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ABSI'RACT 

The strength of the interaction is estimated should the core of a fast -
reactor collapse, assuming that all the coolant has disappeared and that the 

co~e molto duo to fiooion product heating. A number of pooaimiotio oimplify-

ing nocumptiono nre modo, in particular tho roto of inoreaoo of reactivity is 

calculated ass~ng that the core suddenly loses its cohesion and collapses 

under gravity. 

The pressures are estimated in a molten mass of uranium heated at con-

ctant volumo, and it is ohown that the oore oxponds bef~re it has completely 

vaporised. 
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If tho flow of coolont through o. faot rcnctor chould c:u<.lrlonly rrt.op nftcr 
the rcnctor has been running at full power, the fission product hcatin~ would 
be sufficient to melt the uranium in about forty seconds. Thera ia a possib­
ility that the molten metal m~ght fall together and acquire a greater 
reactivity. The rate of increase of reactivity is not necessarily that deter­
mined by the rate of melting due to the fission product heatin&; this is quite 
slowj part of the core might melt and cause a section of the remaining 
ctructure to foll . The rate of increase of reactivity might , therefore, be 
determined by a core collapsing under gravity. An overestimate of this rate 
of increase can be obtained if we assume that the core suddenly loses its 
cohesion following a loss of coolant, and then commences to fall under gravity. 

It should be stressed that we are not attempting to assess the probability 
of the occurrence of the above sequence of events; we are merely making an 
overestimate of the strength of the resulting e~losion • 

. We consider a particular model of a reactor in order to assess the order 
of magnitude of the various quantities. 

2 . ESI'HtATE OF THE RATE OF IUCREASE OF REACTIVITY SHOULD THE CORE COLLAPSE 

The reactor has a core which is a right cylinder of height 53 ems and 
radius 23 ems; the volume is 91 litres. The proportions by volume in the core 
are 50% enriched uranium, <J'1. canning material, 36% N'aK coolant, and % spacing. 
The mass of uranium is equal to 850 kgm. The side reflector is assumed to be 
infinite, and to contain 65% natural uranium, 28% NaK coolant and 7"' canning 
material by volume . The top and bottom reflectors form a continuation of the 
core, with natural urani u.m in place of enriched uranium , and are assumed to be 
infinite. 

We shall use perturbation theory to calculate the change of reactivity 
sh~ the core collapse. This theory is adequate for assessing t~e effect of -
Small gaps 1 as Cal} QS seen from the results Of calculations carried OUt by 
Codd{lJ and Rines\2). Codd has calculated the effect of removing reflector 
material from around a spherical core, using one group modified diffusion 
theory and has compared the results with those obtained using 
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Codd(3) has carried out one-veloclty-group perturbation theory 
calculations for the systew which we have just described . For uniform 
changes 6a1 and 6S1 in a1 and e1 over the whole core the reactivity 
change p is given as follows, 

(2.1) 

Here a is the average number of collisions per unit length of path, and 
6 the averaee number of secondaries produced per em. If cs, cf and cc are 
the macroscopic scatterin~, fission and capture cross sections in cm-1 
respectively, then 

and ((3-a)/a is the quantity usually denoted by f in U.S. reports •. 

For the core, 

61 • .23358 em-,. 

If the coolant is lost 6cx 1 • -.08337 and 6S1 = - . 02314, and there is a 
reactivity change of -.76%. 

The new values of a and 13 are .20072 and .21(54 respectively. 

The amount of reactivity controlled by the delayed neutrons is . 9o/o, this 
being higher than the u23e figure owing to the fissions in the u23e• The 
total change of reactivity following loss of coolant before prompt critical 
is reached is, therefore , 1.86°k. J 

Suppose that a gap of thickness x appears at the top of the core. 
Then the reactivity drops by an amount given by the formula, 

(2 .2) 

where h is the height of the core . 
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... v!e assume that the density of the core increases uniformly by a factor (1 + ~) 
so that the total reactivity change P1, leaving out quadratic terms in x/h, 

is given by 

X 
p

1 
• (41 . oo )( . 21054 - [ . 9e22 H . 20072 J) h -

- (10.42)( .21054- [ . 9312][ .20072]) ~ (2.3} 

Taking the first term on the right hand side of (2 .3) 

P1 • .550 x/h • 

This is the amount of reactivity change due to a given fractional change 

in size. 

