  the various reactors is  as follows: 

Spert I1 w i l l  follow the present plan of examining the influence of 

Provision 
the prompt neutron l ifetime and, secondarily, of studying the influence 
of the special  factors  connected with the  use of heavy water. 
has also been made for  the study of the importance of direction of 
coolant flow through the core. Spert I11 w i l l  likewise proceed as 
planned t o  assess the importance of pressure and temperature, as well as 
other special  factors  t o  be encountered in power plant operation of 
boi l ing and pressurized water reactors.  The planned i n i t i a l  use of 
Spert IV f o r  investigation of self-induced osc i l la t ions  w i l l  go forward. 
The major noticeable difference in the program on these reactors f o r  the 
next two years, as a resu l t  of the change i n  emphasis, w i l l  be i n  the 
decrease of the number of t rans ien ts  required t o  obtain general k ine t ic  
behavior pat terns  and in the growth of detai led studies,  including p i l e  
o s c i l l a t o r  work and s t a t i c  measurements. It i s  of great importance t o  
the overa l l  objective of the work t h a t  the increased at tent ion t o  specif ic  
shutdown mechanisms can be accompanied by de f in i t e  e f f o r t s  t o  improve 
shutdown character is t ics  by capi ta l iz ing on mechanisms which  are not 
presently important. 

For Spert I the proposed changes in the program are more extensive. 
Some of the specif ic  factors  t o  be examined f o r  the general program, 
such as the e f f ec t  of the delayed neutron fract ion,  have l e s s  urgency 
and can now be regarded as  demonstrations of the s t a t e  of our under- 
standing rather  than as explorations of new t e r r i t o r y .  Some factors ,  
such as the dynamic coefficients,  have become re la t ive ly  more  important 
and a survey of these should be initiated a t  an ear ly  date. An appro- 
p r i a t e  proportion of e f f o r t  on s t a t i c  experiments will be required. 

As previously mentioned, the program has contributed s ignif icant ly  
t o  obtaining a thorough understanding of t rans ien t  behavior over the 
range of conditions tha t  have been'studied, that i s  f o r  excursions with 
periods longer than 5 msec. These tests were essent ia l ly  non-destructive. 
Extrapolation of some of the general features  of the results t o  excursions 
w i t h  shorter periods is  possible but severely l imited because addi t ional  
phenomena of importance in  self-shutdown are  l i ke ly  t o  
It is t o  be expected tha t  the magnitude of the dynamic 
w i l l  decrease i n  t h i s  region, possibly qui te  sharply. 
may become high enough t o  make metal-water reactions a 

become evident. 
shutdown coeff ic ient  
Me t a l  temperature s 
serious concern 
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and shock vaves may be generated. 
region of periods greater tnan  5 rnsec, there are ;.i,-tuaily no experi- 
mental data i n  the potent ia l ly  des tmct ive  p e r b d  region below 5 msec. 

I n  contrast  75th the heavily-explored 

It i s  i n  t h i s  region where a l l  the ranif icat ions of the overal l  
reactor safety problems become important: Eieactor Dynamics, Chemical 
Reactions and Containment. It i s  even more i n p o r t a n t  t o  fu l ly  under- 
stand reactor t ransient  behavior under these cofiditiocs than under 
non-destructive conditions. Des tnc t ive  t e s t s  &.re always been viewed 
as appropriate t o  the overal l  objectives of the program but had been 
deferred because of the program dislocations tha t  would have resulted 
from conducting such experiments with the onljr available f a c i l i t y .  The 
completion of the exploratory phase of the Spert I program and the con- 
s t ruct ion of other Spert reactors have al leviated t h i s  problem. 
as a r e su l t  of the Spert I experiments, the required planning can now 
be based on a firmer background of experience and understanding than 
i n i t i a l l y  existed. The ear ly  objective of  determining the conditions 
dividing destructive t e s t s  from non-destructive t e s t s  has been accom- 
plished f o r  some cores and permits a degree of extrapolation t o  others. 
The next s t ep  t o  be taken should be directed toward answering the many 
questions re la ted  t o  destructive incidents. Accordingly, it i s  recom- 
mended t h a t  experiments i n  the destructive region be programmed fo r  
the Spert  I reactor.  
understanding of reactor behavior t o  the region below 5 msec, and t o  
understand the  t o t a l  reactor safety problem under circumstances repre- 
sentative of serious accidents under conditions which include Chemical 
Reactions and Containment as important features.  

Also, 

The objectives would be twofold: t o  extend the 

The theore t ica l  work w i l l  continue t o  be directed toward the under- 
standing of both specif ic  physical shutdown processes and the general 
k ine t ic  properties of reactors. Suff ic ient  progress has been made in 
the analysis of the influence of various factors  on reactor kinet ics  t o  
permit the formulation of general safety c r i t e r i a  f o r  reactor designs 
t o  be undertaken even though some ana ly t ica l  predictions and the dynamic 
values of the  parameters s t i l l  require experimental confirmation. 

The technical accomplishments and consideration upon which these 
recommendations are based w i l l  be reviewed i n  Section I11 and the 
recommendations will be given in d e t a i l  i n  Section IV. 

i l 8 b 4 8 l  
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11. HISTORY OF THE PROGRAM 

. .  

A s  a result; of the Commission's decision t o  establish a Reactor 
Safety Program, representatives of the Washington s ta f f  of the Commission, 
Idaho Operations Office, Argonne National Laboratory aqd Phi l l ips  
Petroleum Company m e t  a t  Argonne i n  August, 1954, t o  discuss possible 
continuation of excursion studies, w i t h  the  emphasis t o  be on the general 
f i e l d  of reactor safety. 
i n  which some views as t o  the nature of the program were suggested f o r  
consideration. 

"lie Washington s ta f f  presented a memorandum(1) 

The following objectives were s e t  for th  therein: 

"(1) Conduct experhenta l  and theore t ica l  studies as necessary t o  
obtain a thorough understanding of the behavior of reactors under tran- 
s ien t  conditions, with par t icular  regard t o  phenomena which m i g h t  r e su l t  
i n  an explosive release of energy, such as extreme pressure surges due 
t o  excessive ra tes  of energy release, o r  possibly chemical reactions. 
Experiments w i t h  p la te  fue l  elements i n  an open tank w i t h  and without 
forced circulat ion are of immediate in t e re s t ,  

( 2 )  Determine experimentally the maximum equivalent s tep increase 
i n  reac t iv i ty  and the maximum . . . [excess] . . . reac t iv i ty  as a function 
of time rate that can be safely introduced into a few selected types of 
reactor cores. 
program fo r  planning of the experiments and analysis and interpretat ion 
of the resu l t s . "  

Appropriate theore t ica l  studies should be a par t  of t h i s  

These objectives influenced a l l  future  planning and are evident i n  
the following quotation from the i n i t i a l  instruct ions (September 15, 
1954) t o  Ph i l l i p s  Petroleum Company t o  proceed with t h i s  

"The Reactor Development Division has defined the work t o  be under- 
taken as follows: 

'The i n i t i a l  programmatic work should consist  of designing and 
constructing an experimental reactor with aluminum clad fue l  
elements capable of withstanding forces associated with t ransient  
t e s t s .  
t o  determine m a x i m u m  equivalent s tep increase i n  reac t iv i ty  and 
maximum excess reac t iv i ty  as a function of time rate  tha t  can 
be safely added t o  t h i s  core and later theore t ica l  and experi- 
mental studies should be extended t o  obtain a thorough under- 
standing of t ransient  phenomena which produce explosive release 
of energy as due t o  excessive rates of energy release o r  possible 
chemical reactions. Funds.. . . .are being budgeted i n  FY 1956 
t o  continue these studies with other types of fue l  elements. 
In  addition, the contractor w i l l  accept and be responsible 
f o r  t ransient  tes t ing  of reactors submitted by other organi- 
zations. A survey of requirements fo r  such tes t ing  of other 
reactor cores w i l l  be in i t i a t ed  by Washington s t a f f . "  

The substance of t h i s  direct ive and a later clarification(3)was 

Theoretical and experimental studies should be conducted 

t h a t  the Borax experiments with a strengthened aluminum core, and 
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spec i f ica l ly  including destructive tests, were t o  be repeated and extended 
and t h a t  a long-range program was t o  be formulated. 

The planning of the long-range program was great ly  aided by discus- 
sions a t  meetings of the Spert Advisory Panel established by Ph i l l i p s  
Petroleum Company and composed of representatives of. various reactor  
projects .  
es tabl ishing the need and specifications f o r  Spert 111. 

One of the major contributions of t h i s  group was t o  assist in  

The ini t ia l  program proposal f o r  Spert I, submitted t o  the I 
Operations Office by Ph i l l i p s  Petroleum Company on January 20, 
was approved(5) with the exception of the destructive t e s t  which was 
deferred due t o  the general feel ing tha t  it was too ear ly  i n  the program 
f o r  such t e s t s .  By common agreement, the prototype t e s t ing  had a l so  
been dropped from the plans because of l imited value and interference 
with long-range work. 

A t  about the same time, Ph i l l i p s  was requested(6) t o  submit a pro- 
posal fo r  t rans ien t  tes t ing  of the homogeneous reactors because of the 
intended t ransfer  of the Xewb t e s t s  t o  the Spert S i t e .  
revision i n  costs a t  the Santa Susana S i t e  contributed t o  a l a t e r  decision 

A downward 

t o  continue the t e s t ing  there(7) .  P h i l l i p s t  Proposal was 
completed and submitted on 

By t h i s  time a feel ing fo r  the factors  l i ke ly  t o  be important i n  
k ine t ic  behavior had begun t o  emerge as i s  evident from the plans, noted 
in the above documents, t o  study the e f f ec t s  of temperature, pressure 
and s t a r t i ng  power. 

The f i r s t  extensive statement of the experimental factors  t o  be 
studied was made a t  the second meeting of the Spert Advisory Panel in 
Idaho Fa l l s ,  May 16, 1955(9) with respect t o  the plans f o r  a second 
Spert  reactor.  Par t  of t h i s  i s  quoted below. 

