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ABSTRACT 

This repor t reviews the safety problems re la ted to 
the design of cores for l iquid-metal-cooled fast breeder r e 
ac to r s . A phenomenological representa t ion is related to po
tential accidents , and this representat ion is used to describe 
the program of work needed to develop adequate design prin
ciples . Some of the program requires mass ive in-pile in
stallations for execution, and some is typical of work ca r r ied 
out in many university and industrial labora tor ies . In the 
summary , emphasis is placed on the lat ter work program. 

INTRODUCTION 

It is our intent that this collection of ar t ic les be used as a source 
of reference mate r ia l for further r e sea rch in l iquid-metal-cooled fast-
b r e e d e r - r e a c t o r (LMFBR) safety by university students and staff, as well 
as industr ial and laboratory worker s . The mate r ia l in this repor t is based 
on work prepared for the project "Studies of LMFBR Safety Faci l i t ies" 
initiated at Argonne National Laboratory in 1968. The purpose of that P r o j 
ect was to define and justify a program of in-core tes ts and the facilities 
needed to ca r ry out a program to establish the safety proper t ies of LMFBR 
co re s . Dr. Robert Duffield, Director of Argonne National Laboratory, 
pointed out that much of the mate r i a l used in that project would be of gen
e ra l utility and inspired this repor t . 

There is no recognized discipline called "Safety," let alone special
t ies in reactor safety or even LMFBR safety. There is no standard format 
for safety discussions. Judgments of relat ive priori ty frequently reflect no 
m o r e than a consensus of est imates as to which problems create the most 
anxiety at any one t ime. We therefore claim no special role for this col
lection of documents, nor do we a s s e r t that it has any primacy as opposed 
to other, more scat tered, work. Whatever value res ides in this repor t is in 
the fact that it r epresen ts a collection of work centering on one major a rea 
of reactor safety and attacking major problems in that a rea from a number 

f view simultaneously. It has long been the history of 



work in reactor safety to approach problems in piecemeal fashion, so that 
at some moment it is the Doppler effect, at another the void coefficient, and 
at still another the power coefficient that is uppermost in peop les 'minds . 
Although there is no question that each of these problems is significant, the 
uninitiated person may easily come to regard the problem posed at the 
moment as being the whole of reactor safety rather than just one significant 
part. Safety is a study of the interrelated effects of different malfunctions, 
and the emphasis should therefore be placed on the interrelatedness of prob
lems rather than on the particular nature of any single problem. 

We have divided the material in this report largely along phenome
nological l ines--part ly, because this is the way it was done in the original 
report for which the material was first prepared; partly, because we are 
interested in inspiring attacks on outstanding problems rather than in
spiring design changes that will circumvent problems. The lat ter are nec
essary at various stages of any reactor design, but the attack on the 
problems themselves is needed to uncover sound basic design principles . 
There are, however, many useful ways to organize the work of reactor 
safety, and the one presented here may not necessari ly be well suited for 
other purposes. 

We start with a chapter on the relationship of LMFBR safety prob
lems to reactor safety in both the historical context and relative to work 
currently being done. Next we treat the particular problems of LMFBR 
safety and attempt to categorize them as those of which the solution is e s 
sential to the design of large economical plants and will play a significant 
role in determining the optimum design, or as those problems that are either 
well on their way to solution or which, while they are significant to the safe 
design of a reactor plant, are not liable to affect the design in a qualitative 
way. 

Because it is so closely related to traditional engineering studies 
and to the steady-state design problems frequently encountered in course 
work in nuclear engineering, we then introduce the topic of coolant 
dynamics. The problems associated with unstable boiling and possible 
superheat lead not only to a discussion of the possible reactivity effects 
of voids in the sodium, but also to the possible failure of the fuel through in
sufficient heating. This leads naturally to the next chapter, which is a 
discussion of the propagation of failure of fuel from one fuel pin to its near
est neighbors . 

If such autocatalytic propagation were to occur, it could then lead to 
a situation where extremely hot, essentially uncooled fuel were eventually 
to mix with relatively cool sodium, and the results could be a violent boiling 
process akin to an explosion. Such violent boiling can occur on several 
scales, and it is not restr icted in principle to the single-fuel-pin problem. 
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Indeed, the one case observed in an accurate in-pile simulation, the 
SPERT-ID test, involved the melting of a major portion of the core . The 
accident phenomenon associated with the melting of fuel on a subassembly 
scale or larger is discussed next. 

We complete the sequence by a discussion of the most severe 
accidents, where the entire reactor core part icipates in liberating energy 
at an extremely high rate until its energy content causes the reaction to 
cease by disassembly. Following such an accident, there would be a need 
for containment of the debris , which will be heated by retained fission 
products . This problem is reviewed next, and we close with a discussion 
of problems centering on the development and testing of instrumentation. 

CHAPTER I 

PERSPECTIVE VIEW OF LMFBR SAFETY 

Safety in large fast power reac tors should be seen against the back
ground of reactor safety, in general, and the influences of LMFBR design. 
F r o m such a perspect ive, we try to determine those problems we expect to 
solve by means s imilar to those employed in the past, we expect to de te r 
mine those problems that are essentially new, and we expect to determine 
those problems that are highly sensitive to design l imitat ions. 

A. Comparison of LMFBR's and Other Reactor Types 

The technical feasibility of building and operating nuclear power 
reac to r s of various types and size without endangering public safety has 
been demonstrated many t imes . Reactor safety as a topic would not loom 
large were it not for the continuing p re s su re of the need for more economi
cal power sources which give r i se to new types of reactor design and design 
modifications. Each power- reac tor type brings charac ter i s t ic safety 
questions into consideration. For example, the h igh-pressure gas-cooled 
reac tor is sensitive to p r imary system rupture with loss of coolant and 
depressur iza t ion. Should such a loss occur, it is important to minimize 
and control any reaction between air and the graphite. Similarly, leaks 
from the steam system into the pr imary system coolant pose significant 
questions. The boiling and pressur ized water reac tors (BWR's and PWR's) 
operate with h igh-pressure coolant and thus also a re potentially subject 
to accidents involving depressur izat ion and loss of coolant. The sodium-
cooled fast power reac to r s employ a low-pressure coolant, which will not 
flash normally in the event of a p r imary system rupture . The sodium air 
reaction has received some emphasis , although pr imary systems are 
usually surrounded by an oxygen-depleted a tmosphere . 

In common with p ressur ized water r eac to r s using chemical shim 
control, the l iquid-metal-cooled fast breeder reac tors (LMFBR's) may 



frequently have a positive void coefficient. In PWR's, the local '^^P^^^'^^' 
may, under conditions where power and flow are no longer properly matched, 
become so high as to cause a departure from nucleate boiling (DNB), and 
this will lead to film boiling and. if the condition is allowed to continue 
overheating and melting of the fuel. In LMFBR's. current design conditions 
are such that boiling is generally unstable, and if there is void formation, 
the void is expected to propagate rapidly through the channel with sub
sequent overheating of the fuel. In distinction to the PWR's, however, the 
region of positive void coefficient in the large LMFBR's can be very ex
tensive, and the amount of reactivity added through such voiding can be 
very large. Moreover, the small prompt neutron lifetime emphasizes the 
effects of the rate of reactivity insertion. In addition, whereas the thermal 
reactors operate with low-enrichment fuel, the enrichment of fuel in the 
LMFBR's is high enough that there is a potential for large reactivity in
sertion rates from coherent collapse of the core. 

These considerations have frequently led in the past to the belief 
that a reactivity accident presents the greatest hazard. Because the cool
ant system pressure in LMFBR's is low, the reactivity insertion ra tes from 
malfunctions such as control-rod ejection are not likely to be extremely 
high, and such accidents are not normally considered to be likely. More 
reasonable is the assumption that if precautions are not taken, either 
through design methods or the installation of proper protective systems, 
local faults on the subassembly or individual fuel-element scale may 
propagate. If this propagation can be autocatalytic. la rge-sca le fuel failure 
and sodium boiling with consequent large reactivity insertion ra tes may 
result. Therefore the emphasis in LMFBR systems is on the questions of 
local anomalies, which means detecting such anomalies and determining the 
potential of propagation of damage within each subassembly and from sub
assembly to subassembly. 

B. Safety Problems Specific to LMFBR's 

In the following chapters we will r es t r i c t our discussion by and large 
to LMFBR's of the type currently being considered as likely candidates for 
central station power production--that is, 1000-MWe designs. Many of the 
considerations reported in this document apply to designs with greater po
tential but with less active development at this t ime. But. if past experience 
is any guide, we should be prepared to expect that such future developments 
will bring their own characterist ic problems. 

The typical large fast reactor under active design today employs a 
mixed-oxide (PuOj, UO^) fuel, helium bonded to stainless steel cladding 
having a diameter of about 0.250 in. The core volume is a little more than 
one-third fuel, the coolant is a little less than a half of the total volume, 
and the remainder is taken up by cladding and structural mater ia l . The en
richment of the fuel tends to be about 20% plutonium or somewhat l e s s . 



Typical peak oxide fuel-element ratings are 15 kw/ft, with a peak power 
density of about 600 kw/ l i t e r of core . 

Such reac tors typically have a substantially negative Doppler co
efficient of reactivity coming from the fertile ^^'U. This Doppler coefficient 
can be remarkably reduced in size if the sodium should be voided. 

Generally speaking, in these large sodium-cooled fast r eac to r s , 
loss of sodium gives an appreciable positive reactivity change. This effect 
comes from the lack of balance between two competing factors . F i r s t , the 
loss of sodium tends to harden the neutron spectrum, and in the hardened 
spectrum, the ratio of capture to fission in the plutonium decreases , the 
fast fission yield from the fertile atoms increases , and the capture in the 
fertile nuclei and the fission products decreases , relat ive to the increase in 
the fission c ross section of the fissile nuclides. Thus, this effect adds r e 
activity. In competition, the leakage increases with the loss of sodium, and 
this decreases reactivity. As the size of the reactor increases , the neutron 
leakage tends to become less important and the reactivity increase from 
spectral hardening tends to dominate. 

This competition causes the change in reactivity with loss of sodium 
to have a strong spatial dependence. Generally, the negative leakage com
ponent is small near the core center, so that even for a reactor having an 
overall zero sodium void coefficient there will be a positive component 
from the central regions of the core and a negative contribution from the 
per iphery. If sodium were to be expelled beginning at the center of the core, 
there would be an initial reactivity gain, even though the total loss of sodium 
led to a loss of reactivity. 

% 
Other reactivity coefficients a r i se from changes in the average fuel 

concentration in the core such as can ar i se from the bowing of fuel elements 
or subassemblies induced by radial and axial tempera ture gradients . Axial 
fuel movement from thermal expansion, part icularly in the course of a 
t ransient power excursion, can also lead to significant reactivity feedback. 

Thus, there a re a variety of sources of reactivity feedback inherent 
in LMFBR design. Some of these, like the Doppler coefficient and fuel 
movement from axial expansion, are prompt; others , like those from sodium 
voiding, may be prompt or may be delayed slightly, depending on the details 
of the excursion. Small delays in reactivity feedback can have an important 
effect on the course of a t ransient . A direct consequence of the short 
prompt-neutron lifetime of LMFBR's is the fact that a super -p rompt -
cr i t ical burs t may take its course before mechanical control mechanisms 
could have time to act to produce any significant effect on the outcome of 
the burst , even though they were t r iggered at its onset. During such a burst , 
there may be insufficient time for la rge-sca le conduction of heat from fuel 



to coolant , u n l e s s the fuel f r a g m e n t s and m i x e s with the coo lan t . The fue 
in solid f o r m m a y tend to expand so r a p i d l y that i n e r t i a l ef fects wi l l be s i g 
ni f icant . If fuel d i s p l a c e m e n t is the p r i m a r y s o u r c e of r e a c t i v i t y l o s s to 
t e r m i n a t e the power b u r s t , v e r y high p r e s s u r e s m a y r e s u l t b e f o r e suf t ic ien 
expansion t akes p l a c e . A s we have men t ioned , an i m p o r t a n t c h a r a c t e r i s t i c o 
L M F B R ' s is that they gain r e a c t i v i t y when t h e i r fuel i s r e a r r a n g e d in a m o r e 
dense conf igura t ion d i sp l ac ing coolan t . L a r g e a m o u n t s of r e a c t i v i t y a r e p o 
ten t i a l ly ava i l ab le f rom anything that m o v e s the fuel into g e o m e t r i c a l a r 
r a n g e m e n t s of h ighe r a v e r a g e fuel dens i t y . B e c a u s e the s h o r t p r o m p t - n e u t r o n 
l i fe t ime l i m i t s to a f rac t ion of a d o l l a r the amount of r e a c t i v i t y tha t can be 
i n s e r t e d before the t e m p e r a t u r e r i s e s s h a r p l y and the b u r s t i s t e r m i n a t e d , 
it i s the r a t e of r e a c t i v i t y i n s e r t i o n at p r o m p t c r i t i c a l , r a t h e r than the t o t a l 
amount of e x c e s s r e a c t i v i t y ava i l ab l e , tha t p r i m a r i l y d e t e r m i n e s the c o u r s e 
of even t s . Fol lowing such a b u r s t , t h e r e i s a c o n s i d e r a b l e a m o u n t of e n e r g y 
ava i lab le for c o n v e r s i o n into m e c h a n i c a l work , even though the n u c l e a r r e a c 
t ion has to al l in ten t s and p u r p o s e s c e a s e d . 

C. S u m m a r y - - T h e Main P r o b l e m A r e a s 

We have se t the s tage for examin ing t h r e e types of L M F B R sa fe ty 
p r o b l e m s . The f i r s t type i s : l oca l a n o m a l i e s in the c o r e wh ich m a y 
p r o p a g a t e ; such a n o m a l i e s inc lude loca l s o d i u m boi l ing induced by d i s t u r b -
ances within an individual flow channel or c h a n n e l s , p in f a i l u r e , and f a i l u r e s 
(such as coolant flow b lockages ) tha t m a y affect a s ign i f ican t p o r t i o n of a 
s ingle s u b a s s e m b l y . The second type of safety p r o b l e m is a s s o c i a t e d wi th 
s o u r c e s of l a r g e r a t e s of r e a c t i v i t y i n s e r t i o n ; such s o u r c e s i nc lude c o h e r e n t 
mot ions of fuel and coolant which m i g h t a r i s e as the r e s u l t of l a r g e - s c a l e 
au toca ta ly t i c p ropaga t ion of loca l c o r e a n o m a l i e s . The e n e r g y g e n e r a t e d in 
such a b u r s t will eventua l ly cause the n u c l e a r r e a c t i o n to c e a s e by v i r t u e 
of c o r e d i s a s s e m b l y . However , a c o n s i d e r a b l e amoun t of e n e r g y in the ex 
panded c o r e is s t i l l ava i l ab le for c o n v e r s i o n into m e c h a n i c a l w o r k . D i s s i 
pat ion of th i s e n e r g y and r e m o v a l of the f i s s i o n - p r o d u c t d e c a y h e a t f r o m the 
d i s p e r s e d c o r e cons t i t u t e s the t h i r d c l a s s of p r o b l e m s , c o n t a i n m e n t and 
cooling of p o s t b u r s t co r e d e b r i s . 

In the succeed ing c h a p t e r s , t h e s e t h r e e c l a s s e s of p r o b l e m s a r e 
d i s c u s s e d roughly in the o r d e r n a m e d . T h e r e is a c o n s i d e r a b l e a m o u n t of 
i n t e r ac t i on be tween the v a r i o u s p r o b l e m s , h o w e v e r , and s t r i c t s e p a r a t i o n i s 
not al'ways p o s s i b l e . F i r s t "we d i s c u s s spec i f ic p r o b l e m s in r e l a t i o n to t h e i r 
i m p o r t a n c e . We take up nex t the p r o b l e m s of loca l a n o m a l i e s , such a s s o 
d ium boi l ing and fue l - f a i l u re p r o p a g a t i o n , at which po in t it i s n a t u r a l to i n t r o 
duce the topic of m o l t e n fue l - coo lan t i n t e r a c t i o n . T h i s top ic is a p p l i c a b l e on 
all t h r e e p r o b l e m l e v e l s , howeve r , s ince it is app l i cab l e to (1) the p r o p a g a 
tion of pin f a i l u r e , (2) the p r o p a g a t i o n of s u b a s s e m b l y d a m a g e , and (3) the 
c o n v e r s i o n of s t o r e d hea t to m e c h a n i c a l e n e r g y follovi^ing a s e v e r e e x c u r s i o n . 
L a r g e fuel and coolant m o t i o n s and s e v e r e e x c u r s i o n s a r e t r e a t e d nex t , i n 
cluding a d i s c u s s i o n of the effects of s e v e r e e x c u r s i o n s on c o n t a i n m e n t . 
We c lose with a d i s c u s s i o n of p o s t b u r s t p h e n o m e n a and i n s t r u m e n t a t i o n 
p r o b l e m s . 
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CHAPTER II 

IDENTIFICATION OF THE IMPORTANT SAFETY QUESTIONS 

A. Introduction--Basic Safety Requirements 

The first concern of this chapter is to identify the basic requirements 
on the behavior of a reactor under accident conditions that have to be e s 
tablished to make a judgment about the safety of the reac tor . 

1. Accident Probabil i t ies 

Any accident that may happen to a reactor can be charac ter ized 
by its probability and its consequences. The safety of the reactor is then 
determined by a judgment as to whether the probabilities of these conse
quences, for the entire range of possible accidents, are acceptably low. 
Thus, to discuss reactor safety, we have to use t e rms to describe both 
accident probabilit ies and accident consequences. 

Probabil i t ies can be measured numerically, but at present it is 
more usual to use t e rms like "credible" and "incredible." or "design bas i s " 
and "hypothetical," without giving these te rms explicit numerical meanings. 
The problem here is that such te rms are not always understood in the same 
way by everyone who uses them. 

To avoid this confusion, we shall use the t e rms "likely" and 
"unlikely," defining them in the following way; 

A likely accident is one that Jias more than a small probability 
of occurring during the lifetime of a reac tor . It normally involves a single 
failure (e.g.. coolant pump failure without coincident failure of the shutdown 
system). Clearly, a likely accident must not cause serious damage to the 
reactor or ha rm to the public. 

An unlikely accident is one we do not expect. It may involve 
two or more coincident independent failures (e.g., pump failure together 
with failure of the shutdown system), or a single improbable event (e.g.. a 
major pipe rupture) . 

This use of "unlikely" has two difficulties. F i r s t ly , it is hard 
to be sure that apparently independent failures are always independent, and 
that there a re no unsuspected events (e.g.. fire or earthquake) which can 
cause coincident fa i lures . 

Secondly, as defined here "unlikely" includes the entire range 
of very improbable accidents. In pract ice, however, we have to distinguish 



between those unlikely accidents that are nevertheless probable enough 
that we have to design for them, and those that are so improbable that 
they can be ignored, however severe their consequences. We can call 
the latter "very unlikely" accidents. 

As the t e rm is currently used, the "design basis accident" is 
the worst accident with a high enough probability that its consequences 
have to be designed against. This concept is useful, but is subjected to 
the disadvantage that it is tempting to fix it in t e rms of what can be de
signed against, rather than by judging whether the probability of a worse 
accident is acceptably low. 

Another te rm sometimes used is the "maximum credible 
accident." This is less serious and more likely than a "design basis 
accident." The te rm is misleading, however, because it is never the worst 
possible accident. The use of this te rm implies a hidden judgment about 
what accidents are so probable that they have to be taken seriously. 

2. Accident Consequences 

The main concern of reactor safety analysis is with dangers to 
public health, and the greatest danger is the release of radioactive mate r ia l s 
to the environment. (Even in the case of a nuclear explosion, the mechanical 
damage is likely to be of negligible concern compared with that done by 
radioactivity.) In most cases , three levels of radioactivity re lease can be 
distinguished; 

a. Negligible release, such as is caused by an accident that 
does not breach the pr imary coolant circuit . 

b. Controlled release, due to breach of the pr imary circuit 
while the res t of the containment is intact. (In this case, the function of the 
containment is to keep the radioactivity release rate down to a level that is 
acceptable in the particular environment.) 

c. Uncontrolled release, due to breach of all containment, so 
that the accident is a major d isas ter . 

A secondary concern of safety analysis is with the economic 
consequences of accidents, in t e rms of the cost of repa i r s and of failure 
to utilize the plant. 

3. The Safety Standard 

A reactor safety standard (from either the design or the l i 
censing point of view) is a relationship between consequences and proba
bility, stating what are the acceptable probabilities of various consequences 
ar is ing. In the simple te rms we use above, for example, it must state a 
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judgment of what are acceptable probabilities for controlled or uncontrolled 
radioactivity re lease . 

In fact, of course, such a judgment would go into more detail 
about the acceptability of different accidents, and would be expressed in 
other t e r m s . (For example, it may be necessary to say that uncontrolled 
radioactivity re lease must be "impossible," glossing over the fact that this 
is an impossible ideal.) 

If we are to judge that a given reactor is safe, certain r equ i r e 
ments about its behavior in accidents have to be met. These requirements 
can be stated in different ways, but however expressed, they can be reduced 
to the following four. We require that; 

a. No likely accident can have more than negligible conse
quences (i.e.. it must not breach the pr imary coolant system). 

b. No unlikely accident can have more than limited conse
quences (i.e.. it must not breach the secondary containment). 

c. Accidents with serious consequences must be "impossible" 
(i.e.. breach of all containment must be very unlikely). 

d. The damage done by a likely accident must be easily r e 
pairable (i.e.. r epa i r s can be made at reasonable cost). 

The argument leading to these requirements can be refined, 
using, for example, better te rms than "likely" and "unlikely." or even going 
to the detail of numerical probabilities; but however it is expressed, these 
requirements or their equivalents enjerge as basic to reactor safety. 

We now have to determine what technical questions these r e 
quirements pose for an LMFBR, by considering the entire range of possible 
accidents. 

For likely accidents, our main concern is with the consequences 
that could give r ise to minor radioactivity re leases ; for unlikely accidents, 
our main concern is with more serious consequences. For this reason, it 
is convenient to consider likely and unlikely accidents separately, because 
the different concerns mer i t different types of t reatment in the two cases . 

B. Likely Accidents 

Likely accidents can be conveniently divided into accidents due to an 
event whose initial effects are localized to a small part of the core, and 
those due to an event that s ta r t s by affecting the entire core . Our main 
concern at present is with reac tors whose fuel is in the form of pins grouped 
in subassemblies, but we must remember the possibility of other fuel con
figurations, such as coated part icles , being important in the future. 



1. Local Fai lures 

Local failures are relatively hard to detect, but the damage done 
is in general acceptable (from both safety and economic standpoints) if it 
can be confined to one subassembly. Thus, the main problems are the de
tection of incipient accidents, and the prevention of the propagation of 
damage. 

a. Accidents Initiated by Fuel-pin Fai lure . As there may be 
lO' fuel pins in a single reactor core, failure of the cladding of individual 
pins (due to manufacturing defects or hot spots) should, for economic 
reasons, only very rare ly require the reactor to be shut down. Thus, the 
effects of a single pin failure should be small, and propagation of this failure 
to cause failure of more than a few other pins must be improbable, even if 
the fuel is near the end of its irradiation life, or has been subject to some 
previous minor maloperation (such as a minor reactor power or coolant 
flow transient) . 

The initial fuel failure may be influenced by such things as 
manufacturing defects, the mechanics of the fuel and cladding mate r ia l s , 
fission-product gas, or hot spots caused by coolant-flow i r regula r i t i es , 
foreign matter in the coolant, or local power peaks. Propagation could be 
caused by; 

(1) Fission-product gas re lease (which could cause gas 
blanketing and overheating of adjacent pins). 

(2) Fuel released from the cladding failure (which might 
lodge against or stick to adjacent pins causing overheating, or might cause 
a vapor explosion--see Chapter V--thereby damaging adjacent pins by a 
pressure pulse). 

(3) Distortion of the broken cladding or fuel-pin spacer 
to touch adjacent pins and cause overheating. 

Fai lure and the possibility of propagation will depend on 
such things as whether the fuel is vented or not and whether the vent is 
working properly, and whether the failure occurs while the reactor is at 
steady power or is caused by a power or coolant-flow transient . These 
points are discussed in more detail in Chapter IV, but without going into detail 
we can identify the main areas of interest . We need to know; 

(1) How a fuel pin behaves as it fails. (How big a hole is 
made in the cladding? Where is it likely to be? How quickly is gas re leased? 
Is it propelled by gas? Does the pin bend? What are the effects of sodium 
logging, if it can occur?) 
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(2) What happens to gas or fuel re leased from the pin. (Can 
the gas cause overheating of adjacent pins? Where does the fuel go? Can it 
cause a vapor explosion? If so, is it violent enough to break other pins?) 

(3) How the answers to 1 and 2 depend on burnup. prior 
maloperation of the fuel, the cause of failure or the pin design. 

Instrumentation to detect failure of a single fuel pin is 
important as a guide to a reactor operator, and also as a means of initiating 
action to prevent the spread of damage beyond one subassembly. 

b. Accidents Initiated by Flow Blockage in a Single Sub-
assembly. If a partial blockage of a subassembly is big enough, it may 
lead to coolant boiling and voiding, and fuel melting. This sequence may 
take place so quickly that, with the difficulty of detecting such a blockage, 
it may be impossible to prevent melting of most of the fuel in the sub
assembly, even if every subassembly has a flowmeter. This would be a c 
ceptable, however, if the probability of such subassembly blockage were 
low enough, and if the damage due to melting could be confined to the one 
subassembly. The problem is to be sure that blockage and melting of one 
subassembly, when the reactor is not shut down immediately by a protective 
system, cannot damage any of the res t of the core (which might be eco
nomically unacceptable), and that such damage cannot initiate a damaging 
power excursion before it is detected (which would be an unacceptable safety 
r isk) . It is also desirable to know how big a partial blockage is needed to 
cause boiling and melting; and the less likely event of a complete sub
assembly blockage, which ra ises similar problems, has to be considered 
as well. 

Propagation beyond one subassembly could be caused by: 

(1) P re s su re pulses from a vapor explosion. (This is a 
crucial question. Can explosive boiling of the coolant break the sub
assembly walls and damage the res t of the core? Can it distort the core 
to increase its reactivity or prevent the insertion of control and safety 
rods?) 

(2) Fuel-movement reactivity effects. (If the fuel can 
compact at the center, the size of the subassembly must be limited so that 
the reactivity increase is less than a dollar. Even so. it could cause a 
power transient, which could damage the res t of the core . This damage 
might involve widespread cladding failure, releasing gas that might cause 
a prompt-cr i t ica l excursion, even though the initial reactivity t ransient 
was far from prompt crit ical.) 

(3) Fuel melting through the subassembly wall. (This 
seems to take place slowly, so that propagation before the failure is de
tected is unlikely.) 



(4) Coolant reactivity effects. (This would always be pre
vented by making the subassemblies small enough so that the maximum 
coolant void reactivity is much less than a dollar, and a significant power 
excursion is impossible.) 

(5) P r e s s u r e pulses due to collapsing vapor bubbles. 
(This seems unlikely because the pulses ca r ry little energy.) 

Instrumentation to detect boiling or fuel failure in order 
to shut the reactor down before propagation beyond one subassembly can 
take place may be important, part icularly if a damaging vapor explosion 
is possible. 

In relation to subassembly blockage accidents, we need to 

know: 

(1) How the coolant moves when boiling occurs . (Once 
ejected, can it reenter the subassembly and come into contact with hot 
fuel? Is the reentry accompanied by violent condensation? If cold liquid 
cannot reenter the subassembly, a vapor explosion is unlikely.) 

(2) Whether a vapor explosion is possible. (What condi
tions are needed to cause it? How much damage can it do?) 

(3) How the disintegrated fuel moves . (Is it ejected from 
the subassembly? Can it compact at the center? Does it freeze on the sub
assembly walls? How is its motion affected by the presence of boiling 
coolant?) 

(4) Whether analysis predicts the melting of hot fuel 
through the subassembly walls correct ly . (If it can melt through, how 
quickly does it do so?) 

(5) What the effects of a part ial blockage a r e . (How big 
has a blockage to be to cause boiling or fuel damage? What are the effects 
of fuel support grids or wrapper wires?) 

(6) Whether boiling can be detected quickly by acoustic 
or other means . 

c. Accidents Initiated by Simultaneous Blockage of Several 
Subassemblies. These accidents might be regarded as unlikely were it not 
for the Fe rmi accident. Careful design of the coolant inlets to the sub
assemblies can reduce the probability of simultaneous blockage so that the 
fact that the consequences are more severe than those of single subassembly 
blockage is offset by the lower probability. Analysis of this accident p r e 
sents no additional type of problem not discussed under single-subassembly 
blockage in b above. 

d. Accidents Initiated by Blockages in a Reactor without Solid 
Subassembly Walls. Reactors have been proposed in which the fuel sub
assemblies have either no walls or walls with holes. 
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advantage that if one subassembly is blocked, coolant can enter it from ad
jacent ones to help prevent serious overheating. A disadvantage is that a 
strong ba r r i e r to the spread of damage is no longer present . 

The problems of this type of design are the effects of 
blockages between the fuel pins, and fuel-pin failure propagation (as failure 
could now spread through the whole core) . We need to know; 

(1) The effects of a blockage on coolant flow and tem
perature distributions. (How big a blockage is needed to cause boiling? 
Or fuel-pin failure? How does the boiling coolant behave?) 

(2) What happens when fuel pins fail. (How does the fuel 
move? How far can the damage spread?) 

2. Whole-core Fai lures 

Here we are concerned with accidents initiated by. for ex
ample, coolant circulating pump failure or control-system malfunction. 
Since such accidents affect the whole core, they can usually be detected 
easily, and damage is prevented or minimized by shutting down the reac to r . 

Coincident failure to shut down is normally unlikely, and as 
such is dealt with in C below. It could, however, be likely if some event 
(such as a fire or an earthquake) could cause one of the failures mentioned 
above and a failure of the shut-down system. Avoidance of such coincidences 
is normally a design problem and beyond the scope of this study. 

Nevertheless, the development of design principles to minimize 
the possibility of unforeseen coincidences, or the evaluation of the effects of 
earthquakes, for example, on reactor s t ructures , are important reactor 
safety questions. 

C. Unlikely Accidents 

Unlikely accidents are those with a low probability of occurring and 
so are of concern only when the consequences are ser ious, involving at 
leas t breach of the pr imary coolant system. If the reactor is shut down 
successfully and the pr imary containment stays intact indefinitely, the 
amount of damage done to the core is not of pr imary importance. 

In practice, this means that our in teres t is confined to super.-prompt-
cr i t ical excursions, arising, for example, from one of the whole-core 
accidents mentioned in B.2 above, but now with coincident failure to shut 
down. In such a case, the problem is to predict; 

1. Whether prompt cri t ical is reached, and the rate of change of 
reactivity at prompt cr i t ical . 



2. The amount of energy re leased (as work and heat) and the 
amount of damage done by the super-prompt-cr i t ica l excursion or 
excursions. 

3. The behavior of the hot debris after the super -prompt-cr i t i ca l 
burst , and the possibility of more heat being turned into work to do more 
damage. 

4. The amount of radioactivity (fission products, plutonium. 
radioactive sodium, or other mater ia ls ) re leased from the pr imary 
containment. 

It is convenient to organize this discussion of unlikely accidents 
differently from that of likely accidents, considering successive phases 
of a super-prompt-cr i t ica l excursion in turn. 

1. Before Prompt Critical 

It is important to predict the rate of change of reactivity at 
prompt crit ical accurately (i.e.. to within about 30%). because the magni 
tude of the subsequent excursion is strongly dependent on it. Prompt 
crit ical may be reached by. for example, control-rod movement or the 
movement of a large gas bubble, but the most difficult cases a re when cool
ant ejection due to boiling, or the motion of fuel as it mel ts or breaks up, 
contribute to the reactivity changes. 

In the case of an accident initiated by a coolant-flow failure 
with failure to shut down, the coolant will boil and be ejected from at least 
part of the core before the fuel collapses. For one of the present 1000-MWe 
designs, for example, this may cause the reactor to go prompt cr i t ical , 
with the rate of change of reactivity depending on the velocity and void d i s 
tribution in the transient two-phase coolant flow alone. 

If. on the other hand, the sodium void reactivity is less positive, 
or if coolant boiling causes fuel failure to follow very quickly, or if the 
accident is initiated by a rapid power transient, the cladding may fail and 
the fuel mel t so that movement of fuel contributes to reaching prompt 
cri t ical . In such a case, the rate of change of reactivity will depend mainly 
on the motion of the fuel as it disintegrates in the presence of boiling cool
ant. This motion may be complicated by vapor explosions if hot fuel and 
liquid coolant come into contact. 

In either case, however, there is a lot of inherent randomness: 
in the location of hot spots and vapor nucleation si tes, in the void distribution 
in two-phase flow, in the behavior of the cladding as it fails and of the fuel 
as it cracks and mel ts , and in the fuel movement. This randomness may 
always prevent an accurate prediction of the rate of change of reactivity at 
prompt cr i t ical . 
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We need to know; 

a. How to character ize the transient hydrodynamics of cool
ant ejection from a subassembly by boiling (particularly the velocity and 
void distribution). 

b. How to predict the motion of broken and melting fuel, 
either with or without the presence of boiling coolant. (This is a crucial 
question, about which we know very little. The first need is for some 
qualitative information on the sort of motion which may be expected. This 
could provide a basic model for quantitative approach.) 

c. The range of uncertainty to be expected in reactivity rate 
calculations based on such a model. 

2. The Super-prompt-cr i t ica l Excursion 

After the reactor goes prompt cri t ical , energy is generated 
very rapidly until the reactivity transient is ended by the Doppler effect 
or by mater ia l motion. If the Doppler effect is large, the reactor may pass 
through prompt cri t ical more than once before the excursion is finally 
terminated. 

We have to predict the amount of energy re leased in the 
excursion, which appears either as heat or as kinetic energy of the core 
mate r ia l s and their immediate surroundings, and the amount of damage 
this kinetic energy can do to the reactor containment, both as functions of 
the rate of change of reactivity at prompt cr i t ical . Ideally, we would like 
to know two important prompt-cr i t ica l reactivity ra tes : that which just 
resul ts in breach of the pr imary containment, and that which just breaches 
the secondary. If the prompt-cr i t ica l reactivity rate for a certain unlikely, 
but not "very unlikely." accident (see above, p. 15) is higher than the la t ter , 
the reactor is unsafe; if it is lower than the former, the reactor is r e a s s u r 
ingly safe for that accident. 

Calculation of the energy generated in the excursion involves 
coupled neutronics and hydrodynamics, allowing for feedback from the 
Doppler effect and the disassembly under the influence of the very high 
p r e s s u r e s caused by the rapid nuclear heating. Difficulties a r i se from the 
lack of equation-of-state data for the core mater ia l s , and in the t rea tment 
of the hydrodynamics. The lat ter is part icularly difficult in the case of 
relatively mild excursions when the strength of the core s t ructure is 
important. 

. Damage to the containment and s t ructure by the excursion itself 
is caused by shock waves generated during the h igh-pressure disassembly 
of the core, and by the p ressu re of the expanding vaporized fuel. The effects 
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of these on the s tructure (including effects such as sodium hammer , etc.) 
can be studied experimentally using model tests and chemical explosives, 
provided we understand the equivalence of chemical and nuclear explosives 
in this respect . We need to know: 

a. Whether our excursion calculations are adequate (i.e.. in 
the treatment of t ransient neutronics. three-dimensional hydrodynamics, 
the effects of res t ra in t s , etc. . both for cores that are intact and cores that 
are damaged at the s tar t of the excursion.) 

b. Equation-of-state and Doppler-coefficient data. 

c. How much damage is done to the containment . (Is the 
vessel broken? Is the plug lifted? Are model experiments using chemical 
explosives adequate?) 

3. After the Excursion 

After the super-prompt-cr i t ica l excursion, the core debris is 
very hot, and we wish to know whether it can do more damage. For example, 
it might cause a vapor explosion in the cold coolant that surrounds it, and 
this might breach the pr imary containment even if the lat ter survives the 
excursion intact, or miss i les might be produced that could penetrate the 
secondary containment. Alternatively, ordinary boiling of the coolant may 
be enough to pressur ize and breach an otherwise intact p r imary containment. 

If the pr imary containment is breached, either during or after 
the excursion, we wish to know how much radioactivity escapes . Thus, we 
need to understand the behavior of fuel or fission products re leased into 
the coolant or blanket gas, the behavior of the coolant and gas within the 
residual core and vessel s t ructure, and especially any dispersa l mecha
nisms such as sodium f i res . 

Lastly, we wish to know the final disposition of the core nnate-
rial so that appropriate disposal measures can be prepared, and to a s su re 
ourselves that it can be contained and cooled indefinitely. 

We need to know; 

a. How the core debris behaves. (Can it boil the coolant and 
pressur ize the containment? Can it cause a vapor explosion? Can such an 
explosion produce damaging miss i les? Can coolant or blanket gas be forced 
out of the pr imary containment?) 

b. How much radioactive mater ia l can be re leased from the 
fuel debris . (How much fuel is suspended or dispersed in the coolant? How 
many fission products are retained in the fuel, dissolved in the coolant, or 
released to the blanket gas?) 
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c. What the effects of a sodium fire a re . (Does it damage the 
secondary containment? Can the radioactivity it re leases be handled? How 
can it be prevented or minimized?) 

d. What happens finally to the debr is . (Can it be cooled and 
contained indefinitely? Is a cri t ical reassembly possible?) 

D. Summary of the Main Safety Questions 

We now take all the areas mentioned above where more information 
is needed (introduced by the phrase, "we need to know; " at various points 
in Sections B and C above) and summarize them in a list of all the questions 
about which more knowledge (to be gained experimentally or theoretically, 
in or out of pile) will material ly improve our understanding of LMFBR 
safety. 

This is not intended to be a detailed account of all the information 
needed, but a survey of the entire field. The questions mentioned here are 
discussed at length in Chapters III-IX below. 

The questions about which information is needed are listed, in what 
appears at the present time to be their order of importance. 

1. The Most Important Questions 

The four questions discussed below are of outstanding impor 
tance in that they touch on areas where there is concern that an LMFBR 
may be unacceptable for safety reasons . If these questions are answered, 
our major worr ies about LMFBR safety will be removed. 

a. Vapor Explosions. We need to understand the violent-
boiling or "vapor-explosion" phenomenon in order to make real is t ic p r e 
dictions as to the conditions under which it can occur with hot fuel or 
steel and sodium. (Is it possible on the scale of a single fuel pin. a single 
subassembly, or the whole core?) This understanding should also allow us 
to make real is t ic , as opposed to very pessimist ic , est imates of the effi
ciency of conversion of heat to work and thus of the damage capability. 

This question needs to be answered to remove the concern 
that a likely accident (single subassembly blockage) may damage the whole 
core (which would be economically unacceptable) and possibly even cause a 
super -prompt-c r i t i ca l excursion (which would make the reactor unacceptable 
frona the safety standpoint). It also has an important bearing on the poss i 
bility of fuel-pin failure propagation, and on the ability of the containment to 
withstand a mild super -prompt-cr i t i ca l excursion (if a vapor explosion can 
be caused by the core debris) . 

If the question of vapor explosions is answered, it may be pos -
sible to eliminate the need (which pessimist ic predictions indicate) for cer ta in 



26 

engineered safety features, such as very fast acting and sensitive flow
mete r s on every subassembly, for example. Such features would be very 
hard (perhaps impossible) to design and expensive to instal l . 

The initial understanding of this phenomenon will come 
from out-of-pile tes ts , where qualitative observations can be made easi ly . 
In-pile tests in TREAT will probably then provide a quantitative under
standing, and data on the efficiency of the process , on the scale of a few 
fuel pins. La rge r - sca le tests , on up to an entire subassembly, would r e 
quire a new facility. 

This is f irst on our l is t of outstanding problems, because 
at the time of writing it is the point of greates t weakness in LMFBR safety 
analysis. The pessimist ic assumptions to which designers a re forced in 
the absence of a good understanding can even threaten the viability of some 
designs. This importance, however, is not permanent in that once an under
standing has been reached, vapor explosions will cease to be of great 
interest , unlike fuel behavior on failure, for example, which will always be 
a live issue. 

b. Fuel-pin Fai lure and Fai lure Propagation. We need to 
understand the behavior of a fuel pin as it fails, and whether the failure 
can propagate. 

This requires an understanding of the "metallurgy" of fuel 
and cladding including topics such as fuel swelling, cracking, f ission-product 
gas re lease , sodium logging, and cladding swelling, ductility, and hardening. 
This must enable us to predict the effect of burnup or previous maloperat ion 
on the mode of failure, and the behavior of unvented fuel or vented fuel in 
which the vent has become blocked. Typically, we need to know how big a 
hole is made in the cladding, how much fuel and gas are released, whether 
the pin is bent, and what damage is done to other pins. We must know the 
mode of pin failure caused either at steady power by manufacturing defects 
or slowly-developing temperature perturbations, or in power or coolant-
flow transient situations. This information must ultimately be provided for 
carbide as well as oxide fuel. 

This question must be answered to eliminate the possibility 
that a very likely event (pin failure) may cause significant local damage 
(needing replacement of a subassembly, which would be economically un
acceptable), or even damage to the whole core (if failure can spread beyond 
one subassembly). 

In-pile work is required,.with support from out-of-pile 
experiments (on the behavior of gas in a coolant s t ream, the mechanical 
aspects of fuel behavior, etc.). Provision of information on many aspects 
of fuel behavior is covered by Element 7 of the LMFBR P r o g r a m Plan. 
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but it is an important and by no means trivial task to ensure that this in
formation is available in a suitable form for safety studies. In-pile work 
specifically on the safety aspects of fuel-pin failure and failure propagation 
is currently being ca r r ied out in TREAT and GETR. 

The question may change in nature, or disappear, if future 
reac tors use other fuel configurations than bundles of pins. 

c. Motion of MoltenFuel. We need to know how the fuel moves 
as it breaks up or melts in the presence of boiling coolant. We want to know 
whether it can collect at the core center, and if so. how fast, or whether it 
is inevitably or probably swept out of the core . We are seeking a model of 
a process of which at present we have no understanding. If we can make 
such a model, we need to know how reliable it is and whether we can be 
cer ta in of conclusions based on it. We wish to understand the process for 
r eac to r s , either with or without solid subassembly walls. 

This problem needs to be solved to enable us to predict 
whether a super -prompt-cr i t ica l excursion is possible in the case of, for 
example, a coolant-flow failure with coincident failure to shut down, and if 
it is , to predict the rate of change of reactivity, which determines the ability 
of the containment to handle the accident. In addition, if whole-core acc i 
dents with coincident trip failure (which we have called "unlikely" here) 
come to be thought of as likely in the future, this problem becomes more 
important, because it then determines the possibility of a likely accident 
leading to a super -prompt-cr i t ica l excursion. 

Although out-of-pile model tests may provide some help, 
this is mainly an in-pile problem. TREAT may assis t , but a l a rge-sca le 
study requires a new facility. 

d. Severe Excursions. We need to know whether our super-
prompt-cr i t ica l excursion calculation methods are adequate to predict the 
amount of energy released, and whether they are overpess imis t ic . We wish 
to be certain that our t reatment of the transient neutronics and hydro
dynamics is good enough, and part icularly in the case of mild excursions 
whether we can calculate the effects of the strength of the reactor s t ructure 
well enough. 

This problem needs to be solved to give a less pess imis t ic 
basis for containment design. Coupled with c above, it may be possible to 
show that some accidents on the border between likely and unlikely can be 
contained within the pr imary system. 

This is largely a theoretical problem, in which some out-
of-pile model tests may be useful. An in-pile check may be required. 
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2. Other Important Questions 

The three questions below are not as important as the first 
four, because they do not have a strong bearing on the behavior of the core 
in an accident, or because (in the case of coolant boiling) significant p rog
re s s toward solution has been made. Nevertheless, if these questions r e 
main unanswered, undesirable distortions may be forced on LMFBR designs . 

a. Coolant Boiling. We wish to understand superheating in 
sodium, the hydrodynamics of ejection of coolant by boiling from a sub
assembly (other than by a vapor explosion), the two-phase flow that ensues, 
and the reentry of liquid into a voided subassembly. 

The ejection phase is of great importance in predicting 
prompt criticality in a reactor with a large positive coolant-void coefficient 
of reactivity. It is largely understood, at least for single-tube geometry. 

If reentry while the fuel is still hot proves impossible, the 
danger of a vapor explosion in a subassembly blockage accident is reduced. 

This is out-of-pile work, unless there is difficulty in de 
veloping suitable high-flux hea te r s . An in-pile check may be needed to 
determine what superheating is possible in a reac tor . 

b. Ultimate Containment. The final problem of a severe ex
cursion or core meltdown is whether the core debris can be cooled and 
contained indefinitely, or whether the decay heat will cause it to mel t through 
every containment and allow the re lease of radioactivity. Current design 
efforts suggest possible solutions, but a significant p rogram of work is r e 
quired to ensure their feasibility. 

c. Instrumentation. An acoustic or flowmeter boiling de 
tector, or some other way of detecting local abnormali t ies, would be useful 
if it could act fast enough to prevent either pin-to-pin or subassembly- to-
subassembly propagation of damage. A fast-acting fission-product detector 
would also be of in teres t . 

Development of such instrumentation has to be done out-
of-pile, but in-pile tests are needed. 

3. Other Questions 

The questions posed above are all in some way cr i t ical to the 
development of LMFBR's . There are other questions that are not cr i t ical 
in this way, but on which a significant amount of work remains to be done. 
These we summarize briefly here, without attempting to place them in 
order of importance. 
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a. Doppler Effect. This has to be understood in order to 
predict behavior in a super-prompt-cr i t ica l excursion. 

The problem is part ly answered; such work as remains 
is mainly theoretical , possibly requiring in-pile checks. 

b. Sodium Void Reactivity. This has to be calculated accu
rately to predict behavior in loss-of-coolant accidents. An important 
problem is the complex geometry the coolant void may adopt. 

This is a theoretical problem, with in-pile checks 
in a ZPR. 

c. Explosion Damage. Given the amount of energy generated 
in a super-prompt-cr i t ica l excursion, we need to be able to predict the 
amount of damage such an excursion can do to the containment. This r e 
quires knowledge of the response of the core and blanket s t ructure , the 
reactor vessel , the plug, and the biological shield, to the shock waves 
produced. 

This problem needs theoretical analysis and out-of-pile 
model tes ts using chemical explosives, provided these can be made equiva
lent to the nuclear explosion. An in-pile test could provide a check, but is 
not essential . 

d. Postburst Behavior. The behavior of the debris after a 
super-prompt-cr i t ica l excursion is not certain. There may be a possibili ty 
of a large vapor explosion which could damage the containment, and there 
may be other problems. The main ne.ed is for a model of what might happen. 

e. Subassembly Wall Melting. Propagation of failure from 
one subassembly to another by means of fuel melting through the walls may 
be possible. It is necessary to check whether this is the case. 

This question can probably be answered analytically. 

f. Equation of State. We need to know the p r e s su re and tem
pera ture of the core mater ia l s - -espec ia l ly the fuel--as functions of volume 
and energy content during super-prompt-cr i t ica l excursions. These data 
are not known accurately at high energy contents; better data may improve 
the accuracy of the explosion calculations. Perhaps , however, the resul ts 
are not in fact very sensitive to equation of state data. 

This is mainly an out-of-pile problem, but some specialized 
in-pile experiments may be required. 

g. Fission-product Behavior. After a super -prompt-c r i t i ca l 
excursion, fission products and fuel mater ia l may be dispersed from the 
collapsed fuel pins. Since they may then be able to escape from the 
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containment, we wish to understand their behavior, and especially the ex
tent to which they may be dissolved and trapped in the coolant. 

This is an out-of-pile problem. 

h. Sodium F i r e s . If the pr imary containment is breached, a 
coolant fire may be possible. This may damage the secondary containment 
and will d isperse radioactive sodium and possibly fuel and fission products . 
We must understand the behavior of such a fire, occurring as either a spray 
fire or a pool fire, to predict the s t ress to which it subjects the secondary 
containment, and the ability of the filtration system to handle the combustion 
products. 

This again is entirely an out-of-pile problem. 
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CHAPTER III 

SODIUM BOILING 

Introduction 

The boiling process in liquid metals is of major interest in the 
analysis of abnormal reactor behavior, because of the need to assess ra tes 
of sodium voiding and expulsion to derive the proper feedback reactivity. 
Many of the basic phenomena involved can be studied experimentally out-
of-pile using high-heat-flux heaters that are being developed to simulate 
reactor conditions. The following questions need to be satisfactorily 
answered to ensure accurate simulation of reactor conditions; 

1. How many fuel pins must be used to character ize adequately 
coolant expulsion from, and reentry into, a single subassembly during an 
accident? 

2. Does a reactor environment significantly affect the nucleation 
conditions? (That is, what role does radiation or the presence of fission 
gas play in nucleation?) 

Fur ther , since out-of-pile experiments tend to be much cheaper, 
faster , more flexible, and easier to instrument than in-pile experiments, 
there is great incentive to do as much as possible of the sodium expulsion 
and reentry experimentation out-of-pile. However, if out-of-pile experi
ments indicate that relatively large superheats are required to initiate 
boiling in experiments that accurately simulate reactor conditions (high 
heat fluxes, similar coolant purity anjJ fuel-element surfaces, similar 
flowrates and temperatures) in all aspects except the radiation environ
ment, then in-pile experiments are required to see if the large superheats 
are also observed in the reactor . In any case, it would appear that some 
limited in-pile testing would be required to attempt to verify out-of-pile 
resul t s . 

Even in out-of-pile sodium boiling experiments, however, the 
available instrumentation for transient void measurement is not entirely 
satisfactory, and therefore the use of fluids other than sodium may pro
vide useful information for model development. 

In the following discussion, analytical and experimental efforts to 
date are reviewed briefly and a suggested work plan broken down into out-
of-pile and in-pile experiments is presented. 

B. Analytical Problems and Data Needs 

At present , all the sodium-expulsion data have been obtained in 
single-channel experiments, which indicate that boiling of sodium is 



followed by rapid voiding of the channel, and that the rate of expulsion 
depends strongly on the amount of superheat attained by the liquid before 
flashing occurs.^ Most of these experiments have simulated complete 
flow blockage or stagnant sodium. 

1. Superheat 

The large superheat required to initiate boiling in liquid 
metals, as evidenced by recent experiments, ' '* has caused considerable 
concern in fas t - reactor safety analysis. This is because large superheat 
represents a significant amount of energy stored in the coolant, which 
could be released extremely rapidly at the onset of boiling, thus producing 
large rates of reactivity change from voiding and large p r e s su re pulses. 
The reported superheats have ranged from a few degrees to approximately 
800°C, and the spread in these data is indicative of the many var iables 
that can affect the superheat behavior of the alkali metals , e.g., p r e s s u r e -
temperature history, heat flux, heating surface, fluid velocity, p r e s s u r e , 
aging, purity, dissolved gases, heating method, radiation, and perhaps 
many more. 

The pressure - tempera ture history has been shown to have an 
effect on superheat^'* and may explain part of the variation found in pub
lished data where this variable is not accounted for. Surface condition is 
used to explain the spread in the data reported in Ref. 4, but more recent 
r e su l t s ' indicate that surface roughness is of little or no importance, in 
agreement with the equivalent cavity model,^^ which descr ibes the effect 
of the p ressure - tempera tu re history. The resul ts of Ref. 10 are based on 
the supposition that a wide spectrum of surface cavities exists . A smooth 
surface, or one with a limited range of cavity sizes, such as might be pro
duced by corrosive attack in a reactor environment, might provide an 
overriding effect in some operating conditions. Decreasing total p r e s su re 
generally increases superheat.^'*' ' ' ' '^ Data have been reported to indicate 
that the superheat may be unaffected.*'^ increased , ' or decreased by an 
increase in the heat flux. 

Differences in fluid purity may be the cause of much of the 
data variation,^ and dissolved oxide and dissolved gases may influence the 
superheat. These are perhaps the least well-defined quantities in present 
experiments. The type of heating method is also indicated as avar iable , 
since experiments using direct-heating techniques*'^ give generally higher 
superheats than those using indirect methods.'» Hence the resul ts of 
experiments using indirect-heating methods must be used with care . Some 
investigations have reported superheats to be lower under forced circu
lation than under stagnant conditions.'*' '^ -The detailed discussion of the 
effect of inert gas on superheat presented in Ref. 16 indicates that the 
effects of many variables (heat flux, heating method, fluid velocity, etc.) 



33 

appear to be related to gas- t ranspor t phenomena. According to a recent 
theoretical s tudy," nuclear radiation may affect the incipient superheat, 
but only at relatively high superheats (>200''C). So far, experimental data 
have shown no effect of reactor environment on superheats for thermal -
neutron fluxes ranging up to approximately 2 x lO" neut rons /cm -sec . 

The foregoing discussion indicates that the superheat phe
nomenon is extremely complex and depends on a number of var iables . 
The importance of these variables has generally been recognized in 
boiling research with other fluids, but much of our understanding of 
boiling is still empirical . Because existing data have been obtained in 
systems in which the variables that influence superheat were not c a r e 
fully controlled, the data are of limited use for reactor-safety design 
cr i te r ia at the present time. It is very likely, however, that if gas 
bubbles are present in the regions of the core where boiling is likely to 
s tar t , essentially no superheating will result; '^ but if the bubbles are not 
present , an analysis of nucleation from surface cavities assumes im
portance in predicting the liquid superheat. Hence the conditions under 
which gas bubbles will be carr ied through the core with coolant must be 
determined. This required an understanding of the flow of coolant through 
the reactor system, and especially of the conditions under which the cover 
gas can be entrained. 

In addition to basic studies of the liquid-superheat phenomena, 
simulation tes ts under typical reactor conditions are needed to be sure 
that in-core superheats can be predicted accurately. Par t icular emphasis 
should be on the following: 

a. Heating surfaces thaf simulate cladding surfaces after 
long periods of reactor operation. 

b. Heat fluxes of 1-2 kw/cm^ from indirect heating tech
niques (i.e., heat not generated in the coolant). 

c. Coolant of defined (and monitored) composition, including 
the oxide and gas content, the amount of entrained bubbles and gases 
leaving solution during typical p ressu re and temperature variat ions. 

d. Geometry and velocity that closely resemble reactor 
conditions. 

e. The effect of ionizing radiation, as discussed above. 

2. Void Growth and Sodium Expulsion 

The problem of theoretically determining the growth rate and 
associated p ressu re r ise in an isolated vapor bubble in a superheated 
fluid of infinite extent has been extensively studied, especially for 



nonmetallic fluids (e.g., Refs. 18-22). A limited amount of work has also 
been done on the equivalent problem for metallic fluids.^' However, the 
simplified physical models used in these analyses may be inapplicable to 
reactor geometries , except for extremely short t imes after the s tar t of 
growth. The interaction of surrounding fuel elements with the growing 
bubble can be expected to cause a deviation from the predictions of an 
infinite fluid model of the void growth and pressure t ransients . There
fore, it is necessary, at this time, to rely upon experimental data. 

Some suitable data exist and are in general agreement with 
the prediction that the vapor p ressure pulses are directly related to the 
amount of superheat. Some dependence on geometry is expected, but it 
may be weak. For example, the p ressure pulse resulting from the growth 
of a vapor bubble in a large single tube containing sodium superheated by 
105°C was measured as less than 0.6 atm.'' Similar experiments using a 
small tube reported p ressu res of 0.7 atm 24 

If extremely large superheats were attained in a reactor , the 
initial p ressure pulse could be large; for example, for sodium initially 
superheated by 500°C, p ressure peaks of 7-13 atm were measured. 

Two basically different approaches have been adopted in theo
retical studies of transient void formation ra tes in reactor coolant chan
nels; (1) vapor growth according to thermodynamic equilibrium, with 
zero liquid superheat before as well as during the void formation; and 
(2) vapor growth based on thermal nonequilibrium^''^" with liquid super
heating. The various two-phase flow patterns assumed in these analyses 
range from homogeneous flow to a pattern consisting of liquid slugs sepa
rated by vapor s lugs--ei ther with or without liquid film present on the 
heated surfaces. The T R A N S F U G U E " and MacFar l ane" models are 
designed for analyzing boiling in either power- t ransient or flow-coastdown 
accidents, although experimental verification of their predictions is 
lacking. These two models do not have any provision for treating liquid 
superheat. For the analyses of blocked-channel accidents, the BLOW, 
VOID,^' and BURP^'' codes have been proposed. The BLOW code is perhaps 
the most attractive, because of its simplicity and because it has been 
experimentally verified to some extent in single-channel tes ts . Several 
experiments*'^' ' '^ have verified that void growth occurs as a single bubble, 
which expands and eventually occupies the entire c ross section, resulting 
in a piston-type expulsion. This void-growth mode is consistent with the 
BURP and BLOW models. However, the experiments have indicated that 
a thin liquid film remains on the heated wall, which gives r ise to an in
creased expulsion velocity. This is consistent with the BLOW model, but 
the liquid film is not present in the BURP, model. The most recent expul
sion model developed is that by Cronenberg, Fauske, and Bankoff. This 
is similar to BLOW in that it assumes the formation of a single bubble 
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across the entire channel, with the exception of a thin wall film, but differs 
from it in that it considers not only vaporization from the wall film, but 
also from the upper and lower interfaces. 