The total reactivity chan~e is ~iven by 

P1 • . 304 x/b • 
(2.4) 

When p •1 .66°/0 , xlh c 5.461()2, i.e. x • 2.91 eros . 

We are assuming that the top of the core is collapsing freely under 

gravity. 

Let t be the time when the core has fallen the distance x. 

i .e., (2 .5) 
X c t gt2 

• 

*strictly speaking the core is not collapsing ftpel~ under gravity. To 
achieve a uniform increase in density the top layer of the core must 
travel faster than the lower layers . 
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DifferentiatinG (2 . 4) with respect ~o t we have, 

dp --dt 
. 304 

V2gx 
h 

For our particular example, 

dp 
dt 

. 41 

i.e . the reactivity is increasing at a rate between 40 and 50 dollars 

per second. 

3 . ESTI~:ATION OF THE NEUTitON DOUBLING TIHE AT TIE BOILTI~G POINT 

(2 . 6) 

(2 . 7) 

~e shall now determine the neutron doubling time at the moment wher. 
the core has been heated up to boiling point of uranium. 

If the neutron density iH.r:, t ) is writ ten in the form 

N C.t , t ) = N <.r ) n ( .. ) , 

n(t) satisifes the equation , 

n(t) = (Bpt - B*) vn. (3.1) 

a* is the value of the number of secondaries per unit path which will 
make ~he system critical, and Bpt is the actual number of prompt 
neutrons per unit path . v is the neutron velocity . In this equation we 

have ne~lected the delayed neutrons . 

The ~ultiplication rate is given by 

- . 
X = v < 13 pt - a* ' • 

(3 . 2) 

It is related t o the reactivity by (2 ~1) i.e . 

X 
v. p p 

: = -
41 . 03 't 

(3. 3) 

5. 
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~or the velocity we ta~a v :: .?4.10° em/sees , tnen tne generation ~ime ~ is 
~ iven by 

~ = 41. 03/v = . G6.lu7 sec. (3 . 4. ) 

~aar to prompt critical we assume the reactivity to varJ linearly with time, 
as &iven by (2.7), and set 

dA 1 dp 
(3.5) . .. 

dt ~ dt 

Then, 

• 
n • JJ..t.n. 

i.e. n • n(o) .exp(~ut2 ), 

t t 
and f n ( ~ )d t :: n ( o) f ex p ·( ~ IJ. t 2 

) at , 
0 0 

n(o) , 
-- exp --. ~ IJ. t 2

) 

IJ.t ' 
(3.6) 

if j.Lt is lar~e. · 

4lt We shall assume that there is a certain neutron source strength in 
the reactor. The most dangerous state will arise when the reactor bas been • 
shut down after rur~in~ at full power, so that the neutron population has 
~ied down but the fission prOduct activity is still high. 

Let us make some assumptioos about n(o). F·ollc:Ming Hurwitz(4} we 
assume that there is a neutroo source of strength 107n/sec, and that the 
fission rate at delayed critical is 10° fissions/sec. During the passage 
through the region controlled by the delayed neutrons this will increase by 
another factor of the order of ten, giving a power in the reactor of 
.3 watts. 

6. 
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Tnis is eQuivalent to a haai proouction of . 0? calories/secona. The 
wei~nt of the core is 927 k6· To raise the temperature to that of the 
boilin~ point we need 167 calories per gram*, i .e . a total of 1 .6 .10

8 

calories . The ratio S of this amount of heat to the rate of heat 
production is 2.2 109 seconds . 

Solving equation (3 .4) to determine the tlme t 1 after prompt critical 
when this amount of heat has been supplied we have, 

i.e. 

and 

1 

t
1 

,. { 2 Ln(S . tJ) + Ln[2 Ln Sll!-) } ~, 
j.l 

= 9. . Q.l 0-3 s""cona· s· 
- - - I 

• = 2 . 2 .1ct . 

The e foldin~ time is approximately 50j.l5 . The reactivity reachea is 
P • 't'A1 • 1.2 .10_,, or #128/ 0 over prompt critical. 

Suppose that S was in error by a factor of 105
, i . e . the neutron 

population was 108 times the value which we have assumed , then 

lltt c: 1 . 6.10" ' 

i .e . the error in t 1 is about 25%. 