"It i s  f e l t  t h a t  ... [the main] .. . experiments t o  do ... [were] . .. 
exploration( s) of the variables affect ing reactor  behavior i n  order t o  
determine a model. This work could be broken down into three groups: 
experiments on nuclear systems, experiments on hydrodynamic systems, and 
experiments on thermal systems. Topics under these programs would be 
(1) changes in f lux d is t r ibu t ion  and t h e i r  e f f ec t s  on nuclear and hydro- 
dynamic systems (shutdown coeff ic ient ,  peak power, peak pressure, and 
t o t a l  e n e r a  would be of in te res t ) ;  (2)  changes in  neutron l i fe t imes,  
both in the r e f l ec to r  and in the core; ( 3 )  f u e l  p la te  spacing which 
changes the shutdown coefficient;  (4)  ramp ra t e  studies ( this  involves 
the addition of Ak a t  a fixed r a t e ) ;  ( 5 )  cladding changes; (6) pressuri-  
z a t  ion It 

Concurrently, a theoret ical ,  a l b e i t  elementary, framework f o r  the 
experimental program began- t o  take shape w i t h  the f i r s t  application of 
Fuchs' work t o  Spert systems ( In t e rna l  Report, July I, 1955; reissued 
later as Do-16393). 
the experiments s tar ted.  
were s ta ted  but refinement was not considered des i rab le .unt i1  experi- 
mental r e su l t s  were available t o  es tab l i sh  the va l id i ty  of the approach 

It should be noted tha t  t h i s  was completed before 
The recognized shortcomings of t h i s  approach 
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and t o  indicate the direction which e f f o r t s  a t  refinement should take. 
Taken together, these statements of theore t ica l  background and 
experbenta l  factors form the framework of the en t i re  subsequent Spert 
program. 
extended program proposal submitted t o  the Idaho Operations Office i n  
October, 1955(10). 
without e s sen t i a l  deviation. 
nature of additions and s h i f t s  of emphasis ra ther  than set t ing new 
objectives. Thus, the objective of establishing a long-range program 
was completed when Idaho Operations Office accepted and approved t h i s  
proposal which provided f o r  two additional reactors, Spert I1 and 
Spert 111, f o r  extending the range of experimental investigations. 

They were combined and presented in f u l l e r  d e t a i l  i n  the 

The program as planned therein has Seen followed 
The changes tha t  did OCCUT were in the 

I n  the meantime, Spert I had been designed, constructed and placed 
i n  operation by July, 1955, i n  accordance w i t h  the other established 
ob j e ctive s . 

Thus, within the space of a year the following things had been done 
t o  accomplish the objectives of the i n i t i a l  directives:  

the f a c i l i t i e s  f o r  repeating and extending the Borax 
work had been provided; 

the experimental work was w e l l  underway; 

theoret ical  work t o  provide a framework fo r  the 
future was completed; 

the experimental fac tors  t o  be examined were 
expl ic i t ly  stated; 

the long-range program was formulated; 

the design c r i t e r i a  f o r  the additional f a c i l i t i e s  
were established; 

the conceptual design f o r  Spert I11 was completed; 

the technical s t a f f  had been expanded t o  eight 
people. 

I n  retrospect t h i s  period may be viewed as one of preparation. 
experimental program was then directed,  as requested by the Commission, 
along the twin l ines  of specif ic  s tudies  on aluminum cores and general 
studies of reactor  kinetics,  which emphasized the study of factors  
l i ke ly  t o  be important i n  k ine t ic  behavior. 

The 

I n  the  succeeding two years, from July, 1955 t o  September 1957, 
the  construction of Spert I1 and Spert  I11 was begun and considerable 
expe rhen ta l  data were accumulated with the Spert I cores. 
contract t o  Phi l l ips ,  the Ramo-Wooldridge Corporation carried out 
theore t ica l  studies devoted largely t o  problems of bubble formation and 

Under sub- 

reactor s t a b i l i t y ( l l ) .  In  
properties of power bursts  
the s t a b i l i t y  calculations 

addition, some information about general 
was obtained. 
i s  planned. 

Experimental work t o  check 
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With the accumulation or" techr-i:al data t h e  p r o g r a  entered a new 
phase. 
of the d i f fe ren t  facets  of t'ne prozran! and t o  suggest r,ew l ines  of investi- 
gation consistent with the overa l l  plan. This vas done in the p r  gram 
review, DO-16415, submitted t o  the Commission in  September, 1957?12). 
The general problem of d e f b i n g  reactor safety was attacked and the rela- 
t i on  of reactor k ine t ic  s tuaies  t o  such problems was discussed i n  terms 
of the general kinds of tests to  be perfxmed. 
advances w e r e  reviewed and new e:cperimer_ts proposed. The discussion of 
these points i s  too lengthy t o  reproduce here i n  f u l l ,  but the essent ia l  
program recommendations were two-fold. F i r s t ,  the established e f f o r t  t o  
study specif ic  factors  i n  self-shutdown was t o  be pursued with some 
additions t o  the scope of the program. Secondly, as a resu l t  of the 
Spert  discovery of very large self-induced osc i l la t ions ,  the program was 
t o  be broadened t o  include s t a b i l i t y  studies.  For the l a t t e r  purpose a 
new reactor f a c i l i t y ,  Spert N, was proposed and the p i l e  o sc i l l a to r  
program was t o  be in i t ia ted .  The osc i l l a to r  studies had the long-range 
objective of re la t ing s t a b i l i t y  and excursion experiments. A number of 
t e s t  cores w e r e  proposed in connection w i t h  these objectives. 
time, approximately 50 Phi l l ips  personnel were engaged full-time i n  Spert 
work, including 10 from the Division Engineering Branch. Regular assist- 
ance of several  people was supplied by the Theoretical Physics and Applied 
Mathematics Branch. 
employees t o  the NRTS f o r  engineering work on Spert I1 and Spert 111. 

It became possible t o  more sharTly def-he the specif ic  objectives 

T%e specif ic  technical 

A t  t h i s  

A n  engineering subcontractor assigned from 7 t o  10 

Subsequently, the test  program largely followed the sequence proposed 
in DO-16415 which i s  reproduced in Table I, but  a t  a slower pace than 
indicated because of construction delays and increases in the experimental 
program. 

Delays in  construction of Spert I1 prevented the i n i t i a t i o n  of the 
program in late 1958 as planned. 
1959. Similarly, construction delays moved Spert 111 work back t o  l a t e  
1958, but  c r i t i c a l i t y  was achieved December 19, 1958, and the indicated 
sequence was begun. 
f a l l  of 1960. 
spacing cores, the insulated A core, and the APPR core, were carried out 
as planned and the duPont service tests were completed. P i l e  o sc i l l a to r  
studies were begun but  the APFR core has been used i n i t i a l l y  f o r  t h i s  
purpose rather  than the A core because of scheduling problems. 
remaining items i n  the table  are  fo r  the future  and will be discussed in  
Section IV. 

Instead, the work w i l l  start i n  l a t e  

Spert IV will probably not begin operation u n t i l  the 
Studies i n  the S p e d  I reactor  with the variable p la te  

The 

The s t a f f  requirements fo r  carrying on the  research, development, 
design and procurement e f fo r t s  have continued t o  grow and a t  present 70 
people are assigned f u l l  time t o  t h i s  work a t  the NRTS, including about 
LO from Division Engineering. 
by other groups. 
operations of the Spert f a c i l i t i e s .  

Computational assistance i s  also supplied 
Additional staff w i l l  be required fo r  ful l -scale  

The chief development i n  the program since September, 1957, w a s  the 
formulation of a simple theory which correlated a l l  of the s tep and ramp 
experimental observations and which contributed s ignif icant ly  t o  the 
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understanding of k ine t ic  properties of reactors i n  general. 
at ions i n  the specif ic  shutdown mechanisms t h a t  will o c w r  Ln other 
reactor  systems are  expected t o  alter the general behavior character is t ics  
on ly  t o  an extent readily predictable on the bas i s  of a few measurements. 
The next phase of the program should emphasize the ver i f icat ion of the 
predictions of the models and the extension of the inves.tigations t o  

The vari- 

unexplored areas.  
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111. mmcAL m v m  

1. Step Tests 

The i n i t i a l  
used a core similar 
This feature was 
unexplored region 
subcooled Borax t e s t  
a lso extended beyond 
t rans ien ts  of the s tep 
sa l ien t  r e su l t s  can 

A .  Introduction 

A br ie f  summary of the technical  work appears in Part  D.  (pp. 25-26) 
of t h i s  section, and those interested i n  the b r o d e r  aspects of the pro- 
gram may well pass over the interven-ing, more ds ta i led  discussion. 

In  Par t s  B. and C . ,  the technical work w i l l  be reviewed in  consider- 
able d e t a i l  since the evaluztion of the present s ta tus  and the planning 
fo r  the future course of the progrm are  based on technical considerations. 
The re su l t s  of much 
other reports and th 
The theory has seen 
and f o r  t h i s  reason collected in a single 
document, although t 
cussed are Reports. It is,  therefore,  deemed 

the experimental work have been summarized i n  
be t reated rather  br ie f ly .  

more recently in the program, 

of most of the ana ly t ica l  work t o  be dis- 

a t  some length on these ana ly t ica l  
w i l l  be discussed in the Analy- 

experiments repeating and extending the krax t e s t s  
t o  tha t  used in Borax but more rugged mechanically. 

incorporated t o  permit tests t o  be performed in the 
between the shortest  (13 msec) period, non-destructive, 

and the 2.6 msec destructive t e s t .  The t e s t s  were 
Borax in the long period region. Several hundred 

type were performed with the f i r s t  core and the 
'be summarized as follows: 

ac tor  behavior was very reproducible, and extrap- 
longer periods t o  shorter  periods could be made 

so t h a t  t e s t s  of t h i s  type could be performed 
without undue haza 

i t e  of some design differences between Spert and 
of both reactors was essent ia l ly  ident ical ,  indicating 
i l i t y  of the t e s t  r e su l t s  t o  reactors of similar con- 

s t ruc t  ion. 

s found t h a t  with the strengthened Spert core, 7 msec 
routinely with only minor mechanical dis tor-  
msec was the  l i m i t  f o r  the Borax core. Core 

t o  modest d i s tor t ions ,  and the onset of f u e l  
p la te  melting could be predicted t o  occur a t  about 3.5 msec. 

d. The 135 Mw-sec nuclear energy release observed in the 
Borax destructive test was in agreement with the extrapolation of the 

t l 8 b q 8 1  
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Spert data, indicating t h a t  no anomalous nuclear behavior was associated 
w i t h  the destruction of Borax. 
Borax t e s t  appear t o  be compatible w i t h  a simple s t e m  explosion of t h i s  
energy, it seems unnecessary t o  postulate other energy release mechanisms 
such as a chemical reaction. 