The basic requirement for making improvements to existing 
voiding models is to obtain suitable experimental information about the 
flow regimes throughout the voiding period, so that the effects of the c r i t i 
cal heat-flux limit (when vapor comes into contact with the heated sur
face), nonequilibrium, and compressibi l i ty '* ' ' ' can be evaluated. All these 
effects will tend to decrease the voiding ra te , assuming the reactor coolant 
channels remain intact. The importance of considering the two-phase 
compressibi l i ty effects was pointed out in a paper by Le Gonidec et al., 
where sodium-ejection experiments verified the single-bubble expulsion 
theory (with a liquid film on the heated surface). It was also shown, 
however, that condensation occurs as the bubble or vapor slug moves 
into colder regions resulting in two-phase choking at the top of the void 
controlling the downward motion of the lower liquid-vapor interface. 

Reference 4 also discussed water experiments carr ied out to 
simulate sodium expulsion and concluded that there are basic s imi lar i t ies 
between water and sodium vaporization if similar initial conditions are 
chosen. Thus, it appears that a significant portion of the detailed infor
mation on flow regimes needed to refine existing single-channel voiding 
models (with the exception of the incipient superheat phenomenon) can be 
obtained by using nonmetallic fluids which are considerably eas ier and 
less expensive to work with. The usefulness of this approach is indicated 
by the similar observed behavior during rapid boiling of nonmetallic 
fluids with low subcooling prior to heat ing" and experiments with sodium. 
Recent experiments on flashing flow of sodium and water also give s imi
lar resul ts and, indeed, it has been shown that the same theory developed 
for predicting maximum discharge rates of nonmetallic fluids can be used 
for metallic systems. 

At present , all the sodium-boiling data have been obtained in 
single-channel experiments, and this has provided a basis for developing 
one-dimensional expulsion models. The determination of whether these 
models can adequately describe the coolant motion in a blocked-fuel sub
assembly depends upon resul ts of experiments with multipin c lus te rs . At 
the present level of high-temperature heater-technology development, a 
seven-pin assembly can be built with an adequate power density, and a 
19-pin assembly appears to be possible. Larger multipin assennblies 
probably can be built, but the cost of the power supply may become p ro 
hibitive. Thus, if a seven-pin or 19-pin out-of-pile mockup appears to 
simulate adequately the behavior of a complete reactor subassembly 
(several hundred pins), experinaents can be performed more profitably 
out-of-pile. However, if it is determined, based on analysis or out-of-
pile experiments with fluids other than sodium, that larger multipin 
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s y s t e m s a r e r e q u i r e d for s a t i s f a c t o r y s i m u l a t i o n ( b e c a u s e of wa l l e f fec t s 
or r a d i a l p o w e r - g r a d i e n t ef fects) , it i s an open q u e s t i o n a s to w h e t h e r 
t h e s e e x p e r i m e n t s should be conduc ted i n - p i l e or o u t - o f - p i l e . In t h i s 
connec t ion , it would p r o b a b l y be w o r t h w h i l e to p e r f o r m a r e a s o n a b l y d e 
t a i l ed t e c h n i c a l and e c o n o m i c s tudy to ob ta in a def in i t ive a n s w e r to^this 
ques t ion . Also , t e s t s us ing n o n m e t a l l i c f lu ids in m u l t i p i n s y s t e m s a r e 
of c o n s i d e r a b l e va lue in the u n d e r s t a n d i n g of t w o - d i m e n s i o n a l e f fec t s in 
v o i d - g r o w t h p a t t e r n s . Such t e s t s wil l p r o v i d e an a n s w e r to the q u e s t i o n 
of d e t e r m i n i n g the n e c e s s a r y n u m b e r of fuel p in s to c h a r a c t e r i z e a fuel 
s u b a s s e m b l y a c c u r a t e l y . 

3. Void Co l l apse and Sod ium R e e n t r y 

As s t a t ed , the p r e s s u r e s involved in vo id ing a c h a n n e l ( d i s 
r e g a r d i n g fuel m e l t d o w n and d i s p e r s i o n ) a r e p r o b a b l y not high enough to 
d a m a g e the c o r e s t r u c t u r e , u n l e s s i n - c o r e s u p e r h e a t s a r e v e r y l a r g e . 
On the o t h e r hand , h ighe r p r e s s u r e s m a y a r i s e when v a p o r b u b b l e s c o n 
d e n s e in the subcoo led l iquid, a s m a y o c c u r du r ing the e x p u l s i o n of v a p o r 
f r o m a coo lan t channe l into c o l d e r r e g i o n s of l iquid . Such p r e s s u r e p u l s e s 
have long b e e n known to o c c u r for n o n m e t a l l i c f lu ids and have b e e n r e p o r t e d 
for m e t a l l i c f l u i d s . ' R e f e r e n c e 5 r e p o r t e d m e a s u r e d r e c o n d e n s a t i o n p r e s 
s u r e p e a k s as high a s 50 a t m , but m a d e no a t t e m p t to p r e d i c t the r e s u l t s by 
a n a l y s i s . A p r e l i m i n a r y a n a l y s i s of the c o l l a p s e of a s o d i u m - v a p o r bubb le 
has b e e n r e c e n t l y m a d e a v a i l a b l e , " but i t s r e s u l t s a r e qu i t e l i m i t e d . It 
w a s po in ted out , h o w e v e r , tha t a l though a c o n s i d e r a b l e a m o u n t of a c o u s t i c 
e n e r g y can r e s u l t f r o m vapo r c o l l a p s e , it i s un l ike ly tha t m u c h m e c h a n i c a l 
d a m a g e can o c c u r . Th i s i s in a g r e e m e n t wi th the l i m i t e d a m o u n t of e x p e r i 
m e n t a l i n f o r m a t i o n now a v a i l a b l e . It i s c l e a r f r o m R e f s . 18, 24, 40 , and 41 
tha t l a r g e c o l l a p s e p r e s s u r e s c a n be r e a c h e d (up to about 25 a t m ) , bu t the 
d u r a t i o n of t h e s e p r e s s u r e s i s in the r a n g e of 0. 1 to 1 m s e c . As s u g g e s t e d 
in Ref. 39, the i n i t i a l subcool ing a p p e a r s to c o r r e l a t e wi th the c o l l a p s e 
p r e s s u r e p u l s e data,*" w h e r e a s the i n i t i a l s u p e r h e a t d o e s not.^*'*' 

An a t t e m p t w a s m a d e to c a l c u l a t e b u b b l e - c o l l a p s e p r e s s u r e 
p e a k s u s ing a m o d e l b a s e d on the w e l l - k n o w n R a y l e i g h e q u a t i o n . ' " T h i s 
c a l c u l a t i o n p r e d i c t s p e a k p r e s s u r e s up to 50 a t m in a s a t u r a t e d s o d i u m 
poo l a t 500°C whi le the bubble r a d i u s o s c i l l a t e s b e t w e e n 1 and 0.15 m m 
with a p e r i o d of 300 ^ s e c . In m o r e r e c e n t s tud ies ,*^ '* ' the effect of the 
t e m p e r a t u r e d i s con t i nu i t y at the bubble s u r f a c e w a s i n t r o d u c e d and shown 
to be i m p o r t a n t in eva lua t ing c o l l a p s e r a t e and p r e s s u r e g e n e r a t i o n . A l 
though the a v a i l a b l e i n f o r m a t i o n i n d i c a t e s tha t the p r e s s u r e p u l s e s c a u s e d 
by sudden v a p o r g rowth or c o l l a p s e a r e un l ike ly to c a u s e m e c h a n i c a l d a m 
age at the e x p e c t e d r e a c t o r c o n d i t i o n s , the m a g n i t u d e of t h e s e p u l s e s i n 
c r e a s e s m a r k e d l y with i n c r e a s e d s u p e r h e a t or subcoo l ing , and f u r t h e r 
s tudy, both e x p e r i m e n t a l and t h e o r e t i c a l , i s r e q u i r e d to c l a r i f y any p o s s i 
ble d e l e t e r i o u s r e s u l t s . F u r t h e r m o r e , any a n a l y s i s of m e c h a n i c a l d a m a g e 
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result ing from these p re s su re pulses must involve the coupled problem of 
p r e s su re r i se and structure deformation. This problem has seen only a 
very limited amount of attention** and deserves much more if limiting con
ditions on the types and magnitudes of "tolerable" p re s su re pulses are to 
be determined. 

A related problem, also of much importance in determining 
possible mechanical damage caused by pressure pulses, is the study of the 
propagation of p ressu re disturbances in liquid-vapor mixtures. To deter
mine the time sequence of events in an accident, we must have information 
on the propagation velocity and attenuation of the pulses in a reactor core . 
If the velocity is very low or the attenuation is very strong, the p r e s su re 
disturbance would tend to be quite localized. This problem has received 
some study," '* ' and it was shown that the phenomenon is strongly depend
ent upon the flow regime. 

Little or no attention has been given to calculational methods 
concerning the reentry of liquid sodium after the coolant channel is voided. 
Such calculations are , however, in progress .* ' If rapid reentry of liquid 
sodium occurs , it may give r ise to large p ressure buildup (sodium 
hammer effect) and resul t in damage. Here the actual geometry and 
reactor conditions appear to be of great importance in determining the 
strength of shocks and the probability of propagation of damage over the 
core. Also, the amount of molten fuel present when reentry occurs has a 
sizable influence on the severity of a possible vapor explosion (molten 
fuel-coolant interaction). In view of the possible damage and effects on 
latter events, the reentry problem deserves considerable attention in the 
future for work on fas t - reactor safety^--both experimental and analytical. 

In addition to the studies outlined above, which are aimed at 
obtaining a basic understanding of sodium nucleationand the various two-
phase flow phenomena that may occur, a ser ies of reactor-s imula t ion 
experiments is required as outlined in Sections B and C below. 

C. Out-of-pile P rog ram 

The out-of-pile experiments are aimed at providing data that apply 
to reactor situations with the fuel and coolant channels intact. The sequence 
in which these experiments are discussed is not meant to imply priori ty. 

1. Power Transients 

The importance of power transients at full flow with intact 
geometry depends upon whether the claddings fail before or after coolant 
boiling. These experiments are designed to simulate situations resulting 
from modest reactivity insert ions where coolant boiling and expulsion 
occurs before the cladding or fuel fails. 
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To p e r f o r m t h e s e o u t - o f - p i l e s i m u l a t i o n s , we m u s t deve lop 
h e a t e r s that a r e capab le of giving peak t r a n s i e n t f luxes in the r a n g e of 
1-2 k w / c m ^ . In g e n e r a l , it i s d e s i r a b l e to be able to p r o t e c t the h e a t e r s 
f r o m b u r n o u t at high v a p o r - v o i d f r a c t i o n s , s ince i t i s a g r e a t a d v a n t a g e 
to be able to use a se t of h e a t e r s for a s m a n y e x p e r i m e n t s a s p o s s i b l e . 
Howeve r , s ince we wi sh to ob ta in s o m e i n d i c a t i o n of the t h r e s h o l d of 
fue l - c l add ing f a i l u r e due to v a p o r b l a n k e t i n g dur ing s o d i u m e x p u l s i o n 
(even though th i s i s not spec i f i ca l l y r e q u i r e d to c a l c u l a t e r e a c t i v i t y f eed - , 
back due to s o d i u m void) , s o m e h e a t e r s wi l l undoubted ly be r u n in e x p e r i 
m e n t s that l e ad to bu rnou t . Such i n f o r m a t i o n is r e q u i r e d s p e c i f i c a l l y in 
mode l ing when one d e s i r e s to change f r o m a m o d e l d e s c r i b i n g the i n t a c t 
coolan t channe l to one d e s c r i b i n g the m e l t d o w n and f u e l - c o o l a n t i n t e r a c t i o n 
af ter the fue l - c l add ing f a i l u r e t h r e s h o l d has b e e n e x c e e d e d . T h i s does not 
m e a n that t h e s e o u t - o f - p i l e c o o l a n t - b o i l i n g s i m u l a t i o n s a r e d e s i g n e d to 
p rov ide a l l the i n f o r m a t i o n on f u e l - c l a d d i n g f a i l u r e t h r e s h o l d s . T h r e s h o l d 
d e t e r m i n a t i o n i s a c o m p l e x p r o b l e m dependen t on a v a r i e t y of p a r a m e t e r s , 
and t h e r e f o r e i n - p i l e s i m u l a t i o n is n e c e s s a r y . 

Some c o m m e n t s on the n u m b e r of p in s tha t c a n be h e a t e d 
e l e c t r i c a l l y in s i m u l a t i o n e x p e r i m e n t s , f r o m a p r a c t i c a l s t andpo in t , have 
a l r e a d y b e e n m a d e in Sec t ion B.2 of t h i s c h a p t e r . H o w e v e r , the r e q u i r e 
m e n t a s to the n u m b e r of fuel p ins n e e d e d to r e p r e s e n t a c c u r a t e l y s u b 
a s s e m b l y or w h o l e - c o r e b e h a v i o r m u s t a t p r e s e n t s t i l l b e c o n s i d e r e d an 
open q u e s t i o n . R e s u l t s of the o u t - o f - p i l e e x p e r i m e n t s m a y give u n e x p e c t e d 
r e s u l t s and i n d i c a t e tha t v e r y m u c h l a r g e r p in c l u s t e r s a r e r e q u i r e d to 
r e p r e s e n t c e r t a i n p h e n o m e n a than i s now b e l i e v e d to be the c a s e . If such 
r e s u l t s should o c c u r , the p o s s i b i l i t y s t i l l e x i s t s of m a k i n g c o o l a n t - v o i d i n g 
m e a s u r e m e n t s i n - p i l e as p a r t of the p r o g r a m of e x p e r i m e n t s for s tudying 
f u e l - f a i l u r e m e c h a n i s m s . Tha t i s . the c o o l a n t - d y n a m i c s m e a s u r e m e n t s 
cou ld be m a d e du r ing the i n i t i a l p h a s e s of a c o m p l e t e s u b a s s e m b l y f a i l u r e -
p r o p a g a t i o n e x p e r i m e n t . But at the s a m e t i m e , one m u s t r e m e m b e r tha t 
such e x p e r i m e n t s wi l l be m u c h m o r e difficult to i n t e r p r e t and a n a l y z e 
b e c a u s e of the h a n d i c a p i m p o s e d by m a k i n g the m e a s u r e m e n t s i n - p i l e . At 
p r e s e n t , it i s a n t i c i p a t e d tha t the g e o m e t r y (within the l i m i t a t i o n of 19 p in 
c l u s t e r s ) , flow r a t e s , p r e s s u r e d r o p s , l iquid l egs above and be low the c o r e 
s e c t i o n e t c . , can be a c c u r a t e l y m o c k e d up in the o u t - o f - p i l e e x p e r i m e n t s . 
An e a r l y check on the va l id i ty of t h i s a s s u m p t i o n i s needed . 

Although t h e r e a r e c e r t a i n l y p r o b l e m s with e l e c t r i c - h e a t i n g 
s i m u l a t i o n , the d i s a d v a n t a g e s a r e g r e a t l y out 'weighed by the e x p e r i m e n t a l 
advan tage of p e r f o r m i n g s o d i u m boi l ing e x p e r i m e n t s o u t - o f - p i l e r a t h e r 
than i n - p i l e . 

The i m p o r t a n t p a r a m e t e r s to be i n v e s t i g a t e d in the o u t - o f - p i l e 
e x p e r i m e n t s a r e i nc ip i en t s u p e r h e a t , po in t of nuc l ea t ion . vo id ing r a t e , 
r e e n t r y r a t e , and p r e s s u r e g e n e r a t i o n . T h e s e r e q u i r e m e a s u r e m e n t s of 
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t empera ture , p r e s su re , flowrate, and void-fraction distribution and growth 
rate . In the case of the void fraction, it is desirable, because of the sensi
tivity of reactivity effects to the location of void, to have a fairly detailed 
description spatially of the void distribution during the period of void 
growth. However, it is not completely known at this time how accurate 
spatial-distribution measurements can be within the confines of available 
time and money to design and build experiments. Although most experi
mental techniques for making the measurements are relatively well 
developed, a considerable amount of work remains to be done ondeveloping 
a technique for measuring the transient vapor void fractions. 

2. Flow-coastdown Transients 

The same general considerations discussed above for power 
t ransients apply to the flow-coastdown transients . The major difference 
is that the heaters supply lower heat fluxes, comparable to those during 
steady-state reactor operation at full power. A means will be required to 
decrease the flow in the test section in accordance with that which would 
be found in the case of a pump failure in a large LMFBR cooled reactor 
system when the pump fails. Typically in such a case the time for boiling 
to s tar t after the initiation of the coastdown is in the range of 5-10 sec. 
In general, the quantities to be measured in these experiments are the 
same as those outlined for the power- transient simulation experiments. 
Therefore, the experimental apparatus developed to run the power-
transient simulations will be completely acceptable for the flow-coastdown 
t ransients . 

3. Local Flow Blockages , 

Basically, the same type of heated subassembly and flow loop 
can be used for these experiments as for the flow-coastdown and power-
transient simulations; however, in addition we must have the following 
additional features; 

a. A method of introducing a local blockage of the flow pas 
sage between pins, once steady operating conditions are established as a 
means of simulating a foreign body becoming lodged in a subassembly and 
res t r ic t ing flow in a small area. 

b. A method of introducing a blockage or part ial blockage in 
the inlet of a subassembly, such as might be incurred when a large foreign 
object lodges in the inlet orifice or plenum. This case is relatively easy 
to simulate, compared to the previous situation. 

c. A method of studying the effects of local design variat ions 
in pi tch- to-diameter ratio, flow-path length, spacer type, etc. This r e 
quires a facility with an adaptable test section. 
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As for power transients and flow-coastdown simulation, the 
parameters to be measured are temperature , p r e s su re , flowrates, and 
void-fraction growth rate , and, here again, the nneasuring equipment and 
test loop would be identical to that required for the previously described 
simulation experiments. Thus, the same basic type of experimental 
equipment used for the simulations of power and flow-coastdown t ran
sients can be used for local-flow-blockage experiments. 

4. Electric Heating 

The foregoing discussion indicates that a major i tem in the 
out-of-pile experimental program is the development of suitable hea te rs 
for simulating relatively large c lus ters of fuel pins in a simulated sub
assembly, and, indeed, the success of the out-of-pile p rogram proposed 
depends strongly on such heaters and their associated power supplies and 
hardware. Considerable effort is currently being expended in developing 
electron-bombardment (EB) heaters and res is tance heaters for out-of-
pile simulation experiments. Currently, the EB heaters appear to be 
the best means of achieving the high heat fluxes necessary to simulate 
power t ransients . The major difficulties with electr ic-heat ing simulation 
using EB heaters ar ise in the areas of; (I) accurate mockup of the axial 
heat flux profile and (2) the dissimilar thermal behavior of a heater pin 
and an actual reactor fuel pin, due to differences in heat capacity between 
the two. Although resis tance heaters may be limited to lower heat fluxes 
(perhaps -0.5 kW/cm^), they have the advantage that they more nearly 
simulate (in t e rms of heat capacity) an actual fuel rod. The heat fluxes 
that appear to be achievable with the res is tance heaters would be sa t i s 
factory for the constant-power, flow-coastdown t rans ients . All indications 
are that the required heater development is within the rea lm of possibility, 
and therefore the question of the being able to perform the out-of-pile 
simulation studies with boiling sodium does not appear to be seriously in 
doubt. In any event, it appears that the uncertainty here is less than that 
associated with being able to develop suitable in-pile instrumentation for 
performing the experiments in-pile. 

D. In-pile P rog ram 

A major fraction of the in-pile experiments in which the sodium 
boiling and voiding phenomenon would be studied are those experiments 
with a core segment consisting of a whole subassembly or more , in which 
fuel-element failure thresholds have been exceeded and the coolant chan
nels are no longer intact. In this class of experiments, we are no longer 
studying boiling and expulsion as a separate phenomenon, since boiling is 
now produced by the interaction of molten fuel with coolant. Therefore, 
these in-pile experiments would not be oriented specifically toward the 
measurement of coolant motion due to boiling and expulsion, but ra ther 
to the motion of fuel mater ia l once the failure threshold has been exceeded. 
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Naturally, the instrumentation of such experiments will include measure 
ments of t empera tures , p r e s su re s , and coolant flowrates (probably at the 
upper and lower end of the fuel subassembly), in addition to the fuel motion 
measured with a fast-neutron hodoscope. Such data will make it possible 
to determine something about the gross motion of coolant, even though specific 
details about the spatial distribution of coolant vapor voids will be lacking. 
Therefore, it is possible that some data on coolant expulsion during the 
in-pile meltdown experiments, in the form of auxiliary measurements , can 
be obtained. This type of experiment is discussed in detail in Chapters VI 
and VII. 

In addition, however, it is inevitable that a limited number of in-pile 
experiments designed just to study boiling with coolant channels intact will 
be necessary . The purpose of such experiments will be to attempt to verify 
the coolant boiling models which have been derived from the out-of-pile 
work. 
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CHAPTER IV 

FUEL-ELEMENT FAILURE AND FAILURE PROPAGATION 

A. Introduction 

In Chapter II we pointed out that the most important single safety 
question about fuel pin failure is that of propagation. Under what conditions 
can the failure of one pin precipitate the failure of others and set up a chain 
reaction affecting so many of the pins in a subassembly that it has to be 
replaced? How long can operation with failed fuel proceed before the r isk of 
propagation becomes important? These questions are important because 
single pins will probably fail frequently, but the need to replace a whole sub
assembly as frequently would be unacceptable. More important, the poss i 
bility of damage spreading beyond the one subassembly r a i se s a significant 
safety risk. 

However, fuel failure has a wider importance than this. Cladding 
failure is the main limit on the irradiat ion life of the fuel. There is inevi
tably economic p ressu re to extend this limit and improve the fuel so that it 
can be irradiated longer. Our ability to do this depends on our understanding 
of the mechanisms that cause fuel failure. Thus, we have to ask both the 
general questions of how the fuel behaves and what causes it to fail, as well 
as the specific one of whether such a failure can propagate dangerously. 

These questions i l lustrate the fact that a general understanding of 
fuel failure will always be important in a system where fuel failure is the 
main performance limit. This will involve knowledge of the behavior of the 
fuel and cladding mater ia ls under irradiation, of the interaction between 
them, and, in part icular , of the mechanisms that s t r ess the cladding and 
cause it to fail, both during normal reactor operation, and during abnormal 
and transient conditions. We must also know the influence of design va r i 
ables, such as fuel density, cladding thickness, or whether the fuel pin is 
vented or not, and of operating conditions, such as tempera ture and power 
generation rate. 

To answer the propagation question, we have to know first whether 
there is more than a low probability that the failure of one pin in "normal" 
operation can precipitate the failure of "many" others . Here, "normal" 
operation includes steady-power operation, routine operating t ransients 
such as power changes, and minor incidents such as accidental reactor 
trips or periods of mild overpower. Fai lure of "many" fuel pins means 
so many that the subassembly has to be replaced immediately because the 
amount of fuel or fission products released into the coolant is unacceptable, 
or because propagation of damage to other subassemblies is likely. 
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Secondly, we must also answer the propagation question for fuel that 
has suffered prior maloperation. For example, fuel that for a period has 
been operated above the design temperature or power level may then be m a 
sensitive condition, so that, although the maloperation itself does not cause 
failure, a subsequent failure caused some other way can propagate. This 
would set a limit on the degree of maloperation that could be tolerated before 
the fuel had to be replaced, or it might indicate that fuel misused in this way 
could afterwards be safely operated only at a reduced power level. 

B. Ways of Answering the Questions 

There are two ways of answering questions about the behavior of a 
complex system like a fuel pin. The analytic approach involves understand
ing each mechanism at work, and then constructing an account of the behavior 
of the system. The empirical approach involves setting up a physical model 
of the system, and subjecting it to the conditions of interest to see what 
happens. 

For a fuel pin, however, neither approach provides all the answers . 
The analytic method breaks down, because the system is too complicated to 
analyze without experimental guidance; the empirical method is misleading, 
because it is impossible to observe the experiment closely enough and 
because the conditions of interest cannot be reproduced accurately; therefore 
an analytic understanding is needed to interpret the observations. 

Thus an understanding of fuel-pin behavior and failure requires both 
basic studies of the individual mechanisms at work, and empir ical data 
derived from experiments that simulate the situation of interest . In addition, 
reactor operating experience can provide some information. 

The steady-state aspects of fuel behavior (1, a and b below) are cov
ered by Element 7 of the LMFBR Prog ram Plan. These steady-state data 
should be interpreted to yield as much information as possible relevant to 
safety questions. 

1. Basic Studies 

We wish to understand the important aspects of fuel-pin behavior 
as functions of power, temperature , and burnup. These include: 

a. The Fuel. How does it deform due to thermal expansion, 
cracking, i rradiat ion swelling, and creep under the influence of tempera ture 
changes and burnup? How fast is fission-product gas re leased in normal 
operation or in t rans ients? What is the extent and nature of sodium logging 
if sodium should get into the pin? If the fuel melts while the cladding remains 
intact, can the fuel be redistributed within the pin, and if so. how fast, and to 
what extent? 



44 

b. The Cladding . How does it swe l l and c r e e p u n d e r the inf lu
ence of i r r a d i a t i o n and the s t r e s s due to swe l l ing fuel and g a s p r e s s u r e ? 
What a r e the effects of s t r e s s c o n c e n t r a t i o n s due to hot s p o t s and c r a c k s in 
the fuel? What a r e the t i m e and p o s i t i o n of f a i l u r e , and wha t kind and s i z e 
of hole i s f o r m e d in e i t h e r " n a t u r a l " f a i l u r e or one c a u s e d by an a c c i d e n t ? 

c. P i n B e h a v i o r a f te r F a i l u r e . How m u c h g a s and fuel a r e r e 
l e a s e d f r o m the pin, and how qu ick ly a r e they r e l e a s e d ? Is the fuel so l id o r 
l iqu id? Is it p r o p e l l e d by h i g h - p r e s s u r e g a s ? Is the p in b e n t ? 

d. B e h a v i o r of the G a s R e l e a s e d . Does the r e l e a s e d g a s c a u s e 
o v e r h e a t i n g or damag ing m e c h a n i c a l s t r e s s of ad j acen t p i n s ? 

e. B e h a v i o r of the F u e l R e l e a s e d . W h e r e d o e s the r e l e a s e d 
fuel go? Can it s t i ck to or lodge a g a i n s t ad j acen t p in s and c a u s e o v e r h e a t i n g , 
or i s it e j e c t ed f r o m the s u b a s s e m b l y ? Can i t c a u s e a v a p o r e x p l o s i o n ? 

E v e n if a l l t h e s e da ta w e r e a v a i l a b l e , h o w e v e r , the i n t e r a c t i o n s 
b e t w e e n the v a r i o u s effects a r e so c o m p l e x tha t it would be i m p o s s i b l e to put 
t h e m t o g e t h e r to m a k e a conv inc ing p r e d i c t i o n of p in b e h a v i o r on f a i l u r e 
wi thout e x p e r i m e n t a l s u p p o r t . 

2. E m p i r i c a l S tud ies 

It i s p r o b a b l y n e c e s s a r y to do e x p e r i m e n t s in which one p in of a 
g r o u p is m a d e to fa i l , to s e e w h e t h e r t h e r e a r e cond i t i ons u n d e r which th i s 
f a i l u r e c a u s e s o t h e r p ins to fail as wel l . The ob jec t of such a t e s t would be 
to s i m u l a t e L M F B R cond i t i ons as c l o s e l y as p o s s i b l e . T h i s would r e q u i r e 
the e x p e r i m e n t to be done i n - p i l e , in flowing s o d i u m . It would a l s o r e q u i r e 
tha t the s t a t e of the fuel and the c ladd ing be a s c l o s e l y a s p o s s i b l e the s a m e 
as in an o p e r a t i n g L M F B R . In p a r t i c u l a r , a t t en t i on would be g iven to the 
s t a t e of: 

a. F u e l . The ex ten t of c r a c k i n g , c e n t r a l void f o r m a t i o n and 
swe l l ing , and the q u a n t i t i e s of d i s s o l v e d and r e l e a s e d f i s s i o n - p r o d u c t g a s 
m u s t be c o r r e c t . 

b . Cladding . The c ladding m u s t have the c o r r e c t h a r d n e s s 
( induced by i r r a d i a t i o n , s t r a i n o r t i m e ) . Also , if an a r t i f i c i a l defec t i s u s e d 
to in i t i a t e the f a i l u r e , i t s effect m u s t be the s a m e a s tha t of the " n a t u r a l " 
f a i l u r e we wi sh to s tudy. 

If a l l t h e s e cond i t ions a r e to be m e t , we m u s t have a c l e a r i dea 
of (1) the s t a t e of a fuel p in in an o p e r a t i n g r e a c t o r , and (2) what i n f l u e n c e s 
i t s b e h a v i o r when it f a i l s . T h e s e d e m a n d a good ana ly t i c u n d e r s t a n d i n g 
be fo re a wor thwh i l e e x p e r i m e n t can be done. 
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3. Experience 

Some useful information about fuel-pin failure and failure propa
gation may be gained from operating experience of oxide-fueled fast r eac to r s 
such as BR-6, RAPSODIE, and the experimental oxide subassemblies in DFR 
and EBR-II. Conditions in these reac tors are not the same as in a typical 
LMFBR, but it is of interest to see what can be learned. Prototype r eac to r s 
now under construction, such as BN350, PFR. and PHENIX, will also provide 
some data. 

C. Ways of Assembling the Information 

We now discuss what has to be done to enable us to answer the safety 
questions in the ways indicated above-

1. Basic Studies 

Much information on the individual mechanisms affecting fuel-pin 
behavior exists already. In many cases , the need for new safety experiments 
cannot be defined until existing experimental resul ts have been understood in 
the context of accidents. This can be il lustrated by looking in turn at each of 
the five areas listed in Section B.l above. 

a. The Fuel. Much information on the behavior of oxide fuel 
(cracking, swelling, creep, fission-product gas re lease , etc.) under normal 
operating conditions exists as a result of test i r radiat ions and has been ana
lyzed to give some understanding of the response to steady operation- More 
information of this type should come ^rom the operation of prototype r eac 
tors . Tests in TREAT and other facilities give some information on behav
ior in t ransients , mainly from postmortem examinations. 

Further tes ts , on fission-product gas re lease in long tran
sients (typical of flow-failure accidents), on the effects of sodium logging, 
on highly i r radiated fuel, and possibly on slumping of fuel within the pin. are 
clearly needed, but it is not possible at this stage to specify these in detail. 
The first need is to digest existing data thoroughly, so that new safety ex
per iments , in TREAT, for example, can be specified properly. 

b. The Cladding. The situation here is s imilar to that for fuel. 
The metallurgy of cladding mater ia ls at normal tempera tures is probably 
understood well enough (see, for example, Refs. 54-56), and even if it is not, 
the most urgent need is for analysis of existing data, so that further experi
ments can be specified. There may be a need for experiments at higher 
t empera tu res , which are only reached in accidents, and where the behavior 
of the cladding may be quite different from that at normal t empera tu res . 
High fluence tes ts are needed to elucidate the problem of cladding swelling. 
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c. P i n B e h a v i o r a f te r F a i l u r e . I n f o r m a t i o n on the b e h a v i o r of 
fuel and c ladding af ter the c ladding has r u p t u r e d should c o m e f r o m a and b 
above . T R E A T t e s t s , or t e s t s in a loop in F F T F for s o m e o the r t e s t r e a c 
to r , would p r o b a b l y p r o v i d e da ta on the m o d e of f a i l u r e and pin d i s t o r t i o n . 

d. B e h a v i o r of the Gas R e l e a s e d . Th i s c a n p r o b a b l y be s t u d i e d 
b e s t by o u t - o f - p i l e t e s t s . 

e. B e h a v i o r of the F u e l R e l e a s e d . The m o s t i m p o r t a n t a r e a 
h e r e i s that of vapo r e x p l o s i o n s , which is d i s c u s s e d in d e t a i l in C h a p t e r V. 
We a r e a l s o c o n c e r n e d with the mo t ion of fuel r e l e a s e d f r o m a b r o k e n p in , 
and w h e t h e r it can m e l t ad j acen t p i n s . It m i g h t be p o s s i b l e to get s o m e i n 
f o r m a t i o n o u t - o f - p i l e , but i n - p i l e t e s t s s e e m m o s t l i ke ly to be use fu l . 
T R E A T t e s t , e s p e c i a l l y of the " f l a t - t o p p e d " type , wi l l p r o v i d e use fu l d a t a , 
f r o m hodoscope o r p o s t m o r t e m o b s e r v a t i o n s . If wa l l e f fec t s t u r n out to 
be s ign i f ican t , h o w e v e r , and t e s t s on a l a r g e r s c a l e a r e n e e d e d , t h e s e wi l l 
r e q u i r e the use of a l a r g e fac i l i ty . Th i s i s r e l a t e d to the g e n e r a l p r o b l e m of 
the m o t i o n of fuel in the p r e s e n c e of coo lan t , wh ich i s d i s c u s s ed in C h a p t e r VI. 

The m o s t p r e s s i n g need in ob ta in ing a good a n a l y t i c u n d e r s t a n d 
ing of the b e h a v i o r of a fuel p in a s it f a i l s i s to d i g e s t and codify e x i s t i n g 
e x p e r i m e n t a l da ta on fuel and c ladding m a t e r i a l s : i . e . , da ta f r o m T R E A T , 
e t c . " When th i s i s done , it wi l l be p o s s i b l e to define in d e t a i l f u t u r e e x 
p e r i m e n t s in T R E A T or o the r e x i s t i n g f a c i l i t i e s , and to e s t a b l i s h the e x t e n t 
to which da t a f r o m new f a c i l i t i e s a r e needed . The o t h e r m a i n a n a l y t i c n e e d 
is for an u n d e r s t a n d i n g of vapo r e x p l o s i o n s . 

2. E m p i r i c a l S tud ies 

O u t - o f - p i l e t e s t s on the b e h a v i o r of gas and v a p o r in the coo l an t 
s t r e a m b e t w e e n c l u s t e r s con ta in ing v a r i o u s num,bers of p i n s a r e c u r r e n t l y 
p l a n n e d . In add i t ion to y ie ld ing da ta needed for h y d r o d y n a m i c a n a l y s i s , 
t h e s e t e s t s should p lay an i m p o r t a n t r o l e in e s t a b l i s h i n g the a d e q u a c y of the 
s m a l l - s c a l e i n - p i l e t e s t s , which a r e l ike ly to be the m a i n s o u r c e of 
i n f o r m a t i o n . 

F a i l u r e - p r o p a g a t i o n e x p e r i m e n t s in flowing s o d i u m could p o s s i 
bly be done in the G E T R n a t u r a l - c o n v e c t i o n c a p s u l e (at p r e s e n t be ing u s e d 
under the P A - 1 0 p r o g r a m ) , but the only ex i s t ing f a c i l i t i e s w h e r e such ex 
p e r i m e n t s could be done in f o r c e d c o n v e c t i o n a r e M a r k - I o r M a r k - I I loops 
in T R E A T . E x p e r i m e n t s have b e e n done us ing c l u s t e r s of s e v e n E B R - I I 
p in s ( m e t a l fuel) in a M a r k - I loop, ' ' ' bu t in th i s c a s e a l l s e v e n p i n s we p i n s w e r e 

i r e sub jec t ed to rough ly the s a m e cond i t ions , so the t e s t s s tudy m o d e of fa i lu r 
r a t h e r than f a i l u r e p r o p a g a t i o n . In addi t ion, the T R E A T p o w e r b u r s t in 
t h e s e e x p e r i m e n t s was about half a second long, and so i s h a r d l y r e p r e s e n t a 
t ive of the f a i l u r e at s t eady power we a r e m a i n l y c o n c e r n e d with. 
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TREAT could be used for a propagation experiment with oxide 
fuel if it were operated in the "flat-topped" mode to give a prolonged power 
pulse of such an intensity as to make one pin (with some sort of artificial 
defect) fail while the others experience conditions that would not normally 
cause failure. One could then observe under what conditions failure of the 
first pin would cause the otherwise sound pins to fail. 

The main disadvantages of such a test would come from the 
limitation of the length of a TREAT pulse to about 10 sec. Thus, the fuel 
would probably not be generating heat long enough for the res t ructur ing 
(by cracking and creep) typical of high-temperature operation to take place. 
Also, any propagation mechanism other than a very rapid one would not be 
observed. In addition, such an experiment can probably accommodate only 
seven pins, so that if wall effects (such as the freezing of fuel on the loop 
walls) are important, the resul ts could be misleading. There may also be 
problems with flux depression in the central pin, or with the use of p r e -
i r radiated fuel. 

An alternative is to use a flowing-sodium loop in a tes t reactor 
such as ETR. The main advantage of such tests would be in the long time 
scale which would allow slow fuel restructuring and slow propagation of 
failure, if it is possible, to take place. 

In addition, such a loop might accommodate 19 pins or more, 
provided such an experiment can be proved safe, showing an important im
provement over TREAT'S seven pins. Even a 19-pin cluster, however, 
may not be representat ive of a subassembly containing 200 or 300 pins, so 
that such tests may tell us whether jjropagation occurs , and hence establish 
operational limits beyond which propagation becomes a risk; but they may 
not indicate directly the extent of the propagation if it does occur, because 
this may depend on gas or coolant movement, which may be affected by the 
size of the cluster . 

A disadvantage of such tests would be the difficulty of observing 
what happens in detail. In part icular , there may be no way of telling how the 
fuel moves. This in turn would make more difficult the problem of extrapo
lating from 19 to 300 pins. 

Another problem is that of specifying the tests correct ly . For 
example, the fuel would probably be operated at steady power for a period 
to res t ruc ture it to represent fuel in an operating LMFBR. One pin would 
then be made to fail artificially to represent a "natural" pin failure. But 
to determine how long it is necessary to operate to get the cor rec t r e s t r u c 
turing, we have to understand the behavior of the fuel mater ia l . And to be 
sure that our artificial failure represents the "natural" failure correc t ly , 
we have to understand the behavior of the cladding mater ia l , and to know 
what the "natural" failure we wish to study is . All of these require a good 
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b a s i c u n d e r s t a n d i n g of fuel and c ladd ing b e h a v i o r , which does not e x i s t at 
p r e s e n t and is e s s e n t i a l be fo re any such t e s t s c a n be spec i f i ed p r o p e r l y , 
let a lone p e r f o r m e d . It m u s t be e m p h a s i z e d tha t the a n a l y t i c and e m p i r i c a l 
a p p r o a c h e s to the p r o p a g a t i o n p r o b l e m a r e i n t e r d e p e n d e n t , and c a n n o t p r o 
ceed s e p a r a t e l y . 

Given th i s ana ly t i c suppo r t , it s e e m s p r o b a b l e tha t a s e r i e s of 
t e s t s of th i s type can solve the f u e l - f a i l u r e p r o p a g a t i o n p r o b l e m , p r o v i d e d 
the l i m i t a t i o n to a s m a l l n u m b e r of p ins i s shown to be u n i m p o r t a n t . 

D. S u m m a r y - - O u t l i n e P l a n of W o r k 

The i n t e r a c t i o n b e t w e e n ana ly t i c and e m p i r i c a l w o r k d e s c r i b e d above 
can be s u m m a r i z e d in the f o r m of a s u g g e s t e d p r o g r a m of e x p e r i m e n t a l and 
t h e o r e t i c a l w o r k as fo l lows: 

1. E x i s t i n g i n f o r m a t i o n on the b e h a v i o r of oxide fuel and c l a d d i n g 
under i r r a d i a t i o n (both s t e a d y s t a t e and t r a n s i e n t ) should be a n a l y z e d to 
c o n s t r u c t a s f a r as p o s s i b l e a c o h e r e n t a c c o u n t of the b e h a v i o r of an L M F B R 
fuel pin in an a c c i d e n t . The p r i n c i p a l s o u r c e s of t h i s i n f o r m a t i o n wi l l be 
T R E A T t e s t s and e x p e r i m e n t a l f a s t - r e a c t o r fuel i r r a d i a t i o n s , but t h e r m a l -
r e a c t o r da ta , f r o m S P E R T . for e x a m p l e , m a y a l s o be usefu l . 

2. S i m i l a r l y , the e x i s t i n g da ta on v a p o r e x p l o s i o n s shou ld be a n a 
lyzed to m a k e the b e s t p r e d i c t i o n p o s s i b l e in ou r p r e s e n t s t a t e of knowledge 
of the m a x i m u m v io l ence of such an e x p l o s i o n i n - p i l e . Th i s i s d i s c u s s e d in 
m o r e de t a i l in C h a p t e r V. 

3. T h e s e r e s u l t s ( f u e l - b e h a v i o r and v a p o r - e x p l o s i o n p r e d i c t i o n s ) 
should then be u s e d to f o r m u l a t e i n - p i l e t e s t s on f a i l u r e p r o p a g a t i o n , p r o 
v ided a su i t ab l e fac i l i ty i s a v a i l a b l e . 

4. The a c c o u n t of fuel b e h a v i o r p r o d u c e d by I above should m a k e 
i t c l e a r w h e r e our ana ly t i c u n d e r s t a n d i n g i s m o s t l a ck ing . Add i t iona l t e s t s 
in T R E A T , a s t e a d y - s t a t e i r r a d i a t i o n f ac i l i t y such a s E B R - I I , or a new fa 
c i l i ty , should be i n i t i a t e d to i m p r o v e th i s u n d e r s t a n d i n g . A l so , slum.ping 
t e s t s , us ing T R E A T or p o s s i b l y P B F , m a y be i n d i c a t e d . 

5. O u t - o f - p i l e t e s t s on the b e h a v i o r of gas and v a p o r in the c o o l a n t 
s t r e a m b e t w e e n c l u s t e r s con ta in ing v a r i o u s n u m b e r s of p i n s , wh ich a r e 
p lanned at p r e s e n t , should be c o m p l e t e d and a n a l y z e d . 

6. F r o m the r e s u l t s of i n - p i l e p r o p a g a t i o n t e s t s on c l u s t e r s of up 
to 19 p i n s , and the o u t - o f - p i l e t e s t s d e s c r i b e d in 5 above , i t should be p o s s i 
b le to deduce w h e t h e r the r e s u l t s can be e x t r a p o l a t e d to f u l l - s i z e s u b a s s e m 
b l i e s , or w h e t h e r l a r g e r - s c a l e t e s t s a r e needed . 
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7. A similar program to the above but for carbide fuel should be 
initiated. The main need at present is for basic irradiation data (steady 
state and transient) to be used to obtain an analytic understanding of the 
mater ia l . When this is available, propagation tes ts , etc. , will suggest 
themselves if they are needed. 

8. Metal-clad ceramic pins may not always be the prefer red fuel 
configuration for a fast reactor, and, for example, metal fuel or even 
coated par t ic les may become popular. In such an event, the failure-
propagation work proposed above might be irrelevant. But whatever form 
the fuel takes, propagation of a localized failure to cause damage to a sig
nificant amount of the fuel will be serious, and the propagation problem, 
in some form or other, will require attention. 
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C H A P T E R V 

VAPOR EXPLOSIONS 

A. In t roduc t ion 

If a hot m a t e r i a l c o m e s r a p i d l y into c o n t a c t with a cold l iquid , t h e r e 
a r e c i r c u m s t a n c e s in which boi l ing and e x p a n s i o n a r e so v i o l e n t t ha t the 
effects a r e s i m i l a r to those of a c h e m i c a l exp lo s ion . Th i s i s wha t we c a l l 
a vapor exp los ion . Although it is not a p r e c i s e def in i t ion , i t i s a d e q u a t e , 
b e c a u s e in p r a c t i c e we a r e i n t e r e s t e d in any cond i t i ons u n d e r which bo i l ing 
is so v io lent tha t it can be damag ing . 

The i m p o r t a n c e of th is p h e n o m e n o n for L M F B R safe ty h a s b e e n 
documented by Hicks and M e n z i e s . ' * Al though a v a p o r e x p l o s i o n h a s n e v e r 
been o b s e r v e d in an LMFBR, the c o n c e r n is not b a s e d on t h e o r e t i c a l c o n 
s i d e r a t i o n s a lone , but on ev idence f r o m a c c i d e n t s of v a r i o u s k i n d s , a l l of 
which w e r e c h a r a c t e r i z e d by exp los ive boi l ing . 

This c h a p t e r r e v i e w s th is ev idence t o g e t h e r wi th the r e s u l t s of ex 
p e r i m e n t s done, ma in ly at ANL, in an a t t e m p t to u n d e r s t a n d the p h e n o m e 
non. We then d i s c u s s the i m p o r t a n c e of vapo r e x p l o s i o n s in L M F B R ' s , and 
the e x p e r i m e n t a l and t h e o r e t i c a l w o r k s t i l l to be done. 

B. Exp los ions f rom Mol ten M a t e r i a l s and W a t e r ( " S t e a m E x p l o s i o n s " ) 

1. Ev idence f r o m A c c i d e n t s 

V a r i o u s r e p o r t s have been m a d e of the e x p l o s i o n s tha t o c c u r 
when mo l t en m a t e r i a l s come into con tac t with w a t e r . L o o s e l y known as 
" s t e a m e x p l o s i o n s , " t h e s e have b e e n a t t r i b u t e d to the sudden c o n v e r s i o n 
of w a t e r to s t e a m - - a m e c h a n i c a l p r o c e s s , r a t h e r than a c h e m i c a l r e a c t i o n . 

S e r i o u s s t e a m exp los ions a r e not u n c o m m o n in m e t a l i n d u s 
t r i e s . L i p s e t t " r e p o r t e d a foundry inc iden t that r e s u l t e d in the dea th of 
one man , i n j u r i e s to m a n y o t h e r s , and bui ld ing d a m a g e to the a m o u n t of 
$150,000. A s e v e r e exp los ion a p p e a r s to have b e e n c a u s e d by the sudden 
g e n e r a t i o n of s t e a m when about 100 lb of m o l t e n s t ee l d r o p p e d a c c i d e n t a l l y 
into a t rough of w a t e r . L i p s e t t conc luded that the i n c i d e n t involved the 
c o n v e r s i o n of about 30 lb of w a t e r to s t e a m and that it c r e a t e d an a i r shock 
wave equ iva len t to tha t p r o d u c e d by 12 lb of TNT. 

S e v e r a l exp los ions have a l s o b e e n o b s e r v e d in the p r o c e s s i n g 
of m o l t e n a l u m i n u m . As a r e s u l t . Long conduc ted a s e r i e s of t e s t s in which 
50- lb b a t c h e s of m o l t e n a l u m i n u m w e r e p o u r e d into a tank of w a t e r . He 
o b s e r v e d exp lo s ions which w e r e c h a r a c t e r i z e d by a v io len t b u r s t i n g ac t ion , 
c l o s e l y fol lowed by a loud no i se and a shock wave . He a r g u e d that s o m e 
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tr iggering action dispersed the molten aluminum so that the heat t ransfer 
was fast enough to generate steam in an explosive manner. More recently, 
Hesse and Brondyke''' reported very violent explosions from molten alu
minum and water, but they gave evidence that the most violent of these in
volved chemical reactions as well as a release of thermal energy. The 
paper-pulp industry has also witnessed similar incidents. ' Large fur
naces have been destroyed when water, leaking from cooling pipes in the 
furnace walls, has contacted a molten mixture of sodium carbonate and 
sodium sulfide (known as smelt). 

The steam-explosion phenomenon seems to give a reasonable 
explanation of the destructive p ressure pulse experienced in the SPERT 1-D 
test. '*"' ' ' This destructive p ressure pulse occurred, not at the time of peak 
power, but 15 msec later, when about one-third of the aluminum fuel-plate 
surface was molten. It was probably tr iggered by the impact of water 
reentering the reactor core, which dispersed the molten aluminum and 
caused a steam explosion. This hypothesis has been part ly substantiated 
by Z i v i ^ a i . " ' ' * in shock-tube experiments, where a column of water was 
dropped on molten aluminum or silver and produced an explosion. 

2. The Fragmentation Process 

As part of the thermal - reac tor safety program at Argonne, 
experimental work has been initiated to study such explosive interactions 
between molten mater ia ls and w a t e r . " Initial experiments have involved 
the injection of a small amount of water (1-2 cc) into molten metals and 
salts (100-200 g). Explosions have been observed with molten tin, potas
sium iodide, and silver chloride. One explosion with tin was sufficiently 
violent to shatter the upper half of th<? container, a 1^ in.-ID, l /4 - in . -
thick graphite crucible. High-speed motion pictures showed that, follow
ing the injection of the water, the molten surface bulged and partially 
collapsed before the explosion. The water-injection tests are continuing 
with different mater ia ls , such as aluminum, silver, and sodium chloride. 
A new technique is being developed to measure the thrust resulting from 
the explosions. 

Several attempts have been made to explain these p re s su re 
pulses. Analyses of the SPERT 1-D test all indicate that the energy t r ans 
fer between molten aluminum and water must have been extremely fast. 
Zivi e^ a l . " ' ' ' noted that it could not be fully explained by known heat-
transfer mechanisms, such as conduction through a steam film. The heat-
transfer rate must be due to the creation of surface area by extensive 
fragmentation of the molten aluminum. This was demonstrated in Ivins 

The fragmentation and dispersion of the hot nnaterial is per
haps the key factor that determines the heat- t ransfer ra te . Various 



m e c h a n i s m s have b e e n p r o p o s e d for the f r a g m e n t a t i o n , depend ing on the 
s i tua t ion under c o n s i d e r a t i o n . F o r the S P E R T 1-D t e s t , the i m p a c t of a 
bouncing w a t e r c o l u m n p robab ly c a u s e d the m o l t e n fuel p l a t e s to f r a g m e n t . 
F o r his e x p e r i m e n t s , in which m o l t e n a l u m i n u m was p o u r e d into w a t e r . 
Long sugges t ed tha t the f r a g m e n t a t i o n was t r i g g e r e d by a m i n o r e x p l o s i o n 
due to the sudden boi l ing of a thin l aye r of wa t e r t r a p p e d b e t w e e n the b o t t o m 
of the tank and the a l u m i n u m . A s i m i l a r m e c h a n i s m was l a t e r p r o p o s e d by 
B r a u e r et a l . , " the only d i f ference being that they s u g g e s t e d tha t w a t e r i s 
t r a p p e d in a fal l ing m o l t e n - m e t a l d r o p , r a t h e r than at the b o t t o m of the 
tank. 

The c a s e when wa t e r i s in jec ted under the s u r f a c e of m o l t e n 
m a t e r i a l s is of c o n s i d e r a b l e i n t e r e s t . The w a t e r can be t r e a t e d a s a j e t 
or d rop moving th rough the o the r fluid, and i t s b r e a k u p m a y be s i m i l a r to 
tha t in o the r p r o c e s s e s , such as ra in fa l l or a t omiza t i on . A m o r e c o m p l i 
ca ted m e c h a n i s m of f r agmen ta t i on is the in tens ive convec t ion effects of 
boi l ing at the i n t e r f ace of mo l t en m a t e r i a l s and coolant . 

Some other f a c t o r s a r e a l so involved in exp los ive p r e s s u r e 
g e n e r a t i o n . Superhea t ing of the wa t e r may account for the f a s t p r o c e s s 
of e n e r g y c o n v e r s i o n . Highly s u p e r h e a t e d w a t e r would be uns t ab l e and 
would suddenly f lash to s t e a m . Wate r coming into con tac t with a f r e s h 
s u r f a c e of m o l t e n m a t e r i a l m a y undergo c o n s i d e r a b l y h ighe r s u p e r h e a t 
ing than n o r m a l l y . L e s s obvious, but p e r h a p s equal ly i m p o r t a n t , i s the 
ro l e of co l l aps ing vapor bubb les , which m a y give r i s e to v io lent p r e s s u r e 
p u l s e s . The p r e s e n t unde r s t and ing of t he se f a c t o r s i s far f r o m c o m p l e t e . 

C. S y s t e m a t i c Study of Vapor Exp los ions with Alkal i Meta l s 

Vapor exp los ions involving l iquid m e t a l s as the work ing fluid a r e 
c u r r e n t l y being a t t acked at Argonne by c o n s i d e r i n g the p r o c e s s of e n e r g y 
t r a n s f e r f r o m the hot m a t e r i a l and the subsequent rap id expans ion of the 
l iquid m e t a l . 

T h r e e s e p a r a t e f a c t o r s d e t e r m i n e the amount of e n e r g y t r a n s 
f e r r e d ; the r a t e of hea t t r a n s f e r a c r o s s a unit a r e a of i n t e r f a c e b e t w e e n 
hot m a t e r i a l and cold, the i n t e r f a c i a l a r e a of the s y s t e m , and the t i m e 
ava i l ab l e for the e n e r g y t r a n s f e r . Each of t he se f a c t o r s is c u r r e n t l y 
being i nves t i ga t ed in a s e p a r a t e e x p e r i m e n t a l p r o g r a m . 

1. H e a t - t r a n s f e r Coefficient 

F o r c e d - c o n v e c t i o n hea t t r a n s f e r f r o m hot s p h e r e s in l iquid 
sod ium is being s tudied . In th is p r o g r a m , a l / 2 - i n . - d i a m t a n t a l u m 
s p h e r e , moun ted on a shea thed t h e r m o c o u p l e a r m , is induc t ive ly hea ted 
to a p r e d e t e r m i n e d t e m p e r a t u r e and then swung th rough a m o l t e n s o d i u m 
ba th by a m o t o r - d r i v e n shaft to which the a r m is connec ted . H e a t - t r a n s f e r 
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rates are computed directly from the sphere temperature history (as meas 
ured by the thermocouple). Tests to date show heat- t ransfer ra tes on the 
order of 1000 ca l /cm^-sec . A more detailed description of the apparatus 
and resul ts is presented in ANL-7296. 

2. Fragmentation 

Initial studies of the fragmentation process involved the drop
ping of various molten samples (e.g., zirconium, nickel and stainless steel) 
into liquid sodium." These showed extensive breakup of the sample and 
violent eruptions of the sodium. In an experiment with stainless steel, the 
sodium eruption was so vigorous that about 15% of the sample was ejected. 

Later experiments '* compared the effects of sodium and water. 
In many cases , there was a marked difference between them; for example, 
molten silver did not fragment when dropped into water, but did fragment 
when dropped into liquid sodium. It was hypothesized that the breakup 
resul ts from violent formation and collapse of vapor bubbles in the nucle
ate and transit ion boiling regimes. The melting points of the j:ladding met
als fall within the violent boiling range for sodium (900-2300°C), and so 
the metals fragment. On the other hand, the metals are not molten in the 
violent boiling range for water (100-400°C) and therefore do not fragment. 
Experiments in water using low-melting-point metals support this 
hypothesis. 

The fragmentation of a molten mass of mater ia l may depend 
either on velocity or on acceleration. Fragmentation due to the relative 
velocity of the hot and cold liquids would be character ized by the Weber 
number, N\yg, 

2rpv^ (1) 
Nwe = - ^ - ^ ' 

where 

and 

r = radius of the droplet, 

p - density of the liquid in which it is immersed, 

V = relative velocity of the two liquids. 

a = interfacial tension. 

The droplet is broken up when N ^ g exceeds a value of about 10-20. 

The effect of acceleration may be thought of as being due to 
Taylor instability of the interface when the lighter fluid is accelerated 



into the h e a v i e r . Such a c c e l e r a t i o n migh t be c a u s e d by v a p o r - b u b b l e g r o w t h 
or c o l l a p s e in v io len t boi l ing . If v e r y fine p a r t i c l e s a r e to be p r o d u c e d in 
th i s way, v e r y v io lent a c c e l e r a t i o n s (at l e a s t h u n d r e d s of g ' s ) a r e n e e d e d . 

C u r r e n t l y the f r a g m e n t a t i o n p r o c e s s i s be ing s tud ied us ing a t i n -
w a t e r s y s t e m . " Single d r o p s of m o l t e n t in at d i f fe ren t t e m p e r a t u r e s a r e 
d ropped f r o m v a r i o u s he igh t s into w a t e r . Changing the he igh t c h a n g e s the 
e n t r a n c e ve loc i ty and v a r i e s the ve loc i ty effects on f r a g m e n t a t i o n ; chang ing 
the d r o p t e m p e r a t u r e c h a n g e s the boi l ing b e h a v i o r and thus v a r i e s the a c c e l 
e r a t i o n e f fec t s . 

Runs m a d e with m e t a l at t e m p e r a t u r e s e i t h e r c o n s i d e r a b l y be low 
(255°C) or above (550 and 600°C) the c r i t i c a l t e m p e r a t u r e of w a t e r (373°C) 
r e s u l t in the f o r m a t i o n of f r a g m e n t s having rough ly the s a m e s u r f a c e - a r e a 
dens i t y (~4 c m ^ g ) for s i m i l a r W e b e r n u m b e r s . At 310 and 385°C ( c l o s e to 
the c r i t i c a l t e m p e r a t u r e of w a t e r ) , t h e r e i s a s ign i f i can t i n c r e a s e in the 
s u r f a c e - a r e a dens i t y (~10 cm^/g ) and an i n c r e a s e d s c a t t e r of the da ta . At 
a l l t e m p e r a t u r e s , t h e r e i s a t r e n d of i n c r e a s i n g s u r f a c e - a r e a d e n s i t y wi th 
i n c r e a s i n g W e b e r n u m b e r . In a l l c a s e s , the p a r t i c l e - s i z e d i s t r i b u t i o n s w e r e 
b i m o d a l in n a t u r e , sugges t ing that t h e r e m a y be two f r a g m e n t a t i o n p r o c e s s e s 
at -work. 

T i m e - e x p o s u r e p h o t o g r a p h s , m a d e under s t r o b o s c o p i c i l l u m i n a 
tion, have b e e n t a k e n of m o l t e n t in fal l ing into w a t e r . T h e s e show tha t an 
in i t i a l b r e a k u p o c c u r s at or n e a r the s u r f a c e of the w a t e r , p r o b a b l y as a 
r e s u l t of the dynamic f o r c e s ac t ing on the m o l t e n m e t a l or e n t r a n c e . In 
s o m e c a s e s , a second and m o r e v io len t f r a g m e n t a t i o n t a k e s p l a c e s o m e d i s 
t ance be low the su r f ace (about 2 c m be low when the in i t i a l t e m p e r a t u r e of 
the t in i s 330°C). 

