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SOME CONSIDERATIONS ON THE 
MELTDOWN PROBLEM FOR FARET 

by 

P. J. Pers ian i , A. Watanabe, U. Wolff, 
S. Grifoni, and B. Warman 

ABSTRACT 

The reactor kinetics for a variety of positive reactivi ty-
insert ion rates and the effects from temperature-dependent 
negative reactivity feedbacks of a se r i es of incidents which 
may lead to core melting have been studied. A Reactor 
Meltdown program was used to couple the dynamics of mel t ­
ing and subsequent collapsing of the core using the reactor 
kinetics equation. 

I. INTRODUCTION 

The F A R E T I ^ " - ' / facility is designed to accommodate a variety of 
fast reactor configurations, compositions, s izes , and experiments . The 
safety analysis for a se r i es of specific cases would be formidable. To 
overcome this difficulty, the accidental reactivity insert ion culminating in 
a reactor meltdown have been studied for two typical core loadings. The 
reference cores considered a re : (1) the small core loading which is p r o ­
posed for the Engineering Performance experiments , and (2) the zoned 
core loading which is planned for the Reactor Physics and Safety phase of 
the FARET program. The compositions and dimensions of these systems 
may be found in References 2 and 3. 

A. General 

The reactor kinetics for a variety of positive react ivi ty- inser t ion 
rates and the effects from temperature-dependent negative reactivity feed­
backs on a se r ies of incidents which may lead to core melting have been 
studied. The study of core-meltdown conditions was made in an attempt 
to provide a more real is t ic est imate of the energy yield from a reactor 
incident. 

The range of external react ivi ty- inser t ion rates studied for the 
two systems were those considered to be associated with credible or near-
credible conditions for FARET. For example, the ramp insert ions would 



include dropping of a fuel subassembly, unplanned removal o a '^"^^^^^jty 
rod, and expulsion of (or sudden loss of) sodium coolant. Sma re ^^^^^ 
insertions which result in a slow power r ise until the fuel even ^^^^g^ 
and collapses were also included. These conditions could be ^^^° ^^^^^^^ 
with possible startup accidents, as well as loss of bulk coo an 
flow. 

B. Analytical Consideration 

The reactor incidents considered are assumed to terminate only 
by disassembly of the core. The analysis is separated into two phases , 
reactivity insertion and core disassembly. 

In the disassembly phase the estimate of energy yield and explosive 
force of a variety of hypothetical nuclear incidences is made by use of the 
AX-1 code. (4) The input information needed for this computation, besides 
the usual reactor parameters and equations of state, is the inverse power 
period at the start of disassembly. The energy yield is very sensitive to 
this parameter , which in turn is dependent on the react ivi ty- inser t ion rate 
during the initial stages of disassembly. 

The objective of the second phase was to estimate the maximum 
inverse power period for more realist ic, initial react ivi ty- inser t ion ra tes . 
In this respect, the reactivity insertion eventually resulting from core 
melting was based on the model in which the core collapses under gravity 
in a time- and space-wise continuous manner. It was further assumed 
that as the fuel collapses, it is redistributed over the new core configura­
tion by displacing the coolant. 

This "continuous reactivity" (core-slumping) analysis is a departure 
from the "reactivity threshold" model, which assunaes that approximately 
the upper half of a molten core drops as a single unit into a somewhat more 
densified lower core region. This most unlikely and extreme situation has 
been used in the studies of nuclear accidents in fast reac tors , l^ , " ) although 
the authors do not necessari ly give credence to such a model. 

The values of the degree and the amount of core which densifies 
and reassembles as indicated above are questionable, and counter a rgu­
ments as to the credence of this model have been advanced by Bethe.(7) 
The more reasonable situation is advanced in which the fuel as it is 
molten and comes in contact with sodium will vaporize the sodium which, 
in turn, will expel the molten fuel. This probably inhibits any extensive, 
abnormally high concentration of fuel fronn forming in the lower portion 
of the core. This appears to be a reasonable assignment of events for the 
case of rapid power r i ses in which the fuel becomes molten in tenths of 
msec before expelling the coolant. 



The situation differs in the case of a slow power r i se during which 
the coolant is boiled off before the fuel-melting process begins. However, 
the credibility of the "react ivi ty threshold" model remains questionable 
for the following reasons . To rea r range the core and create conditions 
for the "react ivi ty threshold" model to be valid would probably require 
much more than 100 msec . The t ime required for complete melting of 
the fuel from s tar t of melt is of the order of tens of msec . During the 
intervening time between melting in situ and rear rangement of core con­
figuration, it can be argued that some reactivity is inserted by collapse 
under gravity. This would lead to power periods of several msec. With 
such per iods, the molten fuel could vaporize and create p r e s su re s within 
tens of msec which would tend to inhibit the formation of the extremely 
pess imis t ic geometrical configuration suggested by the "reactivity thresh­
old" model. 

The assumption made here is that the collapsing of a molten core 
would resul t in a positive reactivity insert ion during the early stages of 
collapse. It is during this phase that a "continuous reactivity" model would 
appear to be more appropriate. For conceivable real is t ic accidents which 
could resul t in a par t ia l core meltdown, this model, at present , is con­
sidered to be more appropriate for the purpose of estimating the energy 
yield. 

In the FARET analysis , the collapsing of the core was allowed to 
proceed until the total energy input reached a value of 2 x 10^ Joules /cc 
of fuel, whereupon the core started to disassemble. This may be taken as 
the energy required to vaporize the fuel. The inverse po^wer period cor­
responding to this energy was then used as the input parameter for the 
computation of the energy yield (AX-1 Code). This approach affords a 
more detailed evaluation of core conditions and pa ramete r s which may 
exist during meltdown and reassembly, and thus provides a more reason­
able est imate of the energy yields. 