Since the destructive effects  from the 

e .  Extension of the t e s t s  t o  longer periods than those 
examined by Borax revealed a significant change i n  the dependence of peak 
power on the reactor period above and below prompt c r i t i c a l .  

f .  The self-l imiting mechanism f o r  periods longer than about 
50 msec was defini te ly  shown not t o  be steam formation. There is strong 
evidence that  the longest period Borax subcooled t ransients  were not shut 
down by steam. The fac t  tha t  no apparent change in  behavior occurred as 
the period was shortened from above 50 msec t o  below 50 msec and tha t  the 
react ivi ty  compensation per uni t  energy release was essent ia l ly  constant 
fo r  a l l  periods, suggested a comon shutdown process was responsible fo r  
the self-l imiting behavior a t  all periods. 
hypothesis of steam shutdown in the Borax t e s t s  was open t o  question. 
The question was not one of whether steam was formed during a t ransient ,  
but rather one of whether steam formation actually occurred pr ior  t o  the 
peak of the power burst .  

Thus, for  the first time, the 

g. The react ivi ty  change required t o  h a l t  a power r i se  i s  
,gpreciably l e s s  than tha t  or iginal ly  injected, for  transients up t o  
prompt c r i t i c a l  and somewhat beyond. 

h. As the init ial  reactor temperature is  raised toward the 
saturation (boiling) point, the nuclear excursions become less  severe. 
The mechanical manifestations, such as water e ject ion and transient 
pressures, become more pronounced, however, because of the enhanced 
formation of steam. As the initial temperature i s  increased, the reduc- 
t i on  in peak power appears first in the short  period region and moves 
progressively t o  longer periods as the saturation temperature i s  
approached. 

i. Increasing the hydrodynamic head by raising the depth of 
water over the core produced no measurable e f fec t  on the sacooled t e s t s  
but increased the peak power and energy released in the boiling t e s t s .  

j .  k d i f i c a t i o n  of miscellaneous factors,  such as the amount 
of dissolved gas in the water moderator or  the surface tension of the 
water, produced no measurable changes in  the behavior up t o  the peak of 
the first power burst, although some post peak changes were observed. 

2. Ramp Tests 

In  addition t o  the step t ransients  in Spert I, a number of ramp 
t e s t s  were performed in  which react ivi ty  was added continuously at  a con- 
stant ra te  t o  the ju s t - c r i t i ca l  system, since t h i s  form of accident 
i n i t i a t ion  i s  more typical  of the types of accidents l ike ly  t o  occur i n  
actual  practice.  The ramp t e s t s  were the f i r s t  departure from the types 
of experiments performed i n  Borax. I n  these t e s t s  the parameters of 
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par t icu lar  importance are the i n i t i a l  p o ~ e r  and the rate of reac t iv i ty  
addition (ramp ra t e ) .  During a ramp transient  the rete  of logarithmic 
power r i s e ,  a ,  i s  i n i t i a l l y  zero, increases t o  a maximum,  and then 
decreases t o  zero egair, at the time of m a h u m  power. TrJo readily 
determined indices of ramp transient  behavior are  the maximum power 
and the maximum in the  ra te  of logarithmic powsr rise, %. 
experiments on the f i r s t  core inclLtded ramp rates  from 0.01% &/sec t o  
0.35’$ Ak/sec and i n i t i e l  powers from 
following resu l t s .  

The ramp 

vatts t o  105 mtts  w i t h  the 

a. The in i t ia l  reactor power is  re la t ive ly  unirnportant i n  a 
Increasing the init ial  power by a factor  of 109 reduced 

This extremely weak dependence 
ramp accident. 
the peak power by only a fec tor  of ten.  
of ramp burst  behavior on i n i t i a l  power indicates t ha t ,  from the point 
of view of inherent safety,  a s ta r tup  source needs only t o  be large 
enough t o  eliminate problems ar i s ing  from the s t a t i s t i c a l  f luctuations 
in  the i n i t i a t i o n  of a divergent chain. Thus, blind s tar tup problems 
may be less severe than has generally been assumed. 

b. The peak power i s  approximately proportional t o  the ramp 
rate, which makes the ramp ra te  the dominant factor  in accidents of t h i s  
type. 

c. I f  a ramp Surst  i s  characterized by the maximum value of 
a, it i s  essent ia l ly  equivalent t o  a step burst  having the same value of 
a. 
accidents is therefore reduced t o  t ha t  of finding 
ramp conditions. 
t h i s  purpose w i l l  be discussed h a later section. 
ramps and steps permits d i rec t  application of all the step data and 
analysis t o  the ramp case. 

The problem of establishing the relationship between step and ramp 

The analyt ical  methods which have been developed for  
f o r  a given s e t  of 

This re la t ion between 

d. The highest ramp rate used, about 0.35%~ Ak/sec, w a s  e s t i -  
mated t o  be an order of magnitude below tha t  which would lead t o  core 
damage during the  f i r s t  burst .  

e. Although i n  every case the f i r s t  burst  during these ramps 
was safely self-l imiting, continued withdrawal of the rods led t o  violent 
power osc i l la t ions  which rapidly grew t o  destructive proportions necessi- 
tating reactor  scram t o  prevent core damage. 

3. In s t ab i l i t y  Tests 

A series of i n s t ab i l i t y  t e s t s  was undertaken t o  investigate 
more f u l l y  the violent osc i l la t ions  observed during the ramp tests. 
These i n s t a b i l i t y  tests were conducted by inject ing a predetermined 
amount of reac t iv i ty  a t  a modest rate and observing the reactor power 
behavior a f t e r  the injection w a s  completed. For small reac t iv i ty  injec- 
t ions  the reactor  operated s tably a t  an equilibrium power determined by 
the reac t iv i ty  added above the zero power c r i t i c a l  condition. For 
la rger  reac t iv i ty  injections unstable behavior developed and the reactor 
power went through a series of power bursts .  About 50 i n s t ab i l i t y  t e s t s  
were performed w i t h  the following resul ts .  
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a. Large power osc i l la t ions  appeared Fihenever the react ivi ty  
held in  the form of moderator voids exceeded l.$ Ilk. 

b. These power osc i l la t ions  were an order of magnitude la rger  
than those observed in Borax end frequently approache6 The largest  bursts  
observed i n  the step t e s t s .  
const i tute  a serious hazard potent ia l .  

Thus, in  some s i tuat ions ins tab i l i ty  may 

c. The moderator voids collapsed rapidly, and essent ia l ly  
compietely, p r ior  t o  each power pulse. 
In these tests appeared t o  be much greater than that  reported from Borax. 

The fract ional  collapse of voids 

d. The interval  between burs t s  was about 0 . 3  sec for  tests 
in i t i a t ed  from room temperature and about 0.9 sec for  boil ing t e s t s .  

e .  The tendency toward osc i l la t ion  increased with the amount 
of reac t iv i ty  above zero power c r i t i c a l  and with the depth of water over 
the core. 

f .  Reproducibility of detai led behavior was poor. The se- 
quence of osc i l la t ions  appeared t o  be random although some regular i t ies  
were observed. I n  some cases sustained osc i l la t ions  of roughly constant 
amplitude were observed. 
as long as half  a minute and then reappeared. 
with 9 f ee t  of water over the core the power peaks increased abruptly 
from sustained pulses of about 200 Mw peaks t o  e r r a t i c  pulses exceeding 
2500 Mw peaks. 

In  other cases the osc i l la t ions  died out fo r  
In several subcooled t e s t s  

g. The mode of reac t iv i ty  addition was not responsible fo r  
these osc i l la t ions  since essent ia l ly  the same resu l t s  were obtained by 
incremental rod withdrawals t o  the f i n a l  posit ion i n  which the reactor 
power was allowed t o  come t o  equilibrium between increments. 

h.  Long-term ins t ab i l i t y  and the  e f f ec t  of the hydrodynamics 
of the system could not be sa t i s f ac to r i ly  investigated in  Spert I. 

4. Variation of core Parameters 

The experimental work summarized above was conducted on the 
Spert A core. 
reactor  having a specific set of design character is t ics  were suf f ic ien t ly  
well established t o  permit the next s tep i n  the program t o  be taken. 
This was t o  extend the investigations t o  the study of the e f fec ts  of 
changing individual parameters believed t o  be important i n  k ine t ic  
behavior. Accordingly, the next phase of the experimental program 
included cores which would provide a wide range of metal-to-water r a t io .  
The core parameters pr incipal ly  affected were the void coefficient and 
t o  a lesser  extent the prompt neutron l i fe t ime.  Altogether, f ive highly 
enriched plate-type cores were used i n  the investigations: the A core 
previously discussed, three configurations of t'ne aluminum B core which 
were made up from f u e l  assemblies equipped w i t h  removable fue l  p la tes  t o  
permit variations in the metal-to-water r a t io ,  and the P core composed 
of APPR-type s ta in less  s t e e l  fue l  assemblies. These cores ranged from 

From these t e s t s  the general kinet ic  properties of a 

12 



undermoderated t o  overmoderzted and represented a su’ostaqtial portion of 
the spectrum of heterogeceous, rzsearch resczor core iesigns. 

The experiments on the B and P cores were pr incipal ly  of the step 
type. 
the B core f o r  comparison with the A core resu l t s .  
t a t ions  of the Spert I reactor vessel, the s t a b i l i t y  t e s t s  were res t r ic ted  
t o  a determination of the i n s t a b i l i t y  threshold for the most highly 
moderated configuration of the B core ,  since this represented the greatest  
departure from the s t a t i c  parameters of the A core.. Although the tran- 
s ien t  work on these cores was much l e s s  extensive than for  the referent 
A core, it was necessary t o  perform f a i r l y  detai led s t a t i c  measurements 
of the loca l  and average void coeff ic ients .  The resu l t s  of the experi- 
ments on a l l  f ive cores a re  summarized below. 

However, some ramp studies were perfomed on one configuration of 
Because of the l i m i -  

a. The average void coeff ic ients  f o r  a l l  cores were negative. 
The magnitude of the negative void coeff ic ient  was greatest  fo r  the 
undermoderated core and decreased uniformly with increasing atomic r a t i o  
of hydrogen t o  uranium. The overmoderated core showed a loca l  posit ive 
void coeff ic ient  i n  the core center near the water channels f o r  the 
control rods. 

b. The prompt neutron l i fe t ime increased with the increasing 
H/U r a t io .  

c. The step behavior f o r  a l l  cores was remarkably similar. 
Curves of peak power, energy release,  reac t iv i ty  com-pensation at  peak, 
p l a t e  temperature a t  peak and pressure a s  functions of a were similar 
in  shape. The pr incipal  differences between such curves f o r  d i f fe ren t  
cores were displacements on the a and amplitude scales.  

d. The displacements on the a scale were consistent with the 
respective prompt neutron l i f e t i n e s  f o r  the various cores. 

e.  
predictions of the e f f ec t s  of void coeff ic ient  and prompt neutron l i f e -  
time on burst  behavior. 