A few g e n e r a l o b s e r v a t i o n s about the d i s t r i b u t i o n of f r a g m e n t s 

a. In a l l c a s e s , a double f r a g m e n t - s i z e d i s t r i b u t i o n is o b s e r v e d . 

b. I n c r e a s i n g the d r o p he igh t ( e n t r a n c e ve loc i ty ) i n c r e a s e s the 
s u r f a c e - a r e a dens i ty of the f r a g m e n t s . 

c. The g r e a t e s t amoun t of f r a g m e n t a t i o n o c c u r s at m e t a l t e m 
p e r a t u r e s n e a r the c r i t i c a l t e m p e r a t u r e of w a t e r (373°C). 

S i m i l a r e x p e r i m e n t a l p r o g r a m s us ing s t a i n l e s s s t e e l or u r a n i u m 
dioxide and sod ium a r e being s t a r t e d . 

3. T ime Sca le and Sequence of E v e n t s 

The t h i r d i m p o r t a n t f ac to r d e t e r m i n i n g the o u t c o m e of a v a p o r 
exp los ion is the t i m e ava i l ab l e for e n e r g y t r a n s f e r . This i s be ing i n v e s t i g a t e d 
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in a ser ies 
of tes ts in the TREAT reactor , the object of which is to determine 

the sequence of events and time scale in the sort of reactor accidents that 
might result in a vapor explosion. 

The autoclave used in these experiments is capable of withstand
ing 400 atm at 315°C. It contains a cluster of five fuel pins (containing 
uranium dioxide) and four empty pins, all submerged in static sodium. It is 
sealed by a movable piston attached to a linear motion transducer to measure 
the expansion of the sodium, and is also equipped with thermocouples and a 
p r e s su re t ransducer . 

The test of greatest interest so far involved the generation of 
460 cal /g UO2 in the fuel, and resulted in the destruction of all five fuel pins. 
The p r e s su re t race showed five separate pulses, perhaps resulting from the 
separate failures of the five fuel pins. 

The first two pulses were nearly simultaneous and were coinci
dent with a rapid increase in the piston velocity from 6 to 302 c m / s e c . The 
third pulse was coincident with a further increase in piston velocity from 
302 to 472 c m / s e c . The final two pulses occurred after the piston was locked 
in its final position. 

The peak temperature of the sodium was 1100°C. recorded by a 
thermocouple located at the upper portion of the fueled section of the fuel rod 
0.8 sec after peak power. All other thermocouples recorded tempera tures 
below 500°C. Only a very small fraction (about 5 x 10"') of the nuclear energy 
was converted to mechanical energy. Very similar conversion ratios were 
observed in tes ts in the Capsule Driver Core, where similar experiments 
have been carr ied out with samples of t f iermal-power-reactor fuels in a 
water environment. 

The residue indicated that the five fuel pins were completely de
stroyed during the transient. Only small (~l-cm-long) cylindrical sections 
of fused UO2 remained. These were hollow (0.5-cm ID) and had an outside 
diameter of 0.673 cm. Since this is greater than the original diameter 
(0.635 cm) of the pellets, it appears that during the transient the pellets 
melted and expanded into intimate contact with the cladding (0 .67l-cm ID), 
whereupon the cladding melted and a portion of the UOj solidified. The r e s t 
of the oxide flowed away, leaving a solid annulus. 

In spite of this complete destruction of the fuel, there does not 
seem to be any evidence that a vapor explosion occurred in this test. The 
p r e s su re generated can be attributed largely to thermal expansion of the 
sodium and to the gases released to the coolant. Sodium boiling also oc
curred, but did not create any excessive p r e s su re s . This evidence, although 
very negative, is a first step in understanding the time scale and sequence 
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of even t s that would be n e c e s s a r y in a r e a c t o r a c c i d e n t to p r o d u c e a v a p o r 
exp los ion of damag ing v io l ence . It i s hoped tha t s u b s e q u e n t t e s t s of th i s 
s e r i e s "will c l a r i fy the s i tua t ion . 

D. Vapor E x p l o s i o n s in L M F B R A c c i d e n t s 

The c o n c e r n in an L M F B R i s that if the fuel p ins lose t h e i r i n t e g r i t y , 
hot fuel wi l l c o m e into con tac t with l iquid coo lan t . The f u e l - c e n t e r t e m p e r a 
t u r e in n o r m a l o p e r a t i o n is above 2000°C. If l iquid s o d i u m is hea t ed r a p i d l y 
at cons t an t vo lume f r o m 600 to 2000°C, i t s p r e s s u r e r i s e s to a v e r y high 
level , p r o b a b l y wel l above lO' a t m . C o n s t a n t - v o l u m e hea t ing i s the w o r s t 
i m a g i n a b l e c a s e , but i l l u s t r a t e s that the p o t e n t i a l e x i s t s for a v e r y d a m a g i n g 
m e c h a n i s m . The amoun t of d a m a g e a c t u a l l y done depends on o t h e r f a c t o r s , 
such as the ava i l ab l e w o r k and the i m p u l s e in the shock w a v e s . 

C o n s i d e r a t i o n of vapor exp lo s ions a s a s e p a r a t e p r o b l e m f r o m o t h e r 
a s p e c t s of coo lan t boi l ing in a f a s t r e a c t o r i s in a s e n s e a r t i f i c i a l . In fac t , a 
vapo r exp los ion is only one e x t r e m e of the r a n g e of p o s s i b l e i n t e r a c t i o n s 
b e t w e e n hot fuel and coolant . This r a n g e i nc ludes coo lan t bo i l ing f r o m in t ac t 
fuel s u r f a c e s ( d i s c u s s e d in C h a p t e r III), and a l l the w a y s d i s i n t e g r a t i n g fuel 
m a y behave ( d i s c u s s e d in C h a p t e r VI). This a r t i f i c i a l i t y i s a p p a r e n t in tha t 
the study of vapo r e x p l o s i o n s , p a r t i c u l a r l y in i n - p i l e t e s t s , i s b e s t c o n d u c t e d 
as p a r t of the w i d e r p r o b l e m of f u e l - c o o l a n t i n t e r a c t i o n s . 

In the r e a c t o r - s a f e t y con tex t , h o w e v e r , vapo r e x p l o s i o n s m e r i t s e p a 
r a t e c o n s i d e r a t i o n b e c a u s e once the i n t e r a c t i o n is e x p l o s i v e a new r a n g e of 
m o r e s e r i o u s c o n s e q u e n c e s b e c o m e s p o s s i b l e . 

1. P o s s i b l e Effec ts of Vapor E x p l o s i o n 

T h e r e a r e t h r e e m a i n a r e a s w h e r e a v a p o r e x p l o s i o n could have 
s e r i o u s c o n s e q u e n c e s . T h e s e m a y be d i s t i n g u i s h e d by the s c a l e of the p o s s i 
ble exp los ion , and in p a r t i c u l a r by w h e t h e r it i nvo lves a fuel pin, a s u b a s 
s e m b l y , or the whole c o r e . This d iv i s ion is a r b i t r a r y , and, for e x a m p l e , 
vapor exp lo s ions involving a few p ins or a few s u b a s s e m b l i e s m a y be p o s s i 
b l e . It is conven ien t , h o w e v e r , to divide the p r o b l e m up for c o n s i d e r a t i o n 
in th i s way. 

a. Single P in . If a fuel p in f a i l s , can fuel be expe l l ed t h r o u g h 
the hole in the c ladding and c a u s e a vapor e x p l o s i o n in the s u r r o u n d i n g c o o l 
an t? We a r e p a r t i c u l a r l y c o n c e r n e d about c a s e s such a s a m i l d power t r a n 
s ien t which c a u s e s f a i lu re of a defec t ive p in wi thout boi l ing the coo lan t . The 
q u e s t i o n is whe the r the vapor exp los ion , if it o c c u r s , i s v io len t enough to 
p r e c i p i t a t e f a i l u r e of ano the r pin. 
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This is an important aspect of the fuel-pin failure-
propagation problem, and its significance is discussed in Chapter IV. It 
must be remembered, however, that a vapor explosion is only one of sev
era l possible failure propagation mechanisms. 

b. Subassembly. Can a vapor explosion involving a whole sub
assembly cause significant damage to the res t of the core? Such avapor 
explosion might occur, for example, when a subassembly is blocked, the 
coolant boils and is ejected, the fuel melts , and then cold coolant reenters 
and comes into contact with the hot fuel. The consequences would be of con
cern if much of the res t of the fuel in the core were damaged so that it had 
to be replaced, if the control-rod mechanisms were damaged so that the 
reactor could not be controlled or shut down, or (the worst possibility) if 
the res t of the fuel could be compacted to cause a super -prompt-cr i t ica l 
excursion. 

If any of these can occur, it is important to know whether 
the events leading up to the vapor explosion can be detected, and how, and 
whether action can be taken in time to prevent damage. For example, if the 
reactor can be shut down before the coolant reen te r s , the potential for dam
age may be reduced considerably. 

This is the most important aspect of the vapor-explosion 
question, and one of the cri t ical problems of LMFBR safety. 

c. Whole Core. Can a large vapor explosion occur in the core 
debris after an accident that destroys the fuel, and if so could this convert a 
significant amount of the residual heat into mechanical work? For example, 
most of the energy generated by fission'during a super -prompt-cr i t i ca l ex
cursion appears as heat, eventually in the form of very hot liquid fuel, and 
only a small fraction, typically around 10%, is converted to kinetic energy of 
the core components. It is this kinetic energy that makes the explosive 
effect of the excursion. 

It is pointed out in Ref. 58 that it is thermodynamically 
possible for about 10% of the heat in liquid fuel at its vaporization t empera 
ture to appear as work done at p re s su res above 70 atm. If a vapor explo
sion could indeed convert this much heat into explosive work, it could do as 
much damage as the original excursion. 

Prec i se definition of the importance of a vapor explosion in 
this context is difficult, since little is known of the possible effect of a second 
explosion on the surviving structure and containment. The vapor explosion 
in a single subassembly is likely to be more important than the vapor explo
sion in a whole core since, in the latter case, the vapor explosion cannot 
make a large qualitative change in the consequences of the accident. Major 
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r j ' ^ ^ ; : ; : ! : ; ; accident m which the fud is destroyed but there is 
no super-prompt-cri t ical excursion. 

2. Analytical Problems and Data Needs 

The most important need is for a better understanding of the 
mechanisms at work in a vapor explosion, and in part icular of how the ma
terials become so finely divided as to transfer heat so rapidly, and of the 
rate at which this subdivision process occurs. 

The subdivision rate appears to be the most important aspect of 
a vapor explosion. If surface area is created rapidly, compared with the 
time scale for sonic relief of the pressures generated, an explosion resu l t s . 
This, rather than the surface heat flux from the hot par t ic les , is the decisive 
factor, as pointed out above. 

The experimental evidence described above suggests that the 
subdivision process takes place in two phases. F i rs t , something violent 
happens (such as the mechanical impact of a column of liquid on a hot molten 
surface, or the boiling of a trapped liquid volume), which begins to propel 
the hot material into the cold. This then in some way t r iggers an autocata
lytic subdivision of the hot material, in which heat t ransferred to the cold 
liquid causes intense local pressure disturbances, which make the hot ma
terial break up and transfer heat still faster. 

Both of these phases have to be understood, as far as possible, 
especially in the context of hot ceramics and liquid metals. For example, 
the hot material probably has to be liquid if a vapor explosion is to take 
place, but we wish to prove this point. We also wish to know what mecha
nisms that might exist in a fast-reactor accident could act as initiators to 
start the subdivision process. Most important, we wish to know what l imits 
the generation of high pressures and what determines the efficiency of con
version of heat to work. As shown in Ref. 58. a theoretical thermodynamic 
upper limit can be placed on this efficiency. In some cas es (for example, 
the accident described in Ref. 59). the actual efficiency may have approached 
this limit. We wish to know whether this could happen in a fast reactor . 

We then have to understand what determines the scale of a vapor 
explosion. We have spoken above of a possible vapor explosion involving all 
the fuel in a subassembly, or even all the fuel in the core, but we are not 
certain whether such large quantities can act coherently, and break up si
multaneously to produce a large explosion. 
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Having reached this understanding, we may need to checkwhether 
a vapor explosion that can be induced in the laboratory is likely to occur in a 
fast reactor . This would need in-pile tes ts , but this need cannot be defined 
clearly until the phenomenon is better understood, as outlined above. 

Finally, the possibility of a vapor explosion has a strong bearing 
on the safety of LMFBR safety experiments, of F F T F , or any LMFBR dem
onstration plant. This consideration emphasizes the need for confirming as 
good a basic understanding of the phenomenon as possible as soon as 
possible. 

In Section 1 above, we have described the limited data already 
available from the records of various vapor-explosion accidents, from out-
of-pile laboratory tes t s , and from a few TREAT tes t s . F rom these, a fairly 
good understanding of the conditions necessary to cause a vapor explosion, 
and of the nature of some of the mechanisms involved, has been reached. A 
vapor explosion is very complex, however, and different mechanisms for 
the subdivision process may be important under different conditions or for 
different mate r ia l s . Thus, although some aspects of the phenomenon are 
understood, there is a need to fill in the details. In addition, there is a lack 
of quantitative data at present. 

3. Out-of-pile P rogram 

The out-of-pile work needed can be classified as follows: 

a. Subdivision Mechanism. The generation of a large surface 
a rea for heat t ransfer is at the center of the problem, and therefore must be 
studied if vapor explosions are to be thoroughly understood (although, of 
course , some progress can be made without this fundamental knowledge). 
This is a random process , which takes place very quickly on a very small 
scale, and so it is clear that any experimental observations can hardly be 
made in-pile. 

Because of the randomness of the subdivision process , the 
best approach to a quantitative understanding of the rate and extent of sub
division is probably empirical , based on our qualitative ideas about the basic 
p rocess . This requires large numbers of out-of-pile tes ts , all on a fairly 
small scale. Work on these lines, mainly with water as the cold liquid, is 
in p rog res s as described in Section 2 above; and therefore the need is to 
pursue this vigorously and extend it to other liquids. 

b. P r e s s u r e and Efficiency. One direction in which we may 
hope to proceed without a quantitative understanding of the basic p rocesses 
is that of studying the macroscopic aspects of the explosions, such as the 
peak p ressu re generated, the time scale of the p re s su re pulse, and the effi
ciency of conversion of heat to work. All these quantities will depend on the 
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n a t u r e of the m a t e r i a l s involved, and on the in i t i a l ^ ° " ' ^ ' * ' ° % ^ ' X ' ^ ; ^ ^ % , ^ ^ ^ 
t e m p e r a t u r e , ene rgy input, phys i ca l f o rm, and the m a n n e r of m i x i n g . It m a y 
be p o s s i b l e to m e a s u r e t h e s e dependences by p e r f o r m m g a r a n g e of e x p e r i 
m e n t s in which the in i t ia l condi t ions and the m a t e r i a l s a r e v a r i e d and the 
p r e s s u r e s g e n e r a t e d a r e m e a s u r e d . 

Such e x p e r i m e n t s a r e being done ou t -o f -pUe wi th w a t e r and 
a r e p lanned with sod ium. P e r h a p s t h e s e should be given g r e a t e r e m p h a s i s . 
In addi t ion, the au toc lave e x p e r i m e n t s m TREAT m a y we l l be v e r y use fu l a s 
TREAT is a convenient tool for putt ing a con t ro l l ed amoun t of e n e r g y r a p i d l y 
into the s a m p l e . (When TREAT is u s e d in th i s way. no a t t e m p t is be ing m a d e 
to s imu la t e a r e a c t o r acc iden t . TREAT is s imp ly being u s e d a s a conven ien t 
hea t s o u r c e . It is useful to m a k e th i s d i s t i nc t ion be tween two m o d e s of u s ing 
the faci l i ty .) 

c. Scale and C o h e r e n c e . Another a s p e c t of the p r o b l e m wh ich 
m a y be a m e n a b l e to s e p a r a t e study is that of the inf luence of s i z e on the con
sequences of an explos ion . We wi sh to know w h e t h e r the s a m e p r e s s u r e s 
and eff ic iencies can be a t ta ined in a vapor explos ion involving a g r e a t d e a l of 
hot m a t e r i a l (say 100 kg. which is about the amoun t of fuel in an L M F B R 
subassembly ) or in a s m a l l one involving a few g r a m s . 

C l ea r l y th is m a y need l a r g e - s c a l e e x p e r i m e n t s . Up to t he 
1-kg s c a l e , and p e r h a p s beyond, meaningful e x p e r i m e n t s can p r o b a b l y be 
done ou t -o f -p i l e , and it m a y be pos s ib l e to e x t r a p o l a t e to l a r g e r q u a n t i t i e s . 
A l a r g e r e a c t o r faci l i ty would be a useful tool for doing l a r g e r e x p e r i m e n t s . 

4. In -p i l e P r o g r a m 

Fina l ly , it i s n e c e s s a r y to check w h e t h e r the v io len t even t t h a t 
s e e m s to be needed to t r i g g e r a vapor explos ion and the n e c e s s a r y c l o s e 
contac t be tween mol ten fuel and coolant , can a r i s e in an L M F B R a c c i d e n t . 
A b e t t e r unders tand ing of i n i t i a to r s f r o m a n a l y s i s of ex i s t i ng e x p e r i m e n t a l 
data m a y m a k e th i s point c l e a r e r ; but even so . i n - p i l e t e s t s m a y be n e e d e d , 
even though such t e s t s would be v e r y expens ive . 

The point h e r e is tha t whi le it m a y be p o s s i b l e t o induce a v a p o r 
explosion between hot fuel and sod ium u n d e r the r i g h t c o n d i t i o n s , t h e s e con
dit ions m a y neve r a r i s e in an L M F B R acc iden t . F o r e x a m p l e , a f te r the 
coolant is e jected by boil ing f r o m an o v e r h e a t e d s u b a s s e m b l y , it m a y be 
imposs ib l e for the coolant to r e t u r n and con tac t the m o l t e n fuel . 

H e r e the v a p o r - e x p l o s i o n p r o b l e m m e r g e s wi th the w i d e r one of 
c h a r a c t e r i z i n g the behavior of me l t i ng and d i s i n t e g r a t i n g fuel: the p r o b l e m 
of es tab l i sh ing the sequence of even t s in a f u e l - m e l t i n g a c c i d e n t a f t e r the 
coolant has boiled away. This is one of the c r u c i a l q u e s t i o n s of f a s t - r e a c t o r 
safety (see Sect ion III.B.3) and is d i s c u s s e d a t l eng th in C h a p t e r VI. 
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The sort of questions that have to be answered to complete our 
study of vapor explosions a r e . for example. "What does a subassembly look 
like after voiding when the fuel has melted and the coolant is about to 
reenter?", or "What is the state of the core debris after a super-prompt-
cr i t ical excursion?". These are exactly the questions that appear in the 
contexts discussed in Chapters VI and VII. 

Thus, the need for in-pile tes ts is precisely the same as that 
pointed out in Chapters VI and VII. and the vapor-explosion question strongly 
reinforces the need for more data on the behavior of disintegrating fuel. 
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C H A P T E R VI 

MOTION OF M O L T E N F U E L 

A. I n t r o d u c t i o n " ' ' ^ 

In e a r l i e r c h a p t e r s , we d i s c u s s e d the p r o g r a m of w o r k n e c e s s a r y 
to r e s o l v e p r o b l e m s a s s o c i a t e d with loca l a n o m a l i e s such a s s i n g l e fuel p m 
f a i l u r e . In th is c h a p t e r , we a r e c o n c e r n e d wi th the m o r e c o m p l e x s i t u a t i o n 
that a r i s e s when t h e r e is l a r g e - s c a l e m o v e m e n t or m e l t i n g of fuel and 
coolant mot ion on a r ap id t i m e s c a l e , as in a s e r i o u s a c c i d e n t . The m a m 
c o n c e r n is that such fuel m o v e m e n t m a y in i t i a t e a s u p e r - p r o m p t - c r i t i c a l 
acc iden t . Such a c c i d e n t s a r e d i s c u s s e d t ho rough ly in C h a p t e r VH, th i s 
chap te r c o n c e n t r a t e s on th is s ingle p o s s i b l e in i t i a t ing m e c h a n i s m b e c a u s e 
it p r e s e n t s p e c u l i a r l y difficult p r o b l e m s . 

A n u c l e a r c h a r a c t e r i s t i c of fas t r e a c t o r s is that the n o r m a l con
f igurat ion of the fuel is not o p t i m u m a s far as r e a c t i v i t y is c o n c e r n e d . T h i s 
c h a r a c t e r i s t i c e m p h a s i z e s the i m p o r t a n c e of the r a t e of fuel m o t i o n . Mos t 
f a s t - r e a c t o r c o r e s , if op t imal ly a r r a n g e d , conta in s e v e r a l t i m e s a c r i t i c a l 
m a s s . Thus , l a r g e amoun t s of r e a c t i v i t y a r e po ten t i a l ly a v a i l a b l e f r o m any 
phenomenon that m o v e s the fuel into g e o m e t r i c a l a r r a n g e m e n t s of h i g h e r 
a v e r a g e fuel dens i ty . This might happen if the fuel m a t e r i a l m e l t e d and 
se t t l ed with the fuel c ladding, or it migh t r e s u l t upon e s c a p e of m o l t e n fuel 
f rom the fuel c ladding and r e a s s e m b l y into a m o r e d e n s e con f igu ra t ion , 
poss ib ly n e a r the cen t e r or bo t tom of the c o r e . 

B. Reac t iv i ty -add i t i on Rate 

[t IS i n s t r u c t i v e to c o n s i d e r the effect of the r a t e of add i t ion of 
r eac t i v i t y on the yie ld of a s u p e r - p r o m p t - c r i t i c a l e x c u r s i o n . C h a p t e r VII 
d e s c r i b e s th is effect m deta i l but for ""he p u r p o s e of i l l u s t r a t i o n the s i m p l e 
B e t h e - T a i t mode l is usefu l . 

The Be the -Ta i t mode l of a s u p e r - p r o m p t - c r i t i c a l e x c u r s i o n con ta ins 
the e s s e n t i a l f ea tu re s needed to d e s c r i b e such an acc iden t in b r o a d t e r m s . ' " 
This method is a s e m i a n a l y t i c a l way of ca lcu la t ing the n u c l e a r e n e r g y p r o 
duced dur ing a s e v e r e acc iden t which is t e r m i n a t e d by d i s a s s e m b l y of the 
f a s t - r e a c t o r c o r e unde r the act ion of h igh p r e s s u r e s g e n e r a t e d in the f i s 
sioning m a t e r i a l s . 

Under s i m p l e a s s u m p t i o n s , inc luding the neg lec t of the D o p p l e r 
coefficient , it can be shown tha t the e n e r g y y ie ld wil l depend on the r e a c 
t iv i ty r a m p r a t e ( i .e . the r a t e of addi t ion of r e a c t i v i t y a t the i n s t a n t of 
p r o m p t c r i t i c a l i t y ) as the 3/8 power for s m a l l y i e lds and a s the 3 /2 p o w e r 
for v e r y l a r g e yields.•'•=*° The inc lus ion of o the r feedbacks than fuel d i s 
p e r s i o n , p a r t i c u l a r l y those coming f rom coolant expu l s ion and f r o m the 
Dopp le r effect, m a k e s the a n a l y s i s v e r y m u c h m o r e c o m p l i c a t e d , but the 
r a t e of r e a c t i v i t y i n s e r t i o n r e m a i n s of c r u c i a l i m p o r t a n i •-
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Rapid-reactivity insertion may be obtained by the melting of fuel 
and its collapse from regions of low-reactivity worth such as the blanket 
interface to regions of higher-react ivi ty worth such as the core midplane. 
For the F e r m i reactor , typical ramp rates corresponding to fractional 
collapse in core volume required to reach prompt cri t ical were calculated 
to range from 0.35 to 1.42 Ak/k per sec for collapse of the fuel uniformly 
under the action of gravity, with the lower core boundary being held sta
tionary. (In recent 1000-MWe studies, ramp rates as high as 0.42 Ak/k per 
sec were calculated for large, coherent accidents.) In addition to the inser 
tion of reactivity through fuel meltdown and collapse, another potential 
source of rapid insertion of positive reactivity is the motion of solid fuel 
into a region of higher reactivity worth. Such motion might, for example, 
be induced by a vapor explosion in a portion of the core. 

Another potential source of rapid reactivity in section is l a rge -sca le 
expulsion of coolant. 

There is , of course, a liquid-phase sodium-density coefficient of 
reactivity which is small with respect to the Doppler effect and in general 
will have little influence on reactor stability or reactivity excursions. 
However, for large fast r eac to rs , large posit ive-reactivity insert ions a re 
potentially possible, due to sodium voiding. The reactivity to be gained if 
sodium should be voided in exactly the worst fashion is in many designs 
greater than the compensating reactivity available from the Doppler effect. 
Thus, it is important to ascertain whether any real possibili t ies exist for 
introducing significant portions of the total reactivity that could be gained 
by the worst voiding configuration. The actual mode and timing of sodium 
expulsion is vital to any assessment of the amount and rate of reactivity 
insertion possible from this cause. In principle, part ial sodium loss in the 
center of the core could give significant reactivity addition, even though the 
reactivity change due to total coolant loss were negative. 

It has been estimated that a subassembly might be fully voided of 
coolant in t imes of the order of 50-100 msec , were sodium boiling to be 
initiated in that subassembly at full power. Knowledge of the overall time 
scale of events is required to assess the significance of such an expulsion. 

Two prominent mechanisms that have a high potential for rapid 
coolant voiding a re : 

a. Fuel-cladding failure due to p r e s s u r e from within might cause 
coolant-flow blockage or dispersal of fuel par t ic les and fission gas into the 
coolant. This has been discussed in Chapter IV with respect to fuel-failure 
propagation. If a large number of fuel pins (in more than one subassembly) 
should fail simultaneously, then large coherent voids might be obtained 
simultaneously and large reactivity ramps introduced. 



b . A g r o s s p o w e r - f l o w m i s m a t c h can l ead to coolan t bo i l ing f r o m 
o v e r h e a t i n g . T h i s m i s m a t c h m i g h t o c c u r f r o m p u m p coas tdown wi th d e l a y e 
s c r a m , b lockage of a s u b a s s e m b l y in le t by fo re ign m a t e r i a l , e i t h e r s u d d e n l y 
or s lowly, or f a i l u r e of the r e g u l a t i n g s y s t e m . 

The p r o g r a m of w o r k to s tudy such p r o b l e m s when the fuel is i n t ac t , 
or when only a s m a l l p o r t i o n of the fuel is fa i l ing , has been d i s c u s s e d m 
C h a p t e r s IH and IV. It m u s t be r e c o g n i z e d , h o w e v e r , t h a t c o r e s t r u c t u r a l 
or f u e l - e l e m e n t d a m a g e m i g h t o c c u r be fo re the bu lk -bo i l i ng f a i l u r e po in t . 
Such even t s a r e the c o n c e r n of th i s c h a p t e r . 

Under condi t ions of a p o w e r e x c u r s i o n , the t e m p e r a t u r e r i s e in t h e 
c ladding wil l l ag that in the fuel. If the p o w e r e x c u r s i o n is r a p i d enough, 
p in f a i l u r e can occur due to i n t e r n a l p r e s s u r e s whi le l i t t l e , if any, coo lan t 
v a p o r i z a t i o n has o c c u r r e d . This type of b e h a v i o r would be p a r t i c u l a r l y 
favored for flowing sod ium, a l a r g e f i s s i o n - g a s i n v e n t o r y ( e i t h e r in a 
p l e n u m or t r a p p e d ins ide the fuel s t r u c t u r e ) , and oxide fuels wi th t h e i r 
l a r g e r ad i a l t e m p e r a t u r e g r a d i e n t s a t s t e a d y s t a t e c o m b i n e d wi th low 
t h e r m a l conduct iv i ty . F u e l - p i n f a i l u r e be fo re m o s t of the channe l h a s b e e n 
voided h a s been found, even in T R E A T loop e x p e r i m e n t s on h i g h - c o n d u c t i v i t y 
m e t a l fuel. 

Thus , f a i lu re be fo re l a r g e - s c a l e bo i l ing n e e d s t o be c o n s i d e r e d if 
power t r a n s i e n t s a r e to be ana lyzed . Coolan t boi l ing be fo re f a i l u r e in one 
r eg ion of the r e a c t o r can i n t roduce a r e a c t i v i t y i n s e r t i o n t h r o u g h a l o c a l 
p o s i t i v e s o d i u m void coeff icient of r e a c t i v i t y . Such a t r a n s i e n t m i g h t wel l 
c a u s e fuel in o ther r e g i o n s of the r e a c t o r to fail b e f o r e l a r g e - s c a l e bo i l ing 
h a s o c c u r r e d . F o r such r e a s o n s , we r e q u i r e s o m e way of (1) c h a r a c t e r i z i n g 
the coolant mot ion u n d e r the v e r y difficult condi t ions tha t a r i s e when t h e r e 
is l a r g e - s c a l e fuel f a i lu re and mot ion , and (2) e s t i m a t i n g the r e a c t i v i t y -
addit ion r a t e s . 

C. Ana ly t i ca l P r o b l e m s and Data N e e d s 

It i s i m p o r t a n t to set the bounds of the m a g n i t u d e of p h y s i c a l ef fects 
and d e t e r m i n e the sequence and the t i m e s c a l e of the e v e n t s . P r e c i s e k n o w l 
edge is not as i m p o r t a n t as a knowledge of the bounds , b e c a u s e a p r e c i s e 
d e s c r i p t i o n of s u p e r - p r o m p t - c r i t i c a l a c c i d e n t s is not g e n e r a l l y p o s s i b l e on 
a r e a l i s t i c b a s i s . Reac t iv i ty effects can be e s t i m a t e d s a t i s f a c t o r i l y by c o m 
bining the knowledge of fuel and coolant d y n a m i c s wi th r e a c t i v i t y e s t i m a t e s 
obtained f rom c r i t i c a l e x p e r i m e n t s and c a l c u l a t i o n s . 

To p r e d i c t the mot ions that d e t e r m i n e the r e a c t i v i t y i n s e r t i o n r a t e 
on t h e o r e t i c a l g rounds would r e q u i r e tak ing into c o n s i d e r a t i o n the f a i l u r e 
m e c h a n i s m of the c ladding and the m a n n e r in which the fuel e s c a p e s f r o m 
the fuel e l emen t , the fo rce s of the coolant , g rav i ty , and the d r i v i n g f o r c e 
f r o m the f i s s ion and bond g a s e s tha t the fuel i s sub jec t ed to a f t e r it l e a v e s 
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the fuel element. In addition, one would have to consider the cooling effect 
of the coolant vapor or liquid and the possibility of freezing and sticking of 
the fuel and blockage of the coolant as the fuel moves in accordance with 
the net force exerted by gravity, coolant, and contacts with subassembly 
sidewalls, fuel-element spacers , support pieces, and blanket rods . For a 
given core a detailed analysis would have to be made for each independent 
variable such as fuel burnup, reactor power, and coolant velocity at the 
t ime of meltdown. There are a great many driving forces and other dy
namic effects that require complex analysis that cannot be car r ied out at 
this time with confidence. An entirely different situation exists for each 
specific reactor where changes in fuel mater ia l , cladding mater ia l s , 
detailed fuel element and subassembly design, and core hydraulic charac
te r i s t i cs a re involved. It is probably not possible, on purely theoretical 
grounds, to predict fuel motion under the complex conditions that exist m 
the meltdown. Therefore, an experimental approach is essential . 

Related to the problem of the description of fuel and coolant condi
tions producing the nuclear excursion is that of describing the postburst 
energy t ransfer from the hot fuel to the sodium in the core nearby. This 
problem was discussed in Chapter V. Est imates of the upper- l imit dam
aging work that could be done in a "vapor explosion" of sodium indicate 
that the effects of the sodium explosion could be comparable to that of a 
super -prompt-cr i t ica l nuclear b u r s t . " Calculations of the magnitude of 
a sodium-vapor explosion following a given nuclear excursion will require 
information on the state of the core, its degree of subdivision, where the 
sodium is located, the tinne scale of sodium movement into contact with 
hot fuel, and the various regimes of fuel-coolant thermal interaction. 
Because thermal interactions after an energetic nuclear burs t will include 
fuel vapor-coolant interactions for fuel vapor densities of ~ 1 g/cc, one can 
expect these postburst phenomena to be different from the fuel-coolant 
thermal interactions associated with fuel meltdown. 

Data gathered in an experimental program would be used in several 
different ways: 

1. Model Construction 

The knowledge of the sequence and time scale of events is vital 
to setting up analytical accident models to calculate the energy re lease in 
super -prompt-cr i t ica l accidents and the effects of accidents that do not 
lead to super-prompt-cr i t ica l accidents. Such analytical tools are needed 
to assess the effects of design variat ions. 

2. Reactivity Insertion Rate 

Measurements of fuel and coolant nnotion can be combined with 
cri t ical experiment data and calculations of reactivity worth to give an 
est imate of reactivity addition rate . The est imate is naturally imprecise 



for a number of reasons, such as random e r ro r s in experimental data, 
neglect of complex spectral shifts and temperature effects, and changes m 
heterogeneity. But the precision needed is not great, part icularly when 
existing conservative estimates may be pessimist ic by orders of magnitude. 

3. Scope of "Weak" Accidents 

In the case of slower failures marked by events spread out in 
space in time, mixing of fuel and sodium, etc., the experimental data would 
be used to set the margins required for "engineered safety features" and to 
determine the probable extent of "less serious" accidents. Such accidents 
represent the average effect of many events. A detailed representation is 
therefore unreasonable, but the broad averages used in the analysis of 
super-prompt-cr i t ical accidents are not directly applicable, because of 
the difference in time scales. By use of scoping experiments to suggest 
effective models for calculation, these difficult calculational problems can 
be circumvented. 

4. Plant Design Data 

Postfailure examination of melted subassemblies would yield 
realistic information on the extent of these plant-design problems: 

a. Will molten fuel damage the reactor s t ruc ture? 

b. Will the removal of damaged subassemblies from a 
reactor be a severe problem? 

c. Can secondary criticality occur? Where does the molten 
fuel tend to deposit; will it tend to agglomerate; and what 
are its constituents ? 

d. What are the heating rate and heat- t ransfer conditions in 
collections of cooling fuel? Are special coolant-flow 
conditions required during shutdown following a sub
assembly meltdown? These conditions also bear on 
emergency cooling conditions and designs. (See also 
Chapters VII and VIII.) 

5. Core Mechanical Design Data 

Although the entire program \vould be related to core safety, 
we have in mind here the utility of dynamic measurements to yield the 
s t ress and temperature loads on core s tructures under accident conditions. 
The effectiveness of engineered safety features may depend on the ability 
of core structure such as control-rod guides to withstand p ressu re and 
temperature loads induced, for example, by coolant-fuel interactions. 

file:///vould
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6. Energy Exchange 

This topic is discussed more thoroughly in Chapter VII. Here 
we refer to the exchange of energy between molten fuel in bulk and sodium 
in bulk, which could potentially generate large quantities of sodium vapor, 
such as may occur following a super-prompt-cr i t ica l accident. Meltdown 
experiments, especially those on a rapid time scale, should yield informa
tion applicable at least to the early stages of this p rocess . If the experi
mental test loop is large enough and decay-heat simulation can be 
satisfactorily maintained, data may be obtained that a re directly applicable 
to containment design. 

7. Phenomenological Models of Fuel Melting 

At this t ime, assurance cannot be given that experiments on the 
dynamics of fuel meltdown would yield data to fit preestablished models 
(see 1, above). Rather, past experience with metallic fuels in TREAT indi
cates that prel iminary experiments will be needed to define the modes of 
failure, and then models can be constructed. The data from more complex 
experiments can be used to determine correc t values for the model pa ram
e te rs . The aim of an experimental program would be to produce data that 
could be extrapolated to a wide range of designs. Accordingly, considerable 
flexibility in the test facilities is required to ensure that there is capability 
to simulate all the important phenomena. 

D. Out-of-pile Program 

The program of work to provide the needed data would involve out-
of-pile work as well as in-pile work. 

In general, the detailed observations needed to determine the se 
quence of events and their time scale are difficult to make in-pile without 
some prel iminary idea of what to expect. Out-of-pile simulations using, 
for example, electr ical heating to generate heat in mockup fuel pins need 
to be performed to determine the orders of magnitude involved. An early 
example of tests of this sort is given in APDA-155.*^ The complexity of 
the events involved means that careful analysis of the simulation technique 
is required to avoid being led as t ray. Out-of-pile simulations also can 
establish the appropriate mechanical boundary conditions on a full-size 
subassembly. 

E. In-pile P rogram 

1. Objectives 

A program of in-pile experiments to resolve the questions of 
fuel motion and coolant dynamics would have these objectives: 



a. 
D e t e r m i n e the l ike ly r e a c t i v i t y i n c r e a s e and r a t e of i n c r e a s e 

tha t can be ach ieved in fuel me l tdown. 

b . F i n d out if d a m a g e can p r o p a g a t e th roughout a s u b a s s e m b l y 
or be tween s u b a s s e m b l i e s to c a u s e fuel m e l t d o w n . 

c . Given a s a t i s f a c t o r y d e g r e e of s u r v i v a l of fuel s u b a s s e m 
b l ies af ter an acc iden t , d e t e r m i n e if the fuel power or 
t e m p e r a t u r e r a t i n g s of the s u b a s s e m b l i e s need to be 
r educed . (See a l so Chap te r V.) 

d. D e t e r m i n e the final d i spos i t ion of the m e l t e d fuel . 

Define an e m p i r i c a l mode l of fuel me l tdown and coo lan t 

i n t e r a c t i o n . 
e . 

The d e t e r m i n a t i o n of the r eac t i v i t y i n c r e a s e tha t can be a c h i e v e d 
in fuel mel tdown is a ques t ion of p r i m a r y i n t e r e s t . The r e q u i r e d p r o g r a m 
h e r e is complex and involves t e s t s on few p i n s , s m a l l - s c a l e s u b a s s e m b l i e s , 
and f u l l - s c a l e s u b a s s e m b l i e s . As pointed out in APDA-151 , ' ' * knowledge of 
me l tdown d y n a m i c s in one s u b a s s e m b l y p e r m i t s a good e s t i m a t e of the 
d y n a m i c s of a w h o l e - c o r e mel tdown. 

2. T e s t S c a l e - - S p a t i a l I n c o h e r e n c e 

F e w - p i n t e s t s have been c a r r i e d out in TREAT and o the r i r r a d i 
at ion f a c i l i t i e s . The p r o b l e m of t e s t s i ze a r i s e s b e c a u s e of t he c o o p e r a t i v e 
n a t u r e of the effects being examined and the c r u c i a l ro l e of c o h e r e n c e on 
a l a r g e g e o m e t r i c a l s c a l e . G e n e r a l l y speaking , t e s t s c a r r i e d out on fewer 
p ins a r e e a s i e r to i n s t r u m e n t and o b s e r v e in de ta i l than a r e t e s t s c a r r i e d 
out on l a r g e n u m b e r s of p i n s . On the o ther hand, it i s i m p o r t a n t to be ab l e 
to d e t e r m i n e effects that involve coopera t ion or the l a c k of it b e tween m a n y 
ne ighbor ing p i n s . F o r e x a m p l e , if boil ing should s t a r t in one p a r t of a l a r g e 
s u b a s s e m b l y exposed to a power g rad ien t (as it would be , for e x a m p l e , a t 
the edge of an e n r i c h m e n t zone) , how does the void p r o p a g a t e and c r o s s the 
s u b a s s e m b l y into the co lder zones? Does the fuel in the co lde r z o n e s b r e a k 
up be fo re boi l ing s t a r t s ? A r e the r a t e a t which the void p r o p a g a t e s and i t s 
m a n n e r of p ropaga t ion dependent on the g rad ien t of power a c r o s s the s u b 
a s s e m b l y ? If so , what i s t h i s dependence? It i s un l ike ly tha t p r e c i s e 
a n s w e r s to such de ta i l ed ques t ions can ever be a t ta ined , but i n d i c a t i o n s of 
t h r e s h o l d s and bounds a r e i m p o r t a n t and useful in acc iden t a n a l y s i s . 

Ano the r c o n s i d e r a t i o n i s the ro l e of the s u b a s s e m b l y w r a p p e r 
i tself . N o r m a l l y the w r a p p e r is ope ra t ing at a l o w e r t e m p e r a t u r e than the 
c ladding and f requen t ly p o s s e s s e s c o n s i d e r a b l y d i f fe ren t s t r u c t u r a l p r o p 
e r t i e s . T h u s , it offers a much dif ferent boundary condi t ion for flow effects 
and t h e r m a l effects than the n o r m a l channel bounda ry . In any given s u b 
a s s e m b l y , a f rac t ion of the coolant channels wil l have as one b o u n d a r y the 
s u b a s s e m b l y w r a p p e r . In a 19-pin s u b a s s e m b l y , 12 of the p in s h a v e 



peripheral channel boundary conditions while seven pins have internal 
channels. In a 169-pin subassembly, which may be taken to be typical of 
la rge designs, less than 25% of the pins have channels with a per ipheral 
boundary condition. Thus, in conducting tes ts on a fuel pin or smal l - sca le 
subassemblies and extrapolating to full-scale subassemblies, we must be 
able to scale wrapper effects where necessary . In general, where only 
one phenomenon is predominant, such as coolant voiding or fuel melting, 
extrapolation may be made with confidence, albeit with difficulty. But 
where there are competing effects, and especially where coherence, or the 
lack of it, determines the course of the competition, extrapolation may not 
be a reasonable course of action. 

3. Test Scale- -Temporal Incoherence 

By temporal coherence we mean the simultaneous occurrence 
of a given phenomenon. Thus, voiding a few channels simultaneously will, 
in general, add only a very small amount of reactivity. But if a la rge 
number of channels (usually involving more than one subassembly) a re 
swept clear of sodium in the same short period, the reactivity addition 
rate could be very high. On the other hand, should the channels void in
coherently (i.e., a few at a time), the average reactivity addition rate will 
be low, and there will be a better chance that natural feedbacks and safety 
mechanisms will have time to be effective. 

While coherence effects can be estimated for a single phenome
non such as voiding of various channels with all conditions (flowrate, power 
distribution, channel size, etc.) but one kept constant, the estimation is 
impossible when, as in fuel meltdown, a lar^e number of phenomena occur 
many of which are only crudely understood. The problem takes on a sta
tist ical nature which requires resolution by numerous tes ts with accurate 
simulation. 

There are a few analytical and experimental studies of the 
effects of temporal and spatial coherence. Gopinath and Dickerman have 
examined incoherence on the subassembly scale in EBR-II arising from 
local variations in power and flow. Their analysis, while detailed, is based 
on simplifying assumptions that give the work some extended applicability. 
Some of their resul ts are summarized in Table I, where we l is t the expected 
spread in failure t imes in EBR-II subassemblies under various accident 
conditions and summarize the effects on accident calculation. These es t i 
mates do not include the effects of random variations in channel diameter , 
pin diameter , enrichment, etc. Such variations can only increase the spread. 

More recently, studies of few-pin interactions with sodium in 
TREAT under meltdown conditions have revealed a large spread in t imes 
when p r e s s u r e pulses occur . " P r e s s u r e pulses were observed over 0.5 sec. 
This is probably due to spatial incoherence between per ipheral and central 



p i n s . S i m i l a r t i m e s p r e a d s have been e s t i m a t e d f r o m e a r l i e r T R E A T ex
p e r i m e n t s , but the da ta a r e m e a g e r . Ca lcu la t ed s p r e a d s in f a i l u r e t i m e s 
for m e t a l fuels (-0.1 sec) tend to a g r e e with the o b s e r v a t i o n s . 

TABLE I. Expected Spread in Failure Times in EBR-II 
Subassemblies under Accident Conditions 

Failure-time 
Spread, sec Effects on Accident Calculation 

Pump power failure 2 (for different pins Reduce reactivity insertion rate by factor 
at constant power in one subassembly) of 3 to 5 over coherent assumption. 

+ 2 (for different 
subassemblies) 

Blocked orifice at 0.15 (m one Reduce reactivity insertion rate by factor 
constant power subassembly) of 2.5 to 4 over coherent assumption. 

0.5-1 ,0 (between 
subassennblies) 

Dropped subassembly 0.04 Reduce ramp rate from fuel failure by 
factor of ~2 over coherent assumption. 

Analy t i ca l s tud ies of the effects of i n c o h e r e n c e in s u p e r - p r o m p t -
c r i t i c a l a c c i d e n t s a r e s u m m a r i z e d in Ref. 84 . T h e r e it i s shown tha t the 
e n e r g y r e l e a s e is r e d u c e d subs t an t i a l l y if the m e a n t i m e b e t w e e n r a n d o m 
r e a c t i v i t y i n s e r t i o n s is g r e a t e r than ^ /po . w h e r e & i s the r e a c t o r p r o n a p t -
neu t ron l i f e t ime (sec) and Po the r e a c t i v i t y i n s e r t i o n expec t ed f r o m i n d i 
vidual even t s . F o r a r e a c t o r wi th about 50,000 fuel p i n s , the p o t e n t i a l 
i n s e r t i o n . Po, p e r pin m a y typ ica l ly be of the o r d e r of 0.4 x 10" . F o r H of 
the o r d e r of 0.5 x 1 0 " ' , we e s t i m a t e the c r i t i c a l m e a n t i m e be tween f a i l u r e s 
to be about 0.125 s e c . Th i s t i m e is a m i n i m u m , be ing c a l c u l a t e d for the 
s u p e r - p r o m p t - c r i t i c a l c a s e . F r o m Tab le I and the T R E A T d a t a , we con 
clude tha t l a ck of c o h e r e n c e on a s u b a s s e m b l y s c a l e can r e d u c e c o n s i d e r a b l y 
the c o n s e q u e n c e s of s e r i o u s a c c i d e n t s . It i s i m p o r t a n t to know what t h i s 
r educ t ion i s . 

The i s s u e of c o h e r e n c e is i m p o r t a n t , b e c a u s e it i n d i c a t e s a need 
for f u l l - s ca l e s u b a s s e m b l y s i ze t e s t s . It is t e m p t i n g , f r o m the p r e c e d i n g 
a r g u m e n t s , to conclude that l e s s than f u l l - s c a l e t e s t s a r e at l e a s t c o n s e r v a 
t ive with r e s p e c t to r e a c t i v i t y - i n s e r t i o n r a t e s and o the r c a u s e s of d a m a g e , 
but t h i s is not a lways so . P r o p a g a t i o n of d a m a g e f r o m s u b a s s e m b l y to 
s u b a s s e m b l y m a y be a p r o b l e m , e s p e c i a l l y when it i s c a u s e d by f u e l - c o o l a n t 
i n t e r a c t i o n s of the v a p o r - e x p l o s i o n type . 

4. Damage P r o p a g a t i o n be tween S u b a s s e m b l i e s 

D a m a g e p r o p a g a t i o n f rom fuel -p in f a i lu re i m p l i e s a type of 
c o h e r e n c e in that one f a i lu re induces a n o t h e r . If succeed ing f a i l u r e s a r e 
l a r g e r , then the d a m a g e p r o p a g a t e s at an i n c r e a s i n g r a t e un t i l s o m e n a t u r a l 



l imit is reached. Generally, the subassembly wrapper is expected to act as 
a b a r r i e r ta damage propagation, but it may not always be effective in this 
regard. 

A possible source of subassembly-to-subassembly propagation 
is the vapor explosion that may a r i se when coolant reenters a subassembly 
that contains molten fuel. Incoherence of vapor collapse in large subas
semblies is likely to produce liquid coolant reentry pat terns leading to local 
regions of intimate mixing of molten fuel and coolant, and thus make a vapor 
explosion probable. Since la rge-sca le incoherence would promote this type 
of mixing, smal l -sca le tests need not be conservative with respect to the 
frequency of occurrence of a vapor explosion. Similarly, smal l -sca le tes ts 
might not accurately predict the extent to which the explosive energy ap
proaches the theoretical (thermodynamic) limit. Should such a vapor explo
sion occur in a smal l -scale test, however, the test would provide a good 
simulation of the energy-transfer modes available to cause damage to 
propagate between subassemblies. 

We do expect smal l -scale tes t s , similar to those involving loops 
in TREAT which would simulate channel geometry, to yield valuable data on 
regimes of mixing and vapor generation, the relative explosive energy effi
ciency for each regime, and some indication of system sealing laws. However, 
we have reservat ions about extrapolating those data to real subassemblies , 
since the tes ts in most cases do not include real is t ic sodium heads, r e p r e 
sentative ratios of wall area to coolant volume, coolant volume to fuel vol
ume, etc. Since one can calculate theoretical efficiencies of the order of 
10% and greater for conversion of thermal energy into explosive energy in 
a vapor explosion, proper characterization of real subassembly effects is 
vital. A vigorous effort on smal l -scale tests should precede l a rge -sca le 
subassembly work, in order to provide data for both planning and analyzing it. 

Some problems of scale can be more directly visualized. The 
molten fuel-coolant interaction poses a safety problem whenever thermal 
energy is t ransferred to the coolant faster than it can be radiated away by 
acoustic radiation. Imagine a small experimental volume bounded by re la
tively cold walls . The heat sink at the walls represents a process for losing 
thermal energy not present in a la rge-sca le experiment. An interesting 
variant on such an experiment would be the use of insulated walls . 

Another possible source of damage propagation between sub
assemblies is the penetration of the wrappers by molten fuel. Approximate 
calculations indicate the penetration may typically require 10-30 sec. It is 
reasonable to expect that safety systems can cause effective action to occur 
in this t ime. More accurate calculations a re needed to define the required 
action and instrument response. Tests on groups of smal l -sca le subassem
blies can be made to confirm the adequacy of instrument response and of 
the core protective system action. 
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In general, tests of the propagation of damage between subas
semblies are expected to be large in scale and. hence, difficult and expensive. 
Where scaled-down tests indicate the need for full-scale simulation, they 
may be used to set the scope of the larger tests and hence limit the number 
needed. 

A detailed outline of a possible ser ies of in-pile tests on the 
problems described above is given in Appendix A. Problems of inst ru
mentation of in-pile tests are discussed in Chapter IX and Appendix B. 



* 

C H A P T E R VII 

S E V E R E EXCURSIONS 

A. I n t r o d u c t i o n - - R e l a t i o n s h i p to Safety 

1. S o u r c e s of R e a c t i v i t y I n c r e a s e 

A n u m b e r of s o u r c e s of r e a c t i v i t y i n c r e a s e can be v i s u a l i z e d 
tha t a r e p o t e n t i a l l y c apab l e of in i t i a t ing a s u p e r - p r o m p t - c r i t i c a l e x c u r s i o n 
A p r i m a r y c o n c e r n of the r e a c t o r d e s i g n e r is to p r o v i d e i n h e r e n t d e s i g n 
f e a t u r e s and r e d u n d a n t con t ro l and sa fe ty s y s t e m s to r e n d e r such a c c i d e n t a l 
e x c u r s i o n s a c c e p t a b l y low in p r o b a b i l i t y . N e v e r t h e l e s s , t h o r o u g h knowledge 
of the c o n s e q u e n c e s and c o u r s e of even t s in u n c h e c k e d a c c i d e n t s of t h i s type 
is a v a l u a b l e a id to the d e s i g n e r , the r e g u l a t i n g a g e n c i e s , the r e a c t o r o p e r a 
t o r , and the i n s u r a n c e c o m p a n i e s . F o r t h e s e p u r p o s e s , it i s usefu l to s tudy 
bo th t he a c c i d e n t s tha t a r e diff icult to p r e v e n t wi th a high d e g r e e of a s s u r 
a n c e and t h o s e tha t s e e m t r i v i a l l y e a s y to p r e v e n t . 

P o s s i b l e s o u r c e s of r e a c t i v i t y i n c r e a s e , both d i r e c t and i n d i r e c t , 
h a v e b e e n touched on t h roughou t t h i s r e p o r t . Some of t h e m a r e r e s t a t e d 
h e r e to he lp def ine the r a n g e of cond i t ions and. in p a r t i c u l a r , the r a t e s of 
r e a c t i v i t y i n c r e a s e a t p r o m p t c r i t i c a l , wh ich ought to be c o v e r e d in a r e a 
sonab ly c o m p l e t e e x p e r i m e n t a l and a n a l y t i c a l p r o g r a m of i n v e s t i g a t i o n on 
s u p e r - p r o m p t - c r i t i c a l e x c u r s i o n s . The p o s s i b l e s o u r c e s of r e a c t i v i t y a r e : 

C o n t r o l - r o d e j ec t ion 
Dropp ing a fuel s u b a s s e m b l y 
P u m p f a i l u r e 
F l o w b lockage 
F u e l - p i n f a i l u r e and f a i l u r e p r o p a g a t i o n 
Sod ium boi l ing 
G a s bubble 
F u e l m e l t i n g and m o v e m e n t 
I m p l o s i o n s 

One way the r a n g e of cond i t i ons can be def ined is by the r e a c 
t iv i ty addi t ion r a t e . ( A k / k ) / s e c . * * T h e r e a r e p r i m a r y ef fec ts wh ich t r i g g e r 
an a c c i d e n t s i t ua t i on and e i t h e r p r o d u c e a r e a c t i v i t y i n c r e a s e d i r e c t l y o r 
t h r o u g h s u b s e q u e n t s e c o n d a r y effects tha t in s o m e c a s e s wil l only t ake p l a c e 
if the c o n t r o l and sa fe ty s y s t e m s a l s o ma l func t ion . The c o n t r o l r o d s t h e m 
s e l v e s a r e one obv ious s o u r c e of a c c i d e n t a l r e a c t i v i t y i n c r e a s e . It i s e q u a l l y 
obv ious t h a t t h e r e a r e m a n y w a y s of e n s u r i n g a g a i n s t t h i s , but for the p u r 
p o s e s of t h i s r e p o r t it i s a s s u m e d tha t in sp i t e of a l l e f fo r t s to the c o n t r a r y , 

* In this chapter the emphasis is on super-prompt-critical excursions. Excursions below prompt critical can 
also cause severe damage, but this has been alluded to In Chapter VI. 

** In super-prompt-critical excursions, the delayed-neutron fraction, B, loses much of its significance so that 
; . ; , -••" ,- , ' In dollars/sec, l(Ak/k)/sec is typically about $20C-300/sec. 



s o m e d a y a c o n t r o l - r o d mal func t ion can c a u s e a r e a c t i v i t y e x c u r s i o n . T h e 
po ten t i a l m a g n i t u d e and r a t e of r e a c t i v i t y i n c r e a s e a r e v e r y m u c h d e p e n d e n t 
upon the r e a c t o r d e s i g n . In m o s t c a s e s , a s ing le con t ro l rod wil l c a r r y l e s s 
than 1% r e a c t i v i t y . " ' " and the d r i v e m o t o r s will be l i m i t e d to m o v i n g it in 
the d i r e c t i o n of i n c r e a s i n g r e a c t i v i t y to p e r h a p s a few i n c h e s p e r m i n u t e o r 
l e s s . One has to c o n s i d e r w h e t h e r r u n a w a y m o t o r s a r e p o s s i b l e o r w h e t h e r 
e jec t ion by s o m e a c c i d e n t a l s o u r c e of p r e s s u r e is p o s s i b l e . Next i s the 
ques t ion of w h e t h e r s i m u l t a n e o u s e jec t ion of s e v e r a l r o d s should be con 
s i d e r e d . In th i s l a t t e r e x t r e m e c a s e , if one a s s u m e s the to ta l rod r e a c t i v i t y 
is 0.05 and the e jec t ion is ~0 . l s e c . it i s p o s s i b l e to v i s u a l i z e r a t e s of r e a c 
t iv i ty i n c r e a s e of Ak /k = 0.5 s e c " ' a s an u p p e r l i m i t . T h i s i s s o m e w h a t 
l a r g e r than m o s t r e a c t o r d e s i g n e r s would c o n s i d e r r e a s o n a b l e , but we c a n 
not p r e c l u d e the p o s s i b i l i t y tha t t hey m a y dec ide to r a i s e t h e i r f i g u r e s to 
about th i s l e v e l . It s e e m s su i t ab le a s a b a s i s for defining the r a n g e of i n 
t e r e s t for the e x p e r i m e n t a l safe ty p r o g r a m . 

S u b a s s e m b l y d ropp ing a c c i d e n t s have about the s a m e p o t e n t i a l 
a s c o n t r o l - r o d m a l func t i ons . F u e l s u b a s s e m b l i e s t y p i c a l l y h a v e r e a c t i v i t y 
w o r t h of ~ 1% or l e s s , " ' ^ ' and they a r e g e n e r a l l y hand led one at a t i m e . One 
v i s u a l i z e s , at w o r s t , a s i tua t ion in which the w o r t h of the a s s e m b l i e s h a s 
been u n d e r e s t i m a t e d so tha t the r e a c t o r i s c r i t i c a l when a s u b a s s e m b l y i s 
about to be l o w e r e d into the r e a c t o r , and it i s then d r o p p e d . Suppose , for 
e x a m p l e , the e x t r e m e c a s e in which a s u b a s s e m b l y supposed to be of 10% 
e n r i c h m e n t having 1% r e a c t i v i t y w o r t h is by a c c i d e n t a c t u a l l y fully e n r i c h e d 
and w o r t h 10%. If t h i s i s d r o p p e d into the c o r e , i t i s aga in p o s s i b l e to a t t a in 
r a t e s of r e a c t i v i t y i n c r e a s e of the o r d e r of Ak /k = 0.5 s e c " . M o s t p e o p l e 
would c l a s s th is a s an i n c r e d i b l e a c c i d e n t and d i s m i s s i t . but it is use fu l to 
he lp o r i e n t the p r o g r a m . 