C. Energy Available to Do Work 

The energy yield pertinent to this safety analysis is defined as the 
amount of the total energy available which is converted into energy to do 
work. This quantity was obtained by first determining the total energy 
yield for a given inverse power period and then multiplying this quantity 
by the factor (0.60) x (0.10). The first t e rm (0.60) is based on a slightly 
less pess imis t ic equation of state used in the disassembly code (see Sec­
tion III, pp. 16-17), which essential ly allows a slightly more dense config­
uration at the t ime of disassembly, or an equivalently slightly lower 
tempera ture at which disassembly s t a r t s . 
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The second term (0.10) is an estimate that a reactor system is 
only 10% efficient in converting the total heat energy into mechanica ^^^ 
energy. The fraction of the total energy which is available for wor m^^ 
eludes the kinetic energy and the volume-integrated p ressure at t e en^^ 
of the excursion. From the AX-1 computation, an estimate of this quan­
tity was made for the zoned system by use of the overly pessimist ic 
inverse power period a = O.Ol/isec. For this case, the maximum energy 
available to do work was computed to be about 8% of the total energy yield. 
Since further analytical work is required to establish such a value more 
firmly, the efficiency factor of 10% was used to convert the total energy 
into mechanical energy. 

II. DESCRIPTION OF REACTOR 
MELTDOWN CODE (ANL 1 8 9 I / R P ) 

The Reactor Meltdown Code was used to investigate the dynamic 
behavior of the two reference cores following a positive reactivity inser ­
tion, and the corresponding positive and/or negative reactivity feedbacks 
from temperature-dependent mechanisms, and the degree of core collapse 
after melting had started. The program couples the dynamics of melting 
and collapsing of the core with the reactor kinetics equation. The models 
used for the various changes of reactivity are incorporated into three basic 
types of reactivity insertions or feedbacks. 

F i rs t is the externally applied reactivity, R^- Straight ramp inse r ­
tions or ramp insertions up to a time to may be allowed. The forms of the 
equations are 

Rx(t) = Ax, + Axzt for t £ to; (1) 

Rx(t) = Ax, + Axzto for t > to, (2) 

where Ax, and Axz are arbi t rary coefficients which define the ra tes of 
ramp insertion. 

The second type of reactivity change considered is that which is a 
function of core displacement, e.g., the collapsing of the core . This is 
labelled R ,̂. The equations a re of the form 
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Re = Aci(AH) + Ac2(AH)^ (3) 

w h e r e AH i s the change in a c t i v e c o r e he ight , and A,-, and AQ^ a r e c o l l a p s e 
coef f ic ien t s c h o s e n to fit a p r e d e t e r m i n e d c u r v e . 

The r e a c t i v i t y add i t ion due to c o r e c o l l a p s e is d e t e r m i n e d f r o m a 
s e r i e s of s t a t i c r e a c t o r c a l c u l a t i o n s a s a funct ion of r e a c t o r height . F o r 
the m o d e l u s e d in t h e s e c o m p u t a t i o n s it w a s a s s u m e d tha t the m e l t e d s e g ­

m e n t of t he fuel i s u n i f o r m l y d i s ­
t r i b u t e d o v e r the r e m a i n i n g c o r e 
he igh t , wi th an equa l vo lume 
d i s p l a c e m e n t of coolant . 

F i g u r e 1 shows the r e a c t i v i t y 
of c o l l a p s e a s a funct ion of change 
in c o r e he igh t for the two r e f e r e n c e 
c o r e s . 

The t i m e dependence of co l ­
l a p s e i s d e t e r m i n e d th rough a m o d i ­
fied g r a v i t a t i o n a l equat ion of m o t i o n : 

d 'H 

dt^ 
+ 4 

dH 
dt 

(4) 

CHANGE IN CORE HEIGHT (AH), Cm 

which a l lows the c o l l a p s e to o c c u r 
a t an a c c e l e r a t i o n l e s s than g. The 
" d y n a m i c a l f r i c t ion" t e r m 

t dH 
^ ^ 

Figure 1 
Reactivity of Collapse vs. Change i s inc luded to a c c o u n t for c o r e s con -
in Core Height of Reference Cores t a in ing c l o s e l y p a c k e d fuel e l e m e n t s . 

An a s s e m b l a g e of fuel p in s m a y b e ­
have qui te d i f f e ren t ly than a m o l t e n i s o l a t e d pin. F o r p u r p o s e s of the 
F A R E T a n a l y s i s , the coeff ic ient w a s e s t i m a t e d to be 0.3. Th i s e s t i m a t e 
w a s b a s e d on a s ing le ox ide - fue l pin e x p e r i m e n t in the T R E A T r e a c t o r . 

The t h i r d r e a c t i v i t y i n s e r t i o n c o n s i d e r e d i s dependen t on the change 
of t e m p e r a t u r e , e .g . , fuel and coo lan t and Dopp le r e f fec ts . The code at 
p r e s e n t i n c l u d e s only the Dopp le r effect , R j j . The t e m p e r a t u r e d e p e n d e n c e 
of the D o p p l e r r e a c t i v i t y i s ob ta ined f rom a s e r i e s of s t a t i c c a l c u l a t i o n s 
involving D o p p l e r - b r o a d e n e d c r o s s s e c t i o n s for s e v e r a l fuel t e m p e r a t u r e s . 

F i g u r e 2 shows the t e m p e r a t u r e d e p e n d e n c e of the Dopp le r r e a c ­
t iv i ty for the two r e f e r e n c e c o r e s . A good fit w a s ob ta ined with the 
r e l a t i o n : 
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R D = A D , [ 1 - exp(-AD2 AS)], 

w h e r e AO is the a v e r a g e d r i s e of fuel t e m p e r a t u r e , and A D , and Apz ^^ 
coeff ic ients chosen to obtain a good fit. 