The amplitude displacements were consistent with analyt ical  

f. The minimum safe period f o r  the s ta in less  s t e e l  core f o r  
tests a t  ambient temperature was  found t o  be about 5 msec, essent ia l ly  
the same as t ha t  found fo r  the aluminum A core. The advantage of the 
higher melting point of s t a in l e s s  s t e e l  i s  largely o f f se t  by i t s  poor 
thermal d i f fus iv i ty  which increases the temperature peaking in the center 
of the fue l  p la te .  The 5 msec t rans ien t  produced severe buckling and 
b l i s t e r ing  of the fue l  p la tes .  

g. The maximum stable  power fo r  the most highly moderated 
aluminum B core w a s  about 18 M w ,  o r  about 80 kilowatts per l i t e r .  This 
represents axi increase of a fac tor  of three in thermal neutron f lux and 
a f i f t y  per cent increase i n  the heat f lux over the A core. 

h. The ramp t e s t  r e su l t s  were essent ia l ly  the same as those 
f o r  the A core with only those differences expected from the changes i n  
void coeff ic ient  and prompt neGtron l i fe t ime.  

1 l 8 b 9 9 1  
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5.  The Pile  Osci l la tor  Program 

The p i l e  o sc i l l a to r  program currently under way is  i n  the 
i n i t i a l  phase of the experhenta l  measurements. 
function fo r  l inear  (small) osc i l la t ions  has been obtzined. This work 
Will be extended t o  measurements a t  higher po-der levels where coupling 
e f fec ts  w i l l  appear, and t o  large osc i l la t ions  where t h e  nonlinear nature 
of the kinet ics  equations becomes important. 
t h i s  par t  of the Spert progran i s  t o  determixe t o  That extent p i l e  osc i l -  
l a t o r  tests may be u t i l i zed  t o  predict  the dynamic be'navior of reactors 
i n  accident s i tuat ions.  

T'ne zero power t ransfer  

The pr incipal  objective of 

6. Shutdown Me chanism Fxpe r iment s 

A few experiments have been performed fo r  the specif ic  purpose 
of investigating the physical processes responsible for  the self- l imitat ion 
of the Spert I reactor,  par t icular ly  i n  the short period region. One s e t  
of experiments consisted of coating the Spert I A core with p l a s t i c  i n  an 
e f f o r t  t o  modify the heat t ransfer  character is t ics  of the plates ,  and 
thereby t o  e f fec t  some isolat ion between processes which require heat 
t ransfer ,  such as t ransient  boil ing,  and processes which do not depend on 
this factor,  such as the formation of radiolyt ic  gas. The results of 
t ransient  tests on t h i s  insulated core were somewhat ambiguous, but indi- 
cated t h a t  e i the r  (a)  heat t ransfer  was re la t ive ly  unimportant in  the 
self-shutdown process, o r  (b)  the p l a s t i c  coating had not achieved the 
calculated thermal insulation of the plates .  
capsule experiments gave results exactly contrary t o  (a) ;  tha t  i s ,  these 
tests indicated t h a t  heat t ransfer  was an essential. element in  se l f -  
shutdown and t h a t  no appreciable shutdown e f f ec t s  could be a t t r ibu ted  t o  
processes not involving heat t ransfer .  
be unambiguous, and more detailed experiments of t h i s  type are currently 
i n  progress in an e f f o r t  t o  resolve the confl ic t  i n  resul ts .  
reactor w i l l  also provide an opportunity t o  investigate the role of tran- 
s ien t  boil ing i n  reactor self-shutdown by pressurizing the system t o  
suppre s s boi l ing . 

Preliminary t e s t s  i n  closed 

The capsule experiments appear t o  

The Spert I11 

C .  Analytical Work 

The ultimate purpose of the theore t ica l  work i n  reactor kinet ics  
i s  t o  develop analyt ical  methods fo r  the prediction of reactor dynamic 
behavior under a given set of conditions from a knowledge of the system 
design. It i s  equally important t h a t  the influence of specif ic  design 
parameters on dynamic behavior be suf f ic ien t ly  expl ic i t  i n  the analysis 
t o  permit a quantitative evaluation of the e f f ec t s  of design modifications 
on the safety and operabi l i ty  of the reactor.  
sized here because it has t o  a considerable extent determined the analyti-  
c a l  approach t o  reactor kinet ics  problems a t  Spert. 

i s  useful t o  discuss some general properties of the reactor k ine t ic  
equations. 

The la t te r  point i s  empha- 

Before considering specific aspects of the theoret ical  e f fo r t ,  it 

For the present purpose, the reactor can be considered as a 



lumped-parameter system and the k ine t ic  equations may be writ ten as: 

dn k-1-$ - = - n + xici d t  
i a 

dC kBi - = - n - XiCi 
d t  a 

where the common symbols have t h e i r  usual meanings and f (  s )  i s  used t o  
express the f a c t  that the reac t iv i ty ,  k, i s  a function of the s t a t e  ( s )  
of the system. In general, the s t a t e  of the system w i l l  be determined by 
external  fac tors  such as the posi t ion of the control rods and by in te rna l  
factors  such as the core temperature. 
quently affected by the reactor behavior and in t h i s  manner coupling i s  
introduced between the reac t iv i ty ,  k, of the system and the reactor power, 
n. The solution of a problem in reactor  dynamics thus consists of 
finding the proper form f o r  f ( s )  including the coupling, when it ex i s t s ,  
and solving the resul t ing equations (l), (2)  and (3)  fo r  the power 
behavior as a function of time. 
Such a s  t rans ien t  pressure and f u e l  p l a t e  temperature, can. of ten be found. 

These in te rna l  factors  are  f re -  

From th is  solution other quant i t ies ,  

The simplest dynamic problems are  those in which coupling can be 
ignored and the r eac t iv i ty  of the system i s  determined en t i r e ly  by the 
external  fac tors ,  Three familiar exmples of problems of this s o r t  are 
the following. 

The reac t iv i ty  i s  suddenly changed from c r i t i c a l  t o  a 
constant amount above c r i t i c a l .  
such a change, the reactor power rises exponentially 
w i t h  a period given by the w l o u r  Equation. 

A short  time a f t e r  

Reactivity i s  added t o  the i n i t i a l  c r i t i c a l  reactor 
a t  a constant r a t e  ( the  ramp r a t e ) .  
solutions t o  t h i s  problem have been used. 
of these attempts, the Newson equation, i s  s t i l l  in 
frequent use in hazards reports  t o  describe s tar tup 
accidents by predicting lower bounds f o r  reactor  
periods and upper bounds f o r  energy releases .  

Approximate 
The first 

The reac t iv i ty  i s  varied sinusoidally above and below 
c r i t i c a l i t y .  
power osc i l la t ions  as functions of the amplitude and 
frequency of the reac t iv i ty  osc i l l a t ions  const i tute  
the zero power t ransfer  function f o r  the reactor.  

The amplitude and phase of the resul t ing 
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These cases are useful i n  describing the limited c lass  of accidents which 
are assumed t o  take place without self-shut6own ef fec ts  occurring, and 
which are ultimately controlled by t h e  reactor control system. 
t h i s  i s  merely a way of attempting t o  design an adeqGate control systen, 
but generally the ignoration of  shutdown e f f ec t s  severely l imi t s  the 
achievement of even t h i s  objective. Nevertheless, it i s  t h i s  res t r ic ted  
approach t h a t  i s  often employed in  hazards dLscussiors. 

In  a sense 

More properly, the consideration of  accidents should take in to  
account f a i lu re s  of the control systems. 
cannot be ignored. 
of the coupling equation and t o  solve the resul t ing kinet ic  equations. 

I n  such accidents coupling 
The problem i s  then t o  write the appropriate form 

There are  two approaches t o  the problem of writing the coupling 
equation. 
the outset  f o r  the flow of energy and fo r  the generation of reac t iv i ty  
e f fec ts .  
through the coupling equations (3) and the set (1) and ( 2 )  i s  then 
straightforward. 
of the question of mechanisms by assuming a methematical form for  the 
coupling equation. 
forward. 
on a par t icu lar  mechanism as a l imit ing form. 

I n  the f i r s t  approach, specif ic  mechanisms are postulated a t  

I n  principle,  the calculations of  reactor kinet ic  behavior 

The second approach permits separation and postponement 

Again, i n  principle,  the calculations are s t ra ight-  
Actually, even t h i s  approach can be interpreted as being based 

The la t ter  approach has the advantage that it may suggest the 
mechanisms which should be investigated when a correlation has been 
achieved between the equations and the expe rhen ta l  data.  
of various factors  i s  more eas i ly  discernible i n  t h i s  approach. 

The influence 

I n  e i t h e r  case, the reactor character is t ics  t ha t  were required i n  
the description of the reactor behavior when only the k ine t ic  equations 
(1) and (2) were considered, are no longer suf f ic ien t  when coupling i s  
included. Consideration must now be given t o  the  two-part problem of 
f i r s t  determining changes in the physical state of the reactor from the 
power his tory and, second, re la t ing  these state changes t o  reac t iv i ty  
changes. To date, the f i rs t  par t  of the problem has been considered t o  
be the more d i f f i c u l t  but it may prove equally d i f f i c u l t  t o  correctly 
predict  the effect ive dynamic reac t iv i ty  coeff ic ients  and t o  re la te  them 
t o  the s t a t i c  coefficients.  

The major factors  of importance i n  th i s  view of the k ine t ic  problem 
appear t o  be the following: 

(1) the  coupling equation, which may be taken as a s t a r t i ng  
point o r  as a consequence o f ,  

(2) the  machanisms by which reac t iv i ty  changes are 
generated, and, 

(3) the sign and maQitude of the reac t iv i ty  coefficients 
associated with the various mechanisms. 
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Each of these factors--coupling, mechanisms and coefficients--can be 
expected t o  be of importance in a l l  reactor systems. However, the impor- 
t an t  mechanisms and the sign and magnitude of the react ivi ty  coefficients 
w i l l  vary greatly from reactor t o  reactor. Nevertheless, the mechanisms 
and ranges of the values of the coefficients will probably be character- 
i s t i c ,  in a broad sense, of each class  of reactor jus t  as each class of 
reactor has, again in  a broad sense, character is t ic  c r i t i c a l  masses and 
prompt neutron l i f e t ines .  

One leve l  of "understanding" reactor kinet ics  i s  represented by an 
empirical correlation between experiment and theory, based on assumed 
forms of the coupling equations, but the degree to  which the understanding 
can be extrapolated t o  new si tuat ions is  limited. 
w h i c h  understanding i s  more than an empirical correlation i s  determined 
by the degree t o  which an understanding of the mechanisms ex is t s  and by 
the a b i l i t y  t o  calculate the coefficients.  
understanding reactor kinetics r e s t s  on the leve l  of understanding of 
reactor s t a t i c s .  