F low r educ t i on does not d i r e c t l y p r o d u c e a p o s i t i v e r e a c t i v i t y 
addi t ion . It would not be p o s s i b l e to a t t a in p r o m p t c r i t i c a l due to flow r e 
duc t ion u n l e s s the r e a c t o r a l s o had a p o s i t i v e t e m p e r a t u r e coef f ic ien t of 
r e a c t i v i t y , or if the flow d ropped suff ic ient ly to induce w i d e s p r e a d boi l ing 
and the r e a c t o r had a s t r o n g p o s i t i v e s o d i u m void coeff ic ient . T h e n one 
could get f i r s t the r e a c t i v i t y effects of the s o d i u m void and s h o r t l y t h e r e 
af ter the r e a c t i v i t y changes f r o m fuel meltdovi^n, vi^hich m a y in s o m e c a s e s 
be p o s i t i v e and o t h e r s nega t i ve . T h e r e a r e o t h e r "ways of induc ing s o d i u m 
boi l ing and fuel m e l t i n g . If, for e x a m p l e , a c o n t r o l - r o d ma l func t ion o r r e 
fueling acc iden t w e r e not suff ic ient ly s t r o n g and fas t to p r o d u c e p r o m p t 
c r i t i c a l i t y d i r e c t l y , it migh t n e v e r t h e l e s s l e ad to bo i l ing and m e l t i n g . In 
addi t ion, flow b lockage can c l e a r l y l ead to th i s r e s u l t in the b locked c h a n 
n e l s . T h e r e is a l so cont inued specu l a t i on tha t t h e r e m a y be a w^ay for f a i l u r e 
of a s ingle pin to p r o p a g a t e to i t s n e i g h b o r s and l ead to g e n e r a l boi l ing and 
m e l t i n g . (See C h a p t e r IV,) , 

One s o m e t i m e s a l so c o n s i d e r s s e c o n d a r y s o u r c e s of r e a c t i v i t y 
i n c r e a s e wi thout defining a c o n s i s t e n t s equence of even t s tha t can be shown 
capab le of l ead ing to tha t r e s u l t . F o r e x a m p l e , one can a = sur"= tv,-,* -, i 
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gas bubble passes through the core even though it may not be possible to 
visualize how it could happen. Implosions are another example. If a pa r 
t icular core configuration could, in a weak explosion, resul t in implosion 
effects which temporar i ly dominate the simultaneous disassembly effects, 
then the weak explosion could be transformed into a very strong one. In 
treat ing accidents of these types, the analyst is forced to exercise consider
able judgment. If no constraints a re imposed, the magnitudes and ra tes of 
reactivity increase a re limited only by the imagination. For example, if a 
gas bubble is assumed to enter coherently, say the central half of the core 
subassemblies , at about the rate of the normal coolant-flow velocity, in a 
core having a large positive sodiuna void coefficient, the rate of reactivity 
increase could again be of the order of Ak/k = 0.5 sec" ' , comparable to 
control-rod and subassembly accidents. The maximum for severe sodium 
boiling accidents might also be of this magnitude. The implosion accidents, 
however, could be imagined to have potentially much higher r a t e s . It is , m 
fact, very difficult to devise a configuration of normal fas t - reactor conaposi-
tion that can have a net autocatalytic implosion." It is probably not appro
pr ia te to require the experimental program to extend itself to such conditions, 
except perhaps to investigate what configurations, if any. can lead to this 
effect. We therefore consider the upper limit of interest of reactivity ra tes 
to be that associated with the other sources discussed above, i .e.. Ak/k s 
0.5 sec" ' . All l esse r rates are also of interest . 

2. Initial Conditions of Material Distribution and 
Its Rate of Change 

The energy re lease in a super-prompt-cr i t ica l excursion de
pends, in addition to the react ivi ty- inser t io^ rate, on the nature and configu
ration of the core and blanket mater ia ls at the time prompt cri t icali ty is 
passed. With some of the accident sources discussed above, the core would 
be very nearly in its normal state, either at shutdown conditions or more or 
l ess steady operation at power. In others , there a re large deviations from 
the normal condition, and these deviations have a significant effect on the 
energy re lease . If the initiating source is sodium boiling or a large gas 
bubble, then a large part of the core is void of sodium. If the reactivity 
source is fuel movement following meltdown, then the prompt-cr i t ica l con
figuration could conceivably be drast ical ly different from the normal one. 

The presence or absence of sodium is important for at least 
three reasons . It affects the neutron-energy spectrum to the extent that the 
Doppler effect is usually about one-half to one-third lower with the sodium 
completely voided. ' ' It can affect the p res su re -ene rgy relationship (equation 
of state) needed for a disassembly calculation. Thus, in a mild excursion, 
the main source of p r e s su re could be sodium vapor p r e s su re as a resul t of 
mixing molten fuel and liquid sodium, while in a severe excursion, when the 
p r e s s u r e is due to fuel vapor, the p r e s s u r e s achieved are dependent upon the 
amount of void available into which the fuel can expand. Finally, if the core 



is full of sodium, because sodium is much lighter than the fuel there is a 
tendency for the sodium to be expelled preferentially from the high- to low-
pressure regions. This could possibly be a source of additional positive 
reactivity in a system having a positive sodium void coefficient. 

The fuel distribution at prompt crit ical is also important from 
other points of view. The pressure -energy relation depends upon the fuel 
and void dens i t ies ." If the fuel has melted down and filled the spaces voided 
by the coolant, the pressure-energy relationship will be greatly different 
from what it would be with the voids. If, say, 25% of the core melts and r e 
forms into a critical mass in the lower blanket or inlet plenum, this small 
critical assembly would be only loosely coupled neutronically to the res t of 
the core. The excursion would then be character is t ic of a small core, ra ther 
than the original large one. The Doppler effect would be small; the mass of 
fuel vaporized would be small; the prompt-neutron lifetime would be shorter ; 
the geometry could be very i r regular . 

B. Analytical Problems and Data Needs 

1. When Fuel Elements Are Initially Intact 

The excursion conditions are best defined when the excursion 
is initiated in a core in which the fuel elements are still intact at the time 
prompt criticality is reached. The two main subcases are (I) sodium absent 
and (2) sodium present. Consider subcase (1) first. The initiating source 
may have been sodium boiling. It is not very important what initiated the 
accident, except insofar as the rate of reactivity insertion and initial power 
level are concerned. Suppose the rate of reactivity increase is very high, 
i.e..~Ak/k = 0.5 sec"' . The power then r i ses even more rapidly as the r e 
activity increases beyond prompt crit ical . The fuel temperature r i s e s , and 
the fuel expands and melts . Inertial effects prevent significant axial expan
sion on the very short time scale of the other events, and the expansion is 
instead into the void space left by the coolant. It therefore produces very 
little reactivity effect; but there would typically be a negative Doppler effect 
due to the increase in temperature. If the expansion is strong, it can bring 
the reactivity back below prompt critical before excessively high p r e s s u r e s 
are a t ta ined." ' ' " ' ' Whether this is the case or not. the fuel is vaporized and 
expands to fill the interior void space completely. The p r e s su re it then 
exerts disassembles the core, terminating the excursion. Depending upon 
the success of the Doppler effect in slowing the excursion, the core is left 
at this point with more or less thermodynamic energy which is ult imately 
expended by a continued expansion process in which surrounding mater ia l s 
are accelerated outward, deformed, and perhaps ruptured.'^ This la t ter 
stage involves many complications, such as.radiative heat exchange with a 
variety of mater ia ls , perhaps turbulent mixing and heat exchange with so
dium, and propagation and reflection of shock waves in the surroundings. 
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If the reactivity insertion rate is lower (Ak/k = O.Ol sec ), the 
behavior is s imilar , provided the excursion s tar ts from a shutdown condition 
and the Doppler effect is not too l a r g e . " With a small insertion rate start ing 
at high power or with a large Doppler effect, the excursion would perhaps 
still result in some vapor production, but with moderate p r e s s u r e s and es 
sentially no destruction exterior to the core except for effects on components 
with which the hot fuel comes in contact. At very high rates of reactivity 
insertion, small Doppler effect, or low initial power, the potential damage 
is quite severe. The qualitative behavior is s imilar to that described above, 
except that the Doppler effect is no longer important. The main shutdown 
effect is explosive disassembly, and very high p r e s su re s a re attained. It 
may not be necessary for the experinaental program to extend to investiga
tions of these extremely severe hypothetical accidents. 

In subcase (2) when prompt crit ical is reached with the core still 
full of sodium, the qualitative behavior can be somewhat different. For the 
lower insertion ra tes , whether the sodium-void reactivity coefficient is 
strongly positive or not is important. If it i s . then as the sodium boils and 
is expelled, it adds to the reactivity insertion; the accident then proceeds 
more like a no-sodium case with high insertion rate, depending, however, 
upon how much sodium is still in the core and on its uncertain effect on the 
p re s su re -ene rgy relationship (equation of state). If the sodiuna-void r eac 
tivity coefficient is small, then for small insertion ra tes the time scale of 
the accident is sufficiently long to permit thermal interactions between fuel 
and coolant, which could be the dominating influence on the accident behavior. 
These phenomena are not well understood at present and should be a p r i 
mary target of an experimental program. 

For very high insertion rates with sodium present , the time 
scale may be too short for extensive fuel-coolant interactions until after the 
power excursion has been terminated by disassembly (10" to 10" sec). 
But a strong Doppler effect can greatly extend the time scale and produce 
resul ts not too different from the cases at low insertion r a t e . " ' " If the 
Doppler effect is not large and the t ime scale is short, the sodium can have 
two effects during the excursion. F i r s t , it occupies space and prevents free 
expansion of fuel. Thus, the fuel p r e s su re builds up sooner and tends to 
disassemble the core at lower energy yields than would be the case with 
voided sodium. Second, in an anisotropic system with high- and low-density 
components (such as a reactor core), the low-density component has a tend
ency to be preferentially accelerated outward (along the coolant channels) by 
the p r e s su re distribution. Thus, while everything is moved outward from the 
center of the p r e s su re distribution, the composition will also change, be
coming deficient in sodium at the center and rich in sodium in the upper and 
lower regions of the core. This effect is being studied quantitatively to see 
if it war ran ts further investigation. Once the excursion is complete, the 
expansion of the hot mixture of core mater ia l s takes place on a time scale 
much longer (say 0.1 sec) than that of the excursion, because large m a s s e s 

• r ' j lp hs.\-B ta he accelerated and moved. ' There is then ample t ime 



to t r a n s f e r l a r g e a m o u n t s of h e a t f r o m the fuel to o t h e r m a t e r i a l s we l l 
m ixed with it . such as s o d i u m and c ladd ing . T h i s can in f luence the d e s t r u c -
t i v e n e s s a s s o c i a t e d wi th the e x c u r s i o n . ' 

2. When E x c u r s i o n Is In i t i a t ed by Mel tdown and C o r e C o m p a c t i o n 

Th i s i s the c l a s s i c f a s t - r e a c t o r m e l t d o w n a c c i d e n t . ' * (See 
Chap te r VI.) It h a s . h o w e v e r , a s o m e w h a t d i f fe ren t c h a r a c t e r in a l a r g e 
oxide b r e e d e r c o m p a r e d to the r e l a t i v e l y s m a l l fas t r e a c t o r s l i ke E B R - I I 
and F E R M I . In the s m a l l r e a c t o r s , one was c o n c e r n e d m a i n l y wi th m e l t -
downs in which a l a r g e f r ac t ion of the c o r e p a r t i c i p a t e d . In a l a r g e r e a c t o r 
such as a 1000-MWe L M F B R . it i s p o s s i b l e to have a s m a l l p a r t of t he c o r e 
me l t ed and r e a r r a n g e d so as to go p r o m p t c r i t i c a l wi th only l o o s e n e u t r o n i c 
coupling to the r e m a i n d e r of the c o r e . Ano the r p o s s i b i l i t y i s to h a v e m o s t 
of the c o r e involved, but in a l m o s t any conce ivab le g e o m e t r y . O t h e r s o u r c e s 
of i r r e g u l a r me l tdown a r e f u e l - f a i l u r e p r o p a g a t i o n and s u b a s s e m b l y flow 
b lockage , which m a y t ake p l a c e a n y w h e r e in the c o r e . T h e r e a r e . of c o u r s e , 
p a r t i c u l a r s o u r c e s of c o r e me l tdown which tend to o r d e r the m e l t d o w n to 
some extent . F o r e x a m p l e , if the me l tdown is c a u s e d by an o v e r p o w e r o r 
f low-fa i lure condi t ion, one e x p e c t s the f i r s t fuel to m e l t to be tha t in t he 
s u b a s s e m b l i e s having the h i g h e s t p o w e r d e n s i t y . The m e l t i n g would a l s o be 
n e a r l y a x i s y m m e t r i c , but af ter in i t i a l m e l t i n g , t h e r e would be s t a t i s t i c a l 
effects in c ladding f a i lu re and fue l - coo lan t i n t e r a c t i o n s tha t could c o n s i d e r 
ably d i s o r d e r the c o r e and d e s t r o y the s y m m e t r y . T h e s e effects r e q u i r e 
e x p e r i m e n t a l inves t iga t ion . 

Once one can specify that e i t he r al l or a p a r t i c u l a r p a r t of t he 
c o r e is a s s e m b l i n g to p r o m p t c r i t i c a l i t y . then the e x c u r s i o n b e h a v i o r can 
be d e s c r i b e d qua l i t a t ive ly in s i m i l a r t e r m s a s for an a c c i d e n t wi th i n t ac t 
fuel e l e m e n t s . In the c o r e me l tdown , at l e a s t in and n e a r the c o m p a c t e d 
p a r t of the co re t h e r e would be expec ted to be l i t t l e l iquid s o d i u m . T h e 
f i r s t s ignif icant shutdown r e a c t i v i t y feedback would c o m e f r o m the D o p p l e r 
effect. The Dopple r effect of the c o m p a c t e d r e a c t o r would u s u a l l y be r e 
duced s igni f icant ly f r o m that of the n o r m a l c o r e and would h a v e to be e v a l u 
ated for the conf igura t ion unde r i nves t i ga t i on . If the D o p p l e r effect i s 
sufficient to b r i n g the r e a s s e m b l e d m a s s be low p r o m p t c r i t i c a l , then it 
l a r g e l y d e t e r m i n e s the e n e r g y r e l e a s e , a l though the p r e s s u r e g e n e r a t e d 
s t i l l d i s a s s e m b l e s the c o r e . ' If the Dopp le r effect i s s m a l l e r ( l e s s n e g a 
t ive) , it s t i l l r e d u c e s the s e v e r i t y of the e x c u r s i o n , but the r e a c t i v i t y i s t h e n 
r e d u c e d below p r o m p t c r i t i c a l , m a i n l y by d i s a s s e m b l y . In t h i s c a s e , the 
p r e s s u r e - e n e r g y r e l a t i o n s h i p (equat ion of s t a t e ) i s the m a i n in f luence in 
d e t e r m i n i n g the e n e r g y r e l e a s e . F o r i n t e r m e d i a t e D o p p l e r coe f f i c i en t s , the 
shutdown m a y be s h a r e d about equal ly by Dopp le r and d i s a s s e m b l y . F o r a 
given e n e r g y r e l e a s e , the n a t u r e and extent .of the d a m a g e done wi l l depend 
m a i n l y upon the f rac t ion of the o r i g i n a l c o r e in which the e n e r g y i s d e p o s i t e d . 
The e n e r g y d i s t r i b u t i o n can v a r y f r o m the n o r m a l p o w e r d i s t r i b u t i o n in the 
in tact co r e to the c a s e in which p e r h a p s 50% of the e n e r g y is c o n c e n t r a t e d 



in 10% of the core, depending upon the way in which the core melted and r e 
formed. Aside from this, the evaluation of destruction would be s imilar to 
that for an excursion in the intact core. 

3. The Power Excursion 

Although our understanding of the qualitative behavior of the 
phenomena in a severe power excursion is fairly good, a few aspects of the 
problem make quantitative evaluations difficult and unreliable. There a re 
also some basic physical data that a re not known experimentally and can
not be calculated accurately from theoretical considerations. The purpose 
of this section is to discuss some of the details of the excursion analysis to 
clarify which a reas a re well in hand and which require additional experi
mentation or proof testing. 

The areas considered here are : 

a. Reactor kinetics 

b. Power, reactivity-worth, and temperature distributions 

c. Feedback from the Doppler effect 

d. Feedback from mater ial motion--smal l displacements 

e. Coupled neutronics and hydrodynamics with large mater ia l 
displacements 

f. Material propert ies--equat ion of state and heat capacity 

g. Mechanical res t ra in ts and their influence on feedback. 

a. Reactor Kinetics. We define reactor kinetics to be the 
discipline that deals with the space and time variation of the power, given 
the reactivity as a function of t ime. The calculation of feedback effects that 
produces the reactivity variations are considered separately. This division 
cannot actually be accomplished completely, since a unique reactivity is only 
definable to the extent that the space-t ime effects are separable. In most 
instances, the configuration under consideration would be sufficiently regular 
and symmetr ic to permit the separabili ty assumption as a good approxima
tion. In this case, our knowledge of reactor kinetics is good enough for 
pract ical purposes . If one par t of the system goes prompt cri t ical with only 
loose coupling to the remainder , then the separability assumption may not 
be good enough. There is . of course, the extreme case in which the coupling 
can be completely ignored, and this is no problem. In the intermediate situa
tion, it may be necessary to t reat the space-t ime problem to a better 
approximation. 

A number of better approximations exist as working or 
experimental codes; two examples are . W I G L " a n d Q X - l ; " other codes 
- - ; „ _ j;rf * „,,,„ = ,.;cal schemes are also being used. By and large . 
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t h e s e codes a r e c u r r e n t l y l i m i t e d to o n e - s p a c e d i m e n s i o n , a l though t h e r e 
a r e m a n y ef for ts to extend the spa t i a l c apab i l i t y . T w o - d i m e n s i o n a l s p a t i a l l y 
dependen t k i n e t i c s codes and. at l o w e r p r i o r i t y , t * ' ' ' - - ' ! ; - ^ " / ; " " " ^ , ' ; ° f , 
a r e u n d e r d e v e l o p m e n t u n d e r S u b t a s k s 9 -3 .5 .1 and 9-3 5.2 of the P ^ y - s 
P r o g r a m P l a n " " " T h e s e new m e t h o d s m a y be suf f ic ien t ly f r e e of s i m p l i 
fying a p p r o x i m a t i o n s to r e q u i r e l i t t l e o r no d e t a i l e d ' ^ - P ^ y ' ^ ^ ^ ' ^ ^ ^ l j / J ^ ' ^ X s 
t L T h e y wi l l be i n c o r p o r a t e d , a s n e e d e d , into t he a c c i d e n t a n a l y s i s c o d e s 
u n d e r T a s k s 10-2 .1 and 10-2 .2 of the L M F B R P r o g r a m P l a n . T h e y wi l l 
p r o b a b l y not be ab le to hand le c o m p l e t e l y a r b i t r a r y fuel c o n f i g u r a t i o n s and 
wi l l have s o m e g e o m e t r i c a l r e s t r i c t i o n s . T h i s i s not a s e r i o u s d i s a d v a n t a g e , 
a s the a n a l y s t canno t in any c a s e speci fy the d e t a i l e d fuel r e a r r a n g e m e n t in 
a m e l t d o w n , but m u s t a s s u m e a s imp l i f i ed m o d e l . T h u s , wh i l e the p r e s e n t 
k i n e t i c s codes a r e not c o m p l e t e l y a d e q u a t e , t h e r e a r e m e t h o d s u n d e r d e v e i -
o p m e n t tha t wil l be good enough for sa fe ty s t u d i e s and wil l not r e q u i r e s p e c i a l 
e x p e r i m e n t a l v e r i f i c a t i o n . Some of the e x p e r i m e n t s tha t could be done a s 
p roo f t e s t s on the o v e r a l l b e h a v i o r of a p r o m p t c r i t i c a l e x c u r s i o n wouid give 
a p a r t i a l c h e c k on the r e a c t o r - k i n e t i c s c o d e s . 

b . P o w e r , R e a c t i v i t y - w o r t h , and T e m p e r a t u r e D i s t r i b u t i o n s . 
T h e p o w e r and r e s u l t i n g t e m p e r a t u r e d i s t r i b u t i o n d e t e r m i n e the D o p p l e r -
r e a c t i v i t y f eedback and the p r e s s u r e d i s t r i b u t i o n , wh ich in t u r n e s t a b l i s h 
the m a t e r i a l m o v e m e n t and i t s a s s o c i a t e d r e a c t i v i t y f eedback . The e s t i m a 
t ion of f eedback r e q u i r e s a l s o a knowledge of the r e a c t i v i t y - w o r t h d i s t r i b u 
t ion of the c o r e and b l a n k e t m a t e r i a l s . 

(1) In i t i a l D i s t r i b u t i o n s . T h e p o w e r and r e a c t i v i t y - w o r t h 
d i s t r i b u t i o n s at the beg inn ing of an a c c i d e n t can u s u a l l y be a c c u r a t e l y 
d e t e r m i n e d by a s t e a d y - s t a t e c a l c u l a t i o n , p r o v i d e d the g e o m e t r y u n d e r 
i n v e s t i g a t i o n fi ts into t he a v a i l a b l e c o d e s . T h e r e s t i l l r e m a i n s s o m e q u e s 
t ion about the a c c u r a c y of the m u l t i g r o u p c a l c u l a t i o n a l p r o c e d u r e s n e a r 
r e g i o n b o u n d a r i e s when t h e r e i s a l a r g e change in c o m p o s i t i o n a c r o s s the 
b o u n d a r y . The g roup c o n s t a n t s a r e u s u a l l y c a l c u l a t e d f r o m a m a n y - g r o u p 
f u n d a m e n t a l - m o d e c a l c u l a t i o n , r a t h e r t h a n a spa t i a l c a l c u l a t i o n . B e t t e r 
m e t h o d s wi l l be d e v e l o p e d in t he f u t u r e . * ' ' " " It wi l l be d e s i r a b l e to c h e c k 
the c a l c u l a t i o n s by c r i t i c a l - e x p e r i m e n t m e a s u r e m e n t s for t y p i c a l c o n f i g u r a 
t i ons p e r t i n e n t to the safety s t u d i e s . 

The in i t i a l t e m p e r a t u r e d i s t r i b u t i o n s a r e wel l enough 
def ined by the p o w e r d i s t r i b u t i o n s and s t e a d y - s t a t e o r . in s o m e c a s e s , 
t r a n s i e n t h e a t - t r a n s f e r c a l c u l a t i o n s . In m o s t c a s e s , no e x p e r i m e n t a l w o r k 
i s n e e d e d . H o w e v e r , if the e x c u r s i o n in i t i a l l y i nvo lves s o d i u m boi l ing ( s e e 
C h a p t e r n i ) o r fuel m e l t d o w n , then t he in i t i a t i ng m e c h a n i s m i t s e l f u p s e t s 
the t e m p e r a t u r e d i s t r i b u t i o n in a way that i s not r e a d i l y p r e d i c t a b l e . Our 
knowledge of t r a n s i e n t h e a t t r a n s f e r a n d - t r a n s i e n t fluid flow in t w o - p h a s e 
s y s t e m s is not a d e q u a t e . T h i s i s an a r e a in wh ich m o r e e x p e r i m e n t a l d a t a 

*Methods currently at an advanced state of development include the IDX code at BNWL, the XSDRN code 
at ORNL, and similar techniques of generating space-dependent cross sections. 



may be needed. On the other hand, the situation has not been studied from 
the point of view of how much e r r o r is introduced into the accident analysis 
by the uncertainties in the initial temperature distribution. This may not 
be of great importance. 

(2) Changes due to Space-Time Effects. Under some con
ditions, especially when there is weak coupling between one part of the core 
and another, the shape of the flux and hence of the power distribution can 
change with time in a severe excursion, even though the mater ia l distribution 
remains invariant. The mater ia l - react iv i ty worths also change, and. in fact 
reactivity is no longer a well-defined concept. This has already been d is 
cussed under Section 3.a above. Here it is mere ly s t ressed that if there a re 
significant space- t ime effects, they must be accounted for in a determination 
of the tempera ture distribution and resultant p r e s su re s and mater ia l motions. 

(3) Transient Heat Transfer . In an extremely short-period 
prompt-cr i t ica l excursion (say 10"'-10"* sec period), nearly all the heat 
stays in the fuel and the p r e s s u r e s a re then determined by the fuel equation 
of state and heat capacity and the volume available for free expansion. If the 
period is as slow as 10"' sec and the mixing of molten fuel, coolant, and 
s t ructure is quite good, then there may be some heat t ransfer . At high 
tempera tures , the heat t ransfer will be mainly by radiation. Not very many 
heat- t ransfer data a re directly applicable. The greatest uncertainty in the 
heat t ransfer , however, is often not in the heat- t ransfer calculation, but in 
the es t imates of mixing effects. 

It might be possible to do some experim.ents with ini
tially intact pins out-of-pile using electricaj. hea te rs , although even this is 
not c lear . In-pile experiments could be done either as complete core-
destruct tes ts or as s ingle-subassembly tes ts in a loop. (See Chapter VI.) 
However, the sensitivity of resul ts to the t ransient heat t ransfer must be 
evaluated before a judgment can be made about the real need for this 
information. 

c. Feedback from the Doppler Effect. In prompt-cr i t ica l 
excursions in a large fast reactor (for example, a 3000-liter oxide-fueled 
reac tor) , the Doppler effect is the most important single feedback for l imit
ing the magnitude of the excursion. In a very severe case, with a rate of 
reactivity insertion equal to Ak/k = 0.5 sec" ' , the maximum reactivity 
attained will be of the order of 0.002 above prompt c r i t i c a l . " Suppose this 
reactor has a Doppler tempera ture coefficient of reactivity equal to 
2 X 10"y°C at a fuel tempera ture of 2000°K. If we allow that the coeffi
cient will decrease to some extent with tempera ture , the Doppler effect can 
still bring the reactivity well below prompt cri t ical with a t empera ture r i se 
of about 2000°C, thus taking the fuel to 4000°K and terminating the excursion 
at moderate p r e s s u r e s without impairing the function of the containment 
s t ruc tu res . The same accident with no Doppler effect would be much more 
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difficult to contain. If the Doppler effect is very large, it effectively t e r m i 
nates all accidents having reactivity insertion ra tes up to the assumed limit 
of Ak/k = 0.5 sec" ' without p re s su res difficult to con t a in . " ' " If the Doppler 
effect is very small, it is of little benefit. At either of these two l imits , it 
is not very important to have an accurate knowledge of the magnitude of the 
Doppler coefficient. In the intermediate range, however, the consequences 
of a super-prompt-cri t ical excursion can be quite sensitive to the magnitude 
of the Doppler coefficient. 

The Doppler coefficient for a power reactor is estimated 
using calculational techniques that are verified by experiments that are not 
direct measurements of the Doppler coefficient for the whole core. Rather, 
measurements are made on small samples usually placed in the center of 
a critical assembly.'"" Nevertheless, the procedure of using the experiment 
to check the calculational method and then applying it to a different and more 
complex situation is probably a reliable one. The validity of this approach 
will be tested by SEFOR experiments. '" ' 

The main problem with the Doppler effect is that it depends 
upon the core configuration and composition in the accident situation in
cluding the extent of sodium voiding. One must examine the expected condi
tions with a model that fits existing computer methods and then calculate the 
Doppler coefficient. Such a model is at best as accurate as our knowledge of 
sodium voiding and. in some cases, of fuel movements due to fuel-sodium 
interaction during meltdown. This again points to the need for the sodium-
boiling and fuel-meltdown studies. (See Chapter VI.) 

d. Feedback from Material Motion--Small Displacements. 
Although the Doppler effect is of major importance in limiting the energy 
release and pressure , it can compensate only a limited amount of reactivity 
insertion. If the reactivity insertion available from the accident source is 
greater than this, then the ultimate shutdown effect has to be mater ia l move
ment and disassembly. In this case, the Doppler effect tends to prevent the 
reactor period becoming exceedingly short, so that the disassembly can take 
place more slowly at moderate p re s su res and lesse r energy input. ' The 
feedback from material motions, however, is still important. 

(I) Feedback from Intact Fuel and Sodium. In some in
stances, at least part of the core would have solid fuel and the normal liquid 
during most of the prompt-cr i t ical excursion. The behavior of these ma
terials and the resulting feedback depend upon the exponential period of the 
power r i se . If the r ise is slow, then the temperatures and mater ia l naotion 
due to expansion are simply calculable from transient heat - t ransfer data 
and the coefficients of expansion. This can be done only if the reactivity is 
not much above prompt crit ical . The sodium effect would usually be small 
compared to the fuel. 



If the exponential period becomes comparable to or 
less than the time for a sound wave to propagate the length of a fuel pin. 
then the expansion is restrained by inertial effects ." and the equations of 
motion must be solved. This is further complicated slightly by the tem
pera ture dependence of the mater ia l proper t ies , especially if the internal 
s t r e s se s eventually exceed the yield strength of the mater ia l . Given the 
mater ia l proper t ies , however, the calculation of mater ia l displacements is 
well founded and reliable. Fur ther , reactivity effects can be calculated 
accurately by perturbation theory, provided the configuration can be well 
modeled by a geometry acceptable to the multigroup computer codes. Thus, 
no experimental program, except possibly a small amount of critical a s sem
bly work, is contemplated for this aspect of the prompt-cr i t ica l excursion. 

(2) Feedback from Molten and Vaporized Core Mater ia ls . 
It is useful to discuss feedback from small (<1 cm) and from large displace
ments separately because the problem is much easier for small displace
ments . If the reactivity goes strongly negative (say -0.01 Ak/k) while the 
displacement is small, then it is unnecessary to consider the result of large 
displacements, unless there is a possibility that they can bring the reactor 
back again above prompt cri t ical . This can usually, but perhaps not always, 
be ruled out. 

There are two main aspects to the calculation for small 
displacements: the displacement produced by the p re s su re distribution, and 
the reactivity resulting frona the displacement. If the core is in a molten or 
vapor state, the displacements can be calculated from the hydrodynamics 
equations, either by the approximate method embodied in the MARS code, 
or by the more accurate treatment of a code now under development at 
Argonne. '" ' The uncertainties involved in t"hese calculations stem mainly 
from the pressure-dis t r ibut ion uncertainties due to our inadequate knowledge 
of the equations of state and heat capacities discussed below in Section f. 
If the p r e s s u r e s are not very high, then the residual core s t ructure can in
fluence the motion, as discussed in Section g. Also, the amount of sodium 
in the core and the extent of mixing and heat exchange between sodium and 
fuel are uncertain. If the core configuration is simple (for example, close 
to the original core geometry with only one core zone), then the reactivity 
feedback is readily calculable from the mater ia l movement by perturbation 
theory using existing computer p rograms . No experiments a re required. 

If the core configuration in the accident is more com
plex, with interior-void regions or regions of differing fuel density or en
richment, or if there are asymmetr ical aspects which cannot be adequately 
modeled by an axisymmetric model, then it may be necessary to do some 
crit ical experiment work to determine the reactivity-worth distr ibutions. 
The analytical techniques for reactivity calculation are continually improv
ing, and it may, within a few years , be feasible to account for nearly all the 
axisymmetr ic complexities without special cri t ical experiments. The ability 
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to treat asymmetry is somewhat further off in t ime. However, one must 
also ask what can be done with asymmetr ic- react iv i ty information were it 
available. No methods are being developed to calculate the hydrodynamics 
of asymmetric prompt-cr i t ical excursions. It is not likely that this will be 
found necessary. But if it is , then the complete asymmetr ic-accident prob
lem may require some proof tests consisting of whole core destructive t es t s . 

The other type of complex configuration that could be 
encountered is that in which a small par t of the original core beconaes r e 
arranged in a prompt-cr i t ical configuration only loosely coupled to the 
remaining core. This could most easily happen in a very large pancake, 
annular, or modular core. In these cases , the usual static reactivity d is 
tribution may not be adequate and the problem may require t reatment by 
space-time kinetics methods. 

e. Coupled Neutronics and Hydrodynamics with LargeMate r ia l 
Displacements. As implied in Section d above on small displacements , there 
can be situations in which the treatment for small displacements is inade
quate. This may happen if there is a large material or composition discon
tinuity in a region where the power density is high. Examples are a large 
central-void region or a zone boundary in a reactor that has two or more 
enrichment zones for the purpose of flattening the power distribution. It is 
not clear that the treatment for small displacements gives a large or even 
significant e r ro r in such cases. Rather the situation is that there a re ques
tions about the simpler small-displacemient treatment when there are dis
continuities. These questions are under continuing investigation, and it must 
be assumed for the present that some instances will be found in which a m o r e 
accurate treatment is needed. 

When it is necessary to account for large displacements 
correctly, first the unsimplified form of the hydrodynamics equations must 
be used with a material equation of state that is explicitly density dependent. 
Second, the reactivity must be recalculated at selected time points by a 
complete solution of the transport or diffusion equations rather than by per 
turbation theory. There are computer codes that t reat these effects to a 
reasonable approximation, and they are under continuing improvement under 
Task Area 10-2 of the Program Plan.'"* When the core configuration r e 
quires the more detailed treatment of coupled neutronics and hydrodynamics 
for large displacements, then there is also more uncertainty in the accuracy 
of the calculations. This is especially so if some of the mater ia l motions 
give positive-reactivity effects, so that the net effect is a balance between 
some positive and some negative components. The reactivity calculation 
can be partially checked by a ser ies of critical experiments with successive 
loading changes to simulate the motion of the core during the excursion. 
This approach clearly has some limitations because we depend upon calcu
lation to specify the material motion. This is an area that conceivably could 
benefit from a proof test of a complete whole-core destruct ive-excursion 
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experiment. A great deal more investigation would be required to determine 
the full benefit of such an experiment. 

f. Material Proper t ies- -Equat ion of State and Heat Capacity. 
The core mater ia l s among which the energy is shared and that contribute to 
p r e s su re generation during the excursion depend upon the shortness of the 
reactor period and the degree of mixing. In very fast excursions, the heat 
will stay mainly in the fuel. At the other extreme, an appreciable amount 
of energy may get into the sodium. One would not expect the structural ma
ter ial to heat up significantly on the short time scale of a super-prompt-
cri t ical excursion unless there were appreciable time for melting and mixing 
before the excursion. We are . therefore, pr imar i ly interested in the fuel 
mater ia ls and sodium. 

(1) Fuel Mater ia ls . In current fas t - reactor design studies, 
mixed uranium-plutonium oxides are the most popular fuels. ' ' with the 
mixed carbides generally considered to have long-term potential but r e 
quiring more research and development. Although interest in metal fuels 
has waned in recent years , there is the possibility of a resurgence based 
upon experience with metal fuels for EBR-II. Thorium-bearing fuels are 
a very long-range possibility. 

There a re practically no experimental data on either 
the equation of state or heat capacity of any of the fuel mater ia ls in the 
high- temperature range of interest . ' " ' Accident studies to date have used 
extrapolations of vapor-pressure data and property values derived from 
the law of corresponding states and other empirical correlat ions of thermo
dynamic data. A first step in this procedure is usually an estimate of the 
cri t ical tempera ture , p res su re , and volum* of the mater ia l in question. 
Two or three slightly different approaches can be taken, and one indication 
that there are large e r r o r s is that the different approaches sometimes give 
differences in the est imates of the critical constants of nearly a factor of 
two.'" ' For the energy-re lease calculations, what is required is the p r e s 
sure and temperature expressed as a function of energy content and density. 
At high densit ies, p re s su re is a strong function of energy and an extremely 
strong function of density, and at any density the p r e s su re is a strong func
tion of energy on the saturation line. Thus, one expects that the theoretical 
predictions of p r e s su re for given energy input and volume may have very 
large e r ro r , in some instances possibly by a factor of ten. However, for the 
same reason (i.e., the strong dependence of p re s su re on energy), these 
e r r o r s in p re s su re do not produce correspondingly large direct e r r o r s in the 
calculated energy re lease . Answering the question "How badly do we need 
experimental data on the equation of s ta te?" requires a study of the depend
ence of the calculated damage potential on the uncertainties in both the high-
density equation of state involved in the power-excursion calculation and the 
lower-density equation of state involved in the adiabatic expansion of the 
vaporized core. The lat ter regime is discussed further in Section 4 below. 
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One must also consider the extent to which e r r o r s compensate for one 
another in the two parts of the calculation. Thus, although the problems 
are somewhat different in the high- and low-density reg imes , the assump
tions made in arriving at p ressure-energy expressions should be consistent. 
Sensitivity studies of this type are being initiated under Task 10-2.1.4 of the 
LMFBR Program Plan. 

There are two kinds of problems involved in making 
experimental determinations of the equation of s tate: first , the production 
of high temperatures and high p re s su re s , and second, making reliable m e a s 
urements of pressure and temperature . Above 20 kb no container can be 
made to contain the pressure to make static measurements , and furthermore 
in small samples at high temperatures the energy would be quickly radiated 
away. It is necessary to produce and observe the conditions in transient 
experiments. The smaller the sample, the shorter the time scale of the ex
periment for a given pressure and temperature . These problems are sur 
veyed more completely in Section 4 below; Appendix C contains a thorough 
discussion of the equation of state and a summary of the problems in de
termining the material constants and using the resu l t s , as well as a summary 
of experimental techniques. Although integral in-pile tests may be of some 
help over a limited range and in special c i rcumstances , their use for more 
general purposes does not appear to be indicated. 

(2) Sodium. Compared to the fuel ma te r i a l s , the equations 
of state and heat capacity of sodium are relatively well known. ' In 
view of the uncertainties in the estimates of the heat t ransfer red to the 
sodium during a super-prompt-cr i t ical excursion, it is evident that there 
is no urgent need for extending the current know^ledge of this a rea . When 
the state of the art is improved substantially in other a r e a s , there may also 
be an interest in extending the sodium data, 

g. Mechanical Restraints and Their Influence on Feedback. 
In nearly all calculations of super-prompt-cr i t ica l excursions to date, the 
feedback included in the analysis has been Doppler effect and the displace
ment of the core mater ia l under the influence of p ressure gradients , but 
assuming the core is a uniform homogeneous fluid, having no s t ructura l 
strength. This is a good first approximation for severe accidents in which 
the pressures achieved far exceed the strength of any residual core s t ruc
ture. But in weaker excursions, there may be some influence of the strength 
of the s tructure, and in all cases where the excursion is initiated with the 
fuel-rod structure still intact, there may be effects due to the anisotropy of 
the rod lattice, 

(1) Strength of Residual Structure of Core. The rate of 
rise of power and pressure is sufficiently great , even in relatively mild 
prompt-cri t ical excursions, that if there is some strength in the core sub
assembly structure at the beginning of the excursion, there is no time to 



87 

t ransfer heat to weaken it significantly during the time scale of the excur
sion. If the p r e s s u r e s do not greatly exceed the crushing strength of the 
matr ix of subassembly cans, the motion of the material under the joint in
fluence of structure and p re s su re is channeled preferentially along the 
subassemblies . The net effect is usually to decrease the rate of reduction 
of reactivity and thereby increase the energy re lease . The effect could be 
investigated analytically with some simplified approximations and would not 
necessar i ly require an experimental program. If full-scale prompt-cr i t ica l 
excursions were carr ied out. these effects could be included in the test; but 
it would be difficult to identify the specific influence of the s t ructure on the 
test resu l t s . 

(2) Inertial-channeling Effects. In a rapid excursion, the 
mode of mater ia l movement to relieve p re s su re with minimum inertial r e 
sistance is for the rods to expand radially, compressing the sodium, and for 
the sodium then to move axially along the coolant channels. This is the r e 
sult of the factor-of-ten or more difference between the fuel density and 
sodium density. The tendency is resis ted to some extent by frictional forces; 
at the same time, the fuel will also move along the macroscopic p r e s su re 
gradients. As a result of the sodium channeling, that motion will be less 
than for an isotropic system. The net effect, besides the reduction in mac
roscopic movement of the mixture of mater ia ls , would be a reduction in 
sodium content in the h igh-pressure regions. In systems having large posi
tive sodium void coefficients, this could result in a significant reduction in 
the net negative feedback and could conceivably even give a net positive 
feedback for a very short period of t ime. This is an effect that has not been 
investigated previously and will be undertaken analytically in future studies. 
(Recent work is reported in Ref. 93.) The stability of the interface between 
fuel and coolant must also be investigated. * Under certain conditions, the 
Rayleigh-Taylor instability can cause the interface to break up resulting in 
mixing of fuel and coolant. If this happens, the channeling effect is reduced. 
Confirmatory experiments in a reactor test facility would be desirable if the 
analysis indicates there could be a problem. 

4. Destructiveness and Containment 

After the neutronic excursion is essentially over, the propagation 
of the p re s su re wave through the core and blanket s tructure is of interest , 
since this determines how much damage will be done to the blanket s t ructure 
(which acts as an absorber to the wave) and what the final spatial and tem
pera ture state of the core i s . As the p r e s su re wave p rogresses outward 
from the core, it s t r ikes the blanket mater ia l so that part of the wave is 
t ransmit ted and part of it reflected back into the core. The par t that is r e 
flected back into the core can be either a tension wave or a compression 
wave, depending upon the relative mechanical impedance of the core and 
blanket mate r ia l s . If the wave reflects as a compression wave, the core 
may be part ial ly recompacted. In a typical reactor , as a consequence of 



usua l r a d i a l - and a x i a l - b l a n k e t d e s i g n s , t h i s r e c o m p a c t i o n m i g h t h a p p e n to 
a l im i t ed extent in the r a d i a l d i r e c t i o n , but would not be l i k e l y to h a p p e n in 
the axia l d i r e c t i o n . It i s un l ike ly tha t any such r e c o m p a c t i o n wi l l r e s u l t m 
a second p o w e r e x c u r s i o n . 

As the p r e s s u r e wave m o v e s t h r o u g h the c o r e and b l a n k e t , 
i r r e v e r s i b l e effects at the f ront c a u s e it to s t e e p e n r a p i d l y and it b e c o m e s 
a s h a r p - f r o n t e d shock w a v e . T h i s shock wave c r u s h e s the b l a n k e t s t r u c t u r e 
damag ing it for f u r t h e r u s e . but at the s a m e t i m e the e n e r g y a b s o r b e d in 
c r u s h i n g d e g r a d e s the wave so tha t d a m a g e to r e g i o n s o u t s i d e the b l a n k e t 
i s not so s e v e r e . 

The d e t e r m i n a t i o n of the r e s p o n s e of the r e a c t o r v e s s e l and 
s h i e l d i n g ' " ' ' ' " ' to a given p r e s s u r e p u l s e is a c o m p l e x p r o b l e m . In r e a l i t y , 
the e x c u r s i o n i s p r o b a b l y a s y m m e t r i c whi le al l ex i s t i ng t h e o r y and e x p e r i 
m e n t s a r e a x i s y m m e t r i c in n a t u r e . T h u s , to c o r r e l a t e a c t u a l e x c u r s i o n s 
with the i dea l i zed a x i s y m m e t r i c c a s e , s o m e m e t h o d of d e t e r m i n i n g the effect 
of a s y m m e t r y is needed . A useful a p p r o a c h i s to r e v e r s e the q u e s t i o n and 
a sk "If we u s e a x i s y m m e t r i c r e s u l t s , wha t d e g r e e of a s y m m e t r y can we 
t o l e r a t e and s t i l l p r e d i c t p r e s s u r e v e s s e l r e s p o n s e to wi th in s a y 20%?" In 
th i s m a n n e r , all the t e s t s and t h e o r y can be put to good u s e in s tudy ing ac tua l 
e x c u r s i o n s and the r e s p o n s e of the r e a c t o r v e s s e l . 

A c o n s i d e r a b l e amount of s m a l l - s c a l e t e s t i n g h a s b e e n done in 
th i s field at Stanford R e s e a r c h In s t i t u t e (SRI) . "° B a l l i s t i c R e s e a r c h L a b o r a 
t o r y ( B R L ) . " ' and A t o m i c Weapons R e s e a r c h E s t a b l i s h m e n t (AWRE). 
Work on equ iva l ence l aws to u t i l i z e the e m p i r i c a l da t a f r o m t h e s e t e s t s in 
the des ign of con ta inmen t s t r u c t u r e s i s be ing c a r r i e d out u n d e r T a s k l O - 2 . 5 . 4 
of the L M F B R P r o g r a m P l a n . The m a j o r p r o b l e m s in such e x p e r i m e n t s 
a r e s imu la t ion of the p r e s s u r e p u l s e , and a p p l i c a t i o n of e q u i v a l e n c e l a w s to 
complex s t r u c t u r e s . N e i t h e r of t h e s e p r o b l e m s is e a s i l y r e s o l v e d ; t h e r e 
fore a combina t ion of b a s i c m e t h o d s d e v e l o p m e n t and p roof t e s t i n g i s a l s o 
r e q u i r e d . B a s i c m e t h o d s ( T a s k 10-2 .5 .6 ) ' "* u s e c o n t i n u u m m e c h a n i c s and 
knowledge of the equat ion of s t a t e ove r a wide r a n g e of p r e s s u r e s and t e m 
p e r a t u r e s to deve lop m a t h e m a t i c a l m o d e l s su i t ab l e for c o m p u t a t i o n . A s i d e 
f rom the obvious d i f f icu l t ies of deve lop ing c o m p l e x c o m p u t a t i o n a l m e t h o d s , 
t h e r e i s the addi t iona l e x p e r i m e n t a l p r o b l e m of d e t e r m i n i n g m a t e r i a l p r o p 
e r t i e s and. in p a r t i c u l a r , the equat ion of s t a t e ove r a wide r a n g e . T h e s e 
p r o b l e m s and a l so t hose a s s o c i a t e d wi th p r e s s u r e p u l s e s i m u l a t i o n a r e 
d i s c u s s e d next . 

a. Equa t ion of S ta te , In Sec t ion 3.d(2) a b o v e , the equa t ion of 
s ta te was d i s c u s s e d wi th r e f e r e n c e to i t s effect in d e t e r m i n i n g the c o u r s e 
of a p r o m p t - c r i t i c a l e x c u r s i o n that i s t e r m i n a t e d by r e a c t o r d i s a s s e m b l y . 
The m a i n i n t e r e s t t h e r e was in fuel m a t e r i a l s at a f a i r l y h igh d e n s i t y . It 
was a l so pointed out that s o d i u m and s t r u c t u r a l m a t e r i a l s m a y have s o m e 
inf luence in w e a k e r e x p l o s i o n s . The i n t e r e s t s a r e qu i t e d i f f e ren t when 
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considering the subsequent mechanical damage produced and the problem 
of containment. For this purpose, one needs, first of all. the equation of 
state of the fuel mater ia ls for a wide range of densities as they expand 
adiabatically pushing the blanket, thermal shielding, and reactor vessel 
outward. There is also the possibility of the sodium playing a major role 
in determining the amount of work that can be done, depending upon the 
heat t ransferred to it by radiation and mixing. The buildup, propagation, 
and attenuation of shock waves in the region surrounding the core is de
pendent upon the equation of state of the mater ia ls in this region. In this 
case, one is interested in moderate temperatures , p re s su res up to several 
kilobars (perhaps in r a r e cases, as much as 100 kb). and densities near the 
normal liquid and solid densit ies. Sometimes it is convenient to define an 
equation of state for a mixture of mater ia l s , rather than attempt to deduce 
the composite behavior from the individual proper t ies and complex geometry. 
Thus, experiments are of interest for mixtures in the actual reactor geom
etry. Appendix C contains a discussion of the various kinds of equations of 
state needed, the current state of the art , and the kinds of experiments that 
might be done. 

b. Blast Simulation Using Chemical Explos ives . ' " Many 
attempts have been made in the past, using scaling laws and dimensional 
analysis, to derive a chemical equivalent to a nuclear excursion based upon 
equating the amount of energy released in an excursion to an equal amount 
of energy re lease in the chemical explosive. However, because the p r e s s u r e -
time history of the usual nuclear excursion differs from that of a typical 
chemical explosion, the est imates of damage were not consistent. 

In a review of the application of data from pentolite explo
sions to the analysis of the SL-1 reactor acc ident . ' " Proc tor found that 
given the energy partition in the nuclear excursion, an "analytical explo
sion model can be postulated that is capable of predicting the mechanical 
damage observed in the SL-1 accident." This predictive ability is based 
on the correlation tes ts in which both slow- and fast-burning changes were 
detonated in water-filled vesse l s . "* Although this analysis is ex post facto. 
it does point out that a rational basis exists for correlating tes ts with dif
fering sources of p r e s s u r e . The conclusion of the work presented in Ref. 114 
is that more work is needed on energy partition for PWR's. A similar con
clusion should be anticipated for LMFBR's . 

In a sudden energy re lease , whether from a chemical or 
nuclear source, in some medium, three items must be considered: 

1 . A sharp r ise in p r e s su re with t ime. 

2. Adiabatic expansion of the medium once the p r e s s u r e 
pulse has passed. 

3. Condensation of the hot gas bubble. 
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To obtain an equ iva l ence be tween s o u r c e s of e n e r g y r e l e a s e o v e r the e n t i r e 
t i m e p e r i o d m a y o r m a y not be n e c e s s a r y , depend ing upon wha t p h a s e of the 
d a m a g e one is i n t e r e s t e d in r e p r o d u c i n g . Only i t e m 1. the p r e s s u r e p r o f i l e , 
need be c o n s i d e r e d in equa t ing d a m a g e f r o m the shock w a v e . On the o t h e r 
hand, to d e t e r m i n e how the m i s s i l e s a r e f o r m e d and what d a m a g e they m a y 
c a u s e r e q u i r e s tha t al l t h r e e i t e m s be c o n s i d e r e d . 

To obtain an e q u i v a l e n c e b a s e d upon a spec i f i ed p r e s s u r e 
r i s e should not be too difficult , s ince t h i s can be a c c o m p l i s h e d by con 
t ro l l i ng the bu rn ing r a t e of the exp lo s ive a n d / o r c h e m i c a l p r o p e l l a n t . 
S e v e r a l d i f f icul t ies m u s t be c o n s i d e r e d ; 

1. When the d u r a t i o n of a p o w e r b u r s t i s s c a l e d , the d u r a 
t ion l i m i t s m a y be a p p r e c i a b l y l o n g e r than the de tona t ion t i m e for m o s t h igh 
e x p l o s i v e s , at l e a s e for t h o s e involving s i z e s and a m o u n t s of e x p l o s i v e s 
cons i s t en t wi th s c a l e d r e a c t o r d i m e n s i o n s and e n e r g i e s . Spec i a l e x p l o s i v e 
conf igura t ions m a y be n e c e s s a r y to a ch i eve the d e s i r e d d u r a t i o n . 

2. P r o p e l l a n t s and p y r o t e c h n i c m a t e r i a l s , hav ing m u c h 
s lower r a t e s of bu rn ing than high e x p l o s i v e s , lend t h e m s e l v e s to t he s i m u l a 
tion of l o n g - d u r a t i o n e x c u r s i o n s . They h a v e the d i s a d v a n t a g e , h o w e v e r , tha t 
the r a t e of e n e r g y r e l e a s e is affected s t r o n g l y by the d e g r e e of p r e s s u r e 

3. Since both high e x p l o s i v e s and s l o w e r - b u r n i n g p r o p e l 
l an t s g e n e r a t e high p r e s s u r e in g a s e o u s r e a c t i o n p r o d u c t s , t h e s e h igh p r e s 
s u r e s m u s t be p r e v e n t e d f r o m i n t e r f e r i n g wi th a p r o p e r funct ioning of the 
s o u r c e of p r e s s u r e . Tha t i s , the p r e s s u r e - t i m e h i s t o r y d e p e n d s on the 
d e g r e e of conf inement . 

4 . B e c a u s e of the need to s i m u l a t e r e a c t o r e x c u r s i o n s on a 
sma l l s c a l e , exp lo s ive s having low de tona t ion v e l o c i t i e s should be c o n s i d e r e d . 

S imula t ion of the a d i a b a t i c e x p a n s i o n of the m e d i u m p o s e s 
a s e r i o u s p r o b l e m b e c a u s e the v a p o r i z e d UO2 c o n d e n s e s at 3600°C. wh i l e 
the p r o d u c t s f r o m a high exp los ive m a y r e m a i n g a s e o u s even at r o o m 
t e m p e r a t u r e . T h e r e a r e two a p p r o a c h e s to t h i s p r o b l e m . As m e n t i o n e d 
p r e v i o u s l y , one a p p r o a c h is to u s e an e x p l o s i v e w h o s e p r o d u c t s a r e m a i n l y 
sol id or l iquid, a l though th i s is diff icult to a c c o m p l i s h in p r a c t i c e . A n o t h e r 
a p p r o a c h i s to d e v i s e s o m e m e a n s for equa t ing the t o t a l i m p u l s e (af te r the 
p r e s s u r e pu l s e h a s decayed ) d e l i v e r e d to an objec t in e a c h c a s e . In th i s 
m a n n e r , it m a y be p o s s i b l e to equa te d a m a g e b e t w e e n an e x c u r s i o n and an 
exp los ive , p a r t i c u l a r l y in the c a s e of p r o d u c t i o n of n a i s s i l e s . 

The f i r s t p a r t of the e x p e r i m e n t a l p r o g r a m n e e d e d is to 
develop exp los ive m a t e r i a l s that p r o d u c e a l a r g e p e r c e n t a g e of sol id r e a c 
t ion p r o d u c t s , h i g h - e n e r g y y ie ld , and a low de tona t ion v e l o c i t y . One way of 
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achieving this is to make a train of explosive strands coiled in the shape of 
a helix, which furnishes an efficient way of satisfying space, t ime, and power 
requirements from an energy source. Each coil of the train, however, must 
be protected from the shock from preceding coils. This is done by using 
metal r ibs . The length of practical train on a simple 3-in. spool is res t r ic ted 
to about 7 ft or l e s s . Composite spools (a set of spools fitting inside one 
another) have been made to accommodate t rains 15 ft long. Greater lengths 
could be achieved if shock strength were reduced. Two commercial prod
ucts which are available and may be useful are MDF and Pyrocore . Both 
consist of lead or lead-alloy encasing a reactant core. M D F " " has detona
tion velocities of 2700-5900 m / s e c and yields 99-117 cal /g depending upon 
the mixing proportions and strand size. The most important difference 
between MDF and Pyrocore is their detonation products. The products of 
MDF are entirely gaseous (even at room temperature) , which resul ts in a 
very high shock p r e s s u r e . Only a fraction of the detonation products of 
Pyrocore are gaseous, so that the p re s su re produced is much lower and the 
majority of the energy released is in the form of heat ."" The development 
of mater ia ls with lower detonation velocities is also needed. Stanford 
Research Institute (SRI) has developed two mixtures called Calpoke and 
Slowpoke, which may be typical of what can be obtained. 

The second part of the experimental work would use the 
high explosives in such a manner that the gaseous products behind the shock 
front give a total impulse to a structure that is the same as that given by the 
adiabatic expansion phase of the nuclear excursion. The experiments would 
involve very crude p re s su re -vesse l structural models with a blast shield in 
front of the part of the structure that is to receive the impulse loading. The 
shock wave from the blast would destroy the shield but leave the p r e s s u r e 
vessel intact. This would be accomplished'by inserting a gas space between 
the shield and the required s t ructure . The experiments could be run for a 
wide range of energy re leases to test the validity of the concept. P r e s s u r e , 
impulse, and motion could be measured on the p re s su re vessel and the ex
plosive in order to establish empirical relationships. The experimental 
resul ts could then be compared with theoretical calculations to check the 
accuracy of the method when the p re s su re loading is known. 

Although some development of explosives to simulate nuclear 
accidents could begin now. attempts to tailor explosives to specific p r e s s u r e -
time relationships, amounts of condensible reaction products, and adiabatic 
expansion character is t ics , should wait until the analytical studies have p ro 
ceeded a little further so that the desired character is t ics are more reliably 
known. 

C. Summary of Analytical Needs 

The central goal of the experimental program is to provide the data 
for an accurate description of the phenomena taking place during an accident 
and. where possible, to provide verification of the mathematical models. 
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This i s in c o n t r a s t to the a l t e r n a t i v e poin t of v iew of doing e x p e r i m e n t s 
that a r e proof t e s t s of the sa fe ty of a p a r t i c u l a r r e a c t o r d e s i g n . A s e v e r e l y 
l i m i t e d n u m b e r of the l a t t e r type of e x p e r i m e n t s m i g h t a l s o be done , but the 
s e n s i t i v i t y of r e s u l t s to v a r i a t i o n s in in i t i a l cond i t ions r e q u i r e s an e x p e r i 
m e n t a l p r o g r a m tha t d e v e l o p s a m o r e fundamen ta l u n d e r s t a n d i n g of t he 
acc iden t b e h a v i o r . T h i s point of view wi th r e s p e c t to m a t h e m a t i c a l m o d e l i n g 
h a s c e r t a i n c o n s e q u e n c e s tha t affect the e x p e r i m e n t a l p r o g r a m . 

1. The G e o m e t r y of the Mode l 

The g e o m e t r y of a m a t h e m a t i c a l m o d e l for c a l c u l a t i n g t he con 
sequences of an a c c i d e n t i s a m a j o r f ac to r in d e t e r m i n i n g the c o m p l e x i t y 
and cos t of obta in ing a so lu t ion . S e v e r a l y e a r s ago . such c a l c u l a t i o n s w e r e 
l i m i t e d to one d i m e n s i o n , u s u a l l y wi th s p h e r i c a l g e o m e t r y . Now and in the 
n e a r fu ture , it i s f ea s ib l e to w o r k in two d i m e n s i o n s , and th i s would u s u a l l y 
be in c y l i n d r i c a l c o o r d i n a t e s . S o m e t i m e f u r t h e r in the fu tu re , it m a y be 
p r a c t i c a l to so lve the c o m p l e t e t h r e e - d i m e n s i o n a l p r o b l e m wi thou t any 
s y m m e t r y . 