(5) 

Figure 2 

Doppler Reactivity vs. Temperature Rise for Reference Cores 

The code p e r m i t s the compu ta t ion of power and t e m p e r a t u r e d i s ­
t r ibu t ions at each t i m e i n t e r v a l . The t i m e d e p e n d e n c e of the r e a c t o r 
power , with one group of de layed n e u t r o n s , i s c o m p u t e d by the u s u a l n e u ­
t ron k ine t i c s equa t ions . The power d i s t r i b u t i o n is a s s u m e d to have a 
cos ine shape in the axia l d i r e c t i o n , with a flat r a d i a l d i s t r i b u t i o n . The 
c o r e i s divided ax ia l ly into 40 s e g m e n t s of equal s i z e . When a s e g m e n t 
m e l t s and co l l apse o c c u r s , the code r e c a l c u l a t e s the t e m p e r a t u r e d i s ­
t r ibu t ion over the new height . The power and t e m p e r a t u r e a t e a c h t i m e 
a r e used to compute the r e a c t i v i t y f eedback t h r o u g h the equa t i ons def ined 
above. The r e a c t i v i t y i n s e r t i o n s a r e then fed b a c k into the n e u t r o n 
k ine t i cs equa t ions . 

III. D E T A I L E D ANALYSES FOR 
SMALL CORE EXCURSIONS 

A. R a m p I n s e r t i o n s 

Mel tdown s tud ies have been m a d e for a s e r i e s of p o s i t i v e r e a c t i v i t y -
i n s e r t i o n r a t e s rang ing f rom $ 3 / s e c to $ 2 0 / s e c . The r e s u l t s for the s m a l l 
c o r e a r e s u m m a r i z e d in T a b l e I. T h e r a n g e of i n s e r t i o n r a t e s was e s t a b ­
l i shed on the b a s i s of the following c o n s i d e r a t i o n s : 



External 

$/sec 

3 

3 

3 

4 

4 

5 

5 

20 

Ramp 
Break. 

sec 

0.608 

0.608 

0.608 

0.456 

0.456 

0.365 

0.365 

0.22 

Time 
Melting 
Starts. 

sec 

0.388200 

0.367235 

0.352648 

0.291318 

0.277518 

0.233250 

0.217272 

0.060778 

Melting 

50% Melt 

0.006058 

0.002800 

0.001482 

0.004714 

0.002282 

0.003707 

0.000950 

0.000905a 

Time, sec 

87.5% Melt 

0.010010 

0.007634 

O.0032O0a 

0.009382 

0.006534 

0.008042 

0.0017a 

0.0017a 

Table I 

SUMMARY OF MELTDOWN STUDIES -

l̂ net 
Melting 
Starts 

0.002733 

0.002790 

0.002899 

0.002735 

0.002813 

0.002738 

0.002977 

0.003333 

Pg„ • 0.00274 

t • 0.655 X 

Rnet Melting 

50% Melt 

0.002965 

0.002841 

0.002926 

0.002872 

0.002853 

0.002837 

0.002994 

0.003382a 

87.5% Melt 

0.003320 

0.003146 

0.003000a 

0.003267 

0.003077 

0.003103 

0.003055a 

0.003427a 

REFERENCE SMALL CORE 

10-6 

^ a v g / ^ T 

during 

Melting 

0.0586 

0.0466 

0.0315a 

0.0567 

0.0404 

0.0454 

0.0170a 

0.0549 

a, 
Msec"! 

at 87.5% Melt 

1.0 X 10"3 

7.0 X 10-" 

4.6 X 10-«a 

9.2 X 10-4 

5.7 X 10-1 

7.1x10-" 

4.6 x 10-"^ 

1.0 X 10-3a 

Power Density, 
watts/cm3 

at 87.5% Melt 

6.7 X Vfi 

4.3 X 10' 

3.1 X 106a 

5.7 X 10' 

4.3 X 10* 

3.5 X 10' 

4.3 X 106a 

1.9 X lO'a 

Energy Density, 
joules/cc 

at 87.5% Melt 

1.7 X 10" 

1.6 X 10" 

1.5 X 10"^ 

1.6 X 10" 

1.7 X 10" 

1.5 X 10" 

1.3 X 10"a 

2.1 X 10"a 

Average Doppler 
Coefficient, i k / A T 

(750-2500''K) 

-0.22 X 10-6 

-0.11 X 10-6 

0 

-0.22 X 10-6 

-0.11 X 10-6 

-0.22 X 10-6 

0 

0 

aExtrapolated values. 

Note; In all cases. Pj • 1.2 x lo3 watts/cm3. 

Core Volume • 41.7 liters. 
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(1) The con t ro l rod wor th was e s t i m a t e d to be 0.004 Ak/f t . By 
a s s u m i n g a con t ro l rod r e m o v a l r a t e of 6 f t / s e c , we ob ta ined a p o s i t i v e 
r e a c t i v i t y - i n s e r t i o n r a t e of 0.0243 A k / s e c . With a va lue for ^eff °^ 
0.00274, the r a t e i s equiva lent to a p p r o x i m a t e l y $ 9 / s e c . 

(2) The r e a c t i v i t y i n s e r t i o n r a t e of $ 2 0 / s e c was ob ta ined by u s i n g 
an a v e r a g e wor th of 0.009 Ak/ft for the fuel s u b a s s e m b l y , and an a v e r a g e 
f r e e - f a l l ve loc i ty of 6 f t / s e c through the c o r e . 

The r e s u l t s of the mel tdown computa t ion ind ica te ( see T a b l e I) t h a t 
for r e a c t i v i t y - i n s e r t i o n r a t e s below $ 5 / s e c , the m e l t i n g p r o c e s s wi l l b e g i n 
about 200 to 400 m s e c af ter the s t a r t of the e x t e r n a l i n s e r t i o n . T h e t i m e 
for 50% and 87,5% of the co re to me l t r a n g e s f rom 1 to 10 m s e c . 