Clearly, the degree t o  

That is, the highest l eve l  of 

These features of the major safety problems were well known, but 
perhaps had not been expl ic i t ly  stated,  a t  the time the Borax tests were 
in i t i a t ed  in 1953. 

2. Step-Induced Bursts 

Early theoret ical  attempts(l3) t o  describe the Borax excursion 
behavior were based on the choice of a specif ic  mechanism of shutdown. 
There was, a t  t i t h e ,  widespread conviction that this mechanism was 
steam formation ?lC). I n  addition t o  t h i s  l imitat ion t o  8 single specific 
mechanism, these theoret ical  attempts ignored feedback ef fec ts  by omitting 
a coupling equation. 

The coupling was replaced by a cutoff t i m e  fo r  the burst  which was, 

Peak power could be brought into agreement 
i n  turn, based on the accumulation of suff ic ient  steam voids t o  compensate 
fo r  the injected react ivi ty .  
with the experimental data by proper choice of f i t t i n g  constants. The 
ease w i t h  which t h i s  fit was obtained f o r  models that represented very 
different  pictures  of the underlying mechanisms raised the question as to 
the appropriateness of these approaches because a l l  of the theories could 
not be correct. 
basis  of the data tha t  existed at  tha t  time. 
appeared that  the results were  not extremely sensit ive t o  the assumptions. 
In addition, the predictions of the other quant i t ies  such as temperature 
and pressure were not satisfactory.  

Yet, there was no means of choosing between them on the 
A t  the very l eas t ,  it 

A similar approach based on somewhat simpler assumptions regarding 

This model, called the "Conduction Boiling Model", was found t o  
the physical process respons.ible fo r  reactor self-shutdown was used a t  
Spert. 
give a good correlation of the peak power, energy release and fue l  plate  
temperature f o r  short-period t ransients  in six cores (the Borax core and 
five Spert cores) under both boiling and subcooled conditions, with only 
one a rb i t ra ry  constant which was adjusted t o  give the best f i t  f o r  a 
given ser ies  of t ransient  experiments. Although these correlations were 
be t t e r  than those mentioned above, the model was s t i l l  empirical i n  
nature and, hence, suffered a l l  the shortcomings noted above. 
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It was f e l t  at  the outset  of the Spert theore t ica l  program that 
a more profi table  l i ne  of a t tack on k ine t ics  Troblems would be an ana- 
l y t i c a l  investigation of the reactor behavior which would result from 
various forms of the coupling equations, without syecifying in  detail 
the  specif ic  reactor properties which might lead t o  a given coupling 
equation. 
properties of the k ine t ics  equations under a wide variety 'of assumed 
conditions. Once these general properties are  understood, it i s  rela- 
t i v e l y  easy t o  describe f a i r l y  accurately the dynamic behavior t o  be 
expected from a par t icu lar  reactor by consideration of the coupling 
equation which i s  appropriate t o  t ha t  par t icu lar  system. The two main 
advantages of this approach are t h a t  the r e su l t s  can be applied t o  a 
wide range of reactor types and tha t  the dependence on various reactor 
parameters i s  obtained expl ic i t ly .  
d e t a i l  of the physical processes responsible fo r  these dynamic properties 
i s  not contained in the analysis and, hence, other techniques must be 
employed t o  investigate these processes in order t o  se lec t  the appro- 
p r i a t e  form of the coupling equation f o r  8 given reactor.  
it was f e l t  that the development of the general understandings of reactor 
kinet ics  should proceed without waiting f o r  a complete and detai led 
investigation of the in te rna l  processes in  any par t icu lar  system. 

This approach i s  essent ia l ly  one of investigating the general 

The primary disadvantage is that the 

Nevertheless, 

The f i r s t  analyt ical  work undertaken along the l i nes  described above 
was an investigation of the Fuchs Model. 
describe burst  behavior fo r  a fast assembly very well. 
had the v i r tue  of great s h p l i c i t y  and feedback was specif ical ly  
included, 

This model had been found t o  
Furthemore, it 

The Fuchs equations consist  of the prompt approximation to  equation 
(1) i n  which the summation term i s  neglected (hence, equation (2) is not 
applicable) and a coupling equation in which the reac t iv i ty  changes 
resul t ing from Fnternal factors  are  assumed t o  be negative and proportional 
t o  the energy released by the reactor. 
types of shutdown t o  be represented; one in which the shutdown e f f ec t s  due 
t o  energy release begin t o  appear Fmrnediately, and the threshold case Fn 
which a fixed amount of energy release i s  required before shutdown e f f ec t s  
appear. The solutions t o  the Fuchs equation f o r  s tep t rans ien ts  lead t o  
the following predict  ions. 

The coupling equation permits two 

For the case without a threshold: 

the power excursion i s  a round-topped burst which 
i s  symmetrical about the peak power; 

the peak power increases as the square of a,  the 
reciprocal of the init ial  asymptotic period; 

the energy release increases l i nea r ly  with a; 

the peak power and energy f o r  a given cy. should 
vary l inear ly  with the prompt neutron l i fe t ime 
divided by the void coefficient;  
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( 5 )  numerical solutions of similar equations including 
delayed neutrons exhibited a break in the peak 
power vs a curve a t  prompt c r i t i c a l .  

For the threshold case: 

( 6 )  ra is ing the threshold leve l  makes the power burst  
increasingly more asymmetrical ( the power decrease 
a f t e r  the power peak i s  more rapid than the i n i t i a l  
increase) ; 

(7) the dependence of peak power, energy and temperature 
r i s e  on a is  decreased. 

Comparison of these predictions w i t h  the  experimental results leads t o  
the following observations. 

(1) The Fuchs equations predict  the observed behavior of 
peak power, temperature rise and energy release as 
functions of a quite w e l l  i n  the short period region. 

(2) Inclusion of delayed neutrons leads t o  r e su l t s  in 
qual i ta t ive agreement w i t h  experimental r e su l t s  of 
the long-period t ransients .  

( 3 )  The predicted power burs t  shape f o r  both the threshold 
and nonthreshold cases i s  a very poor representation 
of the observed burst  shapes f o r  short-period t ransients .  

(4) The observed peak power and energy release at  a 
given a vary more nearly as the square root of the 
prompt neutron l i fe t ime divided by the void coef- 
f i c i e n t  ra ther  than the linear dependence predicted 
by the Fuchs Wdel,  

(5) The values of the shutdown coeff ic ient  which  en te r  
the model are  very close t o  observed experimental 
values. 

F r m  these observations it i s  concluded t h a t  the Fuchs Mde l  i s  a good 
guide t o  t rans ien t  behavior charac te r i s t ics  but  f a i l s  t o  describe the 
system i n  d e t a i l .  
of the model compared t o  the r e l a t ive  complexity of the shutdown processes 
in a heterogeneous reactor. 

The l a t t e r  i s  not surpr is ing i n  view of the simplicity 

Some of the experimental results suggested that a somewhat more 
general form f o r  the coupling equation m i g h t  be more successful i n  
matching the experimental results. 
the "Empirical b d e l "  was developed in which the negative reac t iv i ty  
e f f ec t  was assumed t o  be proportional t o  the nth power of the energy 
release.  Provision was also made f o r  the inclusion of a fixed tlme 
delay between the  energy release and the appearance of reac t iv i ty  e f fec ts .  
The exponent n was an arbitrary constant i n  the analysis and, hence, it 
could be used as a disposable parameter in matching the experimental 

Accordingly, a model referred t o  as 
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results. For the case of z e r o  time delay and n equal t o  mi ty ,  the 
Empirical Model degenerates t o  the Fuchs Model. 
the Empirical Model for  step t ransients  were obtained for  t v o  l imiting 
cases which were zero time delay and a long t -he  delay compared t o  the 
reactor period. 

Analytical solutions t o  

The resul ts  of t h i s  analysis were the following. 

The long delay model with n equal t o  about two was 
found t o  give a very good match t o  the experimental 
short period power burst .  

The agreement between the predicted and observed 
peak power and energy release as functions of a! 
found fo r  the Fuchs Model could be preserved in 
the long delay Empirical Model. 

The observed square root dependence of peak power 
and energy release on the prompt neutron lifetime 
divided by the void coefficient was predicted by 
the long delay model w i t h  n equal t o  two. 

A wide variety of burst  shapes ranging from very 
broad t o  very sharp could be represented by the 
model by adjustment of the constant, n. 

Thus, a simple modification of the coupling equation was found t o  
correct the major deficiencies of the Fuchs Model, while retaining the 
vir tue of simplicity. The model can be applied t o  any reactor system 
for  which the power burst  can be reasonably well matched by selection 
of the parameter, n. 
t i ona l  relationships between other variables are obtained immediately 
from the model. Basically, the model provides a set of relationships 
between various dynamic properties of a reactor so tha t  i f  one property 
i s  known t o  exist, others may be predicted. 

Once the best  f i t  value of n i s  found, the func- 

3.  --Induced Bursts 

The Fuchs prompt approximation ca.n be modified fo r  ramp 
transients  by replacing the constant reac t iv i ty  i n  the step case by 
an external react ivi ty  change which increases l inear ly  with t i m e .  An 
approximate solution fo r  the power behavior can be obtained for  those 
cases in which the initial power is re la t ive ly  low. The resu l t s  from 
t h i s  solution are in good agreement w i t h  the experimental data f o r  
those ramp bursts  which  reach prompt c r i t i c a l  before self-shutdown 
occurs, but fo r  slower bursts  the agreement i s  l e s s  sat isfactory 
because of the neglect of delayed neutrons i n  the prompt approximation. 
The inclusion of delayed neutrons, even by approximate methods, removes 
this  defect at  the expense of some loss of simplicity. 
many cases the more severe t ransients  a r e  the primary concern i n  safety 
considerations and the simpler prompt approximation can be used t o  
advantage. 

However, i n  

The analyt ical  resu l t s  of primary interest are as follows. 
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The maximum reciprocal period, 
square root of the ramp ra te  multiplied by a 
logarithmic factor .  
init ial  power and the shutdown coeff ic ient ,  but 
i s  so weakly dependent on these parameters t ha t  
it may be t rea ted  as  a constant over a very wide 
range. The major term i s  therefore the ramp ra te ,  
which i s  i n  agreement w i t h  the eqer imenta l  data. 

variee as  the 

This factor  imolves the 

The peak power i s  proportional t o  the ramp ra te  
divided by the shutdown coeff ic ient  multiplied 
by a logarithmic fac tor  involving the i n i t i a l  
power. 
the dominant term i s  the ramp ra t e ,  as was found 
experimentally. 