T h e r e a r e two i m p o r t a n t a s p e c t s to e x p e r i m e n t a l c h e c k s of an 
a x i s y m m e t r i c m o d e l . F i r s t i s the a c c u r a c y of the m o d e l for s i t u a t i o n s tha t 
a r e t r u l y a x i s y m m e t r i c ; second i s the r e l i a b i l i t y of s i m u l a t i n g an a s y m m e t 
r i c s i tua t ion by s o m e "equ iva l en t " a x i s y m m e t r i c m o d e l . One m i g h t be i n 
t e r e s t e d , for e x a m p l e , in an a c c i d e n t in i t i a t ed by flow b l o c k a g e and m e l t d o w n 
of a group of s e v e r a l s u b a s s e m b l i e s . T h e g roup m i g h t be l o c a t e d off the 
c e n t r a l a x i s , and the p r o b l e m is then b a s i c a l l y a s y m m e t r i c . A n o t h e r type 
of a s y m m e t r y o c c u r s when the r e a c t o r c o r e is not l o c a t e d on the a x i s of the 
r e a c t o r v e s s e l , or the r e a c t o r v e s s e l i t se l f i s not a x i s y m m e t r i c . The i m 
p o r t a n t ques t ion to a n s w e r in r e g a r d to the e x p e r i m e n t a l p r o g r a m i s "When 
is it n e c e s s a r y to do a s y m m e t r i c e x p e r i m e n t s ? " If one n e v e r s i m u l a t e s 
a s y m m e t r i c s i tua t ions by s y m m e t r i c o n e s , the r e q u i r e d n u m b e r of e x p e r i 
m e n t s would be i n c r e a s e d c o n s i d e r a b l y and c o m p u t e r p r o g r a m s d e v e l o p e d 
would be r a t h e r l i m i t e d . A b e t t e r a p p r o a c h is to m o d e l the a s y m m e t r i c 
s i tua t ions by s y m m e t r i c o n e s , do m o s t of the a n a l y s i s and e x p e r i m e n t a t i o n 
on the s y m m e t r i c m o d e l s , and then do only a few a s y m m e t r i c e x p e r i m e n t s 
to p r o v e the r e l i a b i l i t y of the s y m m e t r i c m o d e l i n g . If the e x p e r i m e n t s r e 
fute the mode l ing p r o c e d u r e , it wil l be n e c e s s a r y to a d v a n c e the s c h e d u l e 
for developing t h r e e - d i m e n s i o n a l c o m p u t a t i o n a l m e t h o d s in the m a t h e m a t i c a l 
m o d e l s . If t h i s is done wi thout g e o m e t r i c a l a p p r o x i m a t i o n , one can s t i l l u s e 
the s y m m e t r i c e x p e r i m e n t s to check the p h y s i c a l m o d e l i n g and a s s u m e tha t 
t h e r e is no r e a l need to check the a s y m m e t r i c c a l c u l a t i o n wi th a s y m m e t r i c 
e x p e r i m e n t s . Howeve r , a c o n f i r m a t o r y e x p e r i m e n t could be done if s o m e 
au thor i t a t ive opinion d e v e l o p s tha t it is n e c e s s a r y . 

2 . M a t h e m a t i c a l M o d e l s of the P h y s i c a l P h e n o m e n a 

N e a r l y al l the e x p e r i m e n t a l w o r k p r o p o s e d above is d i r e c t e d 
toward an u n d e r s t a n d i n g of the p h y s i c a l p h e n o m e n a tak ing p l a c e d u r i n g and 
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after a super-prompt-cr i t ica l excursion so that these phenomena may be 
described accurately by suitable mathematical expressions. Once this has 
been accomplished, these expressions would be used in calculations of the 
behavior in cases for which no experiments have been done. There are 
possible pitfalls in this approach. In a reas such as heat transfer and mixing, 
it might not be possible to obtain a completely fundamental understanding. 
Then it would be necessary to rely on empirical correlations of behavior 
with initial conditions of the experiment. When there are not many data to 
corre la te , one can easily be led as t ray in this approach. In real reactor 
accidents there are statistical aspects to the behavior. These a r i se , for 
example, from manufacturing tolerances in dimensions, composition, metal
lurgical s t ructure , etc., and from variations in fuel burnup. The analyst, on 
the other hand, tends to favor determinist ic models in which the resul t is 
directly determined by the specified initial conditions. 

Some of the statistical effects will also enter the experiments . 
Here they have the effect of increasing the required number of experiments 
as it becomes necessary to determine not only the probable result but also 
the spread in possible results and perhaps even the most unfavorable of the 
various possible resul ts . 

Although we have pointed out that there are certain difficulties 
in proceeding with mathematical modeling as the ultimate approach to safety 
analysis, these same difficulties make this the only feasible approach. The 
alternative of simply doing safety-proof tests on mockups of specific reactor 
designs is impractical because of the necessity of doing tremendous numbers 
of experiments on each design to establish the effect of many different initial 
conditions and to account for the statistical possibil i t ies. 

D. Experinaental P rog ram Summary 

In ear l ier portions of this chapter, some problems were identified 
that could be better understood and perhaps resolved by suitable experi
ments . Some of these can be done out-of-pile, and when this is possible it 
is usually preferable, either for economic reasons or because of the inherent 
difficulties of in-pile instrumentation for observing and recording test r e 
sults. Some of the in-pile tests required are merely steady-state zero-
power cr i t ical-experiment measurements of power or reactivity-worth 
distributions. Of the transient or steady-state experiments requiring power 
production, some might be done in existing facilities such as TREAT or 
PBF . Others may require a new facility or a modification of existing facili
t ies . In the following discussion, the experiments have been included without 
detailed examination of facility capabilit ies. 
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E. Out-of-pile Program 

1. Heat Transfer and Fuel-Coolant Mixing 
(see also Chapters V and VI) 

Experiments are required on the amount of heat exchange be
tween fuel and coolant on a short time scale (~10"' sec). The fuel-
temperature range of interest is 3000-10.000°K. Since the heat exchange 
depends strongly on the degree of mixing of fuel and coolant, the experi 
ments need to simulate this properly. Because of the high electr ical con
ductivity of sodium, there are obvious difficulties associated with producing 
heat in the fuel by electrical means. The high tempera tures and chemical 
activity of sodium may make it difficult to use chemical reactions as a 
source of heat. As a result, it may not be possible to ca r ry out rea l is t ic 
tests on these phenomena out-of-pile. It is only recommended that the pos
sibilities be investigated. 

This short time scale corresponds to the duration of the power 
excursion itself. There is also a need for the same kind of hea t - t ransfer 
information on the somewhat longer time scale (0.1 to 1.0 sec) of the period 
after the power excursion while the mixture of vapors, liquids, and solids 
is violently expanding and in some cases rupturing the reactor vesse l . One 
needs to kno'w the energy partition to determine the destructive capability. 

The problems in simulating the conditions out-of-pile a re similar 
on the longer time scale. The problems of experimental observation are 
somewhat different. On the short time scale, one requires very fast r e 
sponse instrumentation, but is dealing with a quasi-s ta t ic mechanical situa
tion. On the longer time scale, if one actually achieves the tempera tures and 
pressures of interest, observations must be made on a system in violent 
motion. It may be possible to do some experiments in which the fuel is 
heated and melted separate from the sodium, and then the two are rapidly 
and intimately mixed. 

2. Equation of State and Heat Capacity 

Experiments are required to establish the p r e s su re - ene rgy -
volume relationship for fuel mater ia ls and mixtures of fuel, coolant, and 
structure, and also for the mater ia l mixtures surrounding the core. The 
highest priority is for the mixed U-Pu oxide fuels. Data on other mater ia l s 
like the uranium-plutonium carbides, thorium-uranium alloys and compound 
mixtures, plutonium-uranium alloys, various cermets , and mixtures with 
structure and coolant may also eventually be needed. In addition to the 
pressure-energy-volume relationship, the temperature is required to de
termine the Doppler effect and would also be useful for estimating radiative 
heat exchange. If the experimental method determines the conventional 
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PVT equa t ion of s t a t e , it i s i m p o r t a n t to h a v e a s e p a r a t e h e a t - c a p a c i t y d e 
t e r m i n a t i o n to r e l a t e the e n e r g y conten t to t e m p e r a t u r e . F o r the c o r e the 
r a n g e of i n t e r e s t of the v a r i a b l e s i s roughly : 

T: 2000-10 .000°K; 

P ; O-lOO kb; 

V: I-IOOO t i m e s the sol id spec i f ic v o l u m e . 

T e c h n i q u e s have been deve loped for m e a s u r i n g such da ta o v e r p a r t s of t he 
r a n g e s of i n t e r e s t , but the a c c u r a c y is not g e n e r a l l y good enough. Some 
i m p r o v e m e n t s in e x p e r i m e n t a l m e t h o d s a r e n e e d e d . It i s p o s s i b l e tha t s o m e 
of the d a t a can b e t t e r be ob ta ined by i n - p i l e m e a s u r e m e n t s . Appendix C con
t a i n s a c o m p l e t e d i s c u s s i o n of t h e s e p r o b l e m s . 

3. Channe l ing Ef fec t s 

T h e channe l ing effects d i s c u s s e d e a r l i e r m i g h t be s u s c e p t i b l e 
to o u t - o f - p i l e e x p e r i m e n t a l i n v e s t i g a t i o n . One could p e r h a p s u s e exploding 
w i r e t e c h n i q u e s wi th bund les of 0 . 2 5 - i n . - d i a m r o d s in s u b a s s e m b l y g e o m e t r y 
and wi th s o d i u m s i m u l a t e d by w a t e r . A m e a s u r e m e n t of the ax ia l flow of 
w a t e r v e r s u s t i m e would i n d i c a t e the ex ten t of the channe l ing effect , and the 
o n s e t of the R a y l e i g h - T a y l o r i n s t a b i l i t y could p r o b a b l y be d e t e r m i n e d . 
A p o s s i b l e s o u r c e of a m b i g u i t y is the effect of the e l e c t r i c a l f o r c e s , wh ich 
would not e x i s t in the r e a c t o r - a c c i d e n t s i tua t ion . A l i m i t e d i n - p i l e e x p e r i 
m e n t , in wh ich channe l ing was induced but the d a m a g e t h r e s h o l d not c r o s s e d , 
would a l s o be use fu l . 

4 . R e s p o n s e of S t r u c t u r e s to Shocic Waves and the Expand ing 
V a p o r i z e d C o r e M a t e r i a l 

To e v a l u a t e the p r o p a g a t i o n and a t t enua t ion of a shock wave 
t h r o u g h a s t r u c t u r e hav ing the c a p a c i t y of e x e r t i n g s h e a r f o r c e s , in add i t ion 
to c o m p r e s s i v e and t e n s i l e f o r c e s , r e q u i r e s m o r e than a knowledge of the 
i s o t r o p i c P V E equa t ion of s t a t e . T h i s i s f u r t h e r c o m p l i c a t e d if the s t r u c 
t u r e i s not even a x i s y m m e t r i c . or if it c o n s i s t s of l a y e r s of d i f f e ren t m a 
t e r i a l s . E x p e r i m e n t s a r e r e q u i r e d tha t s i m u l a t e the b l anke t , t h e r m a l 
sh i e ld ing , r e a c t o r v e s s e l s , and b io log ica l sh ie ld ing s u r r o u n d i n g a r e a c t o r 
c o r e . T h e y should be of a fundamen ta l n a t u r e to t e s t s a m p l e m o d e l s of 
c o m p l e x a r r a n g e m e n t s . The e x p e r i m e n t s should yield both i n f o r m a t i o n on 
the effect of the shock w a v e s on the m a t e r i a l s and the effect of the m a t e r i a l s 
on the a t t e n u a t i o n of the shock w a v e s . E x p e r i m e n t s a r e a l s o needed to e v a l 
u a t e p o t e n t i a l s o u r c e s of m i s s i l e s in p a r t i c u l a r r e a c t o r d e s i g n s . F a i r l y 
d e t a i l e d m o c k u p s a r e r e q u i r e d . 
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5. Explosive Simulant Studies 

To car ry out meaningful out-of-pile studies on the response of 
structures to shock waves (4 above), we must have explosives or P - P ^ l l ^ " * 
that produce Shockwaves comparable to those expected from reactor ex 
curslons. Similarly, we must have a simulant that produces the P - ^ ^ - ; ^ 
volume relationship expected m the expansion of the liquid-vapor mixture 
of core mater ia ls subsequent to the excursion. Thus, experiments a re 
required to develop explosives that detonate at a prescr ibed P r e s s u r e . To 
obtain the proper pressure-volume relationship probably requi res the de 
velopment of an explosive that has condensable reaction products . The goal 
is not a single explosive but a number of different ones which cover the 
range of interest in ra tes , p r e s su re s , and pressure-vo lume rela t ions . But. 
as mentioned earl ier , the tailoring for specific conditions should await 
further analytical studies. 

F. In-pile Program 

More often than not. available reactor facilities have built-in l imi ta
tions that render them unsuitable for the needs of the fas t - reac tor safety 
program Besides inherent physical l imitations, there can be programmat ic 
and safety limitations. Many of the experiments relating to prompt-c r i t i ca l 
excursions require putting the test reactor on a short exponential period. 
Clearly, if the reactor is being used for other tes ts , they would have to be 
removed during this one. Thus, it is necessary for par t icular excursion 
tests that the reactor must be devoted exclusively to that test . Besides 
asking if the test can be accomplished if the instrumentation and controls 
function properly, it is usually necessary to ask also whether hazardous 
results can occur if the controls malfunction during the test . There a re 
exceptions to this generalization because some useful cr i t ical experiments 
can be done. In addition, the TREAT and PBF reac tors a re designed spe
cifically for transients and might possibly be suitable for some of the super-
prompt-crit ical experiment needs. The experiments are described below 
without a determination of the facilities required to ca r ry them out. 

1. Critical Experiments 

Critical experiments are required to determine cri t ical i ty as 
well as power and reactivity-worth distributions in accident configurations 
involving complications that make calculations impractical or unrel iable . 
Examples of simple cases are situations with internal voids or disconti
nuities, such as zone boundaries, in cores that have been zoned to flatten 
the power distribution. In these simple cases , it may be shown that calcu
lations are adequate and only a few experiments will be required. A more 
complex situation a r i ses if the configuration of interest is not axisymmetr ic 
so that it does not fit an existing computer program. One may then wish to 
do a few experiments to evaluate the feasibility of replacing the real case 
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by an "equivalent" axisymmetr ic model. It is not possible to specify this 
in any more detail, as it is the kind of situation that might a r i se in the eval
uation of a par t icular reactor design rather than in a general reactor safety 
program. 

2. Transient Heat Transfer 

Experiments are required on transient heat t ransfer between 
fuel and coolant. Data a re needed both for very short t imes (10" to 10 sec) 
and longer t imes up to about 0.1 sec, as explained above. For the prompt-
cri t ical excursions, we are interested in fuel temperatures of 2000-10,000 K. 
The experimental problems become more difficult at higher t empera tures , 
because the p r e s s u r e s can be quite high. Quantitative evaluation of the 
amount of heat t ransfer red versus time challenges the available techniques 
in instrumentation and interpretation. The main interest in the heat t ransfer 
is for prediction of p r e s s u r e s . Since the transient p re s su re can probably be 
measured quite accurately, one could tolerate reasonable e r r o r s in the heat-
t ransfer determination. The heat t ransferred and p re s su res achieved will 
depend upon the intimacy in contact between fuel and coolant. Experiments 
a re needed that simulate accidents in which the fuel elements are initially 
intact and others in which the fuel and coolant have been mixed before the 
t ransient . 

3. Motion of Fuel and Sodium as a Result of Fuel Melting and 
Fuel-Coolant Interaction 

This topic has been discussed in Chapter VI. It is pertinent to 
super-prompt-cr i t ica l excursions as one of several possible sources of r e 
activity increase . 

4. Equation of State and Heat Capacity 

A transient facility could be used as a means of generating heat 
in small samples of fuel to raise the temperature to the 2000-10,000°K 
range for studies of heat capacity and equation of state. Only the relatively 
low-pressure part of the equation of state is accessible in small samples, 
as the high p r e s s u r e s require inertial containment, which above about a 
few kilobars is only effective for very short t imes, shorter than the expo
nential periods that can be attained. The techniques involved in obtaining 
quantitative and reliable data have not been developed. 

5. Channeling Effects 

Fuel subassemblies or part ial subassemblies (perhaps 19 pins) 
could be subjected to severe power excursions producing tempera tures in 
excess of 5000°K. The reactor periods required are 10" to 10" sec. Ob
servations would be made on the preferential expulsion of sodium and the 
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onset of the Rayleigh-Taylor instability at the fuel-coolant interfaces, if it 
occurs These experiments a re closely related to those on fuel-coolant 
mixing and heat transfer and might be combined with them. Observations 
with a high-speed neutron hodoscope or the equivalent a re near ly a necessi ty 
for detailed interpretation. A part ial interpretation could be obtained from 
axial sodium flowrate measurements . 

We restate the qualification given ear l ie r that further analysis 
is being conducted to evaluate the need for these channeling exper iments . 

6. Integral Core-destruct Tests 

The need for proof tests of the integral core-des t ruc t type can
not be justified at this t ime. Such tests could provide valuable information 
for confirming the adequacy of the analytical models being developed to 
estimate the magnitude and destructiveness of super -prompt-c r i t i ca l ex
cursions. However, the determination of need for these tes ts should be 
delayed until more information is accumulated from the other experiments 
and the analytical models have been more fully developed. Integral des t ruct 
tests initiated at this time would have a poor chance of proving effective. 
We discuss here some of the benefits and difficulties of such t e s t s . 

None of the other experiments discussed above shed light on the 
effectiveness of the Doppler effect for terminating excursions. It is not 
clear that this is necessary. The Doppler reactivity coefficient can be 
established to sufficient accuracy by calculation and zero-power cri t ical 
experiments. Once it is known, then there is small uncertainty in evaluating 
its effect on an excursion. In addition, the SEFOR program is directed 
toward verifying the effectiveness of the Doppler effect in terminating ex
cursions. '" ' But if further demonstration is needed, the integral proof tes ts 
would provide it and extend the SEFOR resul ts to much higher destruct ive 
temperatures. 

The tests of heat exchange; mixing; equation of state and heat 
capacity; material-displacement feedback, sodium voiding; fuel-coolant 
interaction; mechanical res t ra in ts ; response of surrounding s t ruc tures ; 
buildup, propagation, and dissipation of Shockwaves; and perhaps even 
missile production would be checked simultaneously in total core -des t ruc t 
tests . 

There are several difficulties: 

a. The cost would be exceedingly high, even if some scheme 
is devised for recovering most of the large amount of fuel required. 

b. The hazards would be difficult to cope with, especially 
if it is necessary to use plutonium fuel. 
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c. It would be difficult to extract information on individual 
phenomena from an integral proof test. Thus, if good agreement is obtained 
between predicted and experimental gross behavior, one may be satisfied 
that the individual p rocesses a re well enough understood. But if there a re 
significant differences, it may not be possible to pin down the source of the 
differences. 

d. If there is not good agreement between theory and experi
ment, a large number of tes ts would be required to evaluate reproducibility 
and the influence of small changes in initial conditions. 

If some part icular aspect of the excursion is in question, it may 
be possible to design integral tests which emphasize that aspect and permi t 
specific interpretation of the results in t e rms of individual phenomena thus 
mitigating objection c above. Another alternative, to lessen the cost prob
lem, is to do only integral tes ts in which damage is limited to the fuel e le
ments . This of course also limits the information attainable. 
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CHAPTER VIII 

POSTBURST PHENOMENA 

A. Introduction--Relationship to Reactor Safety 

Following a severe accident, the re lease of radioactivity to the envi
ronment depends on a number of processes that can conveniently be con
sidered under the following headings: 

1. Ultimate containment of core debris 

2. Fission product and plutonium re lease 

3. Sodium fires 

Ultimate containment of core debris is a problem if there is no 
effective way of removing the decay heat following an accident. If the decay 
heat is not removed, the fuel will melt and eventually attack the containment 
structure. If this structure can not dissipate the decay heat adequately, the 
containment can be compromised and radioactive mater ia l re leased. A 
related problem is the possibility of secondary nuclear cr i t ical i ty as the 
core melts and slumps. 

Fission product and plutonium release is not so clearly related to 
core safety, but it is a major topic of plant safety. With the exception of 
such highly specialized questions regarding vented versus nonvented fuel, 
and failed fuel-element detectors, it is unlikely that further work on fission 
product and plutonium release will greatly influence LMFBR core design. 
Largely this is because so much is already known about this topic. On the 
other hand, plant safety and. hence, plant design res t in crucial ways on 
data regarding methods for containing fission products and plutonium which 
may be released from the fuel under normal or nea r -no rma l operating con
ditions. Since much of this data will come from in-pile experiments , we 
treat this topic briefly in this report . 

Sodium fires similarly a re not closely related to core design. Large 
in-pile tests may, however, furnish an opportunity to test models of sodium 
fires in simulated plants. Such fires could be a means of dispersing radio
active material , and also of pressur iz ing the containment, possibly causing 
it to fail. 

B. Analytic Problems and Data Needs 

I. Ultimate Containment 

a. Objectives. If an accident occurs that causes a meltdown 
of a significant fraction of the core, the molten debris must be prevented 
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from melting through the containment and reaching the environment. If 
protection is not provided, the containment b a r r i e r s may be penetrated 
while there are large quantities of fission products and plutonium available 
for d ispersal . The basic approach at present is to design the system to 
maintain the integrity of the pr imary tank (or cell) after the design basis 
accident, and to provide an emergency cooling system that continues to 
operate after the accident. 

b. Current Designs. Several designs have suggested means 
for dealing with the debris from a failed core. The designers of the Bri t ish 
Prototype Fast Reactor have considered placing a receptacle under the core 
region to catch the debris . One method they have considered is to collect 
the debris in a ser ies of t rays . The trays would distribute the debris in 
such a way that it can be cooled by natural convection of the sodium. The 
same approach has been used by GE in their conservative core concept 
under the follow-on studies (Task I report"^) . (The advanced concept that 
GE chose for the reference design, shown in Fig. 1 uses extensive core 
instrumentation to effect a reactor shutdown before widespread core damage 
can occur. As a consequence, engineered safety features such as meltdown 
t rays , containment, and blast shielding are not provided in the advanced 
design.) In the Al des ign , ' " a cooled floor is provided in the bottom of 
the cell (Fig. 2). Other designers have not addressed the problem directly 
in any detail in published repor ts , but have indicated that the problem should 
be considered. 

c. Accident Types Defining Design Problems. To examine the 
problem, we can study the following two extreme types of accidents: 

1) Melting of part of the core due to local loss or flow 
blockage, or par t ia l melting and slumping of the whole core due to loss of 
flow with delayed or par t ia l sc ram. No serious secondary crit icali ty or 
reactivity transient has occurred. The possible core configuration after the 
accident is as shown in Fig. 3a. 

2) Reactivity accident, either following the above or caused 
by other reasons . Pa r t of the core has vaporized and condensed outside the 
original core region. The remainder of the core is molten and left behind. 
Significant damage to the radial blanket has occurred, and vapor explosions 
may have occurred. The possible core configuration after the accident is 
shown in Fig. 3b. 

These two are representat ive of the accidents that might 
be considered in connection with postaccident heat removal and the measures 
needed to provide ultimate containment. 
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Fig. 1. General Electric 1000-MWe Follow-on Study, Concept of Primary Tank (Vertical Section). ANL Neg. No. 113-3184. 
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Fig. 2. Atomics International 1000-MWe Follow-
on Study, Concept of Primary Contain
ment. ANL Neg. No. 113-3180. 

Fig. 3. Slumping Models 

d. Data R e q u i r e m e n t s . Data a r e r e q u i r e d about the b e h a v i o r 
of the c o r e m a t e r i a l s in s o d i u m . If the s y s t e m h a s b e e n d e s i g n e d to m a i n 

ta in the i n t e g r i t y of the p r i m a r y 

PRESSURE , l b / i 

10 

? a b s 

Fig. 4. Experimental Measurements and Theoretical 
Estimates of the Pool-boiling Critical Heat 
Flux for Sodium (Fig. 21 of A.E.R.E. R.5436). 

.3. 

t ank o r ce l l , the m o l t e n c o r e d e b r i s 
shou ld r e m a i n u n d e r the s o d i u m . 
In s o d i u m , a m a x i m u m o f 3 0 0 w / c m 
(see F i g . 4) can b e r e m o v e d f r o m 
a h o r i z o n t a l s u r f a c e in pool bo i l ing 
a t p r e s s u r e s above 1 a t m . Th i s 
m e a n s that s o d i u m boi l ing can m a i n 
ta in a c o n s t a n t t e m p e r a t u r e b o u n d a r y 
condi t ion on fuel p i e c e s of a p p r o x i 
m a t e l y 1000°C. H o w e v e r , if t e m 
p e r a t u r e s in the c e n t e r of a fuel 
m a s s e x c e e d the bo i l ing poin t of 
UOz ( a s s u m e d to be =4000°C), con 
t inua l e r u p t i o n of the m o l t e n m a s s 
a p p e a r s l ike ly . The s i z e of p i e c e s 
tha t m a y be s t a b l e can be e s t i m a t e d . 
The r a d i u s of a s p h e r e hav ing a 
c e n t e r t e m p e r a t u r e of 4000°C c a n 
be e a s i l y c a l c u l a t e d a s s u m i n g an 
a v e r a g e t h e r m a l conduc t iv i ty for 
the fuel of 0.018 w / c m - ° C . R e s u l t s 
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Qg = UNIFORM HEAT GENERATION RATE 

P a 10 G/cm^ 

{ ^ 

hown in F ig . 5 for s p h e r e s i z e s as a funct ion of the d e c a y - h e a t g e n e r -
In the f igure , the d e c a y - h e a t g e n e r a t i o n r a t e i s i n d i c a t e d a s a 

f r a c t i o n of the s t e a d y - s t a t e t h e r m a l 
p o w e r d e n s i t y (150 w / g ) . S i m i l a r 
r e s u l t s a r e sho'wn for a s l a b on a s t e e l 
s u r f a c e in F i g . 6. The s a m e a s s u m p 
t ions a r e u sed , e x c e p t t ha t the l o w e r 
s u r f a c e t e m p e r a t u r e of the s l a b i s a s 
s u m e d to be the s a m e a s the u p p e r s u r 
face t e m p e r a t u r e (a) for s i m p l i c i t y , and 
(b) to a c c o u n t for the fact t h a t s t a i n l e s s 
s t e e l can s t i l l m a i n t a i n s o m e s t r e n g t h a t 
1000°C, which i s not far b e l o w the m e l t i n g 
t e m p e r a t u r e of the s t e e l i t se l f . 

The r e s u l t s of t h e s e c a l c u l a t i o n s 
i n d i c a t e tha t the a c c u m u l a t i o n of l a r g e 
m a s s e s of m o l t e n m a t e r i a l i s not l i ke ly . 
R a t h e r , the m a t e r i a l wi l l b low a p a r t o r 
e r u p t b e c a u s e of i n t e r n a l p r e s s u r e s 
deve loped f r o m high t e m p e r a t u r e s . 
T h e s e c a l c u l a t i o n s do not t ake in to a c 
count i n t e r n a l c i r c u l a t i o n of the m o l t e n 
m a t e r i a l , wh ich would t end to i n c r e a s e 
s i z e s . S table s i z e s would a l s o i n c r e a s e 
wi th t i m e a s the d e c a y h e a t i n g r a t e 
d e c r e a s e s . The d e c a y - h e a t s o u r c e s 

m a y a l so s e p a r a t e f rom the fuel p i e c e s into the coo l an t o r c o v e r g a s . If 
this s e p a r a t i o n is neg lec ted , the m a x i m u m h e a t i n g r a t e in the fuel i s 
cons ide red . 

(0 , ) DECAY HEAT GENERATION. 

Fig 

MAX. SS POWER DENSITY 

5. Stable Sizes of Uniform Spheres 
as a Function of Decay Heat 

If co l l ec t i ons of the p a r t i c l e s f o r m in to a p a c k e d - b e d con 
figurat ion l e s s than ~30 c m in d i a m e t e r or dep th , then c a l c u l a t i o n s i nd i ca t e 
this m a y be a s t ab l e conf igura t ion and the m a t e r i a l w i l l be a d e q u a t e l y 
cooled. These ca l cu l a t i ons show tha t 'with p a r t i c l e s i z e s of the o r d e r of 
I cm (as suming the f r a c t i o n a l coo lan t flow a r e a is 0.35), p a c k e d b e d s wi th 
flow-path lengths of 30 c m could be coo led by n a t u r a l convec t ion . A p a c k e d 
bed 30 cm deep would be cooled if the flow h a d an u n r e s t r i c t e d e n t r y to 
the bot tom of the bed . F o r p i l e s of p a r t i c l e s on a p l a t e (which r e s t r i c t s 
en t ry for coolant flow to the s i d e s of the p i l e ) , the p i le would h a v e to have 
s m a l l e r d i m e n s i o n s , e .g . , 15 c m deep by 30 c m in d i a m e t e r . 

Co l l ec t ions of m a t e r i a l too l a r g e to cool by n a t u r a l con 
vection in a packed bed (or wi th r e s t r i c t e d flow pa th s ) wi l l h e a t up, m e l t 
again, and then e rup t or b low a p a r t when c e n t r a l t e m p e r a t u r e s b e c o m e 
sufficiently high. Dur ing th i s p r o c e s s , v a p o r exp los ions m a y t ake p l a c e . 
This act ion would d i s p e r s e the m a t e r i a l . P i e c e s that fal l b a c k t o g e t h e r 
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in to p i l e s than canno t be coo led wi l l r e m e l t , and the p r o c e s s wi l l be 
repeated. S tud ies a r e n e e d e d of the d y n a m i c d e t a i l s of t h e s e p r o c e s s e s of 

i n t e r n a l c i r c u l a t i o n and e r u p t i o n to get 
Nn Q̂, ,T| a c c u r a t e e s t i m a t e s of t h e r m a l and 
,",°' °' ^ J " m e c h a n i c a l ef fects on the s u r r o u n d i n g s . 

T| B BOILING TEMR NO I700*F 

TmO BOILING TEMP 0 0 ; TOOO'F 

Og . DECAY HEAT GENERATION RATE 

~p » FUEL DENSITY 10 G I C m ' 

Zo = • 
8K[Tn,-T|) 1 

SUPPORT^ l^TEELl :"̂  -

SURFACE HEAT FLUX 

T 
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Fig. 6. Stable Sizes of Uniform Slabs 
as a Function of Decay Heat 

When the c o r e m e l t d o w n is c o n 
s i d e r e d , it is r e a s o n a b l e to a s s u m e tha t 
the p r o b l e m of s e c o n d a r y c r i t i c a l i t y i s 
confined to the c o r e r e g i o n . Once the 
m a t e r i a l h a s fa l len be low the c o r e s u p 
p o r t p l a t e , n a t u r a l or e n g i n e e r e d d i s 
p e r s i o n p r o c e s s e s can fo rce it into a 
l e s s r e a c t i v e f o r m . 

C a l c u l a t i o n s on a fully dens i f i ed 
s p h e r e of 20% PuO2-80% UO2 ind ica t e 
that the c r i t i c a l d i a m e t e r is about 
56 c m (22 in.) and tha t , if the m a t e r i a l 
is in an inf ini te s l a b , i t s t h i c k n e s s m u s t 
be 16 c m (6.3 in.) for c r i t i c a l i t y to o c 
c u r . The p r e v i o u s h e a t - t r a n s f e r c a l 
cu l a t i ons show that t h e s e d i m e n s i o n s 
a r e an o r d e r of m a g n i t u d e l a r g e r than 
t hose of the l a r g e s t p i e c e s tha t the ef
fect of the decay h e a t wi l l a l low to 
c o h e r e . 

e. Des ign Op t ions . If the m o l t e n c o r e m a t e r i a l can b e d i s 
p e r s e d on coo led p l a t e s u n d e r s o d i u m , it can be cooled . If a s e r i e s of t r a y s 
i s u n d e r the c o r e , and the m a t e r i a l i s caught on t h e m , the n a t u r a l d i s p e r s i o n 
m e c h a n i s m s wi l l p r o b a b l y e n s u r e tha t th in l a y e r s a r e f o r m e d . The p r e v i o u s 
s l ab c a l c u l a t i o n s i n d i c a t e tha t the m a x i m u m t h i c k n e s s e s of l a y e r s that w i l l 
not bo i l o r e r u p t a r e b e t w e e n 3 and 5 c m . If the p l a t e m a t e r i a l i s 0 . 6 - c m -
th ick s t e e l , then the t e m p e r a t u r e d r o p t h r o u g h the p l a t e ( m a x i m u m of 290°C 
at full d e c a y hea t ) i s a c c e p t a b l e , and the m a t e r i a l wi l l cool by n a t u r a l con 
v e c t i o n . Such a s e r i e s of t r a y s m u s t be d e s i g n e d a g a i n s t the sudden c o l 
l a p s e of the g r i d p l a t e and the e n t i r e c o r e on top of i t . Th i s can p r o b a b l y 
by done by p l ac ing an open g r i d s t r u c t u r e j u s t above it . 

The m a j o r p r o b l e m s and unknowns for the t r a y s y s t e m a r e : 

1) The i n t e r a c t i o n of c o r e d e b r i s and the t r a y c o n s t r u c 

t ion m a t e r i a l . 

2) The unknown b e h a v i o r of m o l t e n fuel in s o d i u m , which 
cou ld c a u s e v a p o r e x p l o s i o n s in the t r a y s y s t e m with c o n s e q u e n t d a m a g e . 
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3) The lack of protection against mate r ia l dispersed else 

where in the pr imary tank. 

The second possibility is the design of a cooled floor in the 
primary tank or cell. In this case, we must assume that the mate r i a l will 
eventually distribute itself approximately uniformly over the floor, no mat 
ter where it was originally dispersed. The resulting thickness must then 
be less than that which will cause the fuel to vaporize. The resulting heat 
fluxes appear to be within the range of normal engineering pract ice . 

One possibility is to make the steel floor quite thick and 
allow it to melt until quasi-steady-state conditions are reached. This has 
two advantages: 

1) The steel floor is still quite thick while the eruption 
and dispersal processes are taking place, thus providing protection. 

2) The system provides a measure of protection for mate
rials that were initially dispersed elsewhere in the p r imary tank or vessel . 

Another possibility is to provide a high-melting-point 
insulating material above the cooled f loor . ' " This system has the advantage 
of providing time and protection to the cooled floor. In this case, essentially 
all the heat is removed through the pr imary sodium. It should be r emem
bered that 10 min after an excursion the decay heat rate would fall to about 
2.5% of the original reactor power level; thus, either a thick floor or an 
insulating layer provides a significant advantage in time before quasi-steady 
state conditions are reached. Within 3 hr, the rate would be reduced to 1.0%. 

Figure 7 shows the resul t of a t ransient heat - t ransfer cal
culation for the case in which the UO^ is assumed molten and dispersed over 
the bottom of a tank or pr imary cell. A 6-in. layer of insulating mater ia l 
(with the same thermal conductivity as ThOi) is assumed to lay between the 
UO2 and tank surface. A 2-in. layer of debris with the thermal conductivity 
of steel is assumed to cover the surface of the molten fuel. Initially, it is 
assumed that the fuel is at its melting point and the debris is at the melting 
point of steel. 

The results show that if the insulating mater ia l remains 
in place and does not react it provides adequate protection to the steel ves
sel. They also show that after if hr the fuel has resolidified and is slowly 
cooling. 

Some tests of insulating mater ia ls have been conducted."^ 
These tests did not cover ThO^, which might be expected to have some inter
action with the molten fuel. However, these tests do indicate that potential 
insulating materials that are not attacked by the fuel are available. 
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COOLING T = 5 0 0 ° F 

UO^ BOILING POINT 

- UO2 MELTING 
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Fig. 7. Maximum V0„ Temperature as a Function of Time after Meltdown. 
Material assumed uniformly spread over bottom of 35 in. diam vessel. 

The p o t e n t i a l h a z a r d of i n su la t ing m a t e r i a l s is tha t t hey 
wi l l m e l t and float on the top of the fuel, t h e r e b y d e c r e a s i n g h e a t t r a n s f e r 
to the s o d i u m . H o w e v e r , if m a t e r i a l s such as ThOi and Z r 0 2 , which f o r m 
a con t inuous s e r i e s of so l id so lu t i ons wi th the fuel, a r e u s e d , t h i s shou ld 
not be a p r o b l e m . 

Any of the p o s s i b i l i t i e s d i s o u s s e d above , s ing ly or in c o m 
b ina t ion , a p p e a r to be r e a s o n a b l e a p p r o a c h e s to the p r o b l e m of p o s t a c c i 
dent coo l ing . The m a j o r unknown a r e a s a r e : 

1) The i n t e r a c t i o n of the m o l t e n c o r e m a t e r i a l wi th 
p o t e n t i a l s t r u c t u r a l o r i n su l a t i ng m a t e r i a l s . 

2) The b e h a v i o r of m o l t e n fuel in s o d i u m . 

3) The poin t a t wh ich p i e c e s l a r g e r than a c e r t a i n c r i t i 
ca l s i z e r u p t u r e , o r e r u p t , and the n a t u r e of the e r u p t i o n and d i s p e r s a l . 

4) If a f lat f loor i s u s e d , w h e t h e r the m a t e r i a l d i s p e r s e s 
n a t u r a l l y or w h e t h e r t r a y s m u s t be u s e d to e n s u r e d i s t r i b u t i o n . 

5) The d i s t r i b u t i o n of decay hea t s o u r c e s b e t w e e n fuel, 

coo l an t and g a s p h a s e s . 
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119 2. Fission Product and Plutonium Release 

a. Objectives. An understanding of the chemical and thermo
dynamic properties of the fission products, as well as the kinetic p rocesses 
involved in their transport , is required for predicting the re lease ra tes of 
these materials as the result of an accident and also for devising suitable 
control measures . The LMFBR Program Plan has indicated general 
objectives in this area: 

(1) Identify significant fission products according to relative 
hazard, yield, and behavior under accident conditions. 

(2) Determine the mechanisms and ra tes of re lease of fis
sion products and plutonium from the fuel to the coolant. 

(3) Determine the rates of t ransport , deposition, and 
release from the coolant of fission products and plutonium. 

(4) Provide information to predict the distribution of fis
sion products and plutonium within a reactor plant during a hypothetical 
accident. 

b. Current Status. There is a considerable background of 
coordinated research, development, and operating experience from which 
qualitative and semiquantitative predictions of fission-product t ransport in 
LMFBR's have been made. Designs of containment systems and engineered 
safety features have been based largely on these predict ions. Also, many 
of the water-cooled reactor data on and experience with fission-product 
buildup in fuels, high-efficiency air filtration, t reatment of noble gases, and 
other factors are applicable or adaptable to the control of fission products 
in LMFBR's. On the other hand, fission-product t ransport in LMFBR's is 
significantly different, pr imari ly because of the effect of a sodium environ
ment on the physical and chemical behavior of fission products. 

Experimental and theoretical studies on the behavior of 
fission products in sodium are being conducted at Brookhaven National 
Laboratory to provide three types of fundamental data: the thermodynamic 
properties of fission-product-sodium solutions; the extent and rate of 
release of fission products during vaporization of the sodium, and the 
chemical states of fission products vaporized from sodium. Experiments 
on the vaporization of Csl-Na solutions, Nal-Na solutions, and Csl in the 
absence of sodium have been reported by Castleman, Tang, and Mackay.'^° 
Under the conditions of the experiments, including concentrations expected 
in a reactor, Csl was not stable in a sodium environment. Iodine vaporized 
as Nal from sodium while cesium was t ransported as the element. 

Experiments have been performed at Atomics Inter
national'^'"'^^ to evaluate the extent of retention by the sodium, of fission 
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products re leased into high-temperature sodium. Sodium temperatures 
were 260-540°C for in-pile studies and 480-700°C for out-of-pile studies. 
In the in-pile studies, small disks of pre i r radia ted uranium metal were 
melted, and a portion of the fission-product inventory was dispersed in 
molten sodium by a t ransient neutron burst . In the out-of-pile study, fis
sion products were injected by recoil during the preirradiat ion and by dif
fusion during the heating. Data were obtained in both cases by sampling the 
helium cover-gas space above the sodium and relating the fission-product 
activity observed to that measured in the sodium and to the estimated inven
tory of the pre i r rad ia ted fuel. 

When expressed as distribution coefficients, experimental 
resul ts at Atomics International for the re lease of iodine from an equili
br ium sodium system showed some agreement with a theoretical distribution 
coefficient. Experimental resul ts for cesium and strontium showed fairly 
logical distribution coefficients, although theoretical correlat ion for them 
was not yet available. Extensive plating and deposition on surfaces were 
observed. Therefore it was suggested that fission-product retention studies 
should be related to the effects of configuration and plateout. From SRE 
studies and other work at Atomics International, it seems that carbon (and 
perhaps other impurit ies in the sodium) may be important in the depletion 
of fission products circulating in the sodium coolant after re lease from the 
fuel. 

In major accidents postulated for sodium-cooled reac tors , 
t ransport of fission-product aerosols within the secondary containment sys 
tem would undoubtedly be associated to a great extent with the t ransport of 
sodium oxide aerosols . This is also true of uranium and plutonium from 
the fuel. Any major breach of the pr imary coolant-blanket gas system would 
re lease sodium vapor, liquid, or both. The sodium, containing ^*Na, would 
be accompanied by fission products accumulated from failed fuel elements 
or by volatile fission products from vented fuel elements. 

The coagulation of aerosols produced by the vaporization of 
fas t - reactor oxide fuel mater ia l s and sodium is being studies at Atomics 
International '^ ' and at Brookhaven National Laboratory. 

c. Additional Work Needed. Additional research and develop
ment and extensions of present work are needed in the control and contain
ment of fission products and other radioactive mater ia ls in LMFBR plants. 
Examples of a reas that require additional work are the sampling, charac
terization, agglomeration, and filtration of aerosols produced in the com
bustion of sodium containing fission products, activation products, and fuel 
ma te r i a l s ; scale-up of the resul ts of smal l -sca le experiments; studies of 
accident models, fission-product re lease models, and simulation techniques; 
further evaluation of vented fuel elements; investigations of t ransport of 
fission products in the p r imary sodium coolant-blanket gas system; and 
= <;,A^aa nf T-plf.a.'ip n{ fi.ssion products from fuel to coolant and blanket gas. 
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3. Sodium Fires 

a. 
Task Objectives. The objective is an analytical description 

of the release of chemical energy and radioactivity within p r imary and 
secondary containment as a result of a sodium fire. The task (see Task 10-
2.6 of the LMFBR Program Plan) includes experimental and analytical 
study of the two major types of fires. Pool fires can occur if large amounts 
of sodium are discharged to the floor of a reas of the containment or into 
equipment vaults. Spray, or explosive-ejection, fires can occur if a sodium 
spray is released through cracked or broken pipes or if large amounts of 
sodium are ejected as a result of a large rupture. 

Needed are: 

(1) Information required to predict the course and charac
terize the consequences of sodium pool and spray fires. 

(2) An understanding of the formation, settling, and fil
tering characterist ics of sodium oxide aerosols and any associated fission 
products and fuel. 

(3) The basic information required to guide the development 
of consequence-limiting safety systems and techniques for the cleanup of 
fuel, fission product, and sodium aerosols that resul ts from a sodium fire. 

(4) Mathematical models of pool burning, spray burning, 
and aerosols behavior for inclusion in sodium fire codes for analysis of 
hypothetical accidents. 

The scope of the task includes basic studies, out-of-pile 
simulations, and the development of mathematical models of sodium fires. 
The mathematical models are needed for the development of pract ical codes 
for the analysis of hypothetical accidents. The models must describe the 
following: 

(1) The release, t ransport , and disposition of mass and 
energy from sodium-pool fires. 

(2) The p ressure - t ime history of sodium spray and explo
sive ejection fires. 

(3) The formation, par t ic le-s ize distribution, agglomera
tion rate, and settling rate of sodium oxide aerosols formed as a resul t of 
the release of sodium, whether or not accompanied by burning. 

The need is to develop a reliable understanding of the be
havior of sodium fires so that meaningful limits can be placed upon the p r e s 
sure, temperature, and aerosol burdens which might be placed upon the 
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containments and consequence-limiting safety systems. Also needed is 
basic information to guide the development and testing of safety systems 
and cleanup methods. 

b. Current Work. Current work on sodium fires is described 
in Refs. 131-133. Basically, the technique is to initiate a fire in a chamber 
whose atmosphere is carefully controlled. P r e s s u r e and temperature a re 
monitored and atmosphere samples taken to determine the chemical com
position of products and par t ic le-s ize distributions of aerosols . Both ex
plosive initiation (by rapid heating of a sample representing fuel) and pool 
fires have been studied. A prel iminary calculational model is contained in 

C. P rogram of Work 

1. Ultimate Containment 

The approach taken here is to list the problems that need to be 
solved. Associated with each listed problem is a description of the ana
lytical or experimental approach that should be undertaken. The program 
needed to cover the problem adequately is also outlined. 

a. "Molten Core Mass" Containment and Cooling. The design 
of distributing surfaces and cooled vessel walls or floor, and the choice of 
suitable ma te r i a l s , a re major problems. Concepts of design and candidate 
mater ia l s should be sought in both analytical studies on the meltdown prob
lem and in design studies such as the 1000-MWe Follow-on and those a s so 
ciated with F F T F . ^ 

Experimentally, laboratory experiments on a bench scale, 
i .e. , experiments involving gram to kilogram quantities of fuel, should be 
undertaken to examine mater ia ls interactions. The interaction of candidate 
insulating mate r ia l s , such as ZrOz or ThOj, with the UOz-stainless steel 
mix would be examined in these smal l -sca le experiments. These experi 
ments would examine the high-temperature effects that could occur during 
the initial period of a few hours when the fuel mass would be at temperatures 
near or perhaps above melting. 

Large r - sca le experiments could then be performed with 
cooled surfaces, insulated with selected mater ia ls (the selection based on 
the above efforts), to examine the longer- term effects as well as providing 
checks on heat t ransfer and interaction models used in design and analysis . 
Effects such as thermal shock, and s t ructural strength would be examined 
in these tes ts , which probably would be conducted in-pile. 
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b. Secondary Energy Release Associated with Reassembly- -
Analysis of Material Distribution and Criticality. The problem of cr i t ical 
reassembly of the core after the initial meltdown or excursion is another 
major problem. An early analytical effort should be car r ied out with the 
objective of realistically assessing the configuration the fuel might adopt, 
and the possibility of criticality. This should be performed in the f rame
work of an analysis of "real" accident situations. 

In the analytical study, reassembly in the original core 
position would be assessed; e.g., what radial expansion is needed in a pan
cake type core to allow complete collapse to 100% fuel density without 
criticality? 

Such as assessment would also look at various sizes and 
shapes that might collect in lower regions of the vessel or cell. This part 
of the analysis would take account of the possible geometry and disposition 
of debris distribution surfaces below the core. 

These analytical guidance studies would lead to a longer-
range study, developing or making use of computer codes, such as 
CHEMLOC-II that describes fuel movement and core collapse. The approach 
would be to construct codes with arbi t rary pa ramete r s , as has been done 
in the CHEMLOC code, to examine the effects of various models of core 
movement (i.e., fluid, plastic, etc.) on reassembly problems. 

c. Distribution and Behavior of Molten Core Masses in Sodium. 
Initial analyses of core meltdown can be carr ied out by assuming that equi
librium conditions exist or by assuming that the molten mass is a homoge
neous mixture of core mater ia l s . However, it will be necessary to examine 
experimentally the behavior and propert ies of the real mixtures . 

Small-scale experiments should be conducted in which core 
materials (mixed oxide fuel clad in stainless steel) a re melted and held 
at high temperatures for varying periods (up to severa l hours) both in sodium 
vapor and under sodium. In-pile techniques may be needed for the latter 
condition. Such experiments would be performed to identify components, 
the degree of segregation of various components, melting temperatures of 
mixtures, etc. 

Larger-sca le tes ts , probably conducted in-pile, would also 
be needed to examine the character of the cooling process at the "molten 
core mass"/sodium interface. The eruption process (possibly violent) that 
will occur between collected piles or layers of the "molten core m a s s " 
needs to be examined. This process will probably provide a mechanism for 
efficiently cooling the mass during the early stages. It will also provide a 
mechanism for redistributing or spreading out the core mater ia l s on 
available cooling a reas . 
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d. Secondary Energy Releases Associated with Thermal 
Interaction between Molten Core Mass and Sodium. There is a considerable 
effort in the LMFBR program studying the problem of energy re lease from 
molten fuel-sodium interact ions. This is being carr ied out as part of the 
sodium-boiling studies and the in-pile t ransient tests (see Chapters V, VI, 
and VII). The major need in examining the "molten core mass" problem is 
providing for such events in the analytical studies. 

e. Distribution of Decay-heat Sources. During the core mel t 
down, some of the decay-heat sources will separate from the "molten mass . " 
Based on physical and chemical equilibrium considerations and est imates 
of elemental sources and their abundance, a large fraction (>50%) of the 
decay-heat generation could be lost from the molten core mass . Under 
real is t ic conditions, mass - t r ans fe r processes proceed rapidly enough to 
provide a large separation of heat producers from the molten mass , and 
could significantly lower the thermal burden on a cooled surface. 

The decay-heat sources lost from the "mass , " however, 
would then be in the sodium coolant or cover gas. Decay heat sources could 
"plate out" on cooled surfaces of the emergency cooling system, and infor
mation as to the species, the quantities involved, and their behavior would 
be needed for design of these sys tems. 

Initial analytical efforts should involve the identification of 
decay-heat sources from fast fission with mixed-oxide fuels. The analyses 
should consider their chemical and physical state based on known equili
br ium data. The analyses should include an assessment of the separation 
and mass - t r ans fe r p rocesses . 

To provide reasonable data on the mass - t rans fe r p rocesses 
which affect the efficiency of the separation, smal l -scale experiments will 
be needed. These would most likely be conducted in-pile. Typical fuel sam
ples (preirradiated) would be melted in a sodium pool, and the fate of decay 
heat sources examined. 

f. Scaled Integral Tests . As a test of analytical and design 
capabili t ies, it would be necessary to conduct meltdown experiments on a 
la rger scale. An integral test program may be necessary with a single 
assembly or perhaps several subassemblies . Considerable confidence could 
be gained and scale effects could be checked by carrying out an integral 
simulation experiment with a single multipin assembly. 

One approach might be to allow a pre i r radia ted bundle of 
rods to melt down over a pool of sodium in an out-of-pile facility. 
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2. Fission Product and Plutonium Release 

Investigations of fission-product re lease would probably not 
benefit significantly from in-pile studies. Although some TREAT type ex
periments may be useful, out-of-pile experiments should provide most of 
the necessary data: i.e., solubility in coolant over the temperature ranges 
expected (varying from normal operating conditions to the accident situation) 
thermodynamic data and vapor p ressure information for the various fission-
product and fuel species possible under postburst conditions; corrosion 
interaction of dissolved fission products and cladding; interaction of fission 
products in their appropriate condensed phase with containment mater ia ls 
(to help estimate what effects could result from decay heating after plate-
out). In addition to these studies, kinetic investigations are necessary to 
elucidate the mechanism and rates of t ransport of fission products and plu
tonium from the failed fuel to the coolant and from the coolant to the su r 
rounding reactor system. Techniques for control of fission-product and 
plutonium transport and their plateout should be a fertile field for study. 

More experimental efforts in these a reas will be required to 
provide the basic data needed for predicting release rates and for devising 
control measures . However, most of the work necessary can be performed 
out-of-pile, and the large-scale in-pile experiments, which would more 
realistically simulate fuel assemblies , sodium flowrates, and quantities of 
materials released, can be carr ied out as proof tests for the prediction 
methods developed in the out-of-pile studies. 

3. Sodium Fi res 

There will probably not be any substantial need for in-pile work 
on sodium fires, except possibly for proof tests that might best be car r ied 
out in a TREAT type facility. 

Large-scale in-pile tests should furnish an opportunity to 
assess more realistically the possibility of conditions necessary to initiate 
a sodium fire. 

The current program described above, plus the use of in-pile 
tests as proof tests , should resolve this problem area . 
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CHAPTER IX 

INSTRUMENTATION 

A. Introduction 

The in-core instrumentation associated with the LMFBR safety 
program can be divided into two categories: 

1. Instrumentation in support of in-pile safety experiments 

2. Instrumentation for core protective systems 

B. Instrumentation in Support of In-pile Safety Experiments 

The instrumentation and control portion of the LMFBR Program 
Plan adequately descr ibes the s ta te-of- the-ar t and outlines the development 
work that remains to be done for sensors , components, c ircui ts , and sys 
tems in support of the safety program,'^* with the exception of the measu re 
ment of fuel motion. 

As a means of understanding the mechanisms controlling the mag
nitude of nuclear excursions and the reactor kinetic behavior, measurements 
must be made of reactivity, energy, p res su re , temperature , and the propa
gation of damage. The information obtained from these measurements can 
be used to evaluate the effects of thermal expansion, fission-gas re lease , 
and disassembly on the course of an accident. Displacement, strain, and 
accelerat ion measurements can provide information concerning the 
mechanical-energy re lease and the t ransport of radioactive mate r ia l s . 

If the accident extends far enough so that large parts of the core 
melt, the sodium-fuel interaction is a potential source of energy that 
may be comparable to the nuclear source and may contribute to the radio
logical and physical hazard. Experimental measurement procedures must 
be designed to give a knowledge of the relative magnitude of these secondary 
reactions and whether they are important in contributing to the overall 
destructive effect. 

Additional information concerning damage and disassembly can be 
obtained during posttest measurement and cleanup. Reactor components 
and support s t ruc tures can be analyzed in hot cells to determine radiation 
and physical damage. Experimental instrumentation must be checked to 
determine the damage to the detectors and electronic equipment and to 
their supports and protective housings if they are to be salvaged and used 
in additional experiments . Information gained from such efforts can be 
applied to improving future experimental measurements and decontamination 
techniques. 
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In g e n e r a l , the s e n s o r s deve loped in s u p p o r t of sa fe ty e x p e r i m e n t s 
can be used as s e n s o r s for co r e p r o t e c t i v e s y s t e m s , but c o r e p r o t e c t i v e 
s e n s o r s , c a b l e s , and c o n n e c t o r s r e q u i r e add i t i ona l d e v e l o p m e n t to g u a r a n t e e 
accep tab le r e l i ab i l i t y over the r e q u i r e d life of the s e n s o r . A l s o , s e n s o r 
in s t a l l a t ion and r e p l a c e m e n t as p a r t of rou t ine fue l -hand l ing o p e r a t i o n s 
m u s t be cons ide red . 

The p r o g r a m plan inc ludes a c o m p r e h e n s i v e l i s t of r e f e r e n c e s and 
a b ib l iography that document s p r i o r work . T h e r e f o r e , no a t t e m p t h a s b e e n 
m a d e to dupl icate this m a t e r i a l in a l l i t s de t a i l , but a b r i e f r e v i e w of 
TREAT, SEFOR, E B R - I I , and some of the l a t e s t d e v e l o p m e n t s in sa fe ty 
i n s t r u m e n t a t i o n a r e d e s c r i b e d and a r e a s r e q u i r i n g future d e v e l o p m e n t a r e 
ind ica ted . E x p e r i e n c e f rom these f ac i l i t i e s i s c o m p a r e d in t u r n for e a c h 
v a r i a b l e of i n t e r e s t . 

Fol lowing this a r ev i ew is m a d e of p r o b l e m s of t e s t i n g c o r e p r o 
tec t ive s y s t e m s for adequate functioning and r e l i a b i l i t y . 

1. T e m p e r a t u r e M e a s u r e m e n t s 

In the r e p o r t by P o p p e r and Knox,'^^ and in the s t a t e - o f - t h e - a r t 
s tudy, '^ c u r r e n t p r a c t i c e and p r o b l e m s in t h e r m o c o u p l e use a r e s u m m a r i z e d . 

a. TREAT E x p e r i e n c e . T h e r m o c o u p l e s have b e e n r e l i e d upon 
for t e m p e r a t u r e m e a s u r e m e n t s , a l though t h e r e a r e di f f icul t ies in t h e i r u s e . 
B e c a u s e of the s m a l l s ize of typ ica l f a s t - r e a c t o r fuel p in s , d i f f icu l t ies a r i s e , 
for fuel pin i n s t r u m e n t a t i o n , in 

(1) Obtaining good t h e r m a l con tac t wi th fuel. 

(2) Avoiding s e v e r e p e r t u r b a t i o n to fuel power and t e m 
p e r a t u r e d i s t r ibu t ion . 

(3) Obtaining fast t h e r m a l t i m e r e s p o n s e . 

(4) Avoiding i n t e r f e r e n c e with fuel m o t i o n s . 

(5) Handling the f ragi le t h e r m o c o u p l e s deve loped for 
this s e r v i c e . 