When the negat ive feedback of the Doppler coef f ic ien t i s n e g l e c t e d , 
the t i m e r e q u i r e d to m e l t 87.5% of the c o r e is 1.7 m s e c and 3.2 m s e c for 
r e a c t i v i t y - i n s e r t i o n r a t e s of $ 5 / s e c and $ 3 / s e c , r e s p e c t i v e l y ( s e e Table II). 
T h e s e a r e the s h o r t e s t me l t ing t i m e s involved, and the r e a c t i v i t i e s a t t a i n e d 
a r e the l a r g e s t . F o r the c a s e of an i n s e r t i o n r a t e of $ 5 / s e c , the r e a c t i v i t y 
due to co l l apse is s m a l l , so that dur ing the me l t i ng p r o c e s s the r a t e of r e ­
ac t iv i ty a s s o c i a t e d with the $ 5 / s e c i n s e r t i o n is not a l t e r e d . H o w e v e r , for 
the lower r a m p i n s e r t i o n r a t e of $ 3 / s e c , the r e a c t i v i t y due to c o l l a p s e i s 
effective in i n c r e a s i n g the r a t e dur ing the me l t i ng p r o c e s s to a p p r o x i m a t e l y 
$ 1 0 / s e c (see Table I). T h e r e f o r e , it a p p e a r s that the l o w e r r a t e s of e x ­
t e r n a l r e a c t i v i t y i n se r t i on could lead to h ighe r r a t e s of i n s e r t i o n d u r i n g the 
me l t ing and r e a s s e m b l y p r o c e s s e s . 

Tab le II 

CALCULATED AVERAGE D O P P L E R C O E F F I C I E N T 
AS A FUNCTION OF T E M P E R A T U R E 

T e n n p e r a t u r e 
Range , °K 

Smal l 

300-750 
300-1500 
300-2500 
750-1500 
750-2500 

1500-2500 

Doppler 
Coefficient , 
(Akeff/°K) 

X l O " ' 

C o r e 

- 0 . 4 3 
-0 .37 
-0 .30 
- 0 . 3 3 
-0 .26 
-0 .22 

T e m p e r a t u r e 
R a n g e , °K 

D o p p l e r 
Coef f ic ien t , 
(Akef£/°K) 

x 10 ' ' ' 

Zoned C o r e 
(Coeff ic ient in t e s t zone only) 

300-750 - 1 . 5 3 
300-1500 - 1 . 0 8 
300-2500 - 0 . 8 4 
750-1500 -0 .81 
750-2500 - 0 . 6 7 

1500-2500 - 0 . 5 6 
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To s tudy the l a t t e r effect , a s e r i e s of c o m p u t a t i o n s w e r e m a d e 
wi th the i n t r o d u c t i o n of n e g a t i v e D o p p l e r coef f i c ien t s of d i f fe ren t m a g n i ­
t u d e s . The t e m p e r a t u r e - d e p e n d e n t n e g a t i v e feedback w a s i n t r o d u c e d to 
offset the in i t i a l p o s i t i v e r e a c t i v i t y i n s e r t i o n . The r e s u l t i n g r a t e of i n s e r ­
t ion d u r i n g the m e l t i n g p r o c e s s c o n f i r m e d the c o n c l u s i o n s s t a t e d for the 
n o - D o p p l e r c a s e , tha t i s , in the s m a l l - c o r e a n a l y s i s , a nega t i ve feedback 
having t h e s e o r d e r s of m a g n i t u d e could r e s u l t in a g r e a t e r r e a c t i v i t y con­
t r i b u t i o n f r o m the c o l l a p s i n g of the c o r e . The Dopp le r effect can be seen 
in F i g u r e 3, w h e r e the i n v e r s e p o w e r p e r i o d , a, i s p lo t ted a s a function of 
t i m e . The m a g n i t u d e of the Dopp le r effect i s not l a r g e enough to effect 
a r e a c t o r shutdown. In F i g u r e 4 a r e p r e s e n t e d the c o l l a p s e r e a c t i v i t y for 
v a r y i n g d e g r e e s of m e l t in s y s t e m s c o m p u t e d wi th and wi thout the Dopp le r 
effect. 

DOPPLER COEFF., 
A k / ' C 

T T" 
LEGEND 

CURVE RAMP DOPPLER COEFF., 67.5 S M E L T S IN: 

S3/sac 
SS/sec 
S3/8«c 
SS/sac 

YES 
YES 

0 , 0 1 0 8«c 
0 . 0 0 8 7 sflc 
0 .0030 sec 
0 . 0 0 2 0 sflc 

PROMPT CRIT ICAL ifi^ff - 0 . 0 0 2 7 4 

PERCENT OF CORE MELTED 

Figure 3 
Inverse Power Period vs. Time for Ramp Reactivity 
Input of $3/sec in Reference Small Core. (Curves 
terminate v;hen ST-Ŝ ii of core has melted) 

Figure 4 
Reactivity of Collapse vs. Per Cent of Core 
Meltdov/n for Reference Small Core 

A r a m p i n s e r t i o n r a t e of $ 2 0 / s e c wi l l c a u s e the c o r e to s t a r t m e l t ­
ing 60 m s e c a f te r the in i t i a l i n s e r t i o n . In about 2 m s e c , the c o r e would be 
87.5% m o l t e n . The s h o r t t i m e i n t e r v a l of m e l t i n g would not a l low any 
s ign i f i can t r e a c t i v i t y to be i n s e r t e d by c o l l a p s e . The i n v e r s e p o w e r p e r i o d 
i s m i n i m u m for t h i s c a s e , and the a v e r a g e r e a c t i v i t y - i n s e r t i o n r a t e du r ing 
m e l t i n g i s the s a m e a s the in i t i a l input. 
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The effect of the negat ive feedback is to i n c r e a s e the m e l t i n g t i m e 
and, hence , to allow a g r e a t e r d e g r e e of c o r e c o l l a p s e to o c c u r . In a l l 
c a s e s s tudied, the net r eac t iv i ty did not exceed $0.22 above p r o m p t c r i t i c a l 
when 87.5% of the co re was molten. 

The s h o r t e s t power pe r iod o c c u r r e d with the m a x i m u m nega t i ve 
feedback. The i n v e r s e p e r i o d s a at 87.5% m e l t for the c a s e s s tud i ed a r e 
included in Table I. 