This fac tor  is  again slowly varying and 

The dependence of the peak power on ~ 4 0  i s  the same 
as tha t  f o r  a s tep t rans ien t  except fo r  a correction 
factor ,  which i s  the r a t i o  of two slowly-varying 
logarithmic factors  and which has a value of about 
1 t o  2. 
observation tha t  a ramp burst  can be t rea ted  as a 
s tep burst  of equivalent a. 

This i s  in agreement with the experimental 

The inclusion of delayed neutrons i n  the analysis 
leads t o  good agreement between theore t ica l  and 
experimental values f o r  % f o r  all the ramp tran- 
s ien ts  performed. This, i n  conjunction with 
I t e m  (3) above, essent ia l ly  completes the ana ly t ica l  
correlation between ramp and s tep t rans ien ts .  
only other quantity needed t o  complete the analysis 
i s  the effect ive dynamic value of the shutdown 
coeff ic ient  . 

The 

The power at wfiich % occurs is, over a large range, 
independent of the s t a r t i n g  power. This agrees with 
ob se m a t  ion. 

The modification of the shutdown equation t h a t  was 
made i n  the Empirical Wde1 t o  include nonlinear 
shutdown e f f ec t s  in s tep t rans ien ts  a l so  produces 
improved agreement between calculated and observed 
burst  shapes f o r  ramps. 
above remain essent ia l ly  unchanged, except for  a 
weakened dependence of peak power and energy on the 
shutdown coeff ic ient  . 

The predictions s ta ted  

These r e s u l t s  place the understanding of ramp accidents on an equal 
footing with the more readily analyzed s tep  accidents. 
established relationships between ramps a.nd steps,  the general consider- 
a t ions previously discussed f o r  the s tep analysis apply t o  ramps as w e l l .  
It i s  important t o  note tha t  f o r  accident considerations in which the 
inherent self- l imitat ion of the reactor  is  the dominant factor ,  the 

Because of the 

21 



maximum tolerable  accident w i l l  often be above prompt c r i t i c a l  and the 
use of the prompt approximation i s  j u s t i f  Led. 

4. Systems w i t h  Posit ive Coefficients 

Many reactor systems w i l l  exhibi t  in te rna l  chariges which 
cause the reac t iv i ty  t o  increase during the i n i t i a l  par t  of a runaway. 
Eventually the reac t iv i ty  changes must become negative w i t h  increasing 
energy release i f  for  no other reason than t h a t  of violent disassembly 
of the core. More prac t ica l  s i tua t ions  a r i s e  in  which a reactor has, 
fo r  example, a temperature coeff ic ient  which i s  posi t ive a t  room tem- 
perature but becomes negative a t  some higher temperature. 
t o  the k ine t ic  equations fo r  coupling equations of t h i s  form have been 
investigated fo r  cer ta in  specif ic  cases, and the following general 
observations can be made. 

The solutions 

a. If the maximum in te rna l  reac t iv i ty  increase accruing from 
the posi t ive coefficient i s  added t o  the external  reac t iv i ty  step which 
i n i t i a t e s  the accident, the resul t ing burst  can be found by the usual 
s tep  analysis,  using this t o t a l  excess as the i n i t i a t i n g  step. Since the 
in t e rna l  reac t iv i ty  contribution i s  a fixed property of the reactor,  this 
represents a lower l i m i t  t o  the s ize  accident t ha t  can occur. 
m b h u m  accident i s  worse than the maximum tolerable  accident, the 
reactor must be regarded a s  inherently unsafe. 
self- l imit ing f o r  the minimum accident, then safe excursions i n i t i a t e d  
external ly  may be possible. 
accident is  very much smaller than the safe l i m i t ,  the existence of the 
posi t ive coeff ic ient  may be ignored, and the reactor may be t rea ted  as 
one having a negative (but not necessarily constant) reac t iv i ty  coef- 
f i c i en t  . 

I f  t h i s  

I f  the reactor i s  safely 

If the energy release f r o m  the m i n i m u m  

b. A reactor with a variable reac t iv i ty  coefficient which 
i s  i n i t i a l l y  posi t ive may be safer  than one w i t h  a constant negative 
coeff ic ient  when consideration is  given t o  the amount of f lexible  
reac t iv i ty  which  must be provided in the control rods in order t o  over- 
come reac t iv i ty  losses at the operating power. A system with the reac- 
t i v i t y  coeff ic ient  changing from posi t ive t o  negative will possess a 
s tab le  non-zero operating power w i t h  no inves-nt of f lexible  reac t iv i ty  
in the control rods, and the maximum i n t e rna l  po ten t ia l  excess r eac t iv i ty  
Will, i n  general, be much l e s s  than would be required in control rods in 
order t o  operate a constant negative coeff ic ient  reactor a t  the same power 
with the same degree of se l f - s tab i l iza t ion .  
i n i t i a l l y  posi t ive coeff ic ient  i s  not, per se, a disadvantage and may 
indeed be desirable in some cases. 

Thus, the existence of an 

5 .  Reactivity Behavior f o r  Power Bursts 

I n  the foregoing analyses the form of the coupling equation was 
a r b i t r a r i l y  chosen and the resul t ing power burst  found by solution of the 
d i f f e ren t i a l  equations (l), (2) ahd ( 3 ) .  
se lec t  an analy t ica l  form f o r  the power burst  and solve the resul t ing 
equations f o r  the reac t iv i ty  compensation a t  the time of peak power, 
kC( tm> , which i s  the amount of in te rna l  r eac t iv i ty  change required t o  

An a l te rna t ive  approach i s  t o  
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stop the rise of power arid, nence, Fxduce a self-l imiting burst .  For 
t rans ien ts  above prompt c r i t i c a l  the compeRsate3 reactivit j .  a t  the time 
of peak i s  simply the prompt excess; i . e . ,  the reactor must be brought 
down t o  prompt c r i t i c a l  t o  ha l t  the power r i s e .  
i n  which delayed neutrons are  essent ia l ly  in  s t a t i c  equilibrium with the 
prompt neutrons, t'ne conpensated reactivit jr  a t  t -he 'o f  peak i s  the t o t a l  
excess react ivi ty;  t ha t  is ,  the reactor must be 'brought t o  delayed c r i t i -  
c a l  t o  h a l t  the power r i s e .  For intermediate t rv l s i en t s  the s i tuat ion 
i s  complicated by the time-varying contributtons from delayed neutrons 
which are not in s t a t i c  equilibriuii with the prompt neutrons. 
p lo t  of k c ( h )  vs a,  as derived from tine experimental data, showed con- 
siderable structlire i n  the t rans i t ion  region below prompt c r i t i c a l ,  the 
question arose as t o  how much of t h i s  behavior was due t o  the properties 
Of delayed neutrons and t o  what extent the  nature of the self-shutdown 
process m i g h t  be revealed by data of t h i s  sor t .  

For very slow transients  

Since the 

To f a c i l i t a t e  the analysis of t h i s  problem the power burst  was 
represented by an approximate form consisting of the difference between 
two exponential terms. By adjustment of an arb i t ra ry  constant, t h i s  
two-term approximation could be made t o  produce a wide var ie ty  of burst  
shapes ranging from a very narrow burs t  in which the power rose exponen- 
t i a l l y  a l l  the way t o  the peak, t o  a broad round-topped burst  similar t o  
t h a t  given by the F'uchs equation. 
of those given by the Empirical Model f o r  nonlinear shutdown ef fec ts .  

The narrower bursts  are character is t ic  

Thus, by the use of the  two-term approximation the general dependence 
of the k,(t,,,,a) function on the ty-pe ( i . e . ,  degree of nonlinearity) of 
shutdownLprgcess involved can be established. 
the power burs t  is  used in preference t o  other  forms because solutions 
containing the exp l i c i t  dependences on the various factors  i n  the 
eqwt ions  can be obtained analyt ical ly .  

The approximate form fo r  

The analysis carried out along the l i nes  indicated above revealed 
the following general points. 

I 1 8 1 0 0 1  

The shape of the k c ( h , a )  function is dependent on 
the delayed neutron ha l f - l ives  and abundances, the 
prompt neutron l i fe t ime,  and the degree of non- 
linearity of the shutdown process. 

The agreement between the  Spert  I experimental data  
and the analyt ical  results obtained by using the 
Spert  I constants is  very good. 

The reac t iv i ty  change needed t o  h a l t  the power rise 
f o r  t ransients  having intermediate periods can be 
several  orders of magnitude less than the i n i t i a l  
reac t iv i ty  increase, i f  the change can be made i n  
a small f ract ion of a period. 
reduction w i l l  be necessary t o  prevent fur ther  
power increase but the required reduction rates 
are not excessive. 

Continued reac t iv i ty  

Because of the intimate relationship between reac- 
t i v i t y  change, e n e r a  release,  peak power, and 
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peak temperature, most of the Spert I resu l t s  
can be predicted and understood from consider- 
a t ion of the behavior of the kc(tm,CY) function. 

These r e su l t s  can be readi ly  extended t o  other 
reactors t o  good advantage i n  predicting general 
b u r s t  behavior. 
shown t o  be typ ica l  of many reactor types, signi- 
f ican t  differences are  t o  be expected in some cases, 
depending on the various factors  mentioned in (1) 
above. 

Although the Spert resu l t s  are  

The results have important implications Fn control 
system design, the design of pulsed reactors and 
general safety considerations. For example, it 
can be shown that some reactors may be safely se l f -  
l imit ing f o r  s m a l l  r eac t iv i ty  steps, be unsafe f o r  
somewhat larger  steps,  but have another region of 
safe behavior f o r  steps i n  the v i c in i ty  of prompt 
c r i t i c a l .  That is, there may be four separate 
zones characterized by t h e i r  safety; a small-step 
safe zone, an intermediate unsafe zone, a "prompt"- 
s tep safe zone, and a large-step unsafe zone. The 
Godiva reactor i s  of t h i s  type. 
Borax reactors these upper and lower safe zones 
overlap and the.= is  no intervening unsafe zone. 

I n  the Spert and 

6. Shutdown Mechanisms 

The theore t ica l  work discussed up t o  this point has been con- 
cerned primarily with general propert ies  of reactor systems and the 
burst behavior associated with these properties.  
given to the e f f e c t s  of nonlinear shutdown processes, and it was shown 
that the existence of such processes could be inferred from various 
aspects of the experimental data. However, f o r  greatest  u t i l i z a t i o n  
of these theore t ica l  results in the evaluation of par t icu lar  reactor  
designs, it i s  necessary t o  obtain a de ta i led  understandhg of the exact 
nature of the various self-shutdown processes. 