(3 . 7) 

1-1t1 varies as 1-1~, i . e . as x~. it is not ve ry sensitive t o the hei~ht of 
the drop. 

~we assume a specif ic heat of 10 calor ies/gm atom , and t hat t he boiling point 
of uranium is 40000C. 

7 • 

CONFIDEHTIAL 

....... ~~~ -~ -------·------------· 



4. C:GUhTIO;; 0? STATC: 0? !·:OLT~N URANIUL 

~ie wish to aetermine the temperature at which the collapsin~ core loses 
its porosity . 

An avera6e coefiicie~t oi volur.e expansion of solia ~ranium is 6 .1o-G/OC. 
In the liquid state the coeii1cient. of expansion is ~reater, and for uranium 
it r.~ight be as hieh as 1.2.1cr /OC . 

At 1200°C molten ura..,iwn has a density of 1.6.5, therefore the density 
at a temperature T ( > 1200CC) is equal to 

16.5 (1 + a[ T - 1200) )-1 , 

~o.·here 

'::e shall assume that. the canning raaterial is the sarre as the uranium. 
After the loss of coolant and contraction of the core, the density of the 
latter is 11 .5. Then the temperature T0 at which the core loses its 
porosity is given by, 

1 + a[T 0 - 1200] = 1.435 . 

If a • 6 .1 o-e then T0 • 84500C. 

If 

We ass~~ a mean value of 6,6000S. 

The amount of beat per gram necessary to bring the uranium up to a 
temperature of 66000C is 275 calories i .e. 1 . 1.1010 er~s . 

After this temperature has been reached the pressures will be set up 
which cause the bulk expansion of the core. 

Let E be the energy supplied per unit mass to the uranium above that 
required to brine it up to the temperature T0 • 

a. 
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Then ~he pressure is eiven by the formula 

• (y-l)Es , (4 .1) 

where y is ~he ratio of the specific heats . For the solid y is high but 
for a liquid which has expanded to a density of 11 , a reasonable value would 
seem to be 2. s is the density of the uranium. 

5 . CALCUlATION OF THE ENERGY REI£ASE 

In most calculations of the enerey release in an accident until naw, it 
has been assumed that the entire core expands simultaneously . This assumption 
is JUStified in the limiting cases of either very slow or very fast accidents . 
In the former case the ordinary thermal expansion of the solid or liquid is 
sufficient to shut the reactor down; then no pressures are built up, and only 
the overall density of the core is important . For very fast accidents, on the 
other hand , pressure is built up simultaneously throughout the reactor, the 
pressure grad lent is apiJrOX imate ly proportional to r(c f. Eq . 5 . 8) and this 
leads to uniform expansion . Th-is case is realiea , e . g., in the N.D. A. 
maximum accident calculations . 

In our case, however, the situation is intermediate . Inertial effects 
and pressure eradients are important, but the pressure is not generated 
simultaneously throughout the core . This is due particularly to the effect 
described in section 4, i .e. that first a certain temperature T0 must be 
reached 1n order to fill all the voids left by the lost coolant , and only 
thereafter will further energy release build up any pressure. Therefore, 
large pressures will exist near the centre before any pressure is felt near 
the outside . The central re€ion of the core will expand first , while the 
edge remains at rest , and we shall have to calculate the effect on the 
reactivity of such a local expansion. The material displaced from the centre 
will of course a.ccummulate somewhat farther out, and there will be a 
"pressure wave" travelling outwards (not w~th the speed of sound) . 

We cons ider a spherical model . The neutron flux is assumed to vary as 
1 - q r 2 /b 2 in· the core , where b iz the c"ore radius . The value of q is 
calculated to e1ve approximately the variation of .flux which occurs in the 
actual reactor and is equal to .6. 

9. 
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Let R be the co-o:-dinate of an element. which \;as ori~inally given by 
the co-ordinate r before the expansion cor~enced . The diffusion equation 
in the ~uler co-ordinate R is then as follows: 

.... , "" 
_l_ .d.. {L tr R2 cili) + _t_! • 0 ' 
3R2 dR dR L rep 

(5 .1) 

where lt.r and lrep are the transport and reproduction mean free paths 
respectively . 