RAMP 

$20/a«c 
S5/*« 
S3/i(c 

S3/MC 

LEGEND 

DOPPLER COEFF,, 
fik/'C 

NO 
NO 
NO 

- 0 2Z > 10 ^ 
(AVG 750-2500 'Kt 

The meltdown code computes the total e n e r g y input du r ing the e x ­
cu r s ion . At 87.5% mel t , the total ene rgy input was of the o r d e r of 2 x 
10^ J o u l e s / c c of fuel (see Table I), or 4.2 x 10* J o u l e s (l x 10* cal) for the 
e n t i r e 4 1 . 7 - l i t e r co re . The ene rgy r e q u i r e d to s u b l i m a t e the ox ide fuel in 
the co re was computed to be 4 x 10 J o u l e s (l x 10 cal) when a hea t of 
subl imat ion of 2000 J o u l e s / g m was a s s u m e d . (8,9) T h e r e f o r e , when 87.5% 
of the c o r e is in this highly supe rhea t ed l iquid or m o l t e n s t a t e , the e n e r g y 
input is of the s ame o r d e r of magni tude a s the e n e r g y r e q u i r e d to v a p o r i z e 

the c o r e . C o n s e q u e n t l y , b e c a u s e of 
the power and t e m p e r a t u r e d i s t r i b u ­
t ions and high p r e s s u r e s g e n e r a t e d , 
it i s expec t ed tha t d i s a s s e m b l y 
would t ake p l a c e s o m e t i m e b e f o r e 
the c o r e is 87.5% m o l t e n . 

A plot of the i n v e r s e p e r i o d 
as a function of to ta l e n e r g y d e n s i t y 
is p r e s e n t e d in F i g u r e 5. F o r a l l 
r a m p c a s e s c o n s i d e r e d , the i n v e r s e 
power p e r i o d a r e a c h e d a m a x i m u m 
of a p p r o x i m a t e l y 1 x lO'^/jisec. 

An e s t i m a t e of the e n e r g y 
a v a i l a b l e to do w o r k du r ing c o r e 
d i s a s s e m b l y , w a s ob ta ined by c o m ­
puting the to ta l e n e r g y y ie ld a s a 
function of a f rom the A X - 1 code . 
The r e s u l t s a r e p r e s e n t e d in F i g ­
u r e 6. F o r the s m a l l c o r e with an 
a of the o r d e r of 1 x lO'^/fisec, the 
to ta l e n e r g y y ie ld was a p p r o x i m a t e l y 
7 x lO' J o u l e s (1.67 x 10 ' ca l ) . 

ENERGY DENSIT 

Figure 5 

Inverse Power Period 
vs. Energy Density for 
Reference Small Core 

A computa t ion was a l so p e r f o r m e d in which the fuel t e m p e r a t u r e 
^L^nor , P""^"""-^ ^°-l<^ begin to r i s e in the c o r e r eg ion was t aken a s 
l ! n o =°n^Par ison with those b a s e d on 6700°C. (A t e m p e r a t u r e of 
4400 C IS a p p r o x i m a t e l y 1000°C to 1200=C above the boil ing t e m p e r a t u r e 
of the oxide fuel.) The e n e r g y a v a i l a b l e to do w o r k was r e d u c e d to 60% of 
that at the h ighe r t e m p e r a t u r e (6700''C), w h e r e a s the m a x i m u m k ine t i c 
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energy remained the same. This behavior appears reasonable, since 
reducing the temperature in the p r e s su re equation allows the core to dis­
assemble sooner, but the amount of total energy converted into kinetic 
energy remains the same. The lower temperature is equivalent to a 
slight increase in the core density in the equation of state used in the 
AX-1 computation. The density was increased from 5.2 to 6.5 gm of 
fuel/cc of core. 

1 

-

--
: ^ 

I 

1 

1 1 1 1 1 M l| 1 1 

ZONED C O R E ^ . ^ ^ ^ 

SMALL C O R E ^ ^ , ^ ^ ^ 

1 ' ' 

1 i 1 1 1 1 

^ -

--
~ 

-
Figure 6 

Total Energy Available vs. Inverse Power 
Period for Reference Cores 

INVERSE POWER PERIOD (al.^sec-' 

When the temperature effect upon the calculated total energy yield 
was taken into account, the energy available to do work for a = O.OOlAisec 
was reduced from 7 x lo'' Joules to about 4 x 10^ Joules. 

B. Small Reactivity Insertions 

The effects of a slow meltdown were studied in order to evaluate • 
the type of accident in which melting of the core would occur for a period 
pr ior to prompt cri t ical and is followed by the collapse of the core. An 
accident of this type might be initiated by decrease of coolant flowrate 
to the reactor , severe local perturbations in flow, or failure of experi­
mental fuel subassemblies. 

In order to estimate effects resulting from an accident of this type 
which increase the melting time, and thereby the extent of core collapse, 
a constant, low, inverse-power period was introduced initially. The Doppler 
feedback was neglected. As shown in Figure 7, the time required for 70% 
and 100% of the core to melt is 15.5 msec and 17 msec , respectively. 
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The i n v e r s e - p o w e r p e r i o d a t ta ined due to c o r e c o l l a p s e i s about 2 to 3 x 
10 /iisec a t the input ene rgy dens i ty of 2 x lO'* J o u l e s / c c of fuel. The 
condi t ions for ene rgy y ie lds in this "s low mel tdown" a c c i d e n t a r e qui te 
s i m i l a r to the r a m p - i n s e r t i o n c a s e s . W o r k - e n e r g y y i e l d s of about 
6 x 1 0 J o u l e s can be expected. 