(1) Fue l T e m p e r a t u r e . Techn iques w e r e deve loped , in 
co l l abora t ion with Advanced Technology Labora tor ies '^ '^ u n d e r A r g o n n e 
Nat iona l L a b o r a t o r y subcon t r ac t , for ca s t ing a m i n i a t u r e r e f r a c t o r y m e t a l 
t h e r m o c o u p l e into a 0 . 3 6 6 - c m - d i a m E B R - I I fuel pin and then bonding and 
j acke t ing the pin for e x p e r i m e n t a t i o n in TREAT capsu l e or loop The t h e r 
mocoup le c o n s i s t s of a 0 . 1 1 4 - c m - d i a m , t a n t a l u m - s h e a t h e d uni t ,* con ta in ing 

*Other promising sheath materials include tungsten-rhenium and molybdenum-rhenium alloys. 
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0.013-cm-diam tantalum and molybdenum wires that are cast into direct 
contact with the fuel alloy to provide a minimum response time. This 
device has been used in a limited number of experiments on meltdown of 
dry elements , '^ ' as well as in one stagnant sodium capsule experiment, 
and in one sodium loop sample. ' In addition, some interesting results 
were obtained in the stagnant sodium experiments using a O.lO-cm-diam 
stainless s teel-sheathed thermocouple located in the bond sodium between 
the fuel and the cladding, inside a small slot milled along the surface of 
the fuel cylinder. In this position, the thermocouple sheath occupied a 
posit ion--for t ransient heating--roughly analogous to that of the steel 
cladding of the fuel pin. Thus, transient temperature measurements from 
the sheath-grounded junction of this thermocouple provided an "analog" of 
cladding tempera tures . Because of the experimental difficulties in fabri
cating, handling, and assembling into capsules or loops, and (more impor
tant) the fact that these thermocouples are actually undesirable for general 
use because they can interfere with fuel motion, these fuel thermocouples 
were relied upon principally to validate calculations of transient 
t e m p e r a t u r e s . ^ ' ' " ' 

Figures 8 and 9 compare calculated and measured 
central fuel t empera tures for stagnant sodium'^' and flowing sodium. 
Figure 8 gives evidence of thermocouple detection of a fuel specific-heat 
change which can be related to the beginning of the melting range. 

— FUEL CENTER 

FUEL-CLADDING 

INTERFACE 

CALCULATED TEMPERATURES 

MEASURED TEMPERATURES 

TIME, sec. 

-T*'—jlated and Measured Transient Temperatures for Stagnant-sodium 
on EBR-II Pin for Transient 334. ANL Neg. No. 112-2781. 
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— EXPERIMENTAL 

~}CALCULATED 

Fig. 9. Comparison of Calculated and 
Measured Central Fuel Tempera
tures for Mark-I Loop Experiment 
on EBR-II Pin for Transient 743. 
ANL Neg. No. 113-3181. 

p e r t u r b a t i o n of the m a x i m u m 
in a r e l a t e d study p e r f o r m e d 

F i g u r e 10 shows c a l c u l a t e d and 
e x p e r i m e n t a l t e m p e r a t u r e s f r o m the "ana log 
m e a s u r e m e n t " of s o d i u m bond t e m p e r a t u r e s 
in an E B R - I I pin con t a ined in a s t a g n a n t -
s o d i u m capsu l e . ' ' " ' Aga in , a g r e e m e n t i s 
e n c o u r a g i n g , as a b a s i s for g e n e r a l r e l i a n c e 
upon c a l c u l a t i o n s . 

A t t e m p t s have b e e n m a d e to m e a s 
u r e c e n t r a l oxide fuel t e m p e r a t u r e s d u r i n g 
TREAT t r a n s i e n t s . T h e s e have not b e e n 
s u c c e s s f u l . W-5% R e / W - 2 6 % Re t h o r i a -
i n s u l a t e d t h e r m o c o u p l e s , i n s ide 0 . 1 5 - c m -
OD t a n t a l u m s h e a t h s , w e r e i n s e r t e d , s p r i n g -
loaded, into ho l e s in two UO^ t e s t s p e c i m e n s . 
In both c a s e s , the t h e r m o c o u p l e s showed 
unaccep t ab ly s low r e s p o n s e and s e v e r e 

t e m p e r a t u r e s . S i m i l a r r e s u l t s w e r e ob ta ined 
to check the f ea s ib i l i t y of a m e t h o d in which 
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Fig. 10. Comparison of Calculated and Measured Transient Temperatures for Stagnant-sodium Capsule 
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TREAT is used to measure oxide thermal conductivity at high tempera
tures . ' ^ ' An unsuccessful attempt was made to sinter bare tungsten-rhenium 
wires directly into individual UO^ pellets. The wires were sintered in place, 
but were too brit t le to survive careful handling of the pellets. 

A useful technique developed in conjection with Power 
Burs t Facility (PBF) instrumentation is the "fission thermocouple." This 
is a small sphere of oxide fuel with a thin layer of tungsten. This device 
is described more fully in Ref. 142. 

(2) Fuel-cladding Temperature . Cladding thermocouples, 
with each wire welded separately to the cladding to provide minimum 
response time, have been used extensively in the experiments on samples 
contained in an iner t -gas environment. ' '" Couples used successfully in
clude Chromel/Alumel , P t /Pt -10% Rh for higher tempera tures , and W-5% 
Re/W-26% Re for tempera tures up to ~2600°C.'^^''*^ 

(3) Coolant Temperature . Thermocouple measurements 
of t ransient coolant temperatures have been made using s ta in less -s tee l -

sheathed thermocouples of 0.10-cm OD. 
Figure 11 compares thermocouple response at 
the outlet of the test section of a loop experi
ment in which a single active pin was run short 
of failure inside a ring of six dummy pins. 
Although response times as short as~23 msec 
can be calculated for such thermocouples, the 
sheath dimensions are comparable to coolant 
channel dimensions and can produce very 
large perturbation^ in local temperatures for 
the case of stagnant sodium. 

X T" 
CALCULATED VALUES ARE AT TOP 

• OF F U E L , 8 . 0 cm BELOW THE 

THERMOCOUPLE WHICH IS 
AT THE TOP OF THE [•ZI^PtKtuEHJ 

. FUEL SUBASSEMBLY 

T IME AFTER I N I T I A T I O N OF TRANSIENT . 

Fig. 11. Comparisonof Calculated 
and Measured Outlet 
Coolant Temperatures for 
Mark I-Loop Experiment 
on EBR-II Pin for Tran
sient 854. ANL Neg. 
No. 112-7365. 

(4) T e c h n i q u e s Othe r Than 
T h e r m o c o u p l e s . O the r t e c h n i q u e s of m e a s u r i n g 
t e m p e r a t u r e s du r ing T R E A T t r a n s i e n t s have b e e n 
i n v e s t i g a t e d , but have r e c e i v e d l i t t l e u s e in a c t u a l 
sa fe ty e x p e r i m e n t s . T h e s e t e c h n i q u e s inc lude 

i n t e r n a l t e m p e r a t u r e m e a s u r e m e n t s by con t inuous m e a s u r e m e n t of u l t r a 
son i c p u l s e t r a n s i t t i m e s , m e a s u r e m e n t of l oca l s u r f a c e t e m p e r a t u r e s us ing 
a f a s t - r e s p o n s e r e c o r d i n g p y r o m e t e r wi th a t e l epho to l ens a d a p t e r , and 
m e a s u r e m e n t of g e n e r a l s u r f a c e t e m p e r a t u r e s by m e a n s of h i g h - s p e e d 
i n f r a r e d f i lm in con junc t ion wi th con t inuous r e c o r d i n g of t e m p e r a t u r e s t a n d 
a r d s and d e n s i t o m e t e r f i lm r e c o r d i n g . 

SEFOR I n s t r u m e n t e d F u e l A s s e m b l y 

(1) F u e l - c e n t e r l i n e T e m p e r a t u r e s . The f u e l - c e n t e r l i n e 
t e m p e r a t u r e s wi l l be m o n i t o r e d by t h e r m o c o u p l e s having W-5% R e / W - 2 6 % R e 
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thermoelements and sheathing of W-26% Re. Some of the thermocouples 
will use BeO insulators, and the remainder will use ThOj. (High-purity 
hafnium oxide appears to be a promising insulator as well.) Three dif
ferent junction sizes will be used: 

0.356-cm-OD sheath with 0.025-cm wires 
0.l60-cm-OD sheath with 0.013-cm wires 
Bare 0.025-cm wires 

The W-5% Re/W-26% Re thermocouple was selected over W-3% Re/W-25% Re 
because of the availability of a ductile, compensated lead wire that matches 
the emf-versus- temperature character is t ics of W-5% Re/W-26% Re from 
0 to 650°C. The bare-wire thermocouple has approximately a 100-msec 
time response, and the sheathed thermocouples have a response time of 
~3 sec. 

(2) Coolant Temperatures . The coolant thermocouples 
will consist of Chromel/Alumel junctions (0.030-cm-diam wire), MgO 
insulation, and Inconel sheathing (0.157-cm OD and 0.023-cm wall thickness). 
The time constant is less than 0.1 sec. 

c. EBR-II Instrumented Subassembly 

(1) Fuel-centerline Temperatures . The fuel-centerline 
temperatures will be monitored by thermocouples having W-3% Re/W-25% Re 
thermoelements, thoria insulation, and tantalum sheaths.'^^ In-pile exper i 
ence with this type of assembly is limited, but should furnish useful data 
for fuel temperatures below 2400°C. Fuel enrichments will be adjusted to 
achieve centerline temperatures in the range 1800-2400°C. Figure 12a 
shows the proposed method of installing the thermocouples. 

(2) Fuel-cladding Temperatures . The fuel-cladding tem
peratures will be monitored by four 0.1 59-cm-diam thermocouples of 
swaged construction, with Chromel/Alumel thermoelements , alumina 
insulation, and Type 304 stainless steel sheaths. As shown in Fig. 12b, the 
lower portion of each thermocouple will be swaged to a 0.102-cm diameter, 
attached to the wall of, and replacing the spacer wire (above the hot junc
tion) around, each capsule instrumented for fuel-centerline temperature 
measurements. The upper portion of the thermocouples will lead from the 
top of the capsules to junctions with flexible lead wires above the bulkhead. 

(^) Coolant Temperatures . All coolant thermocouples will 
be of swaged construction, with Chromel/Alumel thermoelements , alumina 
insulation, and Type 304 stainless steel sheaths. This type of thermocouple 
has performed reliably in environments s imilar to those of the EBR-II core 
region. 
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Subassembly inlet-coolant temperatures will be moni
tored by a thermocouple of uniform 0.159-cm diameter attached to the lower 
end of the lead conduit in the 19th capsule position. This thermocouple will 
extend up through the conduit to a point above the bulkhead, where it will 
be attached to flexible Chromel/Alumel lead wires . Outlet-coolant tem
perature will be monitored by an identical thermocouple attached to the 
upper end of the conduit. 

Two additional outlet-coolant thermocouples of s imilar 
diameter will be attached to extensions of the two noninstrumented capsules 
and extend up through the gripper adapter and the bulkhead. To achieve a 
fast time response, each thermocouple will be swaged to 0. l02-cm diameter 
at the point of measurement. 

d. Ne\v Development 

(I) Thermoelectric Method. A tempera ture-measur ing 
product that offers the additional feature of locating the position of peak 
temperature along the transducer is offered for special measurement 
problems. The Magic Wire transducers of Continental Sensing, Inc., 
available in 0.15-, 0.20-, and 0.225-cm diameters , can measure tempera
ture in the range 93-1093°C to an accuracy of ±1% of the range. The 
location range is 93-760°C, and only the largest wire has the location 
feature. 

The Magic Wire consists of a thermoelectr ic pair , 
plus a third conductor surrounded by an insulator having a negative tem
perature coefficient, all of which are uniformly compacted into a metallic 
sheath. As the temperature reaches a maximum at some point, the shunt 
impedance is lowered, and an output emf equivalent to the standard mil l i 
volt output at this point is generated. If several nonequal peaks are located 
along the length of the transducer, the output emf will correspond to the 
highest temperature. The third wire is used in an ac bridge to determine 
the location of the peak temperature. 

The time response of temperature measurements using 
this device isnotmuch different from thermocouples of s imilar dimensions 
and materials . The speed of response of the determination of the position of 
peak temperature is not available and should be determined. 

D m Difficulties in using this technique may ar i se fror 
spurious signals induced by the physical (bending), thermal, and radiation 
environments in a reactor. 
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(2) Acoustic Method. An acoustic method of measuring 
high temperatures using the temperature dependence of sound velocity m 
solid sensors has been used in several applications, and is now under 
development for application to fast reactors in measuring fuel, cladding, 
and coolant t empera tures . ' 

The system basically comprises four par ts : a t r an s 
ducer, a lead-in, a sensor, and an electronic instrument. The transducer 
consists of a coil wound around a suitable magnetostrictive wire. The 
coil is pulsed, producing an elastic deformation in the wire. An axial wave 
then propagates along the wire and is reflected according to the mater ia ls 
and geometric configuration of the line. On return to the coil, reflected 
waves generate a signal due to an inverse magnetostrictive effect. A single 
thin wire, "l mm in diameter , occupies less space than any pract ical 
thermocouple pair . 

The time interval between reflections emanating from 
the beginning and end of the sensor is a measure of its average temperature . 
This time interval can be automatically measured and displayed on an 
oscillograph or a commercial ly available device such as the "Panatherm" 
produced by Panamet r ics , Inc. Since extensional and torsional waves propa
gate at velocities proportional to the square root of Young's modulus, E, 
and the modulus of rigidity, G, respectively, it is necessary to consider 
all the possible mechanisms by which the environment may affect these 
moduli. 

Before confidence in this technique is justified, we 
must consider the effect of reactions of sensor mater ia ls with oxide or ca r 
bide fuel mate r ia l s , absorption or rejection of JJoorly bound alloying agents 
such as carbon, nitrogen, or chromium from unstabilized stainless steels 
used as claddings, and the oxygen, carbon, nitrogen, and other dissolved 
impurit ies in the coolant. Radiation effects are estimated to be small . 

Candidates for sensor and lead-in mater ia ls have been 
narrowed to tungsten, rhenium, tantalum, molybdenum, and their alloys 
for high tempera tures and also stainless steel for temperatures below 
870°C. The veloci ty- temperature character is t ics of these mater ia ls deter
mine the accuracy of the temperature measurement in conjunction with the 
sensor length. For example, assuming a time resolution of 0.1 /isec, the 
length of a rhenium sensor required to yield an accuracy of ±1% at 2500'=C 
is 2.5 cm. 

Tests performed with empty prototype cladding of the 
type used in EBR-II fuel demonstrated the feasibility of using the tube it
self as an ultrasonic sensor to measure its own average temperature . The 
effects of the fuel and sodium bond, however, remain to be investigated. 
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Further, the use of the spiral spacing wire as a sensor was also demon
strated for possible use in measuring coolant temperature external to the 
cladding. Sodium immersion tests performed at Argonne National 
Laboratory demonstrated that the ultrasonic thermometer can work in 
sodium. Also, a rhenium sensor was tested at temperatures up to 2760°C. 

This application of ultrasonics shows great promise , 
but much additional development is necessary to realize the potential. The 
time response is about 100 msec, but this can be decreased by using la rger 
sampling frequencies. Problems ar ise from spurious echos due to kinks 
and fastenings. 

Applications in the water - reac tor safety program are 
being studied at Idaho Nuclear Corp. 

2. Determination of Material Position 

a. TREAT Experience 

(1) High-speed Cameras . Extensive use has been made 
of high-speed color film in experiments on samples contained in an inert-
gas environment.''*'''^° Speeds up to 4000 f rames /sec have been used with 
commercial color film with high-speed pitch. (Higher speeds are possible 
with the existing equipment, if black and white film is substituted, but the 
color offers much better contrast and has been the standard.) With the 
optical camera system, it has been possible to observe changes in physical 
shape of the sample, onset of hot spots, condition of the sample at the time 
of failure, timing and modes of failure, and motions in general . For sodium-
bonded pins, unfortunately, the release of bond sodium obscures subsequent 
events. Even in this case, though, the initial velocity of the sodium cloud 
can be measured and related through calculations to es t imates of internal 
gas pressure at the time of failure. 

(2) Fast-neutron Hodoscope. See Appendix B. 

(3) Other Devices. Linear-motion t ransducers , with which 
movements are detected by coupling the sample to a slug inside a differential 
transformer coil, have been used to measure the transient expansion to 
bare fuel cylinders in TREAT.'^' 

An eddy-current device was developed to detect motion 
inside an EBR-II fuel pin by impedance changes in a coil surrounding the 
pin. Because of calibration difficulties (including high sensitivity to fuel 
and sodium resistance changes due to heating), the use was limited to de
tection of the time that the fuel-sodium interface passed through the coil 
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plane of symmetry. A different type of electromagnetic detector has been 
adapted, as par t of the related EBR-II driver fuel TREAT program, for 
actual measurement of the fuel-rod end motion. 

Improvements in the use of eddy-current devices have 
been reported by Idaho Nuclear Corporation in Instrumentation Development 
Branch Annual Report, IDO-17299 (July 1969), pp. 1-6. 

b. New Developments. Because of the opaqueness of the so
dium and s t ruc tura l mate r ia l to visible and near-vis ible electromagnetic 
radiation and the presence of radiation in the X-ray region during reactor 
operation, these portions of the frequency spectrum are not available for 
following mater ia l motion. High-frequency sound waves, however, have 
been applied in development programs at Atomic Power Development 
Associates and Pacific Northwest Laboratory and have shown promise . 

(1) Acoustic Imaging. Acoustic radiation can be used to 
form images in much the same manner as other forms of radiation, sub
ject to the attenuation and scattering propert ies of the transmitting media. 
Two basic types of systems exist. 

In the first, objects are examined by the acoustic 
shadows they cast when in the line of an acoustic beam. This generally 
requires the acoustic receiver to be located apart from the acoustic t r an s 
mit ter ; the mechanical equipment required to align the t ransmit ter and 
rece ivers becomes more complicated, and application presupposes that 
the location and size of the object are known approximately. Such a system 
is limited in application in searching for foreign objects or missing pieces. 
In general , this system will work best when the'specific application is known 
in advance and the system is installed as part of the reactor . 

A second type of device depends on the formation of 
an image from reflected sound waves. It is generally most convenient (but 
not essential) to combine the t ransmit ter and receiver in a single device 
(usually a piezoelectric crystal) , and this has been demonstrated to be 
pract ical . This unitized concept can be operated using the time delay be
tween an outgoing signal and its reflections by displaying intensity versus 
time on an oscilloscope or s imilar device. This mode is called the 
A-scan mode. 

Alternately, the acoust ic-system signal display can 
be given an additional dimension by means of line-by-line scanning in what 
is called the C-scan mode. The intensity can be displayed on a television 
screen using electronic acoustical imaging techniques s imilar to those 
developed for radar or sonar. This mode works best for objects that are 
normal or approximately normal to the beam. By appropriate circui try. 



126 

the signal-to-noise ratio can be improved by: (1) eliminating weak sig
nals corresponding to spurious reflections and (2) controlling the time 
delay to restr ic t the response to signals from a selected distance. 

Limitations inherent in the acoustic techniques are 
the rapid attenuation of the high-frequency signals (up to 10 MHz) neces
sary to produce good resolution. At frequencies of 1 to 3 MHz, beams can 
be transmitted up to 300 cm in 315°C sodium; at 1 0 MHz, the useful range 
is about 30 cm. 

Barring inhomogeneities in the t ransmission through 
the sodium due to turbulence and temperature gradients, the A-scan mode 
appears to have a resolution of a few tenths of a mil l imeter at 30 cm. The 
C-scan mode gives a picture-like reproduction of the object shape, but the 
resolution is not as good as in the A-scan mode. Much additional develop
ment is necessary for the optical imaging of the C-scan signals. 

(2) Acoustic Holography. Recent developments in optics 
and acoustics have merged in a promising technique known as acoustic 
holography, in which the well-known reconstructive-wave fronts technique 
of optics is extended to acoustics. This two-stage process first produces 
the recorded diffraction pattern of an object i rradiated by sound waves 
and biased by a coherent reference wave. This record is hereafter referred 
to as an acoustic hologram. A realist ic three-dimensional visual image 
can be created by interrogating the acoustic hologram with a suitable 
coherent light source. 

The resolution of a holographic system is comparable 
to the resolution of a conventional system, except where turbulence or tur
bidity are present; then the holographic method resul ts in bet ter resolution. 
If an object is diffusely reflecting and can be considered an assembly of 
unresolved scattering points, the signal-to-noise ratio is independent of 
the area of the hologram. The increase in size does, however, increase 
the resolution of the individual sca t t e re r s . 

Prel iminary experiments on the application of acous
tic holography to liquid-metal systems show definite promise of successful 
viewing of objects in a liquid-metal medium with external equipment only . ' " 
Acoustic shear-wave generation in the liquid-metal surface is the principal 
difficulty. Acoustic waves used in holography are longitudinal. At an 
interface, shear waves are generated that travel along the interface and, 
m turn, generate other longitudinal waves. The receiver has no way of dif
ferentiating between desired and undesired longitudinal waves. Conse
quently, the image may be distorted. 
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The potential advantages of acoustical holography for 
studies in a safety test facility are its simplicity, enormous depth and angu
lar field of view, insensitivity to turbulence or turbidity of the medium, and 
the reconstruction of the image in three-dimensional form. Additional de
velopment is required to establish the full potential of holographic sys tems. 

3. Flowmeters 

a. TREAT Experience. Electromagnetic flowmeters have 
been used routinely in TREAT loop exper iments . " Their response is 
essentially limited by that of the recording oscillographs used for t ran
sient data (-3000 Hz, or higher, depending on the galvanometers). In ad
dition, during a severe loop meltdown with seven EBR-II pins, the loop 
flowmeter apparently measured the flow of molten uranium accurately. 

b. SEFOR Instrumented Fuel Assembly. A magnetic flow
meter , mounted on the bottom of the instrumented fuel assembly, consists 
of an Alnico VI cylindrical magnet canned on the inside and outside with 
0.051-cm-thick stainless steel tubes. The meter has an overall length of 
17.8 cm and an OD of 4.67 cm. The ID of the test model was 3.05 cm, but 
other throat sizes a re used to conform with the orificing pattern across 
the core radius . The design flow rate is from 0.8 to 4.5 l i t e r s / s e c . The 
meter was tested in a sodium flow loop at temperatures up to 540°C. At 
6.5 l i t e r s / s e c , the meter generated a signal of 12.5 mV. The measured 
strength of the magnet was 648 G. 

c. EBR-II Instrumented Subassembly. A permanent-magnet 
(PM) type flowmeter has been selected to sense coolant flowrates in the 
prototype subassembly. This selection was bas'ed upon successful opera
tion of a s imi lar unit for over 2000 hr up to 540°C.'^^' '" 

The following design cr i te r ia have been established: 

Geometry Hexagonal 

Distance across flats, cm 11.15 

Overall length, cm 59.28 

Flow-conduit ID, cm 4.03 

Maximum flowrate, l i t e r s / s ec 3.8 

P r e s s u r e drop at max. flowrate, atm 0.6 

Integral extension lead wire 

Wire size 24 AWG 

Wire length, cm 208 

Sheath diameter , cm 0.318 
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The magnetic circuit provides a fairly uniform field within 
the flow conduit and minimizes end effects. As shown in Fig. 13, the mag
netic field is produced by Alnico-5 magnets operating in paral le l . The pole 
pieces are fully annealed soft iron. The electrodes and the extension lead 
wires are fabricated of Type 304 stainless steel to minimize thermoelectr ic 
and thermal-expansion effects; they are insulated with high-purity alumina. 
It is planned to backfill the flowmeter with helium (through the evacuation 
tube) to prevent initial corrosion of the pole pieces and magnets, and to 
provide a medium for removal of gamma heat generated in these components. 

Operation of a PM flowmeter is s imilar , in principle, to 
that of a dc generator. As the conducting liquid (sodium) flows through a 
tube positioned in a stable magnetic field, a potential is developed ac ross 
the tube and at right angles to the field. This potential is proportional to 
the volumetric flowrate of the liquid and the magnetic-flux density. Based 
upon the expected magnetic-flux density and the conduit ID, a sensitivity of 
5.15 mV-sec/ l i te r is anticipated at a sodium temperature of 430°C, or 
about 19.5 mV output at the maximum flowrate (3.8 l i t e r s / sec ) . 

4. P ressure Measurements 

a. TREAT Experience. P res su re t ransducers exposed to the 
high transient radiation fields in TREAT show response to both reactor 
power and integrated power.'^ Power sensitivity has been essentially 
eliminated by use of certain variable-reluctance t ransducers or by means 
of a balancing circuit. For the miniature strain-gauge units used, signals 
proportional to integrated power have been as high as ^15% of full scale. 
(This sensitivity appears as a smooth "zero change" and has been tolerated.) 
A variable-reluctance unit has greatly decreased sensitivity to integrated 
power. Because of the relatively high dynamic range predicted to be neces
sary for ceramic experiments in which pin failure may be followed by rapid 
thermal mixing between coolant and fuel at around 2500°C, these t ransducers 
have been adapted for service in advanced TREAT integral l oops . ' " They 
are similar to the transducers selected in an independent study as most 
suitable for the SNAPTRAN-2 transient p ressure measurements. '^^' '^^ 

Use of strain-gauge t ransducers for TREAT sodium loops, 
similar to those used to measure internal fuel-rod p re s su re in SNAPTRAN 
Test 1, ^ required development of special techniques for coupling the in
struments to the loops. ' '" Data have been reported from tests performed 
on the frequency response of these t ransducer ins ta l la t ions . ' " Included 
were shock-tube studies on response of individual t ransducers and com
plete NaK-filled transducer coupling subassemblies and also studies on 
response of the t ransducer-subassembly-loop system (for Mark-I integral 
TREAT loops). The principal problem disclosed by these latter tests was 
the strong influence of loop design on effective response of the 
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instrumentation. Although the transducers did not pick up e lect r ical signals 
from the loop power leads, they did respond to the true 120-Hz p re s su re 
ripple resulting from operation of the Mark-I loop electromagnetic pump 
on 60-Hz alternating current. Recent tests have shown the feasibility of 
extending these techniques to measure internal gas p ressu re inside individ
ual fuel pins,"^ although further miniaturization was required, and the 
response characteris t ics of each new installation design must be examined 
carefully. 

b. EBR-II Instrumented Subassembly. Fiss ion-gas p r e s su re s 
will be measured by a null-balance type p ressure - t r ansducer system in
stalled above the gas space in each fuel-bearing capsule. This sys 
tem uses a reference gas for signal output, which may be read directly 
on a gauge or, via a strain-gauge pressure t ransducer , on a millivolt r e 
corder. 

As shown in Fig. 12b, each transducer consists of two 
vertical bellows, the inner ends of which are coupled to a thick-walled 
disc; the outer ends are welded to the capsule wall. The reference-gas 
pressure is controlled by signals generated upon contact between the 
coupling disc and a sheathed two-wire lead 0.0064 cm above the disc. This 
lead runs coaxially with the reference-gas supply line up through the bulk
head and into the dry well. Here the lead and the supply line are separated 
by a connector fitting. 

In operation, the fission-gas p ressure forces the coupling 
disc up to contact the lead and complete the electr ical circuit. This c i r 
cuit energizes a solenoid valve in the reference-gas supply line, which 
allows the gas in the bellows to pressur ize (about 0.017 atm higher than 
the fission-gas pressure) , force the coupling disc down, and open the c i r 
cuit. At this point, the valve is deenergized to complete the cycle. 

The coupling disc is coated with gold to reduce possible 
oxidation and enhance electrical contact with the lead wire. If of interest 
to the experiment, the two-wire lead may be used as a thermocouple to 
measure the temperature at contact. 

5- Data Acquisition and Processing System 

During a long-duration test, instruments of high-frequency 
response can generate a great deal of data which contain little information. 
On the other hand, such instruments must be capable of recording at any 
time so as not to miss the important events. Moreover, it is usually 
necessary to know the output level just bef6re the crucial events in order 
to calibrate the output properly. Finally, some continuous signal is 
desirable to provide an indication of instrument drift or malfunction. A 
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variety of methods exist to resolve this problem using commercial ly avail
able equipment such as fm magnetic-tape recorders , mult iplexers, analog-
to-digital conver ters , digital-tape r eco rde r s , disc files, and a general-
purpose digital computer with a fast-core memory. The final configuration 
of the data acquisition and processing system will be determined by the 
number of data channels and the required time resolution for each channel. 
In general , no special R&D is required for component hardware, but the 
specification of the system configuration and the associated software must 
be developed. 

C. Instrumentation for Core Protective Safety Systems 

Because not enough is known about the mechanisms and dynamics 
of fas t - reac tor accidents, the margins of safety have not been well defined. 
As a consequence, a conservative approach has been used in providing 
safe designs and safety sys tems. 

The systems safety analyses of reference design concepts, using 
assumed accident initiating conditions, will lead to the specification of the 
functional requirements for the core protective safety sys tems. 

In addition to the functional performance of a safety system, the 
reliability of the system is equally important, and from an economic 
standpoint, false safety-system actuation must be considered in te rms of 
plant availability. Thus a safety-system test program must consider 
the following: 

1. Functional performance ^ 

2. Reliability 

3. Availability 

1. Functional Performance 

To demonstrate the adequacy of the accident analysis and the 
performance of the safety system, the system must be tested under speci
fied accident-initiating conditions and the plant performance must be 
experimentally measured to verify the achievement of satisfactory safety 
marg ins . 

The satisfactory performance of a single test will not in itself 
yield 100% confidence that each test in a ser ies would yield satisfactory 
resu l t s . The resul ts of an individual test are completely dependent on the 
state of the plant at the time an accident is initiated and on the chain of 
events occurring from initiation to termination. Thus the performance of 
a safety system should be determined experimentally under accident 
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conditions that are as realist ic as possible. The level of confidence to be 
associated with a ser ies of tests will be determined by applying stat is t ical 
methods to the experimental resul ts . Testing will also determine whether 
an accident could prevent successful operation of the safety system through 
some consequential effect which had not been included in the original 
analysis. 

2. Reliability and Availability 

Reliability is defined as "the probability that a system will 
perform satisfactorily for at least a given period of time w^hen used under 
stated conditions," and availability is defined as "the probability that a 
system is operating satisfactorily at any point in time when used under 
stated conditions." The functional performance of a safety system can be 
experimentally verified if a ser ies of tests to explore all anticipated ac
cident conditions and event sequences can be made in a period of time 
that is short compared to the anticipated life of a plant, i.e., experimental 
time of one month or one year as compared to an anticipated plant life 
of 20 or 40 years. Thus, an experimental program designed to establish 
functional performance will verify system reliability only in the early 
life of a plant. It is extremely important that the reliability of a safety 
system be numerically evaluated for the entire life of a plant. 

Reliability analysis has been successfully applied to mil i tary 
systems. " The success achieved with the complex multicomponent m i s 
sile systems prompted the application of reliability analysis to nuclear-
reactor systems. 

The latest application of reliability theory to a nuclear - reac tor 
system is the fault-tree analysis of the Power Burst Facility (PBF) rod-
drive system. Fault- tree analysis provides a systematic procedure to 
identify and record the various combinations of component states or events 
that can result in the occurrence of a predefined system state or event. 
The PBF analysis indicated that the probability that four rods would be 
withdrawn from core at an excessive velocity and fail to stop at the posi
tion crossover point was 0.041, which indicates that a reactivity accident 
IS well within the bounds of credibility. As the result of this analysis, a 
velocity-limiting device was recommended to be incorporated into the 
final system design with an expected reduction of several orders of mag
nitude in the probability of a reactivity incident. 

A preliminary reliability analysis of the F F T F safety circuits 
was based on a conceptual version of the des ign . ' ' ' The analysis, using 
two-out^-of-three redundancy, showed a fail-to-unsafe probability of 
26 X 10^ , a reliability of 0.999974 for an operating time of 1000 hr, or a 
probability of failure in 20 years of 4.5 x IQ-'. Similarly, the analysis 
revealed a reactor unavailability due to spurious tripping of 0.134 hr per 
1000 hr. 
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To simplify the reliability analysis, the following assumptions 
are generally employed: 

a. Components are operating in their useful life phase where 
the failure rate is constant and the distributions of time between failures 
can be expressed by exponential distributions. 

b. Component failure rates are estimated using published 
data for s imi lar equipment. 

c. Component failures are independent. 

d. Testing and repai rs have neither altered the original design, 
nor added new faults. 

3. Experimental Verification of System Reliability and Availability 

Without recourse to a mathematical model of a system, demon
stration of compliance with a 10"^ probability of failure for a reactor p ro
tection system would be a formidable task."° If the concept of a confidence 
limit is used, the system failure rate can be obtained by 

znT 

where 

n = total number of units in service, 

T = total time the equipment has been in service, 

a = confidence limit on the parameter X , 

X = failure rate of the unit, 

r = total number of failures. 

and 

X\T+2 a = chi-square distribution evaluated at 2r -I- 2 degrees 
of freedom at the a confidence limit 

If the safety system is assumed to be operating in its useful 
life range and is tested periodically to confirm that it is operable, then the 
average reliability is given by 

R = 1 - ^ , A.T « 1, 
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where 

T = test interval. 

If it is also assumed that a test interval of 8 hr is used, then 

R = 10-^ 

r = 0 (no failure), 

n = 1 (single system), 

T = 8 hr, 

and 

a = 0.95 (95% confidence). 

Solving the reliability equation for X gives 

X = 0.25 X 10"^ fai lures/hr , 

and solving the chi-square equation for T results in 

T = 1.2 X lO'' hr (137 yr) . 

Thus, the system would have to be operated for 137 yr with no failures. 
(Note that the product nT enters the equation for \, not n or T separately. 
This product is sometimes known as "system hours".) 

As indicated by the preceding example, the experimental ver i 
fication of system reliabilities of the order of 0.99999 is exceedingly dif
ficult, unless the number of systems tested is increased. At best, data on 
the experimental failure rate, failure mode, and failure distributions for 
individual components can be accumulated and used to modify the assumed 
probability models. 

The only practical means to obtain some measure of the re l i 
ability of a highly reliable, complex system is by mathematical modeling. 
The design of such systems should, therefore, enable the justification of 
the basic assumptions underlying presently available mathematical modeling 
techniques (constant failure ra tes , independent component failures, etc.). 

With these qualifications, a core-protect ive safety system can 
be experimentally tested to verify functional performance. Tests conducted 
on less than full-size cores, however, mugt be analyzed correct ly in order 
to extrapolate and predict the functional performance of s imilar systems on 
ull-size cores. Thus, operation of a demonstration plant will yield valuable 
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information on the reliability of fuel and coolant thermocouples. But the 
information on the reliability of fission-gas and boiling detectors will be 
much less . If a three- level safety scheme (see the LMFBR Program Plan, 
Vol. 10, pp. 10-34) is to become effective, the desired reliability objectives 
must be quantified and the operational schemes for demonstration plants 
and in-core safety experiments reviewed to see if routine testing in such 
facilities is adequate. If not, an improved testing schedule will need to 
be devised. 

D. Conclusions 

Although the sensors developed in support of safety experiments can 
be used as sensors for core protective systems, core protective sensors , 
cables, and connectors require additional development to guarantee accepta
ble reliability over the required life of the sensor. Also, sensor and cable 
installation and removal as part of routine fuel-handling operations must 
be considered. 

The current state of instrument development includes some effort 
on thermocouple design for use with fuel pins. There is a need for develop
ment of small thermocouples for surface- temperature measurements and 
for reliable means of getting coolant temperatures in the channel without 
perturbing channel flow. This may be possible by using acoustic probes, 
and such probes may also be useful for local void detection. Continued 
effort is required in this direction. 

Flow measurements appear satisfactory, although difficulties are 
caused by high t e m p e r a t u r e s . ' " ' ' ^ * Effort shou^dbe continued to reduce 
these difficulties. 

P r e s s u r e and strain measurements require correction for back
ground effects."^'" ' ' ' In long-duration tests such corrections may become 
substantial; a continued investigation of the problems involved here is 
indicated. 

The details of fuel motion present the biggest single problem of 
observation. For la rger sodium-cooled systems, an alternate approach 
to the neutron hodograph is acoustic holography. Work in this field is 
proceeding at a low level and seems to be aimed at static rather than 
dynamic techniques. A careful evaluation of this technique and its poten
tial for dynamic observations is needed; if such an evaluation shows that 
acoustic holography can be as useful as it appears, an increased effort is 
required for its development. 

If a fast-neutron hodoscope is to be used in an in-pile test pro
gram, special conditions must be met in the facility design. These are 
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discussed in Appendix B; chief among them is a slot through the core. Thus 
there is an incentive to seek viable alternatives including in-core ins t ru
ments which might be destroyed during an experiment. Such al ternat ives 
are being sought during these studies, but to this date there are no promising 
approaches other than the acoustic method. 
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CHAPTER X 

SUMMARY REVIEW 

A. Introduction 

In this chapter we summarize and review the work presented in the 
main body of this report, concentrating on that not requiring large experi 
mental installations. 

The various areas of studies refer to the description of the processes 
in fast-reactor accidents in terms of basic phenomenology. The phenomeno
logical areas are related by thermal and mechanical effects and the neutron 
field of the reactor. The phenomenological descriptions represent different 
aspects of the accident occurring at very nearly the same time. It is the 
thesis of Chapter II (1) that such accidents can be satisfactorily analyzed, 
provided one has an understanding of the phenomena that are important, and 
(2) that phenomena are classified as important if they control the limits of 
damage. Such a thesis requires a statement of what is meant by "satisfac
torily analyzed." 

The field of accident analysis is diverse enough so that no universal 
statement of what constitutes satisfactory analysis can be made that is not 
empty. But if we res t r ic t ourselves to core- re la ted accidents and, in par
ticular, to serious accidents, we can come to the following conclusion: 
Satisfactory analysis of an accident consists of an analysis based either on 
first principles or on firmly established empirical data that uniquely relate 
the upper limits and, if possible, the lower limits of the damage caused by 
a sequence of events to the design parameters of the system. 

Such a definition emphasizes the role of safety analysis in deter
mining the basic design of the reactor system. A program of reactor-safety 
research will not, by itself, perform such an analysis. The aim of reactor-
safety research is to furnish the methods and the data whereby the analysis 
can be made. 

We now review each area of study discussed in the preceding chap
ters to establish the main areas of research needed to fulfill this objective 
of an LMFBR safety program. 

B. Sodium Boiling 

The existing program of work in sodium heat transfer shows con
siderable promise and has already answered many questions. By and large, 
the program of work is an out-of-pile program similar to that car r ied on 
with many working fluids. Considerable attention has been paid to the use 
ot simulant fluids because of the difficulty of working with sodium. The 
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areas of study are familiar to those who have worked in reactor-coolant 
dynamics and are : nucleation and two-phase flow; heat t ransfer under con
ditions of varying power and constant flow and correspondingly, constant 
power and varying flow; local flow blockages. This list has to do with be
havior when coolant channels remain intact. An important problem, par 
t icularly in conjunction with local flow blockages is the appropriate 
description of c ross flow. The main point is that up to this level of de
scription the topics are familar even though the working mater ia l and the 
heat fluxes may not be. An important problem susceptible to both analysis 
and empir ica l verification is the determination of scale effects, part icularly 
in multichannel flows. The reason is that since it is desirable to verify that 
the presence of radiation and other components of the in-pile environment 
do not substantially al ter the conclusions based on an out-of-pile program 
of research , the knowledge of scaling laws will permit the use of smal l -
scale in-pile experiments , which are eas ier and cheaper to perform than 
full-scale t es t s . 

On the borderline of traditional heat- transfer studies and studies 
peculiar to LMFBR safety is the behavior of coolant when the flow channels 
become very hot and massive amounts of coolant are expelled. The expelled 
coolant condenses in the upper plenum and then flows back into the hot chan
nel. This is a problem of high priori ty in the analysis of the initial events 
in an accident sequence. Here we are no longer studying boiling and expul
sion as separate phenomena. On reentry, violent boiling may be produced 
by interaction of molten fuel with coolant. On the other hand, bulk boiling 
may be avoided by a process wherein small amounts of coolant are vaporized 
and the vapor p ressu re prevents the reentry of large amounts of liquid 
coolant into the hot channel and interaction with molten fuel. 

Definitive experiments on this problem will probably have to be 
conducted in-pile because of the difficulty of generating heat in molten fuel. 
Coupling of the heat source with the driver seems to be possible in this 
case only through the neutron field. If an in-pile program is to be infor
mative and of utility to accident analysis, it should be designed to test 
the effects of important pa rame te r s . Thus, it is desirable at an early 
stage to have some analysis of this problem, even though it may be a very 
crude one, to indicate which of the design variables are most important. 

C. Fuel-pin Failure and Failure Propagation 

Fai lure of the coolant flow is by no means the only cause of fuel-
pin failure, but whatever the cause, the most important single safety ques
tion about fuel-pin failure is that of propagation. That is, under what 
conditions can the failure of one pin precipitate the failure of others and 
set up a chain reaction affecting so many of the pins in a subassembly that 
the subassembly has to be replaced? Moreover, how long can operation of 
fuel proceed before the risk of propagation becomes important? These 
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questions are so important because single pins will probably fail frequently, 
but the need to replace a whole subassembly with the same frequency would 
be unacceptable. In addition, any possibility of the damage spreading beyond 
the subassembly would be very undesirable. The questions of fuel failure 
are also important for many reasons other than reactor safety, and these 
have been discussed in both Chapters II and IV. 

Basically, cladding failure is the main limit on the irradiation life 
of the fuel. There is inevitable economic p ressu re to extend this limit and 
improve the fuel, and our ability to do so depends on understanding the 
mechanisms that cause it to fail. The problem of fuel failure, as well as 
the consequent problem of propagation of the failure, is likely to be with 
us whenever design changes are contemplated. 

An understanding of fuel-pin behavior and failure requires both basic 
studies of the individual mechanisms at work and empirical data derived 
from experiments that simulate the situation of interest . In addition, reactor 
operating experience can provide some information. 

Consider first analytical problems, or basic studies. These include: 
codification of information on the behavior of oxide fuel with respect to 
cracking, swelling, creep, and fission-product gas release under normal 
operating conditions. This is required for proper specification of experi
ments. Codification of similar data for cladding behavior is also required, 
although the metallurgy of cladding materials at normal temperatures is 
probably well understood. On the other hand, the behavior of cladding at 
elevated temperatures under neutron irradiation is very imperfectly under
stood at present, and the swelling behavior of stainless steel under high 
fluence presents a major design and consequently safety problem at this 
time. As with most such problems, we expect that ways to design around 
it will appear in time, but basic analysis, as well as tes ts , are needed to 
elucidate this problem. 

Work on pin behavior after failure, the behavior of the re leased 
gas, and the behavior of the released fuel is almost certainly largely 
empirical until some sizable body of relevant information has been accumu
lated. Any tests in these areas would be mainly in-pile, although out-of-
pile tests on the behavior of gas and vapor in the coolant s t ream between 
clusters containing various numbers of pins are currently planned. 

D. Vapor Explosions 

Although there exists a fair amount of empirical information on the 
interaction of liquid metals and water and some data on other molten mate
rial interactions with cold liquids, there is no analytical framework against 
Which a program of research related to LMFBR safety can be planned. The 
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absence of such a framework is a major deficiency at this time because the 
use of fuel of high heat content and high working temperature , such as the 
oxide or carbide, implies that the interaction of molten fuel with coolant 
must be carefully considered in analyzing the consequences of an accident. 
The interaction between the molten fuel and the coolant could play the major 
role in determining the consequences of such an accident, and, in part icular , 
in determining whether a sequence of events becomes autocatalytic. 

There are approximately three areas in which the molten fuel-
coolant interaction is most significant. 

F i r s t , in the case of fuel-pin failure, the interaction of molten fuel 
expelled from a single pin with the surrounding coolant conceivably could 
give r i se to sufficient p ressu re to deform neighboring pins and cause their 
failure. Should these pins in turn release molten fuel into the coolant the 
failure could become autocatalytic. 

Second, if coolant should be lost from the major part of a single sub
assembly, coolant vapor may condense in the upper plenum, allowing liquid 
coolant to reenter the subassembly to come into contact with molten fuel, 
giving r ise to a p re s su re wave which could conceivably damage a number 
of neighboring subassemblies , possibly deform control-rod channels, and 
thereby set the stage for further serious consequences. 

Third, should there be an accident involving collapse of a major 
portion of the core, the residual energy in the collapsed core is sufficient 
to vaporize a substantial portion of the sodium coolant. This high p r e s 
sure and temperature vapor could do considerable work and hence damage 
before the vapor condenses. 

In concept, the interaction process is divisible into these portions: 

F i rs t , there is the process of fragmentation whereby the hot mate 
rial has its surface a rea multiplied very rapidly. The fragmentation and 
dispersion of the hot mater ia l are perhaps the key factor in determining 
the total heat - t ransfer ra te . On the other hand, the phenomena that deter
mine the ra tes of fragmentation and dispersion may be remarkably dif
ferent in, for example, the three areas cited above. 

The second major process is the process of heat transfer from the 
hot fluid itself to the working fluid. 

Finally, the third important factor determining the outcome of a 
vapor explosion is the time available for energy transfer before boundary 
effects give r ise to p re s su re relief. 
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An intensive effort is being made to investigate these phenomena 
both in-pile andout-of-pile. The wide variety of circumstances under 
which the molten fuel-coolant interaction can occur implies, however, 
that substantial analytical guidance is required to avoid an extremely m a s 
sive empirical program. An additional need, just as with sodium-boiling 
experiments, is for analytical guidance on the importance of scale effects. 
Here such guidance is even more important then in the sodium-boiling 
studies because major reliance for basic empirical data must be placed 
on in-pile tests. Establishing a firm foundation for such data requires 
the knowledge that the size of the tests did not incorrectly perturb the data 
observed. 

E. Motion ofMolten Fuel 

A complex situation ar ises when there is la rge-scale movement or 
melting of fuel and large-scale coolant motion on a rapid time scale, as in 
a serious accident. We then can avail ourselves, in principle, of accurate 
analytical methods to describe the coupling to the neutron field and thus 
get an estimate of the energy production during an accident. The real 
question is not, therefore, the analytical framework, as in some of the 
previous cases, but how the fuel and coolant move. Because of the wide 
variety of competing forces, the answer is not straightforward and is likely 
to be resolved only by an intensive program of in-pile research involving 
sophisticated instruments such as the fast-neutron hodoscope. As in all 
such cases, accurate estimation of scale effects is required to get the 
most out of the experimental program. 

As the experimental program develops more of the details of how 
fuel and coolant move in various typical situations, it may be possible to 
develop design principles that will minimize the consequences of la rge-
scale movement or melting of fuel. 

The work involved in this program is largely technical. A fruitful 
field for investigation is the program of development of adequate instru
ments for observing the fuel and the coolant. Some of these problems are 
discussed in Chapter IX and Appendixes A and B. Fundamentally what is 
needed is a way of taking high-speed motion pictures through sodium and 
through massive amounts of steel. 

Small-scale out-of-pile experiments may be of use in elucidating 
some of the competing mechanisms at work in this complex situation. The 
utility of such experiments is by no means clear, but with careful analysis 
they might provide some help in understanding the problem and in guiding 
or interpreting in-pile tests . . 
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F. Severe Excursions 

The mode of analysis of excursions involving reactivit ies above 
prompt cr i t ical , while complex, is at least in principle reasonably well 
determined, and, if there is extensive work to be done in making such cal
culations straightforward, the program of work is c lear-cut and the dif
ficulties come not in discerning the framework but in filling in the pieces. 

At this point in t ime, it is too early to tell if an extensive program 
of work of an empir ical nature is required to verify the analytical methods 
of predicting the energy re lease in super -prompt-cr i t ica l excursions. What 
is needed, and what is being done, is to analyze the sensitivity of the cal
culated energy yield to the pa ramete r s of the system. In part icular , the 
equations of state of the mater ia ls of the reactor and the initial accident 
conditions are known to be significant. 

It is important that a really careful and thorough study be done to 
determine the sensitivity of accident consequences to the uncertainties m 
the equations of state. The starting point for this study must be a study of 
the equations of state. They should be cast in a form involving a small 
number of pa ramete r s on which uncertainty bounds can be set. A major 
problem is that the setting of these uncertainty bounds will require techni
cal judgement where different authorities may disagree. In spite of this, 
a s tar t on this effort is essential . 

Having the equations of state with uncertainties, one can then inves
tigate the effect on accident consequences for a chosen range of accidents 
and reactor types. There a re also judgments ô be made here on accident 
initial conditions and calculational models. There is not yet a single code 
that accepts initial conditions and then goes through the complete ser ies of 
events leading to final consequences. The analysis is still done piecewise. 
In super -prompt -c r i t i ca l excursions, this usually means making an estimate 
of the rate of insertion of reactivity and mater ia l configuration at prompt 
cr i t ical , making an energy-re lease calculation, and then making an estimate 
of the resulting damage. The equations of state are involved in both the 
energy-re lease calculation and the damage est imate. Different ranges of 
the equations of state are required in the est imates of the energy released 
and of the damage done, with some overlap in ranges. It is important that 
there be consistency here . 

Lacking authoritative est imates of the uncertainty bounds in the 
equations-of-state pa ramete r s , one can nevertheless perform a formal 
study of the sensitivity of accident consequences to these pa ramete r s . 

The energy re lease in super -prompt-cr i t i ca l excursions is most 
sensitive, however, to the initial conditions. This is an a rea in which it is 
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difficult to do meaningful sensitivity studies. Any result whatever can be 
obtained, unless some relationship to reality is imposed on the range of 
conditions studied. A great deal of judgment is required in the choice of 
conditions to be covered in a particular study. There are two basic reasons 
for the wide range of conditions to be studied. 

First , suppose that the detailed behavior of the core and the real 
accident conditions were fully understood. It is nevertheless likely that 
the initial conditions would be very significant in determining this behavior, 
so that large variations in the rate of increase of reactivity and in available 
reactivity could be obtained or large variations in the amount of sodium in 
the core at prompt critical. That is, small changes in initial conditions 
might yield large changes in final resul ts . 

The other reason for varying initial conditions in accident studies 
is that we do not fully understand the detailed core behavior under accident 
conditions and so have to study also ranges of conditions that are not 
physically achievable to be assured of a conservative est imate. Many of 
the experiments suggested in the ear l ier chapters of this report are directed 
at reducing this uncertainty. Nevertheless, it must be assumed that when 
we are ready to do experiments relating to super-prompt-cr i t ica l excur
sions, there still will exist some uncertainty about detailed core behavior 
and its effect on an excursion and relationship to initial conditions. 

An experimental program cannot possibly cover the complete range 
of conditions. It is necessary in planning the experimental program to 
rely on analysis to guide the selection of initial conditions for a relatively 
small number of experiments. Thus, an extensive analytical program is 
required on sensitivity of energy release and its consequences to initial 
conditions. This probably should not be undertaken on a large scale im
mediately, but should wait some further refinement of codes that permit 
a consistent analysis from start to finish of an excursion. 

Finally, we have not differentiated too clearly between the analysis 
of the energy release and the damage it does. But we may be able to study 
damage produced by an excursion through simulations involving chemical 
explosives. This is discussed in detail in Chapter VII. Clearly, more 
analysis is required on the principles that govern the response of complex 
structures to explosive energy releases before this question can be fully 
resolved. 

G. Postburst Phenomena 

Following a severe accident, the release of radioactivity to the 
environment depends upon a number of processes that are lumped under 
the heading of postburst phenomena. These processes include the 
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ultimate containment of core debris , fission-product and plutonium re lease , 
and sodium f i res . All of these problems are related to the ultimate problem 
of reactor safety, which is the retention of fission products and other 
sources of radiation to protect the public. In our studies, we have focused 
most of our attention on those aspects of safety that are related to core 
design. The postburst problems of safety are no less important, but they 
do not as directly affect the design of the core as do the other problems 
we have discussed. 

1. Ultimate Containment 

Ultimate containment of core debris after a core-disassembly 
accident is a problem if there is no effective way of removing the decay 
heat following an accident. A related problem is the possibility of second
ary nuclear crit icali ty as the core melts and slumps. The interaction of 
molten fuel and coolant is once again a problem to be considered here in 
two phases: 

a. There is the possible violent boiling that might occur if 
sodium once expelled from the core returns to a completely disassembled 
core following the nuclear burst . This is the source of energy re lease 
considered by Hicks and Menzies. 

b. There is the process of heat t ransfer at a lower rate from 
the molten core or partly molten core to the sodium coolant during the 
t ime when the decay heat is sufficient to keep the core in a molten state. 

There appear to be straightforward solutions to this prob
lem and the problem of ultimate containment'would not loom so large were 
it not so important that an adequate solution be obtained and were there 
not a few major points of real uncertainty. Principal among these is the 
question of how the core slumps in the first place. A few analyses have 
been performed, based largely on the slumping of soils, but an attack 
related more directly to the nuclear core and its s t ructure is desirable. 

There are many conjectures on the nature of the heat transfer 
and the possibility of violent eruptions of molten core mater ia l into the 
cooler sodium. And although it appears reasonable to perform experi
ments both in-pile and out-of-pile to determine the general nature of the 
mode of heat t ransfer from the molten core, it is desirable to have some 
analytical representat ion of the effects of scale. 

2. Fiss ion-product and Plutonium Release 

Fiss ion-product and plutonium release is a major topic of 
plant safety. It is unlikely that further work in fission-product and 
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plutonium release will greatly influence LMFBR core design. Largely, this 
is because so much is already known about this topic. On the other hand, 
plant safety and, hence, plant design res t in crucial ways on data regarding 
methods for containing fission products and plutonium that may be released 
from the fuel under normal or near-normal operating conditions. 

An understanding of the chemical and thermodynamic proper 
ties of the fission products and the kinetic processes involved in their 
transport is required for predicting the release rates of these mate r ia l s . 
There is an extensive program of work to determine these proper t ies , and 
major verification of the out-of-pile and analytical investigation is expected 
from in-pile experiments. 

3. Sodium Fires 

There is a need for an analytical description of the release of 
chemical energy and radioactivity within pr imary and secondary contain
ment as a result of a sodium fire. A substantial program of work is being 
pursued on this problem, and a number of analytical and experimental tools 
are available for analysis of the problem. 

H. Instrumentation 

In-core instrumentation associated with the LMFBR safety program 
can be divided into two categories: instrumentation in support of in-pile 
safety experiments, and instrumentation for core protective sys tems. 

1 • Instrumentation in Support of In-pile Safety Experiments 

A major reason for the difficulty of performing in-core experi
ments is the difficulty of obtaining the needed information. The problem 
of providing an adequate in-pile space and test environment is the other 
major difficulty. The review in Chapter IX indicates the state of the art 
and some of the more promising avenues of development of better instru
mentation. The biggest single need is a way to measure the movement of 
fuel and coolant during a power transient in large experiments. The only 
tool currently available with any prospect of success is the fast-neutron 
hodoscope. 

2. Instrumentation for Core Protective Systems 

While maximum advantage must always be taken of inherent 
reactor properties, the major dependence for safe operation of economical 
LMFBR's must ultimately be on an active and reliable system of safety 
instrumentation. One purpose in understanding the phenomena involved in 
accident sequences is to be able to predict with some confidence the 
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sensitivity and dynamic response required of safety instrumentation so that 
it may be effective. Assuming that such requirements have been determined, 
it is equally necessary to describe and define adequately a program to 
ensure the effectiveness and reliability of the instrumentation. Such pro
grams have been car r ied out with a high degree of success within the 
Aerospace program, most notably in the space-exploration program. Many 
analytic and computational techniques of considerable power have been 
developed. It is desirable that such an analytic and computational base be 
supplied for the study of safety instrumentation. Execution of the program 
probably requires the use of massive in-pile facilities. 

I. Conclusion 

A program of research in LMFBR safety is multifaceted. Many of 
these facets resemble work programs typical of engineering and applied-
science university departments . Participation by such groups in LMFBR 
safety r e sea rch can yield significant gains in a vital a rea of work. 
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A P P E N D I X A 

Deta i l ed D e s c r i p t i o n of In -p i l e T e s t s on the 
Mot ion of Mo l t en F u e l 

1. Types of Accident Condi t ions 

The r e c o m m e n d e d i n -p i l e t e s t p r o g r a m on the d y n a m i c s of f u e l m e l t -
down c o n s i s t s of t e s t s c a r r i e d out u n d e r cond i t ions s i m u l a t i n g cond i t ions 
in-p i le dur ing an acc iden t . We c o n s i d e r four t ypes of a c c i d e n t c o n d i t i o n s . 

a. P o w e r - f l o w M i s m a t c h 

P o w e r - f l o w m i s m a t c h can be induced by: 

i. P u m p fa i lu re wi th de l ayed s c r a m . 

i i . Sudden flow b lockage by f o r e i g n m a t e r i a l . 

i i i . A p ro longed o v e r p o w e r t r a n s i e n t s t e m m i n g f r o m a r e a c 
t iv i ty i n c r e m e n t ( typica l ly ~ 3 0 / to $1), or r e a c t i v i t y r a m p 
expec ted f r o m s e v e r e d a m a g e to a n o t h e r fuel s u b a s s e m b l y , 
c o n t r o l - r o d mal func t ion , e t c . 

iv. L a r g e gas bubble e n t r a i n m e n t or a l a r g e f i s s i o n - g a s 
r e l e a s e . 

(1) T e s t C o n d i t i o n s - - P u m p F a i l u r e or F low B l o c k a g e . T e s t s 
s imula t ing pump fa i lu re or flow b lockage would t y p i c a l l y t ake p l ace in t i m e s 
of the o r d e r of 10 to 30 s e c , wi th a p e r i o d of p r i o r o p e r a t i o n to r e a c h equ i 
l i b r i u m and one of p o s t o p e r a t i o n to s i m u l a t e a f t e r h e a t . The v a r i a b l e s in 
the c a se of pump fa i lu re or flow b lbckage (i and i i , above) a r e the r a t e of 
l o s s of flow and the r a t e of d e c r e a s e in p o w e r . The c o u r s e of an a c c i d e n t 
induced by pump fa i lu re wi th de layed s c r a m can be r e a s o n a b l y wel l e s t i 
m a t e d ana ly t i ca l ly to the point of fuel f a i l u r e . The p r o g r a m on coo lan t dy
n a m i c s should enhance the a c c u r a c y of the e s t i m a t i o n . Such a n a l y s e s y ie ld 
a m a x i m u m p e r m i s s i b l e t i m e de lay for s c r a m . Some t e s t s of i n s t r u m e n t 
r e s p o n s e and con t ro l r od des ign can be p e r f o r m e d o u t - o f - p i l e . But for sud
den, m a s s i v e flow b l o c k a g e s , f a i lu re of s c r a m i n s t r u m e n t s , or o the r c a s e s 
m which the m a x i m u m p e r m i s s i b l e de l ay t i m e is too s m a l l , or the c a s e of 
b lockage of one s u b a s s e m b l y , fuel m e l t i n g on a l a r g e s c a l e wi l l o c c u r . 