If the material density has altered by a factor e then the mean free 
paths chan~e by a factor of 1/e, i . e . 

!? is the value of the Laplacian of the core before the expansion staee . 

!io:..r h"2 can be ·.:r it ten as, 

. 
where ao is the original inverse mean free path, and S is the number of 
secondaries per unit path . 

Consider the original density N0 (before collapse) which satisfies the 
equation; 

' . 
"" 

1 d ( 2 dNo) "" - - r + J('2o No • 0 
r: dr dr ' (5. 3) 

. 
where K~ = 3a 0 (8 0 - a 0 ). 

-eo is the number of secondaries per unit path such that the orieinal s¥stem 
is just critical, and the change in criticality when the expansion bas occurred 
is measured by 6-8 0 • 

10. 
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No••, 

r2 dr (The equation of contirJUil.:t) . 

let R • r + u, u << r 

Then (5.2) becomes, 

:c o. 

"' 
1 d ( (l + 4u] r 2 dN) + 
?"" dr r dr 

Frc~ (5.3) and (5 .5) we have, 

"'"' ~ - d J r 2 (K~ - K2 ) N 0 N dr + 4 J No - (u dr 

Therefore, 
I 

f ur 
lfo-K2 

. . / 4 
Bo-8 

:c • 2 .54p :: -
~ Bo-«o r r2 J 

• 0 

,, 
,;;r 

r.:::.; ~ 
~ ,.., I 

## 

(~~ ~ 
, 

.;_ - -

where p is the reactivity change correspondinG· .. ~ ~ .. _ ~ - ,_ 

I I 

I I I I 

I I • I 

... - ·/ We have neglected chan~es in the neutron densit;.. ~ ,--~~ ls - -~:-a ~ r' 
space includin~ the tamper, but u 1= 0 only in too !."'~ .. ._ " ave 

NOW' 

-dNo -· dr 

r -2qbi". ,-
11. 
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For simplicity, we assume that (5.8 ) holds until n = 0, i.e. into the te .. :nper 
to a point r 2 given by 

This overestimates the denominator of (5 .7), i .e . underestimates p ~~d 

overestimates the energy release . 

We obtain, 

4b ar r:: 

5v'q 

Let us now consider the calculation of u. 

~ne equation of motion is 

.. 
u :: 

lOp ---
S a1 I 

(dot denotes differentiation with respect to 

.. B:z 2ll 
s·r 2 . 9 Or 

~ 
• (y - 1) -• or 

us in~ equation (4 .1 ) . 

Now E .. Q(r,t)- Q* , 

where Q* is the amount of heat required to brin~ the uranium up to a · 
temperature T o• 

(5 . 9) 

t) 

(5 . 9a) 

Q ( r, t ) .. Q ( t ) {1 - q_ r 2 /b2 ) (5.10) 

where Q(t) is the heat release per ~ram at the centre . 

12. 
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!he:-eiore, 

.. 
u ( Y - 1 ) ;2r Q ( t. ) (5.11) 

Ynis equat1on is applicable after G(t) has exceeded Q* . To integrate the 
e~uat.ion we assume that Q(t) = Q~, i . e . we underestimate the acceleration 
and overestimate the explosion . 

Therefore, 

(5 .12) 

where t 0 (r) is the time when the pressure is commencin~ to build up at the 
point r. 

To deter~ine to(r) we have to solve the equation 

G(to(r}) . (1-qr2 /b2 ) • Q*. (5 .13) . 

Let us now discuss how G(t) varies with time . The t~me when the pressure 
commences to build up at the centre of the core will be very nearly equal to 
t1 (see 3 .7). After , this time t 1 the neutron density will still increase 
until the system is brough back to critical . Q(t) like the neutr on density 
n increases essentially exponentially as eAt , and A is nearly equal to 
A1 at the beginning of the expansion sta~e . The heat ~enerated after t 1 at 
the centre is given by, 

(5.14) 

From (5.13) and (5. 14) we find , 

(5 . 15) 

(5 .16) 

13. 
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In (5 .12) let t be the tlme when the pressure begins to build up at r1. 

A1 • ( t -t o ( r ) ] 

Substitutin~ into (5 .12) we have, 

u 

Let us c~lculate the value of the inte~ral which occurs in the numerate~ of 
(5 . ?): 

J (cUl o )2 4 u.r . - dr 
dr 

: 16. Q* ( y-1 )q G 

A~ b 8 

Substitutine into (5 .?) 