, 0 - ' 

3. 

m 

= .o-« 

^ 
f 

lo-'L-

: ' ' ' 

r 1 / 

MELTING^ 1 / / 
STARTS \ / / 

— 1 / POWER / 
~ / DENSITYy 

/ V ' 

\ ^ENERGY DENSITY 

1 r 1 
ii , 1 ', 

' / ' 

- 70% MELT -

^ 

/ -

^ l O O X 
MELT -

1 ,_ 

- , o ' 

Figure 7 

Inverse Power Period, Power Density, and Energy 
Density vs. Time for Reference Small Core. 
(Doppler effect excluded) 

In addit ion, if the ini t ial power level i s low 
e i n v e r s e - p o w e r 

about 7 X 10 J o u l e s . It should be noted that c o m p u t a t i o n s i n d i c a t e tha t 
energy yield is not p a r t i c u l a r l y s ens i t i ve to in i t ia l p o w e r l e v e l 
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IV. DETAILED ANALYSES FOR ZONED CORE EXCURSIONS 

A. Ramp Insertions 

Meltdown studies were performed also for a typical zoned system. 
Posi t ive-react ivi ty ramp insertions of $2/sec, $10/sec, and $20/sec were 
assumed. The resul t s , with and without Doppler feedback, are presented 
in Table III. 

The range of insertion ra tes was established on the basis of the fol­
lowing considerations: 

(1) The control rod worth per linear foot of rod was estimated to 
be 0.00167 Ak/ft. Again, the use of a control rod removal rate of 6 ft/sec 
resulted in a positive react ivi ty-insert ion rate of 0.01 Ak/sec, or approxi­
mately $2/sec, when a value for /3g££ of 0.0066 was assumed. 

(2) The range of reactivity-insert ion ra tes for the free fall of a fuel 
subassembly varied from $6/sec to $20/sec, with a more probable rate 
being somewhat lower. These values were based on the pessimist ic a s ­
sumption that a fuel subassembly of maximum worth would be involved in 
the accident. 

(3) The spatial dependence of the sodium expansion coefficient for 
the zoned system is presented in Figure 8. The estimated magnitude and 
sign indicated that a postulated loss of coolant in only the test zone could 
result in melting of the fuel. If it may be assumed that the sodium could be 
expelled from the test zone in from 600 to 30 msec, the average reactivity-
insertion rate would be in the range from $ l / s ec to $20/sec. 

The magnitudes of the Doppler coefficients used in the code compu­
tations were taken as l /3 of the calculated values listed on the figures and 
tables. This reduction was made since (l) allowances were made for the 
uncertainty in the magnitude which could be associated with the actual ex­
periment, and (2) the use of the full Doppler coefficient resulted in reducing 
the excursion power levels to values which could be interpreted as a reactor 
shutdown. For the ramp cases studied, the positive reactivit ies resulting 
from core collapse were negligible. However, in the case of $2/sec ramp 
insertion, the contribution of collapse was greater by a factor of 3 to 4 than 
in the $10/sec case. 

As shown in Table III, the existence of the Doppler effect resulted in 
reducing the external input during the melting process . In the case of $2 / 
sec ramp insertion, the Ak/AT during melt became $1.40/sec; for the $10/ 
sec ramp, the rate became $3/sec . The respective inverse-power periods 
were lower in both cases than for the case in which the Doppler effect was 
not considered. 



External 
Reactivity. 

$/sec 

2 

2 

lOli 

10 

10 

20i: 

20 

2^ 

10^ 

10^ 

Ramp 
Break. 

sec 

1.00 

1.00 

0.40 

0.40 

0.40 

0.152 

0.152 

1.00 

0.40 

0.40 

Time 
Melting 
Starts, 

sec 

0.52648 

0.58523 

0.12398 

0.11332 

0,11509 

0.056885 

0.060 

0.51872 

0.11121 

0.11194 

Melting 

50% Melt 

0.00126 

0.01203 

0.000703 

0.00060 

0.00383 

0.000456 

-
0.002366 

0.000889 

0.000853 

Time, sec 

87.5% Melt 

0.00243 

0.02083 

0.0012 

0.0008ia 

0.01043 

0.000803 

0.00567 

0.001755 

0.002263 

Table HI 

SUMMARY OF MELTDOI«N STUDIES -

"net 
Melting 
Starts 

0.006924 

0.006608 

0.008156 

0.007454 

0.006533 

0.007482 

0,0079003 

0.006823 

0.007315 

0.007069 

"net 

50* Melt 

0.006942 

0.006774 

0.0082823 

0.007492 

0.006676 

0.007542 

0.006858 

0.007378 

0,007050 

5eff • 0.0066 

1. • 0.89 X 

Melting 

87.5% Melt 

0.0069583 

0.006803 

0.0082353 

0.0075073 

0.006764 

0.0075873 

0.006922 

0.007431 

0.007030 

REFERENCE ZONED CORE 

10"' 

^avg /^T 
during 
Melting 

0.014 

0.00934 

0.066 

0.066 

0.022 

0.132 

0.1323 

0.0175 

0.0661 

-0.0172 

a, 
Msec-1 

at 87.5% Melt 

4.3 X 10-43 

2.7 X 10-^ 

1.9 X 10-33 

1.2 X 10-33 

2.2 X 10-4 

1.2 X 10-33 

2.0 X 10-3 

3.7 X 10-^ 

9.7 X 10-^ 

5.2 X 10-^ 

Power Density, 
watts/cm3 

at 87.5% Melt 

5.8 X 10' 

3.1 X loS 

4.6 X 1 0 " 

1.5 X 10'^ 

3.3 X 106 

5,9 X 10'^ 

7.7 X 105 

3.1 X # 

1.7 X 10* 

Energy Density, 
joules/cc 

at 87,5% Melt 

1,6 X 10*3 

2,0 X Iff* 

2,8 X 1043 

1,7 X 1043 

2,3 X Vfi 

l .Sx l f f l 

-
3.1 X 103 

3.8 X 103 

3.3 X 103 

Average Doppler 
Coefficient, M/AT 

(750-2500°Kl 

0 

-0,64 X 10-' 

0 

0 

-0,64 X 10-6 

0 

0 

0 

0 

-0.64 X 10-6 

^Extrapolated values. 

t'Po = 1.4 X 10-4 watts/cm^ in all other cases, PQ • 1.4 x 10^ watts/cm^. 