Some consideration was 

As a s t a r t i ng  point in the investigation of the shutdown processes 
in Spert I, the reac t iv i ty  changes due t o  moderator heating by conduction 
f r o m  the f u e l  p l a t e s  and due t o  expansion of the f u e l  p la tes  themselves, 
were calculated from the observed power behavior at  d i f fe ren t  values of  
a. The use of the two-tern burst  approximation makes it possible t o  
solve the thermal diffusion equation analyt ical ly ,  and the d is t r ibu t ion  
of heat energy can be calculated w i t h  considerable accuracy. 
r e s u l t h g  reac t iv i ty  changes a t  the t h e  of peak power were compared 
with the kc(&) data t o  see t o  what extent these observed changes could 
be accounted f o r  by straightforward calculations.  These calculations 
included such fac tors  as nonlinear expansion of the moderator, d i r e c t  
moderator heating by neutrons and gamma rays, and the e f f ec t s  of non- 
uniform dis t r ibu t ion  of density changes in the core, w i t h  the following 
results. 

The 

I I 8 1 0 0 2  24 

.... 



Plate  and .?:i?i,crztoor e.qar,slo> acco 'a t  f a r  a l l  of 
the observed reactivl-;;; c : i ~ n g e s  ir, t:ie intermediate 
period region. 

For long-perlod transl?r,ts tne calculated e2fects 
are smaller than  t3e observed reaczivi iy  changes. 
This difference could 5e due t o  the zppearance of 
radiolytic gas i n  slow transier-ts.  

For short-period t ransients  the calculated e f f ec t s  
are again lower thar. the observed reac t lv i ty  changes. 
The reac t iv i ty  contribution from steam, as calculated 
from the conduction boi l ing model, can be adjusted 
t o  close the gap between calculated and observed 
e f f ec t s  fo r  a l l  short-period t rans ien ts .  
that ,  even though the conduction boi l ing model 
contains an a rb i t ra ry  constant, the model predicts  
the correct form f o r  the dependence of steam for- 
mation on the reactor period. 

This means 

The reac t iv i ty  contribution from moderator heating 
i s  the dominant fac tor  i n  long-period t ransients  
but declines t o  insignificance f o r  short periods. 

The reac t iv i ty  contribution from p la t e  expansion 
i s  s m a l l  f o r  long-period t rans ien ts ,  increases t o  
become the dominant fac tor  at  prompt c r i t i c a l ,  and 
decreases in  importance re la t ive  t o  steam f o r  short- 
period t ransients .  
the shutdown e f f ec t  from pla te  expansion is  s t i l l  
about one-third of the t o t a l  e f f ec t .  If a l l  other 
shutdown ef fec ts  were absent, the plate  expansion 
alone would be suf f ic ien t  t o  safely self- l imit  the 
reactor f o r  periods as short  as twenty milliseconds. 

I n  sp i te  of t'ne s h i f t  in the predominant mechanism 
from moderator expansion t o  fue l  p la te  expansion, 
and then t o  steam formation as the period i s  
shortened, the reac t iv i ty  change per  unit energy 
released remains e s sen t i a l ly  constant fo r  a l l  
periods. 
f o r  the success of the simple Fuchs Model i n  
predicting the ob served behavior. 

A t  a period of ten milliseconds 

This f a c t  i s  undoubtedly responsible 

D .  Summary of Technical Work 

The experimental work on the f i rs t  Spert I aluminum core included 
step, ramp and s t a b i l i t y  experiments in suf f ic ien t  detai l  t o  permit a 
general evaluation of the properties of the system f o r  various types of 
accidents. The i n i t i a l  objectives of repeating and extending the Borax 
experiments and the comparison of ramp and s tep accidents were essent ia l ly  
f u l f i l l e d  by these t e s t s .  
as a reference point i n  determining the influence of various parameters 

The extensive da ta  on t h i s  core a l so  served 
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on dynamic behavior. 
d i f fe r ing  void coeff ic ients  consti tuted the f i r s t  pnase of the general 
program of determining the e f fec ts  of in.dividua1 reaztor parmeters  

E-xperiments on a t c t a l  of f ive cores  having widely 

The ana ly t ica l  work on ramps has provided ~ I I  accurate and generally 
applicable method f o r  re la t ing  ramp accidents t o  step accidents so t h a t  
the two s i tuat ions  car^ be t reated as a single problem. 
no reason f o r  not placing the treatment of accident i n i t i a t ion  on a 
r e a l i s t i c  basis  by incorporating the reac t iv i ty  additioc rate  exp l i c i t l y  
into hazards analyses. 
simple mathematical models which not only correlate  most of the features  
of  the experimental data on the f ive cores tes ted ,  but which also predict  
t h e  behavior character is t ics  of reactors of mmy other types. Since 
t'nese models reveal the influence of various reactor parameters expl ic i t ly ,  
the general burst  properties of a system can be s ta ted a t  the outset  i f  
these parameters a re  known. 
processes and the corresponding dynamic properties of a reactor can be 
inferred with considerable accuracy from the observed behavior of a few 
transient  bursts .  
experimental and analyt ical  resu l t s  should extend beyond the class  of 
heterogeneous water moderated reactors.  

Flus, there i s  

The analysis of s tep t ransients  has provided 

Conversely, the nature of the in te rna l  

This means that the appl icabi l i ty  of many of  the 

When the implications of the ana ly t ica l  resu l t s  have been more f u l l y  
digested, it should be possible t o  make a s ignif icant  contribution t o  the 
ultimate objective of formulating general c r i t e r i a  for  the evaluation of 
reactor safety.  For greatest  u t i l i t y ,  these general c r i t e r i a  should be 
expressible as approximate relationships which are  simple enough t o  be 
comi t t ed  t o  memory, even if more elaborate calculations may be required 
f o r  m a x i m u m  rigor.  Progress has already been made i n  this direct ion.  
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A. Introduction 

Although the development of mathematical models w i l l  be a c o n t ~ u i n g  
par t  of t'ne prograT, the discussions ir: Sectior, 111 show tha t  there i s  
even now a suff ic ient  background of  acalyzical ucderstmding of reactor 
k ine t ic  behavior t o  suggest a change i n  emphasis i n  the experimental 
work. 
on a broad scale i s  reduced and the experimentel work can prof i tably be 
directed toward confirmation af those predictions of theory which are 
outside the scope of past  experimental experience. In  t h i s  regard it 
now appears t ha t  the influence o f  cer ta in  factors ,  such as the delayed 
neutron fraction, are suf f ic ien t ly  well understood t o  permit re l iable  
predictions t o  be made, and the experiments or iginal ly  planned t o  inves- 
t i ga t e  these factors  may be postponed o r  eliminated. This development 
and the completion of new f a c i l i t i e s  make it possible t o  undertake two 
extensions of the program at  an e a r l i e r  date than had formerly been 
anticipated.  It becomes appropriate as a pa r t  of the  study of factors  
of importance i n  general kinet ic  behavior t o  extend the range of inves- 
t iga t ions  into the unexplored region of very short  periods. 
time a considerable e f fo r t  should be devoted t o  the investigations of 
the d e t a i l s  of a l l  shutdown mechanisms l ike ly  t o  be of imgortance i n  
reactor  safety,  so t ha t  the program w i l l  not continue t o  be oriented so 
strongly around the water-moderated systems, but w i l l  have greater  
appl icabi l i ty  t o  other important reactor  types as well. 

The need f o r  investigations of general behavior character is t ics  

A t  the same 

These suggested a c t i v i t i e s  in  combination with the substant ia l  
portions of the present program which need not be al tered form the basis  
of the experimental program proposed i n  t h i s  report. 

B. Outline of Future Program 

Briefly,  it i s  proposed t h a t  the immediate program should continue 
with the s tudies  of the in s t ab i l i t y  phenomenon, the detai led investi-  
gation of self-shutdown processes, and the checking of theore t ica l  
predictions of dynamic behavior. A s  quickly as possible, increasing 
emphasis should be placed on extension of the t e s t s  into the destructive 
region, measurements of effect ive shutdown coefficients f o r  represen- 
t a t i v e  reactor types, the development of acceptance tes t ing  techniques 
f o r  the  measurements of dynamic properties of reactors in  s i t u ,  and the 
extensive application of the resu l t s .  

The suggested experimental approach t o  these general objectives i s  
outlined below i n  greater d e t a i l  and the proposed sequence of tes ts  fo r  
each of the four f a c i l i t i e s  i s  shown i n  Table I1 along with the core 
type and major features of the various tests.  Table I11 l i s t s  some of 
the specif ic  experiments in  each test se r i e s .  

It i s  convenient i n  discussing the tes ts  t o  group them by reactor: 

SPERT I - The completion of the Spert-11, -111, and -1V f a c i l i t i e s  
will provide more sat isfactory means for conducting many of  t h e  
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experiments heretofore carried out i n  Spert I .  Consequently, the Spert I 
work can be concentrated on those experiments fo r  which it i s  bes t  sui ted 
but which, i n  the pas t  often had t o  be deferred because of tile heavy tes t  
schedule. Examples of these are  preliminary explorations, mechanism 
studies  and destructive t e s t s .  As a pa r t  of the necessary p r e l h i n a r y  
experiments f o r  the destructive t e s t s ,  subassembly experiments w i l l  be 
performed which w i l l  provide useful meltdown infomation. The mechanism 
studies can, f o r  the most pa r t ,  be carr ied out in capsule o r  subassembly 
tests. 
tests by core type, which was used i n  DO-16415, i s  no longer per t inent .  

Hence, any suitable core can be used and the c lass i f ica t ion  of 

The f i r s t  group of t e s t s  shown i n  Table I1 are the capsule and p i l e  
o s c i l l a t o r  experiments w i t h  the APPR core. 
objectives a re  described in Section 111. 
tests and a l imited survey of the s t a b i l i t y  properties of the core. 
These, along w i t h  the e a r l i e r  step and osc i l l a to r  t e s t s  w i l l  provide 
complete dynamic studies by excursion methods and by osc i l l a to r  methods. 
The ana ly t ica l  work of comparing excursion and osc i l l a to r  experiments 
should provide information which w i l l  be useful  in assessing the value of 
o s c i l l a t o r  t e s t s  f o r  predicting reactor behavior under accident conditions. 

These experiments and t h e i r  
They w i l l  be followed by ramp 

The f u l l  t e s t  program with the ORNL E S R - I 1  core, involves experiments 

From the point of view of the Spert 
a t  ORNL by the ORNL staff and t e s t s  a t  Spert by P h i l l i p s '  personnel. 
la t ter  t e s t s  have several  objectives.  
program, the most important objective i s  the checking of cer ta in  predic- 
t ions  of the theory, described i n  Section 111, tha t  have important conse- 
quences in  the philosophy of design of control systems. The tes ts  w i l l  
a l so  provide information f o r  the basic program. To a large extent,  t h i s  
program i s  a proof-test  of a core- and control-system designed t o  be an  
improved swimming-pool prototype. 