• Q*( y-1) q5 . 5 (r1 )e ( q r2 r1 
2. 54 p • - . - 1 + 1· 48 b. 2 

1 + • 55 q 2 b4.] • 
2 b2 A~ b 

(5.17) 

(5 .18) 

For the system to return to prompt critical the reactivity must chan~e by 
-1.2 . 10~ . 

is ~iven by , 

(5. 19) 

= 1. 03. 14. 
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" 
• 

This mea~s ~h~t the ?ressure wave has just arrived to Lhe eci~e of the core 
when the system returns to prompt critical . 

The heat ~enerated Q(=-,t) <ll.r is ~iven by, 

Q(r,t.) 
r2 

:: Q ( t ) • (1 - Q b2 ) 1 

When the pressure wave h~s reached r 1 , usin~ (5 .15) we have 

1 

Ther-efore , 

E(r,t) ~ Q(r,t) - Q~ 

(5. 20) 

The total disposable ener~y vl ~enerated up to prompt critical is ~iven by 

\v = 
4n. s .Q* 

1-qr~ /b2 

where s is the density of the uranium. 

w 4ns 
• 

3 

W • M.w 

where M and w are the mass and the energy released per unit mass 
respectively. 

15. 
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ror q : . 6 and rl/b z 1, this gives 

w • .6G* 

., .66.1010 ergs/gram 

The centre has a disposable energy of E a Q* (_!_- 1) = 1.5 Q*, i.e. 
1-q 

L? .1010 ergs /gra.m and intermediate energy points have less disposable 
ener€Y. 

The speed at which the pressure wave travels out can be easily 
determined . 

If we differentiate (5 .15) with respect to to we obtain 

r2 
''1 (1 - o- )b2 

dr ·t2 
- • 
dto 2qr 

When dr ' 2.10" r .. b, = ems per second. 
dto . 

(5.23) 

This is an underestimate of the speed at which the pressure wave travels out, 
it is considerably greater than this for small r. As the velocity of 
sound in uranium at low temperatures is 2.1015 ems . , it would seem that the 

methOd which has been used to evaluate the ~nergy release is correct. 

6. SUMMARY OF Rt:SULTS 

We have shown that when the core of a fast reactor collapses, the 
reactivity might increase .:1t a rate of between 40 and 50 dollars per 
second. When en~gh heat has been generated in the system to raise the 
uranium to its boiling poin~, the system will be 13 cents over prompt 
critical. 

The rate of increase of reactivity is proportional to the square root 
cf the gravitational drop, and the amowtt by which the system is over 
prompt critical is proportional to the fourth root of the drop. 

16. 
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An error of 106 can be made in estimating the source strength before 

collapse w1thout affecting these quantities by any greet factor . 

The ener~Y release per gram of material w is related to the various 

quantities by the approximate relation 

w 
A. (Q*)!- f. 1 . b . p~ 

"' 
( y-1 ,;. Q2 

(6.1) 

where A is a constant. 
- ~:; (r )" This relation is obtained by altering the terms q0

•v and .; · in (5.18) 

e d ( rt )1 o l . h. h f r1 b . . . to q a.n \ b ne~ ectmg 1g er powers o b and su st1tutmg liltO 

(5 .22} . The term 1 - q ri/b2 is assumed to be constant and approximately 

equal to 1-1i. 

We made an approximation in integrating (5.11}, the final answer will 

include the square root of any e:ror . 

Now f.
1 

varies as ~~ and p as ~;\1 , therefore from 3.5, 

p - /~ ~ 
lt- PJ. -i- dp 3 

So that the term A1 P- in (6.1) varies as --, i .e . as ~ (--)4 • Thus the 
~ dt 

dependence on the neutron generation time is very weak, ~- ~ and on the rate 
of increase of reactivity not very strong (~power}. Since the latter varies 
as IX. the dependence on the height of the drop is x\. 

The energy release of . 66.1010 ergs per gram will produce pressures of 
the order of those occurring in T.N.T. The energy release is , therefore 
equivalent to the explosion of 160 kg of T. N.T. 

1 ? . 
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