^Melting temperature of tuel 1150*C. Core volume • 460 liters. 
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Figure 8 
Averaged Sodium Coefficient per Unit of Radial 
Area vs. Radius for Reference Zoned Core 

In a l l c a s e s for wh ich the D o p p l e r 
effect w a s n e g l e c t e d , 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 d u r i n g m e l t i n g r e ­
m a i n e d the s a m e a s the e x t e r n a l input . 

The o v e r a l l c o n c l u s i o n which 
c a n be m a d e for the zoned s y s t e m is 
' that for the e x t e r n a l i n s e r t i o n r a t e s 
s tud ied , the fuel m e l t e d , but neg l ig ib le 
r e a c t i v i t y was i n t r o d u c e d by the c o l ­
l a p s i n g p r o c e s s . In c o m p a r i s o n with 
the s m a l l c o r e , the zoned c o r e was of 
g r e a t e r he ight , and the w o r t h of c o l ­
l a p s e p e r uni t he ight was of l e s s i m ­
p o r t a n c e . It should be noted tha t the 
m a x i m u m net r e a c t i v i t y i n s e r t i o n did 
not exceed $0.25 above p r o m p t c r i t i c a l . 

The i n v e r s e - p o w e r p e r i o d s a s 
a function of t i m e a r e p r e s e n t e d in 

F i g u r e s 9 and 10. In the two c a s e s for which the Dopp le r effect was in ­
c luded, the i n v e r s e - p o w e r p e r i o d b e c a m e nega t ive , but the magn i tude was 
not l a r g e enough to r e d u c e the power l eve l to z e r o . In F i g u r e 10, the power 
v e r s u s t i m e is inc luded to o b s e r v e the effect of the Dopp le r . The power 
was r e d u c e d s o m e w h a t , but then i n c r e a s e d and the c o r e m e l t e d . 
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The inverse period for the $20/sec ramp for two power levels was 
studied. When the reactivity insertion was initiated at high power densit ies, 
the inverse-power period was decreased by a factor of 2. 

The last three cases listed in Table III are the resul ts of the mel t ­
down code analyses in which it was assumed that the severity of a nuclear 
accident is due primarily to the behavior of the metallic driver zone. For 
these cases, the melting temperature of the uranium metal (ll50°C)was used. 
Hereafter, these cases are identified as metallic-fueled cores . In the former 
cases, the melting temperature used was that of the oxide-fueled cores 
(2750°C). 

For the metallic-fueled cores, the fuel temperatures at an energy 
input of 2 X 10̂  Joules/cc of fuel were usually low. In such cases , the 
inverse-power period used was that when the average temperature of the 
fuel was approximately equal to the boiling temperature of the metal fuel 
(4I00°C). For the oxide-fueled cores, boiling temperatures of ~3300°C were 
attained when the energy input of 2 x 10^ Joules/cc of fuel was reached. For 
the ramp insertions studied, the inverse-power period was essentially in­
sensitive to either energy input or average fuel temperature . For this p re ­
liminary analysis, the energy input was considered appropriate. 

When the case for the $2/sec reactivity insertion rate was compared 
with a $2/sec ramp associated with the oxide fuel, the metallic-fueled core 
was found to start to melt about 7 msec sooner. The net reactivity inserted 
at the start of melt was $0,035 above prompt cri t ical , as compared with 
$0,052 above prompt critical for the oxide-fueled core. Therefore, the t ime 
required to attain the same degree of melting was longer for the metal l ic-
fueled core. The longer time interval allows a greater portion of the core 
to collapse and, hence, a larger positive reactivity insertion during the 
melting process. As shown in Table III, the reactivity insertion rate during 
melt was the same as the externally applied rate of $2/sec for the oxide-
fueled core, whereas for the metallic-fueled core the average insertion rate 
had been increased to $2.60/sec. 

The power periods in both cases were approximately the same. The 
total energy input for the metallic-fueled core was lower by a factor of ap­
proximately 5 when 87 5% of the core had melted. Extrapolation to an energy 
input of 2 X 10̂  Joules/cc of fuel gave an inverse-power period of 6 x 
lU ^^sec . This IS a slight increase over the inverse period of 4.3 x 
10 /^sec obtained for the oxide-fueled core. 

A similar study was performed for a $10/sec reactivity ramp in­
sertion rate without Doppler effects. This study indicated that, although the 
required melting time increased, the initially applied reactivity insertion 
rate still predominated and core collapse was negligible. The total energy 
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input was lower by a factor of 5 than that of the oxide-fueled core. Ex­
trapolation to an energy input of 2 x 10* Joules /cc of fuel gave an inverse-
power period of 1.2 x 10"y/isec. 

For comparison, the $10/sec insert ion rate cases were studied with 
the Doppler effect included. The resul ts indicated that the net Doppler feed­
back contribution during the melting process was not sufficient to lower the 
net reactivity inserted as the core mel ts . As shown in Table III, the net 
reactivity was above prompt cr i t ical and decreased slightly or was constant 
during the melting process . In the oxide-fueled core, the net reactivity was 
below prompt cr i t ical and increased slightly during the melting process . 
Extrapolation to an energy input of 2 x 10* Joules /cc of fuel gave an inverse-
power period of approximately 7 x 10"y/isec. In both cases, the reactivity 
added due to core collapse was negligible. 

For all cases studied, the maximum inverse-power period was of 
the order of 2 x 10-''/|Usec. The average energy input was of the order of 
5 X 10' Joules (l X lO' cal). The energy required to sublimate the metal 
fuel in the driver zone and the oxide fuel in the test zone was about 3 x 
lO' Joules (7.5 X lO' cal), based on a heat of vaporization of 2000 J o u l e s / 
gm.(9) xhe total energy input into the fuel was of the same order of mag­
nitude as the energy required to vaporize the core. 