F o r s m a l l - s c a l e t e s t s , a fac i l i ty s u c h as T R E A T or P B F 
a p p e a r s to offer a good e n v i r o n m e n t . B a s i c T R E A T c a p a b i l i t i e s * for th i s 
type of t es t a r e d i s c u s s e d in Sec t ion b of th i s append ix . The p r o b l e m s of 
no flow can be s tudied wi th a s imp l i f i ed e n v i r o n m e n t for s ing le p ins us ing 

PBF capabiUties are expected to be similar to TREAT with the added capability of extended operation at 
••steady-state" power levels in the test zone: decay heat can also be simulated. 
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s t a g n a n t s o d i u m c a p s u l e s , a type of e x p e r i m e n t a l r e a d y w e l l - e s t a b l i s h e d 
for b o t h m e t a l l i c ' ^ ' and m i x e d - o x i d e ' " p i n s . G r e a t e r r e a l i s m can be 
a f fo rded u s i n g a channe l g e o m e t r y (but no flow) in a s o d i u m loop; t h i s h a s 
b e e n done w i t h m e t a l l i c p i n s , b o t h for the c a s e of a s ingle pin s u r r o u n d e d b y 
a r ing of d u m m y p i n s , ^ ' and for the c a s e of a s e v e n - p i n c l u s t e r . L a r g e r 
c l u s t e r s a r e f e a s i b l e , bu t the s h o r t t i m e a t p o w e r l i m i t s the d e g r e e of 
s i m u l a t i o n a v a i l a b l e for flow d e c a y . L a r g e r - s c a l e t e s t s a r e n e c e s s a r y to 
get a c c u r a t e s i m u l a t i o n of f u l l - s c a l e c o n d i t i o n s . 

(a) T e s t I n s t r u m e n t a t i o n . The u t i l i t y of l a r g e - s c a l e m e l t 
down t e s t s r e s t s c r u c i a l l y wi th the adequacy of the i n s t r u m e n t a t i o n . D e t e r 
m i n i n g fuel m o t i o n is n e c e s s a r y , not only to p r e d i c t the r e a c t i v i t y i n s e r t i o n 
a t full s c a l e , bu t a l s o to d e r i v e an u n d e r s t a n d i n g of the p r o c e s s e s g o v e r n i n g 
fuel m o t i o n . In th i s way , the effects of d e s i g n v a r i a t i o n s and v a r i a t i o n s m 
a c c i d e n t h i s t o r y can be p r e d i c t e d . 

The d e t e r m i n a t i o n of fuel m o t i o n is f e a s ib l e u s i n g a 
f a s t - n e u t r o n h o d o s c o p e . Th i s dev ice is d e s c r i b e d in Appendix B, w h e r e it 
i s e s t i m a t e d t h a t m a s s i v e fuel m o v e m e n t s should be r e a d i l y d e t e c t a b l e if 
p r o p e r p r o v i s i o n is m a d e for the u s e of the h o d o s c o p e . The hodoscope d e 
t e c t s fuel p o s i t i o n a s a funct ion of t i m e . T h e r e a r e o the r p o s s i b l e m e t h o d s , 
and s o m e of t h e s e a r e d e s c r i b e d in C h a p t e r DC. N e v e r t h e l e s s , the s u c c e s s 
of t h e s e t e s t s depend upon the ab i l i ty to o b s e r v e the fuel m o t i o n on a g r o s s 
s c a l e (and p o s s i b l y the s o d i u m m o t i o n ) . Data on flow, e n t r a n c e and exi t 
t e m p e r a t u r e and p r e s s u r e a l s o can be u s e d , but a r e not enough by t h e m 
s e l v e s Othe r p o s s i b l e m e a n s of de t ec t ing fuel m o t i o n a r e l a r g e l y s p e c u l a 
t ive a t t h i s t i m e . F o r t h i s r e a s o n , c o n s i d e r a b l e effort has b e e n spen t on 
e s t i m a t i n g the p r o b a b l e p e r f o r m a n c e of a f a s t - n e u t r o n hodoscope m m a s 
s ive fuel t e s t s . In add i t ion to the hodoscope da ta , r e a c t i v i t y - f e e d b a c k m e a s 
u r e m e n t s can p r o v i d e a check on the e s t i m a t e d fuel m o t i o n . S ince the 
i n h e r e n t e r r o r s in e s t i m a t i n g indiv idual f e e d b a c k s a r e often v e r y l a r g e , 
s u c h f eedback m e a s u r e m e n t s a r e not e x p e c t e d by t h e m s e l v e s t o y i e ld u s e 
ful e s t i m a t e s of fuel m o t i o n , * bu t they can give use fu l i n t e g r a l c h e c k s . 

It is use fu l to have s o m e ind ica t ion of the r e s o l u t i o n 
r e q u i r e d of the h o d o s c o p e to y ie ld i n f o r m a t i o n on the fuel m o t i o n . F r o m ' 
the poin t of v i ew of r e a c t i v i t y change induced by c o h e r e n t mo t ion , a r e s o l u 
t i on c o r r e s p o n d i n g to about 1 0 / r e a c t i v i t y in the c o m p l e t e c o r e be ing s i m u 
l a t e d would be d e s i r e d . Much l e s s t h a n th i s r e p r e s e n t s a p r o m p t p o w e r 
j u m p t h a t is diff icul t t o d e t e c t by conven t iona l m e a n s on a s h o r t t i m e s c a l e ; 

*Even under the most favorable circumstances of no competing effects, the statistical error in the feedback 
from the test region is expected to nearly equal the statistical error in the total signal, multiplied by the 
ratio of power in the driver zone to that in the test zone. With such ratios being typically of the order 
10-20, phenomenal accuracy in the total reactivity feedback would be required to get even modest accu-
racy in the derived feedback from the test zone. 
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much more represents an increment which, in an accident situation, would 
be capable of causing extensive damage. Using reactivity est imates p r e 
sented in Ref. 78, one can deduce that lO/ reactivity change would be in
duced by the meltdown of about 4.4 l i ters of a typical PuO^-UOz-fueled, 
2500-liter core. This corresponds to one-third to one-half the volume of 
a typical fuel subassembly. As shown in Appendix B, there is ample evi
dence to expect that this type of resolution can easily be obtained with a 
time resolution of -0.001 sec. It is less obvious how to proceed in the case 
of noncoherent fuel motions. The est imates in Appendix B are that to r e 
solve the motionof a singlepinin the center (the worst position) of a large 
subassembly would require observation t imes of at least 0.1 sec, if each 
0.25 in. of the pin length is to be monitored. Such t imes are short com
pared to the periods induced by the removal of a single pin and hence are 
adequate. But if differential motion is occurring, the instantaneous period 
maybe much shorter . Moreover, if the experiment involves such phenomena 
as flow coastdown, environmental changes can be expected in 0.1 sec . To 
monitor the entire length of the pin, however, requires only an estimated 
0.01-sec observation time, and this is adequate. For this reason, both small-
and large-scale experiments are needed. The hodoscope can readily moni
tor gross motion and, with reasonable accuracy, the meltdown of a single 
pin in a large-scale test . But to determine the behavior in detail of a single 
pin, small-scale tests are needed. 

The presence of the hodoscope would give r i se to cer
tain operational problems. If extremely massive test loop walls are needed, 
the hodoscope performance will be degraded. In addition, the hodoscope 
slots will influence the power generation in the sample. In TREAT, these 
slots have been beneficial in flattening the power. It is not clear this is al
ways so in other designs. 

There are other vital tes ts that do not involve observa
tion with the fast-neutron hodoscope. These include damage propagation 
between subassemblies and vapor explosions. 

(b) Larger -sca le Tests . In-pile tests on a larger scale, 
using a cluster of small-scale subassemblies, m a y b e required to assess 
the potential for damage propagation bet'ween subassemblies; in-pile tes ts 
with at least one large subassembly are required to determine fuel motion, 
especially when incoherence is expected to be effective. 

The vapor explosion possible upon reent ry of sodium 
is mentioned in several contexts in this report and requires a program of 
its o-wn; but the significance of these tests is c lear . Tests on a cluster of 
specially instrumented small-scale subassemblies m a y b e required to 
determine the extent of a vapor explosion. If large autoclave tes ts indicate 
a strong dependence on coherence, tests on a full-scale subassembly may 
be needed. 
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Propagationbetween subassemblies involves the ques
t ions: "Does the damage spread from one subassembly to its neighbors?" 
and "Does the propagated damage then give r i se to further damage propa
gation?" The answer to the first of these can be obtained from the small-
scale tes ts and tes ts on a full-scale subassembly with (perhaps) the 
neighboring subassemblies mocked up by partial subassemblies . The small-
scale tests should also provide an answer, in part, to the second question. 
Confirmation can be obtained from out-of-pile tests using chemical explo
s ives . Verification beyond this requires large in-pile tes ts requiring at 
least seven full-scale subassemblies . 

Such tests would ra ise the question: "Are seven 
enough?" The problem is that propagation throughout the core from a single 
subassembly accident may itself involve the same sort of randomness that 
is apparently involved in a vapor explosion in a single subassembly. A con
servative approach is to verify that a vapor explosion, if it can occur at all 
in a single subassembly, does not cause damage beyond the subassembly. 
It may not be possible to verify this, so that an extensive in-pile test p ro
gram of multiple subassemblies m a y b e needed. But out-of-pile tests would 
still be useful to guide the design of such in-pile tes t s . 

(2) Test Conditions--Prolonged Overpower Transient . In the 
case of fuel meltdown from simulated power-flow mismatch from a pro
longed overpower transient, the problem is mainly one of fuel damage 
thresholds . Tests of the TREAT "flattop" kind can ascer ta in these thresh
olds . If they are exceeded, the problem becomes similar to, but in an 
aggravated state, that of fuel meltdown from propagating fuel pin damage, 
as discussed in Section b below. Change in the power-flow ratio may cause 
severe changes in the time scale of events, requiring more la rge-sca le tests 
to understand the different behavior. 

(3) Test Conditions--Bubble Entrainment. Fuel meltdown from 
power-flow mismatch from a simulated bubble entrainment or large fission-
gas re lease has been mentioned in Chapter III. Results from this program 
and F E F P resul ts should yield an estimate of the potential danger from this 
source In the case of fission-gas re lease , it may be that simultaneous r e 
lease from a large number of pins may precipitate fuel melting, if such 
re lease is possible. If it is, full-scale subassembly tests can yield infor
mation about this p rocess . 

b . Fuel Melting from Propagating Fuel-pin Damage 

Propagating fuel-pin damage, as discussed m Chapter IV, may 
cause fuel melting. The chief objective here is to determine the coolant 
flowrate and temperature as damage proceeds and to correlate this with 
safety-instrument response, to determine if there is sufficient time to r e 
duce power before extensive damage occurs . Since wall effects are 
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important, tests on small-scale (37 to 61 pin assemblies) simulations are 
desirable to permit extrapolation of wall effects. Tests with programmed 
power can verify that safety actions are effective. Should coherence effects 
be important, tests on a full-scale subassembly (S271 pins) will be required. 
For damage that proceeds too rapidly for safety action to be effective, 
small-scale tests can ascertain (from postfailure examination) whether 
damage propagationbetween subassemblies is possible. In these tes t s , dy
namic pressure measurements can be made to indicate possible vapor ex
plosions, and flow measurements can be made to indicate flow-interference 
effects Depending on the time scale indicated by the smaller tes ts , a full-
size subassembly test may be required to estimate the net reactivity effect. 

(1) Test Conditions. Pre l iminary tests using "flattop" t ran
sients and a few pins can isolate the basic mechanisms of single- or few-
pin failure and indicate the scope of postfailure phenomena. These tes ts can 
cover the initial failure and its immediate consequences to neighboring pms, 
but they are basically limited to the time scale of a few seconds. Prolonged 
operation at steady-state conditions is not necessary to produce temperature 
distributions representative of steady state: heating t imes comparable to 
one or two time constants for heat transfer from the fuel are adequate for 
realistic distributions. 

Two TREAT loop experiments of this type have already 
been performed on EBR-II driver fuel. The shor t - t e rm consequences of a 
loss of sodium bond incident in a fresh fuel pin were mocked up by running 
two argon-bonded pins, each in a flattop power pulse of about 6-sec dura
tion.'"' '*" Two features of the experimental program associated with these 
experiments are particularly relevant to this discussion: F i rs t , a foundation 
was laid for the investigation, by characterizing failure modes and thresholds 
under relatively idealized conditions,'^* measurement of cladding penetration 
rates, '* ' confirmation of the use of the rate data for actual fuel pins in-
pile,'*^ study of sample failures in a channel-like environment using sodium 
loops,*' and calculations of probable pin behavior. The two loop experiments 
on unbonded pins were then run to confirm the adequacy of the assumed 
models to predict that the pins would in fact survive. Second, the possible 
range of accident conditions was studied, so that the problem could be at
tacked systematically. The question of greatest immediate interest is 
whether a pin that is unbonded or loses its bond early in irradiat ion due to 
a defect will cause immediate damage to its neighbors. This was checked 
experimentally first, and then additional work was undertaken to study 
(1) the effects of continued steady-state exposure of the pin after its melt
down inside its cladding by running in a special EBR-II capsule, (2) the 
potential for damage propagation from loss of bond near the end of i r rad ia 
tion, and (3) refinement of both experimental and analytical techniques. 

(2) Longer and Larger Tes t s . For experiments on single pins 
run in loops during flattop power transients near design power levels, a 
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T R E A T type f ac i l i t y can be u s e d for e x c u r s i o n s of the o r d e r of s e v e r a l 
s e c o n d s . F o r e x a m p l e , a 13% e n r i c h e d UO2 pin (low enough e n r i c h m e n t 
t h a t the t h e r m a l - n e u t r o n flux d e p r e s s i o n in s ide the p in does not unduly 
d i s t o r t t r a n s i e n t t e m p e r a t u r e d i s t r i b u t i o n s ) can be r u n at a l e v e l of about 
200 w / g of fuel i n s ide a M a r k - I I i n t e g r a l T R E A T loop* for about 15 s e c . 
Wi th an a d v a n c e d r e a c t o r c o n t r o l s y s t e m tha t would m a k e e s s e n t i a l l y a l l 
the r e a c t o r c a p a c i t y a v a i l a b l e for a f la t top , th i s d u r a t i o n could be doubled 
t o about 30 s e c . H o w e v e r , the n e u t r o n s p e c t r u m in the t e s t s e c t i o n m u s t 
b e h a r d e n e d if e x p e r i m e n t s a r e to be done wi th m i x e d - o x i d e p in s w h i c h 
a b s o r b t h e r m a l n e u t r o n s s t r o n g l y ( p a r t i c u l a r l y p ins wi th u r a n i u m e n r i c h e d 
for s t e a d y - s t a t e i r r a d i a t i o n in a t e s t r e a c t o r , as would be the c a s e for i r 
r a d i a t e d p in s f r o m E B R - I I , e tc . ) . '*^ The d e g r e e of s p e c t r u m change n e e d e d 
i n c r e a s e s for c l u s t e r s , if c l u s t e r power d e p r e s s i o n s a r e to be t o l e r a b l e 
(say, w i th in 10%). A s ing le fully e n r i c h e d m i x e d - o x i d e pin, p a r t i a l l y s h i e l d e d 
f r o m t h e r m a l n e u t r o n s , could be r u n in the M a r k - I I loop for s o m e w h a t 
s h o r t e r d u r a t i o n s (~12 s e c or ~24 s e c if the advanced c o n t r o l s y s t e m is a v a i l 
a b l e ) . T h e s e t i m e s would be cut a p p r o x i m a t e l y in half for p a r t i a l l y s h i e l d e d 
c l u s t e r s of s e v e n fully e n r i c h e d oxide p i n s . Wi th a t h e r m a l - n e u t r o n con
v e r t e r r e g i o n i n s t a l l e d b e t w e e n the loop and the co re , ' ** m a x i m u m f la t top 
d u r a t i o n s a p p r o a c h i n g the l i m i t s for the p a r t i a l l y s h i e l d e d s ing le m i x e d -
oxide p in c a s e b e c o m e f ea s ib l e for c l u s t e r s l a r g e r t h a n s e v e n p i n s . At 
p r e s e n t , h o w e v e r , p r o s p e c t s for p e r f o r m i n g e x p e r i m e n t s on c l u s t e r s of 
m o r e t h a n 37 p ins a p p e a r d i m in a T R E A T - t y p e f ac i l i t y . Wi th in t h i s l i m i t a 
t i on and the f l a t top p o w e r - d u r a t i o n l i m i t a t i o n of s e v e r a l s e c o n d s , s h o r t - t i m e 
p r o p a g a t i o n p h e n o m e n a can be s tud i ed in s u c h a f ac i l i t y . 

c . L a r g e - s c a l e R e a c t i v i t y I n s e r t i o n s 

T R E A T is the c u r r e n t m a j o r v e h i c l e for a p r o g r a m of t e s t s of 
t he b e h a v i o r of fuel u n d e r t h e s e c o n d i t i o n s . P o s t f a i l u r e e x a m i n a t i o n of 
T R E A T t e s t s shows d i s p e r s a l of fuel w i th m u c h fuel on the s i d e s of the t e s t 
s e c t i o n , and the p o s s i b i l i t y of e x t e n s i v e m o v e m e n t of m o l t e n fuel into b l a n 
ke t r e g i o n s . The a b s e n c e of decay hea t in T R E A T , h o w e v e r , l e a d s to 
ch i l l ing the m o l t e n fuel p r e m a t u r e l y s o tha t p o s t f a i l u r e e x a m i n a t i o n m a y 
give a m i s l e a d i n g p i c t u r e of the f inal d i s p o s i t i o n of the fue l . Mol t en UO^ is 
i n v i s c i d , and d e c a y - h e a t s i m u l a t i o n is r e q u i r e d , p a r t i c u l a r l y w i t h r e g a r d to 
t he p o s s i b i l i t y of s e c o n d a r y c r i t i c a l i t y . T R E A T e x p e r i m e n t s a l s o i n d i c a t e 
s t r o n g w a l l e f f e c t s . In the p r e s e n c e of p r o p e r e n v i r o n m e n t s , the f u e l m o t i o n 
i s e x p e c t e d to be even g r e a t e r and p e r h a p s m o r e c o h e r e n t . We n e e d to 
d e t e r m i n e w a l l effect and the effect of ax ia l b l a n k e t s on the flow of m o l t e n 
fue l . 

*rhe ••second-generation '̂ integral TREAT sodium loop designed to contain the high pressures that can be 
calculated for sodium-vapor explosions resulting from oxide fuel meltdowns. (See Ref. 157). 
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The modi f i ca t ion of T R E A T to s i m u l a t e d e c a y - h e a t shou ld t h e r e 
fore be c o n s i d e r e d . Wal l effects m a y be a s s e s s e d f r o m o the r p r o g r a m s . 

a. Fue l Mel t ing f r o m S i m u l a t e d L o s s of Cool ing When Shut Down 

Although c o m p l e t e l o s s of cool ing is e x t r e m e l y un l ike ly , con
s i d e r a t i o n has b e e n given to th i s a c c i d e n t u n d e r shu tdown c o n d i t i o n s , s i nce 
t h e r e would n o r m a l l y be fewer s a f e g u a r d s a v a i l a b l e to k e e p the fuel f r o m 
mel t ing f r o m decay hea t . W h e r e d e c a y - h e a t c apab i l i t y can be ob ta ined , 
that faci l i ty should s e r v e to o b s e r v e the m e l t d o w n of an a r r a y of a few p ins 
in the absence of s o d i u m . * 

2. Safety I n s t r u m e n t T e s t i n g 

As has been ind ica ted s e v e r a l t i m e s in p r e c e d i n g p a r a g r a p h s and in 
Chapter IX, a fac i l i ty for f u l l - s c a l e t e s t s i s the n a t u r a l p l a c e to d e m o n s t r a t e 
the ef fec t iveness of safe ty s y s t e m s involving i n s t r u m e n t s s u c h as bo i l ing 
d e t e c t o r s , f i s s i o n - p r o d u c t d e t e c t o r s , and f l o w m e t e r s . T h e r e a r e two chief 
r e a s o n s for t h i s : F i r s t , the fac i l i ty would be l a r g e enough and have the 
a p p r o p r i a t e e n v i r o n m e n t to a c c o m m o d a t e t yp i ca l i n s t r u m e n t s . Second, a l -

• though the faci l i ty would be d e s i g n e d for the t r a n s i e n t type of o p e r a t i o n 
a s s o c i a t e d wi th s a f e t y - s y s t e m t e s t s , i r r a d i a t i o n f a c i l i t i e s s u c h a s E B R - I I 
and F F T F r e q u i r e s t eady power wi th a m i n i m u m of i n t e r r u p t i o n s to c a r r y 
out t he i r p r o g r a m s . 

3. P r o g r a m S u m m a r y 

We d e s c r i b e a p r o g r a m of w o r k to s tudy the d y n a m i c s of m e l t i n g 
fuel and its a s s o c i a t e d coolant u n d e r a wide v a r i e t y of a c c i d e n t c o n d i t i o n s . 
These condi t ions include: the in i t i a t ion of m e l t d o w n f r o m s low b l o c k a g e by 
propagat ing fuel -p in d a m a g e , if t h i s i s p o s s i b l e ; l o s s of flow f r o m p u m p 
fa i lure with de layed s c r a m ; sudden l o s s of flow t h r o u g h b l o c k a g e of s u b 
a s s e m b l y inlet or i f ice ; and bo th s low and fas t p o w e r t r a n s i e n t s . T h e s e ex 
p e r i m e n t s a r e des igned to d e t e r m i n e the effects tha t l i m i t f ue l -p in d a m a g e 
propaga t ion when such p r o p a g a t i o n does o c c u r , the c a u s e s of p r o p a g a t i o n of 
damage f rom s u b a s s e m b l y to s u b a s s e m b l y u s ing s m a l l - s c a l e s u b a s s e m b l y 
t e s t s , and r e a l i s t i c s i m u l a t i o n of meltdo-wn in a p o w e r r e a c t o r by t e s t s in
volving a f u U - s c a l e s u b a s s e m b l y . The t e s t s involve the m a i n t e n a n c e of power 
in the s u b a s s e m b l y for p e r i o d s of t i m e r a n g i n g f r o m s m a l l f r a c t i o n s of a 
second to m a n y seconds or m i n u t e s and p o s s i b l y l o n g e r . D e c a y - h e a t s i m u l a 
t ion is a l so r e q u i r e d . 

The p r i m a r y object ive of t h e s e t e s t s i s the d e t e r m i n a t i o n of the 
m a x i m u m r e a l i s t i c r e a c t i v i t y - i n s e r t i o n r a t e s for a c c i d e n t a n a l y s i s . 

A possible out-of-pile experiment can be imagined using an irradiated element. 
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part icular ly of super -prompt-cr i t i ca l accident analysis. A secondary ob
jective is the determination of the possibilities of secondary crit icali ty and 
the problems involved in emergency cooling. The planned tests are large 
enough to account real is t ical ly for the effects of incoherence and of damage 
propagation. 

Another objective of these tes ts is to detect the possibility of dam
age to other core s t ructure and to determine if planned core protective 
actions are sufficient. The program should test the effectiveness of engi
neered safeguards, including safety instrumentation. These tes ts can be 
ca r r ied out under real is t ic simulations in a facility that can accommodate 
full-scale subassemblies . 

Out-of-pile tes ts s imilar to, but more generally applicable and more 
real is t ical ly simulating, in-pile conditions than those reported in APDA- 155 
are required to indicate the probable sequence of events and time scales to 
be expected in the larger subassembly-meltdown experiments. The objective 
here is to determine the way to use loop instrumentation most effectively. 
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APPENDIX B 

Fast-neutron Hodoscope 

A. DeVolpi 

1. Introduction 

Since a major objective of a la rge-sca le test is to obtain as much 
information as possible from subassembly meltdown, a prel iminary evalua
tion is made of the fast-neutron hodoscope in the role of acquiring this data. 

To accomplish the evaluation on a specific bas is , certain ground 
rules were assumed; undoubtedly, just as the ground rules affect the design 
of the hodoscope, they perhaps even more seriously affect the reactor con
cept. A recurring dialog will be required in order to find a condition of 
mutual optimization. 

In terms of application of a hodoscope, latitude remains with regard 
to the various deduced limitations and constraints . The fact that experi
mental facilities are considered before reactor design is considered im
proves prospects for maximum utility. 

This appendix is divided into two stages: the first reviews the fast-
neutron hodoscope designed for TREAT, and the second contains both ex
trapolations and new considerations in application to large-scale tes t s . 

Conclusions are stated in full at the end. 

Summarizing briefly, we find by extrapolation from the TREAT fast-
neutron hodoscope that a "radiation hodoscope" for la rge-scale tes ts is 
feasible. This device would not only monitor massive fuel movements in a 
large subassembly, but would also have separate instrumentation to deduce 
sodium void occurrence. 

2. Fast-neutron Hodoscope for TREAT 

a. Major Elements of the Fast-neutron Hodoscope 

The hodoscope is designed for maximum sensitivity to fast neu
trons produced by fission in the test capsule. Background consists of fast 
neutrons from the core, which scatter in the test capsule, in addition to 
residual gamma-ray and thermal-neutron effects. Signal/background ratios 
and spatial resolution are enhanced by minimizing extraneous mater ia l s and 
by providing a clear slot through the reactor . 
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We may conceptually consider the hodoscope in two pa r t s . The 
front section consists of the collimator, neutron detectors, and a pre l imi
nary electronic-sending unit; the back section accomplishes the final e lec
tronic processing and ultimate digital readout. 

b . General Basis for Analysis 

The overall design of the TREAT hodoscope is founded upon a 
succession of studies supported by experimental data. Using the reactor 
charac ter is t ics and cross-sec t ion data, an initial proposal was developed 
in 1963. That report was based also on data generated from an ear l ie r 
gamma-ray scanning device-

In the course of t ime, a large amount of experimental informa
tion derived from both static and dynamic tests at TREAT has been used to 
support the calculated est imates , supplemented with other tests conducted 
at Argonne. Over a dozen repor ts , mostly on an internal level, have been 
issued with a summary of these findings. There are also several published 
ar t ic les that describe the entire system with emphasis on the novel elec
tronic and digital photographic readout features. Section 5 of this appendix 
represents a chronological l ist of references . 

c. Specific Hodoscope Features for TREAT 

The central character is t ics of the fast-neutron hodoscope must 
be described in t e rms of spatial and time resolution, scanning area, and 
signal/background rat io . 

Design resolution is 0.15 in., which has been accomplished, al
though this character is t ic is used only for horizontal differentiation; 
vert ical resolution is extended to 0.86 in. Such resolution is observed with 
bare fuel pins surrounded by a capsule containing about an equal thickness 
of extraneous mater ia l . An example of this and other features is provided 
by Fig. 14, which displays the results obtained by scanning a single detector 
across the 4-in. reactor slot. 

a r e 
The ability to distinguish fissionable mater ia l from sodium cool 

ant and capsule is represented by the signal/background rat io. For the bar 
pin in Fig 14, the signal from the 6% enriched pin is seven t imes stronger 
than the container background. As interceding mater ia l is introduced, the 
rat io drops until, for a capsule filled with nearly 2 in. of sodium, it becomes 
as low as two or three (see Fig. 15). In addition, horizontal resolution 
broadens, typically to about 0.25 in. 



HORIZONTAL DISPLACEMENT AT FUEL PIN (in.) 

1.5 

- | — I — I — I — I — I — I — I — I — I — t — 
.5 .3 .1 0 .1 .3 .5 

1.0 2.0 

GAUGE TO PIN BISPL. RATIO: 5/8-1 ^ E B R - n FUEL PIN 
.174 OD - .144 FUEL D 

.8 1.0 1.2 1.4 1.6 1.8 

HORIZONTAL DISPLACEMENT--GAUGE READING (in.) 

2.0 2.2 

ZIRCALOY WELL 
.125 WALL 

2.4 2.6 

Fig. 14. Hodoscope Resolution--Bare Pins. ANL Neg. No. 112-4780. 
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SIGNAL / BACKGROUND = 2.0 
PEAK/VALLEY • 3.6 
FWHM = O.I3in. X 2 - 0,26in. 

7 0,8 0,9 1,0 I 
HORIZONTAL DISPLACEMENT ON DIAL, in. 

Fig. 15. Hodoscope Resolution--Pin in Sodium. ANL Neg. No. 113-1680. 

T i m e r e s o l u t i o n , which ident i f ies ab i l i ty to follow fuel m o v e 
m e n t , i s i n t r i c a t e l y r e l a t e d to s i g n a l / b a c k g r o u n d r a t i o , count ra te , and 
r e a d o u t r e s p o n s e . In t e r m s of a c c u m u l a t e d da ta t r a n s f e r to p e r m a n e n t 
s t o r a g e , a t i m e r e s o l u t i o n of 1.2 m s e c is s c h e d u l e d . With the p r e s e n t s y s 
t e m , up to 24 s e c of da t a m a y be r e c o r d e d . Ex tend ing t i m e r e s o l u t i o n to 
2.4 m s e c a l lows an equ iva l en t i n c r e a s e in d a t a - r e c o r d i n g t i m e . 

C e r t a i n o ther c h a r a c t e r i s t i c s a r e a l s o i m p o r t a n t . The to ta l 
a r e a tha t the T R E A T hodoscope can cove r at any i n s t an t is 2 in. h o r i 
zon ta l ly and 20 in. v e r t i c a l l y ; t h i s is chief ly dependen t on the n u m b e r of 
p a r a l l e l c h a n n e l s of d e t e c t i o n . The T R E A T hodoscope has 334 c h a n n e l s . 

E a c h channe l can t o l e r a t e a p e a k count r a t e of over lO'' c o u n t s / 
s e c . Such a h igh peak r a t e w a s bu i l t into the s y s t e m to a l low a wide dy
n a m i c count ing r a n g e to follow the r e a c t o r f r o m full power down to a s m a l l 
f r a c t i o n . The s y s t e m is capab le of r e c o r d i n g da ta at a s u s t a i n e d p e a k r a t e 
for the full t i m e c o v e r a g e . 

Much of t h i s i n f o r m a t i o n wi th r e g a r d to capab i l i t y of the 
T R E A T fa s t n e u t r o n hodoscope m a y b e c o m p r e s s e d by r e f e r r i n g to a chan 
n e l count s e n s i t i v i t y of 200 c o u n t s / ( m s e c / c m ^ ) of fuel at 100 MW of T R E A T 
r e a c t o r p o w e r for a 6% e n r i c h e d pin v i ewed wi th 50% t r a n s m i s s i o n of 
n e u t r o n s . 

d. Speci f ic E l e m e n t s of the T R E A T Hodoscope 

Some of the d e v i c e s u s e d in the ex i s t ing T R E A T h o d o s c o p e 
shou ld be r e v i e w e d b e f o r e d i s c u s s i n g the a p p l i c a t i o n of th i s i n s t r u m e n t t o 
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the STF. We shall follow the division of the system conceptually into two 
sections: the front end with the collimator, neutron detectors, and p re 
liminary electronic processing; and the back end, which receives and 
digitizes the electronic signals, ultimately storing this data on photographic 
film. 

The collimator consists of 102-in. long tapered steel plates 
(surplus from the ZGS accelerator magnet s t ructure) . P rec i se slots of 
100-mil depth are milled at angles through the entire length of the slabs. 
Thirty such plates are secured together to form the collimator, which is 
positioned outside of the TREAT reactor shield (see Fig, 16). 

BANK OF 334 
NEUTRON 

DETECTORS/ 

NEUTRON 
HODOSCOPE 
COLLI h^ATOR 

WITH 3 3 4 SLOTS 

So."i"S 

": :•••;> • - - ° ° 

ALL DIMENSIONS IN INCHES 

Fig- 16. Hodoscope Collimator at TREAT. 
ANLNeg. No. 113-1682. 

There are 334 fast-neutron 
detectors, each located at the end of 
an assigned machined slot. Distance 
from the center of the core to the 
neutron detector is about 13 ft. The 
type of detector is the "Hornyak but
ton, " a scintillator working on the 
proton-recoil principle . Rather high 
inherent discrimination against gamma 
rays is obtained. 

Each scintillator is coupled to 
a 3/4-in. photomultiplier tube; current 
pulses from the anode of the tube go 
directly to the back end of the system. 

The collimator is capable of vert ical and horizontal movement. 
A standard neutron source is used to calibrate the neutron detectors . 

Signals from the front end of the hodoscope system are t r ans 
ported along coaxial cables about 50 ft to the main electronic racks located 
in an air-conditioned room. 

The first rf-shielded rack receives the low-level pulses and 
carr ies out the functions of integration, amplification, level discrimination, 
and shaping. The output then consists of a digital pulse, which is associated 
primarily with high-energy neutrons. These pulses are forwarded to an
other rack where they are temporari ly scaled and stored in integrated cir 
cuit binary reg is te rs . There are 334 such paral lel channels. 

The regis ters have a 4096-count capacity. Upon external com
mand, the contents of each regis ter can be shifted to a bank of lights, which 
simultaneously displays the binary total for up to 56 sca le r s . 
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A high-speed framing camera is focused on the lamp bank. The 
camera is synchronized with the readout command, so that each frame takes 
a picture of the instantaneous lamp bank contents. 

With the existing camera and integrated circuits , the following 
readout combination occurs: At a framing rate of 5000 p ic tu res / sec , it 
takes 1.2 msec to record the data stored in all 334 detectors . Since 2800ft 
of film can be loaded in the camera, the total recording time is about 
24 sec at 5000 f r a m e s / s e c . It is possible to store data for longer periods 
and automatically reduce the camera speed, thus extending the time of ob
servation in the same proportion. 

Since each channel can record 4096 counts in 1.2 msec , the 
maximum storage capability is over 3 x 10^ counts/sec sustained for the 
duration of the t ransient . 

After development, the film is scanned at the ANL Applied 
Mathematics Division installation designated CHLOE. This automatically 
controlled, computer-coupled, flying-spot scanner can translate the r e 
corded images onto magnetic tape. 

The magnetic-tape information is then processed by a high
speed computer to recover the original count-rate data, which can then be 
subjected to further operations to secure an interpretation of the original 
t ransient event. 

e. Operating Experience with the TREAT Hodoscope 

The TREAT hodoscope has participated in a number of t ransients 
to tes t certain features of the design. At first, about 50 channels of the elec
tronic system were available to follow fuel movement, making use of a tem
porary analog readout system. As a result of these experiments, ( l ) t he 
count-rate capacity of each channel was gradually extended, (2) the capacity 
of the system has been expanded to the full quota of 334, and (3) a much 
more effective digital readout system was installed. 

An analysis of test resul ts is contained in RPD-EPM No. 54. 
One of the most informative meltdowns was Transient 917, in which a 
sodium-bonded EBR-II pin was destroyed in a t ransparent capsule. Because 
of the sodium cloud that formed upon cladding rupture, a major portion of 
the paral lel color-photographic data was obscured. Nevertheless, enough 
data remained from various t ransducers to demonstrate a strong correlat ion 
with events interpreted from the hodoscope, which was able to derive useful 
information during the sodium-vapor expulsion stage. 

Sufficient hodoscope data have been obtained from two meltdowns 
produced in the Mark-I sodium loop to warrant analysis. Transient 1007 
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involved a single 6% EBR-II pin. There are no optical data for the sodium 
loops; thus comparisons must be made with p ressu re t ransducers , thermo
couples, flowmeters, and postmortem examination. Not only were the 
various correlations reasonable, but this was the f irs t case in which evi
dence of sodium voiding was found by the hodoscope in the form of a reduc
tion in "background." 

Another interesting experiment in which the hodoscope obtained 
useful data was Transient 1048, in which the Mark-I loop contained all seven 
pins. In this case, the cluster stands out ra ther strongly with a resolution 
(full width at half maximum) of about 0.5 in. Because of the prominence of 
the fuel with regard to the background, an effectively large signal-to-
background ratio of about four occurred. Once again, there were points of 
proper correspondence between the hodoscope and the other instrumentation. 
There was also evidence of sodium voiding for this t ransient . Incidentally, 
all the fuel was melted down. 

As mentioned, the overall quality of hodoscope data has so far 
been limited by both an insufficient number of channels and by a temporary 
system of readout. Since these limitations have been remedied, the first 
full-scale measurements are now being planned. 

3. Radiation Hodoscope for Large-scale Tests 

The discussion that follows is predicated in part on certain ground 
rules, which are subject to readjustment. We shall focus on a single sub
assembly confined by a stainless steel tube of 6-in. diameter . We assume 
the subassembly will consist of many enriched pins of any type, with sodium 
coolant constituting the remaining filler. 

The problem being faced, it is understood, differs from TREAT tests 
in two major ways: first, in the larger quantity of fissile mater ia l ; and, 
second, in the massive failures expected. 

Accordingly, an instrument more elaborate than the TREAT fast-
neutron hodoscope is proposed. We shall temporar i ly classify it by a more 
general te rm "radiation hodoscope," for reasons that should become ap
parent in the following sections. 

a. General 

To observe the instantaneous position of fissionable mater ia l in 
the test capsule, reliance is placed upon unattenuated (and unscattered) neu
trons generated from fission within the capsule. Neutrons from the driver 
must undergo scattering directly into the line of sight of the hodoscope; if 
these neutrons are initially below the hodoscope detection threshold, or if in 
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scattering they lose sufficient energy to drop below the threshold, then the 
electronic processing system can effectively exclude them from the count. 
At present , the threshold is set in the vicinity of 1-2 MeV. Gamma rays 
make a less important contribution to the background because the neutron 
detector discr iminates against them well. 

In t e rms of the signal-to-background ratio, the best conditions 
are obtained when there is little interceding mater ia l and when there is a 
clear slot through the reac tor . Since, for real is t ic test conditions, it may 
be necessa ry to introduce a substantial amount of mater ia l around the test 
object, there will probably not be any latitude to sacrifice the c lear -s lo t 
requirement . 

Intervening mater ia l affects results in three ways: 

(1) Neutrons of interest from the fuel are absorbed or scat
tered out, thus reducing the count ra te . 

(2) Neutrons that undergo small angle scattering can enter the 
"wrong" collimator slot, thus degrading spatial resolution. 

(3) Neutrons from the reactor core can be scat tered into the 
collimator, thus creating the pr imary source of uniform background. 

Material in the line of sight behind the object of interest is 
p r imar i ly responsible for contributing to the third category. Tests have 
shown that placement of graphite moderator behind or in the vicinity of the 
test capsule is deleter ious. In general, use oi low-atomic-mass mater ia l s 
should be minimized in the collimator field of view. 

Specific l imits on the amount of mater ia l surrounding the fuel 
assembly cannot be established. The limits are partly qualitative, being 
connected with ultimate decisions about desired information. Some quanti
tative and semiquantitative guidelines can be established, though. 

The degree of enrichment of the fuel will be an important factor, 
so will the flux pattern across the subassembly--peak, flat, or depressed. 

TREAT experiments have shown that a cross section of 4 in. of 
mate r ia l - -chief ly sodium, Zircaloy, and steel--wil l still yield a s ignal / 
background of two. Whether l esse r figures of mer i t can be tolerated would 
require a more extensive study. 

The effect of steel inserted between the test capsule and the 
collimator has already been examined. Figure 17 depicts a set of distr ibu

tions 
obtained from experiments at TREAT. About 1 in. of steel reduced 
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the signal/background by a factor of two with attendant degradation of 
spatial resolution. Recognizing the possible necessi ty of p ressu re vessels 
or other containment blocking the hodoscope view, this loss could be ac
cepted if the design cannot be optimized for the best instrumental conditions. 
On the other hand, if the collimator and detectors can be placed within the 
pressure vessel, then this latter approach should be given preference. 
Using tungsten as the shielding mater ia l may make it possible to shorten 
the collimator to a few feet. 
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Fig. 17. Hodoscope Resolution as Affected by Steel 

Some g e n e r a l c h a r a c t e r i s t i c s have b e e n out l ined in a r a t h e r 
b r o a d fashion; a c l e a r s lo t and t e s t a s s e m b l i e s d e s i g n e d w i t h c o n s i d e r a 
t ion of hodoscope l i m i t a t i o n s . In l a t e r s e c t i o n s , s o m e o the r r e l e v a n t f a c 
t o r s wil l a r i s e to jus t i fy the p r e s e n t c o n s t r a i n t s . 

b . Occul ta t ion Effect 

One m a j o r l i m i t a t i o n of the h o d o s c o p e , i n h e r e n t in the concep t , 
can be a t t r i b u t e d to occu l t a t ion . S ince a s u b a s s e m b l y con ta in ing m a n y 
p ins is of p r i m a r y c o n c e r n and s ince e a c h pin is a s o u r c e of genuine f i s s i o n 
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neutrons (depending on the flux and enrichment pattern), there is what one 
may call an occultation effect: a blocking of view caused by adjacent pins. 

Suppose in a given transient only the central pin melts down. 
The movement of this fuel is then obscured by all the remaining pins, not 
just those in the line of sight. Clearly the amount of information that can 
be derived from this type of transient is dependent on the number of sur
rounding pins, the pin-arrangement pattern, the flux weighting, the s ignal / 
background rat io, the reactor power level, and spatial resolution. 

Fortunately, it can be assumed that such single-pin meltdowns 
are of less interest than more massive fai lures . If many or all of the pins 
in a capsule are destroyed, the hodoscope will then be operating in the 
favorable mode of a large proportion of fissile mater ia l with a rather small 
background from extraneous mat te r . Accordingly, decisions with regard to 
the type of failure to be monitored must be directly fed back into the design 
cr i te r ia for the hodoscope. 

To place this section in perspective, one should note for sub
assemblies being considered that in- and out-scat tered neutrons produce 
degrading effects comparable with that caused by occultation. 

c. Sodium-void Detection 

The consequences of sodium voiding or bubble formation are 
important in the study of meltdown phenomena. It has already been observed 
in TREAT experiments that - - inadver tent ly-- there is some prospect of de
tecting the void effect. The word "inadvertentiy" is inserted because the 
original hodoscope design enhanced fission-neutron detection at the expense 
of background from mater ia ls like sodium. However, with sodium loops the 
signal/background rat io has been unavoidably reduced to two; or, to put it 
another way, the background mostly from sodium is about half of the fission-
source strength. Consequently, the voids appear as reductions in relative 
background. 

Advantage may be taken of this effect in two ways. F i rs t , the 
observation of voiding appears to be a consequence of reduced in-scat ter ing 
of neutrons from the core . It should be possible to emphasize this effect 
with a separate detector which is more sensitive to lower-energy neutrons. 
Second, some examination of a gamma-ray detector to be used in conjunction 
with the hodoscope may be warranted. 

It is likely that both of these detectors may be employed simul
taneously; that is , doubling the capacity of the electronic processing system 
can enable concurrent detection of fission-fuel effects and sodium voiding to 
be accomplished. 
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There is another beneficial effect to be derived from a second
ary data channel. Aside from voiding effects, the remaining mater ia l tends 
to scatter radiation uniformly and at a rate proportional to the reactor 
power. Thus, a "background" detector would help in continuously generating 
the correct nonfission component for subtraction from the fission-neutron 
channel; this alone is a valuable improvement m system capability. 

d. Spatial Resolution and Scanning Area 

The achievable spatial resolution is a character is t ic intimately 
connected to signal/background ratio and to geometrical proper t ies of the 
hodoscope. Another limit is imposed by interceding mater ia l . 

The smaller the solid angle intercepted by the neutron detectors, 
the better will be the spatial resolution. The solid angle is chiefly a func
tion of the dimensions of the collimating hole, the length of the collimator, 
and the distance between the test capsule and the detector. 

If it is desired to allow for an area coverage of 12 in. across 
and 3 ft vertically, then, assuming limiting resolution is 0.25 in., a matr ix 
of 48 X 144 = 6912 detectors could be applied. Possibly 1-in. vert ical reso
lution would be acceptable, reducing the total number to 48 x 36 = 1728 de
tectors . This is already over five t imes the number used in TREAT. Since 
we can expect another detector behind the fission-neutron monitor, we are 
then talking about a tenfold increase in detectors . Should reactor design 
considerations or other factors reduce the horizontal scanning area require
ments, then the number of desired detectors can be correspondingly r e 
duced. Moreover, perhaps broader horizontal resolution is sufficient. 

e. Time Scale and Resolution 

Although current time resolution (1.2 msec for 24-sec excursion) 
maybe adequate, some of the constraints can be discussed should other 
options be desired. The actual readout time for each scaler is 0.2 msec; 
this duration is dominated by the framing camera running at 5000 f r ames / 
sec. The particular camera in use (HYCAM) goes up to 10,000 f rames / sec , 
and is likely that faster cameras can be adapted. Fi lm-capaci ty problems 
can be overcome by brute-force methods (starting a second camera when the 
film load of the first camera nears depletion); thus, duration of observation 
is probably not a limiting factor. 

Since most of the digital integrated circuit systems now have 
20 MHz logic, there is no bound caused by this part of the circui try. It may 
be possible--depending strictly on the type of detector and necessary linear 
processing--to provide for 10 'counts /sec input ra te . 
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C o n s e q u e n t l y , the m a j o r l i m i t a t i o n for i n c r e a s e s in t i m e r e s o l u 
t ion is p r o b a b l y the f inanc ia l c o s t . A s e c o n d m o r e f u n d a m e n t a l l i m i t a t i o n 
wi l l a r i s e f r o m the m i n i m u m n u m b e r of counts ob ta ined in a g iven t i m e in 
c r e m e n t . If only t h r e e coun ts a r e a c c u m u l a t e d in th i s i n c r e m e n t , one of 
w h i c h shou ld be b a c k g r o u n d (for s i g n a l / b a c k g r o u n d = 2), t hen the s t a t i s t i c s 
of r a n d o m even t s b e g i n s to o b s c u r e the u s e f u l n e s s of the d a t a . 

f. O p e r a t i n g Condi t ions 

Of h i g h e s t va lue to the h o d o s c o p e is o p e r a t i o n of r e a c t o r p o w e r 
at a s u s t a i n e d " f l a t t op . " If the d r i v i n g flux does not p e r t u r b the e x p e r i 
m e n t a l ob jec t , it g r e a t l y i m p r o v e s count ing s t a t i s t i c s t o m a i n t a i n the m a x i 
m u m f i s s i o n r a t e in the t e s t a s s e m b l y as long as p o s s i b l e . 

W h e t h e r or not s t e r e o s c o p i c v iewing p r o v i d e s n e e d e d or op
t i ona l da ta m u s t be c o m p a r e d w i t h f u r t h e r r e s t r i c t i o n s app l i ed to the r e a c 
t o r d e s i g n . F o r th i s c o n s i d e r a t i o n , a s e c o n d hodoscope would be s i t u a t e d 
a t r i g h t a n g l e s t o the f i r s t . If m o l t e n fuel i s c o n s t r a i n e d b y the s u b a s s e m b l y 
w a l l s t o m o v e p r i m a r i l y in a v e r t i c a l d i r e c t i o n - - u p or d o w n - - t h e n not m u c h 
is t o be g a i n e d f r o m a s e c o n d o b s e r v a t i o n po in t . Howeve r , if d e t a i l e d o s c i l 
l a t i o n s of g r e a t i n t e r e s t a r e e x p e c t e d , and they cannot be d e d u c e d f r o m a 
t w o - d i m e n s i o n a l p i c t u r e , t hen a l l owance wi l l have to be m a d e for a s e c o n d 
i n s t r u m e n t r o t a t e d 90° about the ax i s of the s u b a s s e m b l y . T h e r e is l i t t l e 
po in t t o d e t e c t o r s l o c a t e d along the s u b a s s e m b l y a x i s , u n l e s s s o m e s p e c i a l 
r e q u i r e m e n t s d e v e l o p . 

Some m e n t i o n h a s b e e n m a d e of the d e l e t e r i o u s ef fec ts of t h i c k 
m a t e r i a l s p l a c e d b e t w e e n the s u b a s s e m b l y an<i the h o d o s c o p e . U n l e s s the 
c o l l i m a t o r m u s t be p o s i t i o n e d wi th in a v e s s e l , it is g e n e r a l l y b e s t to m o v e 
it s o m e d i s t a n c e (10 or 20 ft, depend ing on o t h e r cond i t i ons ) f r o m the 
o r i g i n . The c o l l i m a t o r can e v e n be m a d e an i n t e g r a l p a r t of the r e a c t o r 
s h i e l d . 

O c c a s i o n s m a y a r i s e to conduc t i n - c o r e t e s t s w i th fuel con
f i g u r a t i o n s tha t p r e c l u d e u s e of the h o d o s c o p e . As s i t u a t e d at T R E A T , we 
know of no p r e s e n t l i m i t a t i o n on the r e g u l a r p r o g r a m c a u s e d by hav ing the 
h o d o s c o p e at the N o r t h f a c i l i t y . P r e s u m a b l y , s i m i l a r a r r a n g e m e n t s w i l l b e 
m a d e for S T F ; h o w e v e r , if t h e r e i s any t r adeof f b e t w e e n r e s o l u t i o n d e g r a d e d 
by the i n t r o d u c t i o n of p e r m a n e n t b a r r i e r s , t h i s r e q u i r e m e n t shou ld be c a r e 
fully c o n s i d e r e d at the e a r l i e s t d e s i g n s t a g e . 

g. S u p p l e m e n t a r y R e m a r k s C o n c e r n i n g Sens i t i v i t y 

In Sec t ion 2.c of t h i s append ix , the s e n s i t i v i t y of the p r e s e n t 
T R E A T h o d o s c o p e was g iven a s 200 c o u n t s / ( m s e c / c m ^ ) of 6% e n r i c h e d fue l* 

*This pin is operating at a linear power of approximately 20 kW/ft, 
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for 100 MW of TREAT power, assuming 50% t ransmiss ion loss . This ap
plies to the detectors now in use. With a signal/background rat io of 2, we 
thus obtain about 50 counts from a 0.15-in.-diam pin and 25 counts from 
background every millisecond. It may be possible to improve the efficiency, 
if necessary; more important, though, better spatial resolution may be 
achievable by investigating threshold-neutron detectors . 

h. Illustration of Radiation Hodoscope Response 

Some coarse est imates may be made of the radiation hodoscope 
response to meltdown of a subassembly. Figure 18 is the subassembly 

pattern chosen for i l lustration. A total 
of 261 pins are enclosed in the 14-cm-
diam capsule. The pins are up to 
0,25 in. in diameter of UO2 with 15% en
richment. Volume ratios are roughly 
40% fuel, 10% stainless steel, and 50'% 
sodium. 

For comparison •with TREAT data, 
we compute an equivalent uranium or 
plutonium metallic-fuel content of 18.5% 
in this subassembly. For single-pin 
tests in the Mark-I sodium loop used at 
TREAT, the fuel/nonfuel rat io is only 
0.3%. With seven pins clustered in the 
Mark-I loop, the rat io is 2.2%. These 
ratios are important in estimation of 
relative background from neutrons scat
tered by nonfuel portions of the capsule. 
Clearly, the STF subassembly pattern 

heavily loaded with fissile mater ia l in a tight lattice spacing can have sig
nificantly less in-scatter; nevertheless, the TREAT signal/background 
ratio of two and resolution of 0.25 in. have been applied in the following 
estimates, which should thus represent a worst case. 

For the time being, a "removal" coefficient of 0.25 cm" has 
been taken as a basis of neutron loss through the subassembly. This num
ber, derived from the data in Fig. 17, is experimentally observed for steel 
under certain limited detection conditions. Although the actual mixture in 
the subassembly is sodium and fuel, it is temporar i ly assumed that a 
homogeneous cross section of steel is adequate to represent neutron scat
tering. This too is probably a pessimist ic assumption. In part icular , 
restricting detection to supra-threshold neutrons may improve system 
definition. 

I I I I I 1 I I I I 

I 2 3 4 5 6 7 8 9 t II 12 13 14 15 16 17 IB 19 

PIN COLUMN 

Fig. 18. Illustrative Large Scale Test 
Pin Distribution. ANL Neg. 
No. 113-1684. 
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The n u m b e r s be ing app l i ed h e r e a r e c o n s i s t e n t wi th a T R E A T 
h o d o s c o p e s c a n m a d e of a 9 - c m - d i a m c o n t a i n e r holding 37 E B R - I I p ins a t 
8% e n r i c h m e n t . A s i g n a l / b a c k g r o u n d r a t i o of two w a s ob ta ined (and p e a k / 
v a l l e y r a t i o of t h r e e ) . About s e v e n p ins w e r e in the l ine of s igh t at the 
center of the c l u s t e r . 

Subject t h e n to t h e s e c o n s t r a i n t s . F i g s . 19-23 dep ic t a v i s u a l 
i n t e r p r e t a t i o n of i n s t a n t a n e o u s fuel p o s i t i o n a t one l eve l of the h o d o s c o p e , 
w h i c h v i e w s a c r o s s - s e c t i o n s l i c e of the s u b a s s e m b l y . The o r d i n a t e i s the 
p in c o l u m n ( r e f e r r i n g to F i g . 18); the a b s c i s s a is in r e l a t i v e count u n i t s , 
e a c h u n i t be ing a p p r o x i m a t e l y equ iva len t to the r e s p o n s e f r o m a s ing le 
b a r e pin i r r a d i a t e d in T R E A T . 

B (t, 12 14 16 18 

PIN COLUMN 
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Fig. 19. Washout Effect from Occultation. 
ANL Neg. No. 113-1675. 

Fig. 20. Best Attainable Signal. ANL Neg. 
. No. 113-1681. 

- i n : .jzin , 
PIN COLUMN 

PIN COLUMN 

Fig. 21. Degrading Effects of Residual 
Sodium. ANL Neg, 
No. 113-1677. 

Fig. 22. Signal from Fifty percent 
FuelCoUapse. ANLNeg. 
No. 113-1678. 
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PIN COLUMN 

F i g u r e 19 shows the w a s h o u t ef
fect c a u s e d p r i m a r i l y b y o c c u l t a t i o n . 
The b a c k g r o u n d is l a b e l e d B, and the 
g r o s s count S + B . F i g u r e 20 d e m o n 
s t r a t e s the b e s t a t t a i n a b l e s igna l (under 
the above cond i t ions ) for a c a s e in w h i c h 
a l l fuel has c o l l a p s e d into a s ing le co l 
u m n l ean ing a g a i n s t the f ront wa l l of the 
s u b a s s e m b l y . Among o the r t h i n g s , t h i s 
p i c t u r e i n d i c a t e s tha t the r a d i a t i o n 
hodoscope m a y r e q u i r e an o r d e r - o f -
m a g n i t u d e e x t e n s i o n in c o u n t - r a t e 
c a p a c i t y . 

Fig. 23. Effects of Sodium Voiding. ANL 
Neg. No. 113-1676. F i g u r e 21 g ives s o m e ind i ca t i on 

of the d e g r a d i n g effects of the r e s i d u a l 
sod ium d i sp laced be tween the fuel and the hodoscope l ine of s i g h t . Desp i t e 
the r e d u c e d s igna l s t r e n g t h , two th ings shou ld be kept in m i n d : F i r s t , a t 
r e l a t i v e l y high count r a t e s , a s igna l r a t e r o u g h l y equa l to b a c k g r o u n d l eve l 
has a high in fo rma t ion content ; s econd , i m p r o v e m e n t in r e s o l u t i o n r e m a i n s 
an open p o s s i b i l i t y for fu ture d e v e l o p m e n t Avork. Since one of the c o n s t r a i n t s 
imposed by the hodoscope m a y involve r e t e n t i o n of a c l e a r s lo t t h r o u g h the 
r e a c t o r , it m a y b e c o m e a d v i s a b l e to c o n s i d e r a s e c o n d hodoscope l o c a t e d 
at the opposi te end of the s lo t . The u s e of t"wo h o d o s c o p e s fac ing e a c h o the r 
w o u l d - - a t no pena l ty to the r e a c t o r - - e l i m i n a t e the r e l a t i v e l y p o o r l i m i t a 
t ions of F i g . 21 in favor of r a t h e r m o d e r a t e l i m i t a t i o n s . 

F i g u r e 22 has b e e n p r e p a r e d to a s s i s t in the eva lua t i on of 
r e s p o n s e to l e s s m a s s i v e fuel a c c u m u l a t i o n s . F o r t h i s e x a m p l e , half the 
fuel p ins have been c o l l a p s e d t o w a r d the c e n t e r and the r e m a i n d e r have 
b e e n left i n t ac t . Our ab i l i ty to d i s c e r n d e t a i l e d m o t i o n is sub j ec t to the 
t ime i n t e g r a l of the i n s t a n t a n e o u s count r a t e . 