The 

Following the BSR-I1 t e s t s ,  it is  proposed t o  use the APPR core in  
another t e s t  s e r i e s  culminating in a destructive t e s t .  The objectives 
gf such tests, which were discussed only b r i e f l y  before, a r e  manifold. 
I n  t h i s  connection it i s  important t o  state several  generalizations. 
F i r s t ,  the period a t  which the fue l  p la te  j u s t  melts w i l l  in general not 
vary enormously, primarily because the energy content per unit volume 
required t o  m e l t  materials used in reactor construction i s  re a t ive ly  
constant. Second, as pointed out i n  a recent p r e ~ e n t a t i o n ( ~ 5 ? ,  these 
"melting periods'' are i n  a range where marginal gains i n  the a b i l i t y  t o  
withstand shorter  periods y ie ld  s ign i f icant  gains i n  safety.  This i s  
because the majority of accidents producing such periods w i l l ,  i n  fac t ,  
be ramps, and the ramp rates required t o  produce such periods become 
unattainably f a s t ,  o r  nearly so. Finally, on the bas is  of the one 
destructive tes t  t h a t  has been conducted, it i s  generally believed t h a t  
i n  heterogeneous water-cooled reactors core-meltdown on a large scale is, 
one way o r  another, responsible fo r  core destruction. Hence, the periods 
immediately below the 5 msec l i m i t  previously explored a re  of par t icu lar  
importance i n  the safety of these reactors,  and essent ia l ly  no experi- 
mental data e x i s t  on behavior i n  t h i s  region. 

It should a l so  be observed t h a t  much of the expected damage in t h i s  
period range may be as much a consequence of the low boi l ing point and 
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high vapor pressures of the water coolant as  it is a consequence of the 
melting point of the materials of construction. For some other reactor 
designs f u e l  melting may not; present a problem. It is ,  therefore,  
desirable t o  determine which features of  behavior in t h i s  region are 
determined mainly by the behavior of the shutdown mechanisms, and which 
features  are  consequences of the meltdown. 
the destructive program. 

This w l l l b e  an objective of 

The physically a t ta inable  ra tes  of r eac t iv i ty  insertion and the 
nuclear l imitat ion on the reproduction fac tor  e f fec t ive ly  l i m i t  the 
a t t a h a b l e  periods and in consequence may l i m i t  the magnitude of possible 
energy release, which would have an important e f f ec t  on the whole problem 
of reactor safety.  Hence, another objective of the ser ies  of t e s t s  would 
be t o  determine the energy release as a function of period. Furthermore, 
the ultimate problems of reactor safety are  concerned with the magnitude 
of the consequences of incidents, and another objective would be t o  
determine the scope of the problem that r ea l ly  ex i s t s  when a destructive 
runaway occurs. Finally,  these last problems involve a l l  the broad 
problem areas of reactor safety,  and these t e s t s  w i l l  provide means of 
bringing the d i f fe ren t  a c t i v i t i e s  together under r e a l i s t i c  conditions. 
Tests per t inent  t o  the Chemical Reaction Studies and Containment Studies 
can be combined with the reactor tests. For example, the infomation 
obtained on the time-scale fo r  energy-release during destructive t e s t s  
will be valuable t o  Containment Studies. 

The low enrichment ceramic core suggested f o r  study a f t e r  the APPR 
destruct ive t e s t  i s  intended malnly t o  provide a system with a long 
thermal time constant as an a i d  i n  the general understanding of shutdown 
mechanisms. The tests should be carr ied t o  destruction as  a pa r t  of the 
program. 
f o r  the N.S.  Savannah, i f  a suff ic ient  portion of it could be made 
available.  
cores previously planned as separate t e s t s .  

A possible core f o r  t h i s  use would be the c r i t i c a l  assembly 

This single core would replace the 20s enriched and Borax IV 

The proposed sequence of tests should be regarded as f lex ib le  
because scheduling considerations and the detai led aims of individual 
t e s t s  may require a change in  the order. As mentioned e a r l i e r ,  it no 
longer appears necessary t o  include a PU o r  U-233 core t o  study the 
e f f e c t  of changing the delayed neutron fract ion.  

Several general features of the Spert  I t e s t s  should be mentioned. 
The predictions of the theory should be checked in more d e t a i l  by experi- 
mental work. 
those previously included in the program. For example, systems with 
posi t ive coeff ic ients  should be examined. 
given t o  the use of reactors other than those at  Spert fo r  t e s t s  of l e s s  
hazardous nature in order t o  obtain data  on a wider var ie ty  of reactor 
types. 

This may involve experiments on cores quite d i f fe ren t  from 

Consideration should be 

Specif ic  shutdown mechanisms should be investigated i n  d e t a i l ,  and 
methods f o r  predicting and measuring dynamic coeff ic ients  should be 
developed i n  order t o  provide a sound basis f o r  application of the 
general theory t o  many reactor types. It is  par t icu lar ly  important in 
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t h i s  connection t o  emphasize tha t  the past  work on mechanisms has concen- 
t r a t ed  on those important in current designs of water-moderated systems, 
The f e a s i b i l i t y  of using other mechanisms should be investigated. 

SPERT I1 - The objectives fo r  the Spert I1 work are.unchanged from 
those given i n  IDO-16415. 
tance of the prompt neutron l i fe t ime in k ine t ic  behavior over a wide 
range of environmental conditions, and secondarily, t o  study the special  
features associated with heavy water systems. The ear ly  pa r t  of the 
program i s  unchanged from tha t  given in DO-16415 except fo r  the additions 
of plans t o  study posit ive coeff ic ient  cores. The Z r  cores proposed f o r  
l a t e r  in the program w i l l  not be needed. 
the only unique contribution from the use of a Z r  core would be t o  pro- 
vide data  on the mechanical properties of Z r  fue l  i n  severe t ransients .  
This information can probably be obtained equally well i n  subassembly 
t e s t s  at  great ly  reduced cost .  

It i s  intended prbnarily t o  examine the impor- 

At present it would appear that  

SPERT I11 - The objectives of Spert I11 are  also unchanged. This 
system is intended t o  provide an environment similar t o  tha t  expected in 
high power reactors and t o  provide means fo r  cer ta in  engineering t e s t s .  
No program changes are envisioned other than the elimination of the Z r  
core f o r  the same reasons given fo r  S p e d  11. 

SPERT IV - As s ta ted  in  1110-16415, the i n i t i a l  objectives of Spert IV 
are  t o  study the i n s t a b i l i t y  phenomenon, and t h i s  w i l l  proceed as  planned. 
Some step and ramp t e s t s  will be included but these will be of secondary 
importance and mainly fo r  or ientat ion purposes. 

The experimental sequence and approximate scheduling f o r  the next 
few years a re  given in Table I. 
quence may be expected i n  l ight  of pas t  experience, but the general 
course of the work should not deviate great ly  from t h a t  indicated. 
program selected f o r  the next two  years is intended t o  provide f o r  the 
most rapid development of new information in reactor  kinet ics .  

Additions o r  deletions from t h i s  se- 

The 
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V I .  APPENDMA 

I. REACTOR TRANSIENT TEST FACILITY AID PROGRAM 

A. Jus t i f i ca t ion  

The f e a s i b i l i t y  of the several  reactors now being developed fo r  
operation in  populated areas depends, among other factors ,  on designing 
each reactor system so t h a t  the release of a signif icant  quantity of 
radioactive materials into the environs i s  inprobable beyond reasonable 
doubt. A thorough understanding of the t rans ien t  behavior of each type 
of reactor  is e s sen t i a l  as the basis f o r  the design wd evaluation of 
the reactor  system. The recent Borax t e s t s  have provided invaluable 
Information but  have also brought t o  a t ten t ion  the urgent need f o r  
addi t ional  and continuing investigations f o r  determining the dynamic 
behavior of reactors over wide ranges of conditions. 
m u s t  include experiments which present unusual hazards, an adequately 
remote f a c i l i t y  designed for  such experiments i s  required. 

Since such studies 

B. Objectives 

1. Conduct experimental and theo re t i ca l  s tudies  as necessary t o  
obtain a thorough understanding of the behavior of reactors under tran- 
s i en t  conditions w i t h  par t icu lar  regard t o  phenomena which might result 
in an explosive release of energy such as extreme pressure surges due t o  
excessive rates of energy release,  o r  possibly chemical reactions. 
Experiments w i t h  p la t e  fue l  elemehts in an open tank w i t h  and without 
forced circulat ion are of most immediate in t e re s t .  

2. Determine experhenta l ly  the maximum reac t iv i ty  as a function 
0% time rate that can be safely introduced in to  a few selected types of 
reactor  cores. 
program f o r  planning of the experiments and analysis and interpretat ion 
of the  results. 
in order of pr ior i ty :  

Appropriate theore t ica l  studjes should be a pa r t  of t h i s  

The following reactor  types a re  currently of i n t e re s t  

(1) A reactor  of the general type being planned f o r  
the  University of Michigan. 
probably have s ta in less  s t e e l  clad f u e l  elements, 
a fixed beryllium oxide r e f l ec to r  and forced 
circulat ion.  

Such a reactor will 

(2) A homogeneous reactor of the type being considered 
f o r  university research. North American Aviation 
has a project f o r  the planning of such an experi- 
ment and the fabricat ion of the reactor  core and 
control system. 

3. Conduct t rans ien t  experiments t o  determine dynamic behavior of 
other  types of reactors such as: 

( 1) A sodium-cooled graphite-moderated reactor; 
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(2)  ~n intermediate reactor (XI;); 

(3)  A f a s t  breeder reactor.  

C. F a c i l i t x  

which would serve as a central  f a c i l i t y  for  three t o  four reactor t e s t  
p i t s .  
t o  t h i r t y  f e e t  deep e i the r  buried below grade o r  above grade w i t h  ea r th  
barricade. 
assembly and control rod t e s t ing  in these p i t s  during inclement weather. 

The physical plant  might consist  of an underground instrument she l te r  

The p i t s  would be tanks ten t o  twenty f ee t  i n  diameter and twenty 

A removable she l te r  w i t h  space heating w i l l  allow core 

The tes t  p i t s  would be located several  hundred fee t  from the central  
instrument she l te r .  

Control decision and instrumentation would be telemetered t o  a con- 
t r o l  s t a t ion  approximately two m i l e s  f r o m  the p i t s .  

Every attempt should be made t o  obtain complete temperature and 
pressure records during t e s t s  as well as t o  obtaln photographic records 
of physical perturbations.  

F l ex ib i l i t y  of instrumentation to adapt t o  cores of widely varying 
design will be specified. 
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