As in the case of the small 
core, the core disassembly should be 
expected to take place some time be­
fore the core is 87.5% molten, pro­
vided that the energy input is 
approximately 2 x lO* Joules/cc of 
fuel. In Figure 11, the inverse-
power period is plotted as a function 
of total energy input for the ramp 
insertions studied. For all cases, ot 
was less than 2 x lO'yjUsec. 

To estimate the energy yield 
during core disassembly, the same 
procedure was followed as was used 
in the smal l -core studies. For an a 
of the order of 2 x lO'^/idsec, the 
total energy yield was of the order 
of 7 x 10* Joules (1.7 x 10* cal). 
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A s s u m i n g a 10% eff ic iency 
for c o n v e r t i n g hea t e n e r g y into 
m e c h a n i c a l e n e r g y , and tha t the c o r e 
b e g i n s to d i s a s s e m b l e when the fuel 

v a p o r t e m p e r a t u r e is about 1000°C to 1200°C above the bo i l ing point , the 
PTiPTPv a v a i l a b l e to do w o r k was e s t i m a t e d to be about 5 x 10' J o u l e s . 

Figure 11 
Inverse Power Period vs. Energy 
Density for Reference Zoned Core 
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ENERGY DENSITY 

Figure 12 
Net Reactivity Insertion, Inverse Power Period, Power 
Density, and Energy Density vs. Time for Reference 
Zoned Core. (Initial power period = 0.11 sec) 

v e r s e p e r i o d c o u l d i n c r e a s e b y a b o u t 

i n c r e a s e t o a b o u t 6 x lO ' J o u l e s . 

B . S m a l l R e a c t i v i t y I n s e r t i o n s 

In o r d e r t o o b s e r v e t h e e f f e c t s 

of a " s l o w e r m e l t d o w n " a n d a h i g h e r 

d e g r e e of c o r e c o l l a p s e , a c o n s t a n t 

i n v e r s e - p o w e r p e r i o d of 9 x 10 V ^ s e c 

w a s i n i t i a l l y i n t r o d u c e d i n t o t h e z o n e d 

s y s t e m . T h e m e l t i n g t e m p e r a t u r e 

u s e d w a s t h a t of t h e m e t a l d r i v e r . A s 

s h o w n i n F i g u r e 12, t h e t i m e r e q u i r e d 

f o r 100% of t h e c o r e t o m e l t i s a b o u t 

23 m s e c . T h e i n p u t e n e r g y d e n s i t y , 

2 X 10^ J o u l e s / c c of f u e l , w a s r e a c h e d 

i n 29 m s e c . T h e i n v e r s e - p o w e r p e ­

r i o d a t t h i s t i m e i s a p p r o x i m a t e l y 

1 X l O ' Y ^ s e c . 

H o w e v e r , e x t r a p o l a t i o n t o a 

fue l t e m p e r a t u r e of a b o u t 4 1 0 0 ° C 

c o u l d i n c r e a s e t h e i n v e r s e - p o w e r p e ­

r i o d t o a b o u t 2 X l O ' Y ^ - i s e c . If t h e 

h i g h e r of t h e t w o p e r i o d s i s u s e d , t h e 

e s t i m a t e d e n e r g y y i e l d b e c o m e s a b o u t 

5 X l O ' J o u l e s . In a d d i t i o n , if t h e 

i n i t i a l p o w e r l e v e l w a s l o w , t h e i n -

70% a n d t h e w o r k e n e r g y w o u l d 

T h e r e s u l t s p l o t t e d in F i g u r e s 13 a n d 14 p e r t a i n t o c a s e s f o r w h i c h 
t h e i n i t i a l p o w e r p e r i o d s w e r e i n c r e a s e d t o 0 . 5 5 s e c a n d 1.7 s e c , r e s p e c ­
t i v e l y . In b o t h c a s e s , t h e g r a v i t a t i o n a l c o l l a p s e of t h e m o l t e n c o r e r e s u l t e d 
i n a n i n v e r s e - p o w e r p e r i o d of l e s s t h a n 2 x 10~^ / | i i sec a t a n e n e r g y i n p u t of 
a b o u t 2 X 10^ J o u l e s / c c of f u e l . 

A l s o c o n s i d e r e d w a s a " s l o w m e l t d o w n " i n c i d e n t i n w h i c h t h e f u e l 
i n t h e t e s t z o n e w a s a l l o w e d t o c o l l a p s e . T h e m e l t i n g t e m p e r a t u r e of t h e 
o x i d e fue l w a s u s e d . T h e t i m e r e q u i r e d fo r c o m p l e t e m e l t i n g of t h e f u e l 
w a s a b o u t 55 m s e c . A s m a d e e v i d e n t in F i g u r e 15, t h e i n i t i a l i n v e r s e p e ­
r i o d of 4 X I D ' Y / i s e c w a s i n c r e a s e d t o a b o u t 1 x 10 ' ^ / /L t sec a t a n e n e r g y 
d e n s i t y i n p u t of 2 x lO"* J o u l e s / c c of f u e l . T h e e s t i m a t e d w o r k e n e r g y i n 
t h i s c a s e i s a b o u t 4 x lO'' J o u l e s . F o r l o w i n i t i a l p o w e r l e v e l s , t h e e s t i ­
m a t e i s 5 X lO ' J o u l e s . 
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V. GENERAL COMMENTS 

The calculated energy yields are believed to be pessimistic in view 
of the qualifications on the parameters used in the computations. For ex­
ample, the only negative feedback employed was that due to the t empera tu re -
dependent Doppler effect. The time scales involved indicate that "delayed 
effects" could be operative and may, in most cases, mitigate the severity of 
the accidents. For example, the sodium coefficient is large and negative in 
the small core and in the driver section of the zoned core; this mechanism 
could terminate some possible excursions. It was not included in the melt­
down code, that is, the expulsion or boiling-off of the sodium was not con­
sidered. In the zoned system, the metal driver has a reliable and significant 
negative fuel-expansion coefficient. This effect also was not included in the 
meltdown code. 
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