Re tu rn ing to F i g . 19 for a m o m e n t , in p r i n c i p l e the e l i m i n a t i o n 
(by mel tdown) of a s ingle p in l o c a t e d a t the c e n t e r would involve a change 
in s igna l r a t e of 0.17 uni t ( c o m p a r e d to a t o t a l of 8 u n i t s of wh ich 2.67 is 
background) for one d e t e c t o r . The to t a l count swing would be by 2% p e r 
de t ec to r , wi th the b a c k g r o u n d count e s s e n t i a l l y u n c h a n g e d if the m e l t e d p in 
is r e p l a c e d by s o d i u m . To de t ec t t h i s effect at a conf idence l e v e l of 0 .67, 
we would r e q u i r e 1 0 0 - m s e c o b s e r v a t i o n t i m e for t h i s s ing le e l e m e n t . If 
we a r e c o n c e r n e d wi th the m e l t d o w n and to t a l r e m o v a l of the e n t i r e p in , 
r a t h e r than jus t a s m a l l po r t i on , we should be ab le to deduce th i s even t in 
about 10 m s e c . T h e s e e s t i m a t e s r e g a r d i n g a s ing le p in h e l p t o i l l u s t r a t e 
the i n t e r a c t i o n be tween t i m e and p o s i t i o n i n f o r m a t i o n tha t a p p l i e s to a l l 
e x a m p l e s . 

F i g u r e 23 i l l u s t r a t e s s o m e of the c h a n g e s e x p e c t e d f r o m m a j o r 
sod ium void ing . This s i tua t ion is the s a m e as in the p r e v i o u s f i g u r e , excen t 
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that the sodium has been displaced by low-density vapor. Not only does the 
signal from the fuel stand out more clearly, but the background detector 
simultaneously follows the reduced scattering effect. In these figures, the 
background level has been depicted in its approximate proportion for the 
fast-neutron detector. Since it is possible to have parallel background de
tection, the precision in background may actually be better than the count
ing stat is t ics derived from the fast-neutron channel. As a result , void 
effects can probably produce signal changes comparable to that obtained 
from equal volumes of fuel. 

i. Directions for Ear ly Development 

Some avenues of development are already indicated. Since 
the outcome of some of this work could significantly affect design considera
tions, portions of this p rogram should be initiated as soon as possible. In 
essence, there is need for efforts directed into all major categories of the 
hodoscope: collimator, detectors , linear and digital electronic processing, 
readout, and film scanning. Some specific examples are : 

(1) High-energy neutron detectors for better efficiency and 
resolution. F i r s t , one might look at the possibility of dispersing U 
microspheres covered with an inorganic scintillator into a t ransparent 
binder. Second, one might substitute a fission threshold such as U, or 
al ternately evaluate the efficiency of ^̂ ^U fission ionization counters op
erated in the current pulse mode. 

(2) Sodium-void detectors . The ^"U detector mentioned above 
may be adequate for this purpose; otherwise, ecintil lators sensitive to 
neutrons or p r imar i ly to gamma rays may provide the best response to 
sodium. 

(3) Magnetic recording to see if recording on magnetic media 
can catch up with the photographic method. 

(4) LSI ( large-scale integration) or, more appropriately MSI 
(medium-scale integration) to reduce the density and cost of both l inear 
and digital processing of a la rger number of channels. 

(5) Optical data processing as a promising method of direct 
integration of photographic data using laser technology. In addition, other 
methods of expediting data t ranslat ion should be examined. 

4. Conclusions 

An instrument that can follow massive movements of molten fuel 
from a contained subassembly of enriched pins is feasible. To obtain 
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reasonable resolution, a clear slot through the reactor is needed. The 
device that could accomplish these objectives represents an extension of 
concepts satisfactorily applied to the fast-neutron hodoscope at TREAT. 
For the program of full-scale tes ts , a larger "radiation hodoscope" is en
visioned. This dual-function device would have peaked sensitivity for fis
sion neutrons produced in the fuel and, in addition, separate channels for 
observation of sodium-void effects. To minimize the occulting effects 
caused by intermediate fuel pins in field of view, the location of hodoscope 
collimators at opposite ends of the clear slot is probably a reasonable 
compromise without further reactor design constraints . 

Spatial resolution down to l /4 in. may be possible; time resolution 
better than 1 msec can be achieved. Scanning area and duration of obser
vation are compatible with experimental needs. A program of development 
starting at the ear l iest possible stage is advisable to ensure a system that 
is optimizedwith respec t to the needs of data acquisition andfacility design. 
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APPENDIX C 

Equation of State of Core and Associated Materials 

D. Miller 

1. Introduction 

The pr imary source of a s t ress (or pressure) wave during a hypo
thetical fas t - reac tor accident is the deposition of energy in the core at a 
higher rate than it can be removed under steady-state design conditions or 
during t ransients defined by the normal operational variations of power, 
coolant flow, or coolant tempera ture . 

The equation of state (EOS) is the general terminology for the re la
tions among the thermodynamic variables , p ressu re P, temperature T, 
volume V (or density, p = 1/V), and energy E. It is also used to describe 
the mater ia l or constitutive relation between the mechanical propert ies such 
as s t r e s s a, s t rain e, and the thermodynamic variables. The following 
special names are given to different forms of the equation of state: 

and 

Thermal equation of state: 

Caloric equation of state: 

Mechanical equation of state: a 

where t is t ime. 

nSPLACEMEHTij-' |VEU)CITIESf- 1 ACCELEHATIo"iii| 

Fig. 24. Feedback Loop for Stress and Tempera
ture Interactions with Reactor Dynamics. 
ANL Neg. No. 116-30. 

P ( V , T ) , 

E (V ,T) , 

(--f)^ 

(1) 

(2) 

(3) 

The EOS is of importance in 
reactor safety studies because it links 
the chain-reaction kinetics to the 
equations of motion and of energy 
t ransport via the Doppler effect, ther
mal expansion, and mechanical dis
tortions. Figure 24 indicates these 
interactions. 

Because of the wide range of 
conditions that might be encountered 
in a hypothetical accident, consideration 
must be given to a wide variation of 
propert ies needed for its analysis. The 
mater ia ls of principal interest are the 
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sod ium coolant , the s t r u c t u r a l m a t e r i a l s ( g e n e r a l l y i r o n a l l o y s ) , and fuel 
and fe r t i l e m a t e r i a l s . F u e l and f e r t i l e m a t e r i a l s m a y be m e t a l l i c o r 
c e r a m i c , each with s p e c i a l c h a r a c t e r i s t i c s . Al though e x t e n s i v e e x p e r i m e n 
t a l da ta a r e a v a i l a b l e for m a n y of t h e s e m a t e r i a l s , t h e o r y and e m p i r i c i s m 
m u s t be used to ex tend the da t a and apply t h e m . 

The t h e r m o p h y s i c a l p r o p e r t i e s n e c e s s a r y for a d e s c r i p t i o n of t he 
phenomena inc lude t he condi t ions of p h a s e t r a n s f o r m a t i o n s , s u c h as the 
s o l i d - s o l i d p h a s e t r a n s f o r m a t i o n s (as a r e found in i r o n a l loys '^^ and U 0 2 " ^ ) , 
me l t i ng , and v a p o r i z a t i o n . T h e s e a r e c h a r a c t e r i z e d by t e m p e r a t u r e s and 
p r e s s u r e s , such as t he m e l t i n g po in t s o r boi l ing p o i n t s , v a p o r p r e s s u r e s , 
and the a s s o c i a t e d v o l u m e t r i c and e n e r g y c h a n g e s . 

Other i m p o r t a n t p r o p e r t i e s inc lude the hea t c a p a c i t i e s Cp and Cy (for 
cons tant p r e s s u r e and v o l u m e , r e s p e c t i v e l y * ) , o r t he c o r r e s p o n d i n g e n t h a l p i e s ; 
the t h e r m a l - e x p a n s i o n coeff icient a p = ( l / V ) ( 3 v / 3 T p ) ; t he c o m p r e s s i b i l i t y 
/3'p = ( - l / v ) ( S v / S p ) ; and i ts r e c i p r o c a l , the bulk m o d u l u s of c o m p r e s s i o n B ^ = 
l / ^ X ' which l inks the t h e r m a l and c a l o r i c equa t ions of s t a t e to i n t e r r e l a t e d 
m e c h a n i c a l p r o p e r t i e s such as P o i s s o n ' s r a t i o v, the s h e a r m o d u l u s G, and 
the e l a s t i c modu lus E. 

F o r s e v e r e t r a n s i e n t s , t he p r o p e r t i e s l i s t e d above m u s t be s u p p l e 
men ted by the t h e r m o d y n a m i c c r i t i c a l c o n s t a n t s , the y ie ld s t r e s s Y and i t s 
dependence on s t r a i n e, t e m p e r a t u r e , c o m p o s i t i o n , s t r a i n r a t e , and p r i o r 
h i s t o r y , and d i s s o c i a t i o n e n e r g i e s of compounds and i o n i z a t i o n p o t e n t i a l s . 

D e s c r i p t i o n of t he m e c h a n i c a l b e h a v i o r should a l s o inc lude c o m p a c 
tion and crushing' '**' '* ' (the c los ing of p o r e s and c r a c k s ) , s p a l l a t i o n " " (the 
opening of c r a c k s unde r d y n a m i c t e n s i l e cond i t i ons ) , s w e l l i n g o r c r e a t i o n of 
po ros i t y due to t e m p e r a t u r e - i n d u c e d diffusion of f i s s i o n g a s e s , ' " and o t h e r 
nonl inear phenomena . Indeed the d e t a i l s of t he h e t e r o g e n e i t y and of p h a s e 
t r a n s i t i o n s c a u s e the p r i n c i p a l c o m p l e x i t y of the equa t ion of s t a t e . 

T h e r e a r e no s i m p l e g e n e r a l i z e d equa t ions of s t a t e for d e n s e so l id s 
and l iquids such as the c l a s s i c a l Van d e r Waa l s equa t ion r e l a t i n g the 
coexis t ing l iquid and v a p o r p h a s e s , but t h e r e a r e m a n y r e l a t i o n s hav ing 
ut i l i ty. 

F o r c o n v e n i e n c e , m a n y a u t h o r s h a v e g iven the EOS in t he f o r m of a 
po lynomia l or s o m e o t h e r ana ly t i c funct ion. The spec i f i c f o r m is not i m 
por tan t , as long as it fits the da t a o r t h e o r y o v e r t he r a n g e of i n t e r e s t and 
IS t h e r m o d y n a m i c a l l y c o n s i s t e n t . One should not be t e m p t e d to e x t r a p o l a t e 
t h e s e e m p i r i c a l equa t ions o u t s i d e t h e i r r a n g e of app l i cab i l i t y . 

At temperatures greater than about 3000°K, the electronic contribution to the heat capacity c^ = CgT 
becomes important because of its temperature dependence. The coefficient Cg is usually determined 
from heat-capacity measurements at very low temperatures. 
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LIQUID AND VAPOR 
SOLID AND VAPOR 

2. The Pressure -Volume-Energy Relationships 

The path by which the final state is reached is important in con
sidering the behavior of a mater ia l that can be raised to a high p re s su re 
and temperature by the addition of heat or by compression. 

Figure 25 shows some relations 
between p res su re , volume, and the 
temperature-dependent phase t ransfor
mations. The curve labeled P,; is the 
"cold" compression curve at T = 0; it 
depends only on the volume through the 
elastic propert ies of the lattice at abso
lute zero. This curve can be derived 
from an appropriate microscopic model 
of forces between atoms or experimen
tally determined from compression meas 
urements with appropriate corrections 
for temperature. 

VOLUME At any f ini te t e m p e r a t u r e t h e r e i s 
a t h e r m a l - p r e s s u r e c o n t r i b u t i o n Pth-

Fig 25. Plot of Pressure-Volume Equation ^ ^ . ^ ^ c o n s i s t s of the effect of l a t t i c e 
of State. ANLNeg. No. 113-1644, , . „ j f tu 1 ,.+,-^„=,13 Tr, 

mo t ion P L and of the e l e c t r o n s Pe- tri 
e q u a t i o n f o r m , th i s can be w r i t t e n a s 

P (V ,T) = Pc{V) + P th (V.T) = P c + P L + Pe- (4) 

The d i f f e r ence b e t w e e n po in t s 3 and 3' in F ig . 25 r e p r e s e n t s Pth-

The c u r v e P ^ e x t e n d s into the nega t ive r eg ion , r e p r e s e n t i n g 
t e n s i o n , " " and the m i n i m u m c o r r e s p o n d s to an uns t ab l e point beyond which 
an i n c r e a s e in p r e s s u r e can l ead to an i n c r e a s e in vo lume as the t e n s i o n 
goes to z e r o . T h i s can be i n t e r p r e t e d as f a i l u r e in t e n s i o n and i s r e l a t e d to 
s p a l l a t i o n . P c is r e l a t e d to the "co ld" e n e r g y Ec by the t h e r m o d y n a m i c 
def in i t ion 

P = T(SP/ST)y - (aE/av)T- (5) 

At absolute zero, Eq, 5 becomes 

P^ = ibEjby)^^^ 

The zero point of the energy can be taken at the minimum of P^, and consid
ered as the cohesive energy or heat of sublimation to the atomic 
species 

(6) 

190,192 

•aterial failure in tension and in expanded states is 



178 

The curve Pg is the boundary of the saturated liquid and vapor region 
and consists of the liquid range from the triple point (the intersect ion of the 
liquidus line and the solidus line) to the cri t ical point CR and the vapor 
region from the cri t ical point to infinite volume. The solidus line is the 
melting curve that intersects the sublimation curve at the triple point. The 
change in volume at the intersection of the melting line and the cold-
compression curve is typical of a phase transit ion with an increase in 
volume. The volume increase in melting has been related to the volume of 
the solid at melting by Stishov"^ as AVm = f exp(Vgj^/g), where AV^ is the 
volume change on melting, Vgj^ is the volume of the solid at melting, and f 
and g are constants for each mater ial . As would be expected, most high-
pressure transitions display a decrease in volume. 

The curve Pfj, called the Hugoniot or shock adiabat, corresponds to 
the locus of all states that can be reached by shock compression of mater ia l 
initially at volume Vg. Equations of mass momentum and energy conserva
tion for a shock wave of velocity U moving through a fluid at res t are , 
respectively, ' 

U(Vo-Vi) = uVo, (7) 

(Pi-Po) Vo = uU, (8) 

and 

i ( P , + Po)(V„-Vi), (9) 

where u is the mater ia l velocity and the subscripts o and i represent initial 
and final states, respectively. These relations may be legitimately applied 
to a solid only if the shock strength is such that shear s t r esses a re negligible 
and the material responds in a "hydrodynamic" manner. The effect of devia-
toric s t resses in applying these equations below the Hugoniot elastic limit 
introduces e r r o r s . 

An additional useful relation involving the enthalpy H can be derived 
with the same assumptions as 

Hi - Ho = i(Pi-Po)(Vo + Vi). (10) 

Over a wide range of shock compressions, within a single phase, the 
shock velocity and particle velocity are linearly r e l a t e d ; ' " ' " ^ that i s . 

U = C + su. (11) 

The constant C is often identified with the sonic velocity Co at zero p ressu re 
as defined by 

Co = V-(dP/dV)s = V^Bg/p^ 
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where the subscript s indicates constant entropy. More correct ly, it should 
be the velocity of the f irs t plastic wave, but the difference is generally 
small; CQ can be used if no experimental data are available."^ The constant 
s can be related to other thermophysical propert ies . 

To calculate the p ressure at a given volume from Pc (or from P H ) ' 
the Griineisen ratio y = 7(V) defined by 

7 = V(SP/aE)v = -(b f,nT/bi,nY)s (13) 

is used in an integrated form termed the Griineisen equation of state.'*'" 

P - Pi = J ( E - E i ) , (14) 

where the subscript i indicates some initial state. Since generally only 
small offsets from the cold-compression curve or Hugoniot are involved, 
the major e r r o r s involve the volume dependence of 7 and the correct value 
following a h igh-pressure phase transformation. Lacking an appropriate 
microscopic model, the relationship independently derived by Rice and 
R i c h t e r , ' " 

7 = (v/Vo)/( i-v/v„+:iy (15) 

is recommended. 

Equation 15 reduces to the commonly used form 
% 

1 = 2a = const (16) 
V Vo 

at small compressions when V/VQ = I. The values ofyj, can also be calcu
lated from the thermodynamic identity 

^ ^ V o B s ^ V O B x (^^j 
C p Cy 

Agreement between statically and dynamically determined equations of state 
is good,^""'^"' provided deviatoric s t r ess components are considered. 

Returning to Fig. 25, mater ia l at points off the cold compression 
curve will expand adiabatically to lower p re s su res if permitted to do so 
rapidly. For example, consider points 1-4 on the Hugoniot. Expanding along 
adiabat Si from point 1 will yield a volume Vi at ambient p ressure . This 
volume is larger than the initial volume VQ by the amount of thermal expan
sion due to the waste heat corresponding to the area bounded by the Hugoniot, 
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the cu rve Sj, and the a m b i e n t p r e s s u r e . A r a r e f a c t i o n wave due to r e f l e c t i o n 
at an i n t e r f ace could i n t e r s e c t the t e n s i l e c u r v e to the left of the m i n i m u m 
and would thus c o n t r a c t to a sol id. 

F r o m point 2, expans ion along Sj wil l i n t e r s e c t the l iquid c u r v e a t 
point L j , and i t s f inal vo lume wil l be V^. Whether me l t i ng would t ake p l a c e 
would depend on the r e l a t i v e l y unknown de ta i l s of the k i n e t i c s of p h a s e 
t r a n s f o r m a t i o n s . The t r a n s i t t i m e of the s t r e s s wave can be s h o r t c o m p a r e d 
to the me l t ing r e s u l t i n g in s u p e r h e a t e d sol id, which migh t then m e l t . F o r 
ad iaba t s of en t ropy g r e a t e r than that at the c r i t i c a l point S^^ .̂, such a s S3, the 
expans ion wil l p roduce v a p o r , s o m e of which wi l l c o n d e n s e . If the e x p a n s i o n 
is along an ad iaba t of high e n t r o p y such as S4, the e x p a n s i o n could p r o d u c e 
supe rcoo led vapor which \vould r e q u i r e nuc le i i to c o n d e n s e . 

To c o n s t r u c t the c u r v e s in F ig . 25 , the cold c o i n p r e s s i o n c u r v e can 
be given to adequa te a c c u r a c y by the M u r n a g h a n equa t ion . 

'To 

3 T 

B ' 
I (18) 

where ^-YQ and B j a r e the coeff ic ients in the e x p a n s i o n of the bulk modulus 

B = Bxo + B'^P. (19) 

In gene ra l , the t e m p e r a t u r e dependence is s m a l l . 

The a p p r o x i m a t i o n 

B ^ = B^ ? 27 + 1 (20) 

is useful when a c c u r a t e c o m p r e s s i b i l i t y m e a s u r e m e n t s to d e t e r m i n e B'J, a r e 
not ava i l ab le . 

Using the fact tha t t h e r e i s a s e c o n d - o r d e r con tac t b e t w e e n the 
Hugoniot and the c o l d - c o m p r e s s i o n c u r v e , one can find tha t 

B x = Bg = 4s - I . 

Combining E q s . 20 and 21 y ie lds 

7 + I 

s = 
2 

for use in Eq. 11. The Hugoniot is g iven 'by 

PH = ir(i-Vv„)/ I - s i'-TJi 

(21) 

(22) 

(23) 

file:///vould
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T a b l e II l i s t s m e a s u r e d or e s t i m a t e d v a l u e s of 7, B'j;, Bg, and s 
(Ref. 202) for a n u m b e r of s u b s t a n c e s of r e a c t o r i n t e r e s t . E s t i m a t e s for 
the t h e r m o d y n a m i c c r i t i c a l p r o p e r t i e s of s i i n i l a r s u b s t a n c e s a r e a v a i l a b l e . 
A l so a v a i l a b l e a r e m e t h o d s of e s t i m a t i n g the v a p o r - l i q u i d c o e x i s t e n c e c u r v e s 
f r o m l i m i t e d data""" and m e t h o d s of e s t i m a t i n g and e x t r a p o l a t i n g the t h e r m a l -
e.xpansion coeff ic ient , c o m p r e s s i b i l i t y , hea t c a p a c i t i e s , and hea t of 
v a p o r i z a t i o n . 

TABLE II, Constants in Equation of State 

Material 

U 
UOj 
UC 
P Q 

Li 
Na 
K 
F e 
W 
T a 
Al 
Cu 
Hg (liq) 
NaCl 
SiOj (fused) 
B e O 
MgO 

^Estimated. 

Po. 
g /cm ' 

19,04 
10,97 
13.61 
19.79 
0.545 
0.971 
0.87 
7,84 

19,35 
16,68 
2,785 
9.02 

13,55 
2.02 
2.20 
3,01 
3,65 

0 
B T . 

k b a r 

987 
SOO'̂  

1700^ 
457 
123 

74 
37 

1780 
3080 
2005 

789 
1310 

245 .4 
234 ,2 
371 

2430 
1691 

B T 

8,38 
4 , 7 5 ^ 
5,22^^ 
8,65 
3,6 
3.95 
3,85 
5.0 
4,2 
5 ,3a 
4,27 
5,20 
8,71 
5,35 
6,33 
5,04 
3,95 

B s , 
k b a r 

470 
1636 

67,5 
30 .8 

1667 

1897 
7 64 

1370 
214 
247 
365 

2520 
1717 

B s 

3,85 
3,77 
5.04 

5,08 
5,51 
8,82 
5,27 
6,15 

3,915 

e, 
°K 

222 
154 
320 
178 
390 
150 

93 
4 67 
310 
230 
435 
315 

92 
326 
490 

1280 
946 

7 

1,91 
1,88 
2 ,11 
2 ,56 
1,18 
1,17 
1,30 
1,60 
1,54 
1,68 
2 ,18 
2 ,06 
1,51 
1,54 
0 ,746 
1,97 
1,60 

S 

1,504 
1,438^ 
1.555^ 
1,780^ 
1,154 
1,242 
1,188 
1,58 
1.27 
1,214 
1,39 
1,514 
2 ,068 
1,541 
1,56 
1,36 
1,223 

4 s - 1 

5,02 
4 ,75 
5,22 
6,12 
3.62 
3.97 
3.75 
5,32 
4 . 0 8 
3,86 
4 ,56 
5.06 
7,27 
5,164 
5,24 
4 ,44 
3,892 

The t e m p e r a t u r e a long the Hugoniot i s ' f ound by i n t e g r a t i n g the 
t h e r m o d y n a m i c iden t i ty 

T dS = C y dT + T ( S P / a T ) v dV, (24) 

w h e r e S is t he e n t r o p y . 

The spec i f i c hea t C y i s t a k e n to be a funct ion of v o l u m e and t e m p e r a 
t u r e in the fol lowing way. The t e m p e r a t u r e dependence of C y is a s s u m e d in 
the Debye f o r m , " ^ and the Debye t e m p e r a t u r e e ^ i s m a d e v o l u m e - d e p e n d e n t 
us ing the r e l a t i o n 

7^ = -S Hn e i j / d Zn V. (2 5) 

A code for p e r f o r m i n g the c a l c u l a t i o n s and r e d u c i n g the e x p e r i m e n t a l 
Hugonio t da ta h a s been r e p o r t e d by R o g e r s . 

3. T e m p e r a t u r e Dependence of E l a s t i c P r o p e r t i e s 

S ince the r e a c t o r a c c i d e n t s migh t i n i t i a t e f r o m o p e r a t i n g cond i t i ons 
- .̂ ? ! ; ; i - ; r a c c i d e n t , the t e m p e r a t u r e dependence of the 
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physical properties is important. Anderson^"^ examined the theoretical basis 
for the empirical relation of Wachtman et al. In the form 

Bs(T) = Boo - bT exp(-To/T), (26) 

where BQO is the bulk modulus at absolute zero and Tg is about half the 
Debye 9. He found the high-temperature slope b of the bulk modulus to be 
given by 

b = 3R76/V0, (27) 

where 6 is the second Gruneisen ratio, independent of temperature , and is 
defined as 

1 /a in Bs^ 
6 = - r l - ^ ^ T — , ^ aV ST 

Birch showed that 6 can be obtained from acoustic measurements as 

6 = ( S B X / S P ) J = B T , 

where 

Bj; = B^ + K, 

where K is a small dimensionless constant about 1% of Bg. Values of 6 
vary between 3.5 and 8 for substances of reactor interest . 

Tottle gave some information on the temperature dependence of 
Young's modulus of UOj. Sung and Turnbaugh^"' estimated the temperature 
dependence of the bulk and shear moduli, but made no comparison to 
experiment. 

4. The Effect of Material Strength 

The strength of the material is important in determining whether the 
stress waves are one-dimensional or whether deviatoric components must 
be included. The point at which the behavior becomes hydrodynamic is taken 
as the yield s t ress Y. A dynamic value of Y determined in shock-
compression experiments is termed the Hugoniot elastic limit (HEL). 
Experiments^'" in the ceramic mater ia l A4O3 showed that the HEL is large 
and that shear s t resses of magnitudes of about 30-40 kbar pers is t to shock-
pressure levels of at least 300 kbar. Similar effects might be expected for 
UO2. 



183 

A study^" of the effects of s t ress gradient do/dx on spallation gave 
the correlat ion 

a3 = Y . A ( f ^ ) " , (28) 

where Og is the dynamic s t ress at spallation 

Y is the static yield s t ress , 

AO/AX is the s t ress gradient as calculated. 

and 

A and B are constants (B = l /2) . 

The dependence of Y on strain rate is still an experimental and 
theoretical frontier, although data exist for some mater ia ls such as iron, 
steel, and aluminum. 

5. The Effect of Heterogeneity 

If the composition and geometry of a heterogeneous mater ia l are 
known and the elastic proper t ies of each component are known, it should be 
possible, in principle, to calculate the pressure-volume relations of any 
mixture. In pract ice , this is most successfully applied to systems of regular 
or random geometry of simple, known proper t ies . 

Complications ensue with the presence of mixtures of phases such as 
liquids and vapors , which do not t ransmit shea«r and may not be at tempera
ture equilibrium. Although in principle the equations of conservation of 
mass , momentum, and energy can be solved numerically to include the rate 
of approach to equilibrium with a sufficiently fine mesh, it is not currently 
pract ical to do so. Indeed, the total volume and energy of a mixture at the 
final point in any process in which temperature equilibrium is not reached 
is not sufficient to determine the final state. 

To describe a system with one or more dispersed phases in a contin
uous phase, the following four features must be considered: 

I. The geometry of the dispersed phase(s) 

a. Size and size distribution of the part icles 
b. Concentration and concentration distribution of the par t ic les 
c. Shape of the part ic les 
d. Orientation of the part ic les 
e. Topology of the par t ic les 
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2. The composition of the continuous phase 

3. The state of matter of the dispersed phase(s) 

4. The composition of the dispersed phase(s) 

6. Static Effects of Heterogeneity 

The overall problem may be simplified by considering separately (A) 
systems with one continuous phase and (B) systems with two or more contin
uous phases, which are far more complex. Considering system A, the shape 
of the dispersed phase can often be idealized as spherical, cylindrical, or 
planar, although additional anistropy could be included by treating the shape 
as spheroidal or ellipsoidal. The simplest t reatment for dilute dispersions 
is the representative cell. Here interactions between dispersed components 
are neglected and the system idealized, such as the effect of a spherical 
inclusion in a finite spherical cell. 

For the elastic moduli, several theories have been proposed for 
spherical dispersions in a matr ix and are listed in Table III along with the 
systems to which they apply and comments on their accuracy. Some of 
these theories are approximate; others ^ set exact upper and lower bounds 
on the propert ies. The bounds can be averaged suitably to give a good 
estimate of the true behavior. 

Ref. 

TABLE 

erence 

III. Theor ies 

Applicable 

of 

Sy 

Elas t ic 

s t ems 

Mo 'dull of C omposi te Syst 

Accuracy 

e m s 

Hashin"^" 

Reiner^" and 
Hashin^'^ 

Kerne r^" 

Mackenzie^" 

van der P o e l ^ " 

Guth"° 

Hash in" ' 

Rigid sphe res in soft 
m a t r i x 

All 

A c c u r a t e - - v a l i d only at low 
concen t ra t ions 

A c c u r a t e - - l o w concen t ra t ions only-

All 

P o r e s in a m a t r i x 

All 

Approx ima te - -h igh concent ra t ions 

A c c u r a t e - - l o w concent ra t ions only 

Approx ima te - -h igh concen t ra t ions 

Rigid sphe res in soft Approx ima te - -h igh concent ra t ions 
m a t r i x 

Sets upper and lower bounds 

Hashin^'^ showed that, for the effective Young's modulus E, these can 
be generalized in the form 

- - ~ 1(± -J_ 
E E- ' X \ E - " E + / ' 

(29) 

where X is a parameter that contains the ratio of the phase moduli and the 
geometry and 

E- El Ea 
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and 

E+ = XiEi + X^E^. (31) 

Here E- is the lower bound for equal Poisson 's ratio, E+ is the upper bound 
for equal Poisson 's ratio, and Xj and Xj are the volumetric fractions. The 
subscripts i and 2 denote the respective phases. Closer bounds for extreme 
values of the ratio of moduli require specification of the geometry. 

7. Application to Compressibil i ty 

Two widely used methods of averaging are the Ruess and Voight 
methods. For compressibil i ty of a random elastic aggregate, Hill^ showed 
that these averages are the upper and lower bounds for the true average 
compressibi l i ty |3, 

/3v< i3< |3R- (32) 

The subscripts V and R indicate Voight and Ruess, respectively. , 

In the Ruess averaging method, s t ress is considered to be uniform 
through the aggregate, and 

PR = I XiPi, (33) 

where X- is the volume fraction of mater ia l i. The difficulty with this model 
is that under p re s su re the distorted parts cannot fit together. This method 
is s imilar to that first proposed by Goranson et ^.^^^ and applied to shock 
compression and rederived periodically by others. 

In the Voigt model, s train is>assumed to be uniform throughout the 
aggregate, and 

^ = y ^ . (34) 

The e r r o r in this model is that the forces between adjacent regions are not 
in equilibrium. 

The effect of spherical pores on compressibil i ty can be given by 

/3 = /3o(l-k'p), (35) 

where the subscript o refers to the completely dense mater ia l , p is the po
rosity, and k' is an empirical constant, generally having the value 2 to 4. 
The constant k is related to the theoretical values derived by Hashin^^' for 
the bulk modulus B = l//3 
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B = B o l - ^ / ( ^ : r ° i i V ^ ! C ] , (36) 
"\̂  2(2 Vo) + (1 +Vo)^ 

whe re 

Vo is the P o i s s o n ' s r a t i o of the c o m p a c t m a t r i x , 

T] = B J / B Q is the r a t i o of p a r t i c l e m o d u l u s to m a t r i x m o d u l u s , 

and 

C is the vo lume c o n c e n t r a t i o n . 

S imi l a r r e l a t i o n s a r e a v a i l a b l e for the o the r modu l i . P o i s s o n ' s r a t i o is 
r e l a t i ve ly i n s e n s i t i v e to p r e s s u r e and t e m p e r a t u r e change a l though it goes to 
1/2 at mel t ing . 

When s p h e r i c a l p o r o s i t y i s the inc luded p h a s e , Eq. 36 r e d u c e s to 

B = B o ( l - ^ i ^ p ) (37) 
2 1 - 2 Vn 

B = Bo(l - k p ) . (38) 

Different iat ing Eq, 38 p r o d u c e s 

dB dBn ,, , , , dp „ dk , . 
- = ^ ( l - k p ) - B o k ^ - B o P ^ . (39) 

Both the second and th i rd t e r m s on the r igh t s ide of Eq. 39 a r e s m a l l and can 
be neglec ted in the e l a s t i c r eg ion , and the equa t ion s i m p l i f i e s to 

1_ dB ^ J_ dB^ 
B dP Bo dP • ^ ^ ° ' 

The phys i ca l i m p l i c a t i o n of th is equa t ion is tha t the p r e s s u r e coeffi
cient of this e l a s t i c modulus (and o t h e r s ) d e t e r m i n e d on n o n p o r o u s poly-
c r y s t a l l i n e a g g r e g a t e s r e p r e s e n t s the c o r r e s p o n d i n g quan t i ty of the p o r o u s 
po lyc rys t a l l i ne a g g r e g a t e . Any d e p a r t u r e , if o b s e r v e d , would c o r r e s p o n d to 
the neglect of the two t e r m s . Th i s has i m m e d i a t e a p p l i c a t i o n to the use of 
Eq. 18. 

R o s s i p r o p o s e d a m o d e l for low c o n c e n t r a t i o n s that i n c l u d e s the 
shape of a s e c o n d - p h a s e inc lus ion . The effect of an ob la te s p h e r o i d a l inc lu
sion was found to be m o r e profound than tha t of p r o l a t e s p h e r o i d s o r s p h e r e s . 
This expla ins the high va lue s of k' and k found for s o m e p o r o u s c e r a m i c s . 
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Walsh ' " considered the effects of pores and cracks on compressibi l 
ity of rocks and found that cracks have a much greater effect on compress 
ibility than do spherical pores . He found that the p ressu re to close an 
elliptical crack P^, was 

Pc = aE, 

where a is the ratio of the minor axis to the major axis of the cracks. For 
many mater ia l s , E is of the order of 1000 kbar and crack porosity disappears 
at a few kbar; hence, a is of the order 10"'. In both static and dynamic com
pression, the effects of porosity pe rs i s t to high p ressures (for porous iron 
greater than 20 kbar). 

Static and dynamic compressions of rock materials '^* have shown 
hys teres is curves attributed to closing and opening of pores and cracks , and 
these have been incorporated in computer codes.^^^ Several t imes the static 
yield strength is required to completely collapse the pores . 

8. Dynamic Effects of Heterogeneity 

The cor rec t form of the shock Hugoniot for porous mater ia ls and its 
prediction from the Hugoniot of fully dense mater ia l are still a current 
r e sea rch problem. Thouvenin^^' proposed a method to calculate the shock 
velocity in porous mater ia ls from a simplified theory called the "plate-gap" 
model. Here the porous solid is replaced by an a r ray of paral lel plates and 
gaps appropriate to the solidity /c. 

P op, /Po. 

where the subscripts op and o relate to the initial density of the porous 
mater ia l and solid mater ia l , respectively. The shock velocity of the porous 
mater ia l U"" is given by 

J- - JS.+ LLE, (41) 
U* U 2u 

Thouvenin omitted several steps, including assumptions, but showed 
good agreement for porous aluminum, copper, nickel, and uranium. 

Thouvenin's model was extended by Heyda^^' who eliminated one of 
Thouvenin's assumptions by using the shock polar^^' of the solid mater ia l to 
find the mate r ia l velocity in the crushed-up state U* and the p re s su re from 
conservation of momentum 

P* = PopU*u* = F(2u - u*) = Po(2u-u*)[C + s(2u- u*)], (42) 
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and the final density from conservation of mass 

Pl = - I H I (43) 
Po U*-u*-

Agreement with experiments on aluminum, copper, lead, iron, nickel, and 
tungsten was generally very good, except for high porosi t ies . 

Thouvenin's approach has been crit icized by Hofmann et al.^' who 
claim it neglects the internal energy dependency of the p re s su re in the 
porous material . This cr i t ic ism was based on a calculation for aluminum 
that used an elastic-plastic code and assumed the Hugoniot jump conditions 
hold. Resolution of the disagreement bet^veen a fit to experiment and this 
calculation remains an open question. 

Experimental information and estimated values for the equation of 
state are available ^ for U, Pu, UOj, UC, Fe, Na, and some mixtures . The 
relations of Hashin fail for Young's modulus of porous cermets of UOj-Mo.^^' 
This elastic modulus lies below the bounds for the boundary condition of 
perfect cohesion between phases but well above the values expected for 
phases with no cohesion, indicating imperfect wetting during sintering. The 
boundary conditions therefore must match the actual condition of the 
heterogeneous material . 

The'elastic moduli of UO^ are not only functions of temperature , 
pressure, and porosity, but also of stoichiometry.^^^ 

9. Equation of State Used in Existing Computer Codes 

The variety of expressions used in computer codes for accident 
analyses or for the propagation of elast ic-plast ic s t ress waves is almost as 
broad as the variety of codes. A few sam.ples will be reviewed critically to 
indicate their applicability and potential inaccuracy. 

Among the simplest expressions is the threshold equation of state, 
which is related to the Mie-Grlineisen equation."^'^'* This equation has the 
drawback that the threshold energy is not defined by any c lear-cut 
criteria, and this equation cannot be expected to be more than a simple curve 
fit over a narrow range. A modification of this equation using a vapor-
pressure curve extrapolated many orders of magnitude beyond the experi
mental range has also been utilized.^^*'^^^ 

Empirical equations of state, such as the van der Waals have been 
used to describe vapor-liquid equilibria, "but neglect the solid phase. Energy 
versus temperature and density relations based on application of the law of 
corresponding states comparing oxide fuels and metals to the corresponding 
properties of inert gases and organic mater ia ls have been used by Meyer and 
Wolfe ^ and others ," ' ""9 ^ut no experimental or thee / 
given. The e r ro r s introduced by this formulation ha - -
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Little^''" used purely thermodynamic relations based on simple fits to 
a variety of approximate equations of state. Details of solid, liquid, and 
vapor phases are not included, and the code first predicts melting and con
siders purely hydrodynamic behavior. 

Careful consideration of the thermodynamic and elast ic-plast ic 
equations of state were incorporated into the one-dimensional code PUFF. 
Here attention was given to providing for the deviatoric components of the 
s t r e s s tensor and the effects of tensile and expanded states, and the possi
bility of a polymorphic phase transit ion is covered by allowing cusps in the 
curve fit to the compressed state Hugoniot. 

Perhaps the most sophisticated and realist ic equation-of-state t rea t 
ment is given in the one-dimensional tensor code SOC written for the 
IBM-7030 computer. This code includes details of phase transit ions and 
opening and closing of cracks and pores with elast ic-plast ic deformation. 
Because of the extremely large size of this code and the general unavail
ability of the very large computer for which it was written, its principal 
application has been in describing underground explosions. 

In general, these codes do not indicate concern for satisfying the 
requirements for thermodynamic consistency as pointed out byjankus and 
Wagner et ad.̂ *^ One such cr i ter ion is given in Eq. 5. 

10. Experimental Determination of the Equation of State 

The methods of static and dynamic compression generally used to 
determine the thermal and mechanical equations of state have recently been 
supplemented by acoustic methods. Precis ion measurement of the sonic 
velocity over a modest range of p ressu re and temperature enables extrapo
lation over a far wider range with some confidence by using a combination of 
theory and empir ic ism. 

Problems of phase changes in solid or fluid mater ia ls and macro
scopic heterogeneity still represent major unknown a reas . Bases for p r e 
dicting the yielding of solids under dynamic conditions is also rudimentary. 
Phase changes in a homogeneous mater ia l can be studied by a variety of 
techniques, but the effects of heterogeneity are not as easily investigated. 
Of p r imary interes t to reactor safety is the generation and propagation of 
s t r e s s e s producing deformations that can change the reactor power. The 
development of s t r e s ses in the homogeneous fuel region is reasonably well 
understood, and bounds can be est imated for the effects of porosity. Phase 
changes generally cannot be predicted a pr ior i , but the effects of p re s su re 
and tempera ture on the phase transit ion can be estimated once a phase 
t ransi t ion is located. 
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Due to geometric sensitivity and acoustic impedance matching as well 
as elastic-plastic deformation phenomena, the details of s t r e s s propagation 
and attenuation in heterogeneous media a re fraught with complications. 
Because of these complications, integral reactor experiments involving the 
destructive pulsing of major core segments are unlikely to yield useful 
equation-of-state information. 

11. A Proposed Experiment 

The best method of using reactors to generate equation of state infor
mation would probably be to use a pulsed reactor , such as TREAT, to drive 
an experiment based on a single fuel mater ia l to a very high tempera ture 
with a known energy input (which can be obtained by counting '^'Cg or other 
isotopes), measuring the heat content with a calorimeter to get the caloric 
EOS, and measuring the p ressure generated by the vapor or by constraint 
of a massive cladding. 

The melting point of tungsten at 3400°C and that of the mixed carbides 
of zirconium and hafnium at about 4000°C set limits on the temperature that 
can be contained for long periods of time, even if mater ia l compatability is 
not a problem. For very short periods of time, the finite time for a thermal 
wave to penetrate and melt through a thick wall would allow transient meas
urements to be made above the melting point of a thick-walled container. 
As a check on the effect of interaction between fuel and container, novel 
techniques are available. For instance, a depleted UO2 crucible could be 
used to hold highly enriched UO2 heated well above the melting point by 
fissions induced by the flux from a pulsed reactor . Since only a phase tran
sition and no chemical interaction would take place, the effects of interaction 
m other container materials could be evaluated. The UOj crucible could be 
encased in a thin tungsten jacket to hold the assembly and be dropped into the 
calorimeter. 

For the thermodynamic EOS a p ressu re measurement is needed, and 
the thrust from a vapor jet escaping through a small hole in the crucible 
could be measured. The p ressure , aside from small corrections due to the 
nioirientum carr ied by the vapor jet, would be the thrust divided by the area 
of the hole. Performing the experiment in a vacuum and with the p ressure of 
an inert gas would provide checks on the method. The temperature would be 
inferred from the calorimeter measurements mentioned above and the energy 
input, although optical pyrometer measurements might be developed for the 
temperature. 

j " *'̂ ^ "^"^^ °^ ^ highly constrained solid or fuel, the p re s su re must be 
iMerred from the elastic deformation of the cladding at t imes short enough 
that thermal effects would not change the mechanical propert ies of the clad-
TRFAT ! " ' ' ' constraint of a UO^ sample in the maximum permit ted 

iiJi,Al transient is estimated to lead to p r e s su re s greater than 2 Mbars, 
more than enough to deform any container. 
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12. The Role of Integral Tests 

If integral tes ts a re to be performed because of the desire to estab
lish overall damage l imits , their great expense will always provide the 
temptation to add additional measurements to "milk" the event for all 
possible information. 

Because of the complexities alluded to in the previous discussion, any 
integral test should be given special analysis and justification of effective
ness . Since the cost of such experiments is likely to be much larger and the 
possibility of decoupling phenomena to produce an easily understood result is 
smal ler , alternative experiments should be considered before resort ing to 
the inherently more complicated integral test . 

In an integral destructive test of a segment or complete core, the 
aforementioned kinds of measurements of thermal and mechanical EOS 
probably could not be made in a prec ise and unequivocal manner. Although 
individual elements might be instrumented to provide information from a 
core that is to be destroyed for other purposes, these tests probably cannot 
be as useful as tests in an environment specifically designed to produce the 
information. 

The potential difficulty of fitting equation-of-state pa ramete rs to 
integral tes ts can be i l lustrated by reference to the destructive test of the 
thermal reactor KIWI-TNT .'*''^^' This cylindrical gas-cooled reactor was 
almost ideal for analysis and experiment because of its geometry, homogene
ity, and accessibi l i ty. Because detailed information on the equation of state^^ 
of graphite was available, total fissions and kitietic energy were calculated 
before the experiment. 

The calculated number of fissions was about three times as high as 
the experimental value, and the kinetic energy was about that predicted. It 
was necessary to modify the expansion and temperature coefficient of^^eac-
tivity and the graphite equation of state to fit the data. A comparison has 
been published about the relative changes m these influences of the equation 
of state, but the inadequacy of the computer model^*' was not examined. 

The computer code RAG used in the analysis of the KIWI-TNT event 
t rea ts the reactor as a se r ies of concentric cylinders, but calculates in ter
actions between regions as if they were s labs. It does not include the volu
met r i c changes associated with phase transformations, although it t rea t s 
the energet ics . The equation of state has been adjusted on the basis of 
experiment to fit all these data, but there is no proof that this modified 
equation would fit another experiment on a s imilar core and no way is 
given to make the adjustments for another system a pr ior i . 
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Unfortunately, the most valid experience on equation of state and 
ability to predict accurately the effects of composition, geometry, and 
structure is classified under weapons technology. 

The numerical methods applied to these systems were used for bomb 
calculations,^'" and their success was attributed to the high tempera tures and 
homogeneity of the systems considered. In addition, it was still found 
necessary to adjust the calculational procedures to fit the experiments. 

Among the few experimental tests of coupled neutronics, mechanical 
movement, and equation-of-state calculations are studies of the GODIVA 
reactor.^*''^^° GODIVA was a near-sol id (few parting surfaces), unreflected 
sphere of 93.5% enriched-uranium metal, which could be pulsed by inserting 
a "burst" rod. Experimental results were the burst power profile as a 
function of mass , volume, and excess reactivity. The resul ts were analyzed 
with a coupled "neutronics-dynamics" code^^' using the empirical equation of 
state 

P = a -I- bT + cp, 

where a, b, and c are constants and tensions of up to 300 kbar permitted. 
This equation of state is also used in AX-1 code.^^' The neutronics were 
treated with a one-dimensional, one-velocity, group-transport code normal
ized to experiment. The results were found to be "rather sensitive to the 
equation of state, "^^' 

An example of an analysis of the sensitivity of calculations to 
assumptions about the equation of state is given in the prel iminary accident-
analysis study"^ of FFTF . This study showed the sensitivity of the calcula
tions to some of the parameters assumed. 

13- Status of Equations of State of Core Materials 

The status of the equation of state of homogeneous core materials is 
summarized in this section. Emphasis is placed on fuel mater ia ls , since the 
equation of state of iron is well known, although complex,"^ and work on iron 
alloys is still under review. The equation of state of sodium is known or can 
be estimated within engineering accuracy (±20%) in the coexistence region of 
liquid and vapor, and empirical equations"^ a re expected to be useful in the 
gas region above the critical point, although the existence of a "Mott-
transition" seen in mercury and cesium near the cri t ical point"^ makes 
applying equations that work for a nonmetal speculative. 

It IS difficult to ascertain the accuracy of est imated values where no 
measurements or well-established theory or even empir ic ism exist. In many 
cases, long extrapolation of fragmentary data is required. The status will be 
summarized under three headings whose topics sometimes overlap: 
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Phase data--including transformation temperatures , p re s su res , 
volumes, and energies in the solid, liquid, and vapor phases, including 
ionization and dissociation. 

Thermodynamic data--including heat capacities (electronic and 
vacancy effects) and enthalpies, thermal-expansion coefficients, and 
compressibi l i ty or bulk modulus. 

Mechanical data--including elastic and shear moduli, Poisson 's ratio, 
yield s t r e s s , etc. 

a. Phase Data 

(1) Uranium Metal. The high-temperature, h igh-pressure phase 
diagram has been studied," ' ' '" ' ' and the triple point between the (a-^-y) 
phases was determined. The complex set of phases makes the ^solid behavior 
unclear, and the effect of p ressu re on the melting point of 1406°K at 1 atm is 
small but known only over a narrow region. The heat of fusion is known as 
1990 ± 130 ca l /mole . "* 

The vapor p ressu re of uraniumhas recently been determined 
to 2340°K, and thus a boiling point of 4690°K is determined that is 600°K 
higher than that previously est imated,"" This indicates the problems of 
making accurate measurements at high temperatures and lowpressures and of 
extrapolating low-pressure data over a long temperature rang^e. The liquid 
density is considered known from the melting point to 1900'=K, although 
recent measurements over the narrow temperature range of 14I0-1513°K are 
not in agreement ."2 Liquid density data, extrapolation of ideal gas density 
and the rect i l inear diameter relation are used to estimate the cri t ical prop
er t ies and the vapor-liquid density coexistence curve. 

(2) Uranium Dioxide, The phase diagram of UO^ as a function 
of tempera ture , density, and p ressu re is not known (although the tempera
ture composition diagram of UO^ is known at atmospheric p r e s s u r e ^ and 
anomalies seen in heat capacity"^ and shock compression studies indicate 
a fluorite-type transit ion. The change in volume on melting is poorly 
known," ' although the heat of fusion now appears to be well established at 
18.2 k c a l / m o l e , " ' ' " ' after early est imates and measurements ranging from 
3.2 10 2 5 . 3 . " ' The melting point for stoichiometric oxide is 3115 ± I5°K, ' 
although it does depend on oxide content. 

The vapor p re s su re has been studied extensively" ' ' '"^ andfound 
tobe sensitive to s to ichiometryandimpuri t ies . Measurements are needed 
above 10-^ atm and well above the melting point to give confidence m the heat of 
vaporization and the extrapolation of the vapor p re s su re to the boiling point 
and beyond as functions of temperature. '"^ The cri t ical proper t ies have been 
estimated, and the liquid and vapor densities were est imated to about .+ 30%. 
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(3) Uranium Carbide. The phase diagram of uranium carbide is 
less well known than that of UO2 except for the melting point, a crude m e a s 
urement of the volume change on melting,^'' ' and some low-pressure m e a s 
urements of vapor pressure . The vapor p r e s s u r e " " ' " ' is based on 
measurements at low p ressu res and is sensitive to stoichiometry and im
purities such as oxygen. A solid phase transit ion is known in UC2. 

(4) Plutonium Metal. The phase diagram of plutonium has been 
studied extensively due to the variety of solid phases and the low melting 
point of 912°K. Volume changes"^""^ and vapor p re s su re are well 
known,^'''•^'" although the latter has been measured only up to a fraction of an 
atmosphere. Extrapolation gives a boiling point of 3550°K. Heats and vol
ume changes of transition are known to adequate accuracy. The cr i t ical 
properties and coexistence curve have been estimated, 

(5) Plutonium Oxide. The melting point is known to be 
2663 ± 20°K, and the boiling point has been estimated as 3433-3620°K from 
the extrapolation of low-temperature vapor pressure.^ '* ' " The heat of 
fusion has been estimated as 15.2-16.8 kcal/g atom by using regular solution 
theory with melting-point data on UO2-PUO2 mixtures.^'"•^*' Since the heat of 
fusion predicted for UO2 by the same technique is in good agreement with 
that measured calorimetically, the value is believed to be within 5% of the 
correct value. Critical propert ies are not available. 

(6) Plutonium Carbide. Very little information is available on 
plutonium carbide, other than its melting temperature of 1950°K and a 
limited amount of vaporization data. Its propert ies are expected to be de
pendent on stoichiometry in a manner similar to uranium carbides. When 
properties are unkno-wn, the comparable values for uranium carbide could be 
used with e r ro r s of less than 15%. Critical proper t ies have been est imated 
using an incorrect vapor p ressure relation,^^^ but are incorrect . 

(7) Miscellaneous, Melting points and some vapor -p ressure 
data are available for mixed uranium and plutonium oxides, carbides, and 
nitrides. Some information is available on some U-Pu-based alloys such 
as "fissium." Since these alloys are predominantly uranium, the phase 
changes generally are similar to those of uranium near its melting tempera
ture, although some of the solid transit ions are smeared out in the alloys. 
There is drastic shortage of data for molten phases, and it is recommended 
that an extensive program be implemented to fill this need for fuel mater ia l s 
of significant promise. 

b. Thermodynamic Data 

(1) Uranium Metal. The heat content of uranium has been 
determined to 1: ,'9°i,,-'^^ high enough to establish the heat of fusion and the heat 
capacity of liquid but not the tempera ture dependenc- -f '"'-? ' " " - r . It z~ 
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recommended that additional measurements of Cp should be made to 3000°K. 
Heat capacities and other functions are available for the ideal gas condi
tion ^" with sufficient energy levels included to be reliable to at least 60001^ 
and perhaps to 10,000°K. The ionization potential for the f̂ '"̂ * ^^^^^ ;^! 
accurately known, and this process is unimportant below 50,000 K. Other 
elemental substances a re similar ly t reated. 

No measurements of sonic velocity or liquid compressibil i ty 
are available, and these should be measured over a wide enough range to estab
lish the tempera ture dependence. Since the melting point is sufficiently low, 
this should not be very difficult by existing techniques. 

The heat of vaporization could be extrapolated from a single 
point and the est imate of cri t ical temperature using the empirical relation 

AH^/RTc = A H ( 1 - T / T ^ ) ^ H . 

Lacking additional information, B H can be taken as 0 375 - f ^ ^ ^^^^f;^;"/^ 
serious e r r o r s , and A H can be fitted to the single point. This form has been 
found to fit the data for a wide variety of substances with only a small range 
of exponents. 

(2) Uranium Dioxide. The heat content has been measured by 
two groups"^ '^" to above the melting point with good agreement givmg he 
S a t of fusion and the liquid heat capacity. The latter can be used toextrapo 
late enthalpy and energy to within about 10% of the cri t ical point before the 
crUica singularity introduces significant e r r o r s . The effect o the singu
larity might be calculated from the lattice ga, model of the cri t ical point. 

Liquid and vapor densities and the cr i t ical constants have 
been est imated by severa l investigators , ' "= ' " ' - " ' These can be used o fit an 
empirTcal equation of state to get the liquid compressibili ty as a ^ - - t i o n of 
tempera ture The tempera ture dependence of the thermal-expansion coeffi-
c r n r c a T b e obtained fr'om the liquid branch of the coexistence curve or from 
the empir ical equation of state. 

Ideal-gas heat capacities and thermodynaniic Propert ies 
could be calculated from vibrational frequencies of the molecule^ The 
frequencies a re not yet available, but could be - ^ i - - ^ ^ ^ ^ ^ — ^ ^ " ^ f °"^ 
the ideal state could be calculated from the empirical EOS or rom the 
corresponding states t a b l e , - ' Heats of vaporization can be estimated as 
explained under uranium metal . 

(3) Uranium Carbide, High-temperature enthalpies °f c ranium 
carbide measured by two worker's, one to 1500°K and the other to 2500=^, a re 
•n good agreement in the region of °verlap^^ However, heat capacity values 
near the melting point differ by about 10%. ' 
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For UCi,93, the enthalpy is known to 2600°K and the heat of 
transformation from a to ^ form is given as 2.57 kcal /mole after about a 
50% increase in heat capacity from lOOCK to the transit ion at 2038°K. 

Due to a lack of information on the liquid phase, the cri t ical 
properties and coexistence curves have not been estimated. Thermal-
expansion data are available for the solid phase .^" 

(4) Plutonium Metal. The thermodynamic proper t ies of pluto
nium have been studied extensively^** with a wealth of complex transit ions 
up to the melting point. Expansion coefficients and compressibi l i ty a re 
known to adequate accuracy in the solid phase, but only expansion coeffi
cients in the liquid phase. Because of the low melting point, it would be 
desirable to extend the range of measurements to allow comparison with 
other metallic liquids. 

(5) Plutonium Oxide, The enthalpy of solid Pu02 has been mea
sured to 1400°K for a near-stoichiometric sample,^*' and the derived heat 
capacity shows no abnormality. The thermal-expansion coefficient is 
available^'" to 1273°K, and solid compressibili ty can be estimated from 
mechanical propert ies. No data are available for proper t ies above the 
melting point. Stoichiometric effects are expected to be important for 
solid properties. It is strongly recommended that experimental data be 
obtained above the melting point. 

(^) Plutonium Carbide. The heat content of plutonium carbide 
has been measured to 1300°K,^" and the derived heat capacity does not show 
the increase that UC and UC2 display above 1000°. For comparison, the 
room-temperature heat capacity of PuC is just a little over half of that of 
PuOj and somewhat smaller than that of UC. 

(7) Miscellaneous. Some enthalpy data exist for the important 
mixed oxides of uranium and plutonium to almost 2 500°K,"^ along with 
thermal-expansion coefficients and mechanical propert ies from which com
pressibility data can be estimated. Additional data exist on al loys^" and 
"Tf^T^f^!"'''^^^ " " " d e s . sulfides, selenides, arsenides , and phos
phides. . There are no significant data in molten phase, except for a few 
plutonium-based alloys with low melting points which have been studied for 
molten fuel reactors . These gaps should be filled. 

c. Mechanical Proper t ies 

(̂ 1) Uranium Metal. The directional elastic propert ies of single-
crystal a-U, as well as polycrystalline uranium, have been measured bv 
sonic techniques to 923°K. These can be combined with thermal-expansion 
coetticients, heat capacities, and densities to give the temperature and 
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volume dependence of the Grdneisen coefficient. Shock-compression data by 
French,"* Eng l i sh , " ' Swedish,*" and American'" ' investigators are available 
and yield the solid equation of state. Some data are available on the dynamic 
yield s t ress of uranium metal and alloys. 

(2) Uranium Oxides. An extensive body of experimental infor
mation is available on the mechanical propert ies of UOj including some 
shock-compression data. '*' These include the room-temperature elastic 
constants of s ingle-crysta l UO2'" ' ' " ' and the temperature dependence (mostly 
near room temperature) and the effects of porosity and stoichiometry in these 
cons tan t s . " ' ^°* Data extends to about 1300°K." Poisson 's ratio varies 
little with t empera tu re . The Hugoniot elastic limit is less than 5 kbar. 

(3) Uranium Carbide, Some data exist on the single c rys ta l ' 
and polycrystal l ine '" ' elastic moduli of UC and their temperature dependence 
from near room tempera ture . Measurements have been made on both hypo-
and hyper-s toichiometr ic UC to 873 and 1273°K, respectively. The lat ter 
mater ia l has a lower decrease in Young's modulus with t empera tures . Good 
agreement is found between compressibil i ty obtained by static compression 
and ul t rasonical ly . ' 

(4) Plutonium Metal. Although there is a good deal of experi
mental data on solid plutonium'"* in its various phases, the accuracy and 
agreement between investigators is not satisfactory. Much of this can be 
ascr ibed to the self-heating and radiation damage from the spontaneous a 
decay of the samples yielding a dependence on prior sample history. Most of 
this work should be repeated using wel l -character ized samples. There is 
undoubtedly a good deal of work on mechanical propert ies of plutonium and 
its alloys that remains unavailable due to weapons interest . 

(5) Plutonium Oxide. No published values of the mechanical 
proper t ies of PUO2 were found in this brief survey. Comparable proper t ies 
of UO2 or ThOz should be used until data are available. 

(6) Plutonium Carbide. Proper t ies s imilar to those of uranium 

carbide should be used. 

(7) Miscellaneous. There is a sprinkling of miscellaneous 
mechanical property data for uranium and plutonium compounds, mixtures , 
and alloys available in the l i t e ra ture . A l i terature search on each individual 
sys tem of potential in teres t is beyond the scope of this study. 
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