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reactor collapse, assuming that all the coolant has disappeared and that the

core melts due to fioomion product heating. A number of possimiptic simplify-

ing aspumptions are made, in particular the rate of increase of reactivity is
calculated assuming that the core suddenly loses its cohesion and collapses

under graviiy.

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

stant volume, and it is chown that the core oxpands before it has completely

vaporised,
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NIHOIIGCTION

If tho flow of coolan ] n a faot recactor chould guddenly ntop after
ctor has been runni full power, the fission product heating would
ficient to nmelt ium in about foriy seconds. There is a possib—
that the molten metal might fall together and vau;re a greater
ivity. The rate of increase of reactivity is not necessarily that deter-
by the rate of ueit;ng due to the fission product heating; this is quite
u; part of the core might melt and cause a section of the remaining
ructure to fall. The rate of increase of reactivity might, therefore, be
ermined by a core collapsiﬂg under gravity. An overestimate of this rate
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.

O

r; MR

It should be siressed that we are not attempting to assess the probability
of the occurrence of the above sequence of eventis; we are merely making an
overestimate of the strength of the resulting explosion.

We consider a particular model of a reactor in order to assess the order
{ magnitude of the various quantities.
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2. ESTIMATE OF THE RATE OF INCREASE OF REACTIVITY SHOULD THE CORE COLLAPSE

The reactor has a core which is a right cyllnaer of height 53 cms and

f2e
radius 23 cms; the volume is 91 litres. The proportions by volume in the core
o4 canning material, 36% NaK coolant, and 5 spacing.

are 50% enriched uranium, 9%
The mass of uranium is equal to 850 kgm. The side reflector is assumed to be

infinite, and to contain 65% natural uranium, 284 NaK coolant and 7% canning
material by volume., The top and bottom reflectors form a continuation of the
core, with natural uranium in place of enriched uranium, and are assumed to be

infinite.

We shall use perturbation theory to calculate the change of reactivity

sbhould the core collapae. This theory is adequate for assessing the effect of
smal% ps, as C e seen from the results of calculations carried out by
Codd'l/ and Hines 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

¥




icn theory. ‘The results are as follows:

Reactivity p in % p in 9&
Calculated by Modified Calculated by
Diffusion theory Perturbation theory

Gap Width
in cms.

of creating a gap by the removal of core

Gap Width {_ p.  calculated by : b calculatgd by .7
in ems. MDY, Ferturbation’ Theory

v

0 & ) 0
-2.16 -2.20
~4.44 : —4.42
~5.80 ' : -5.62
-0.31 ' ~8.82

41,8 . e

It wculd seem that perturbatzcn theory is reasanably accurate when react1v1ty
changes are calculated due to gaps of few cms.. : &

-~
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one—velocity- \p irbation theory
m which we have J‘St described. For uniform
and B; over the whole core the reactivity

41.06 (AB, - .9822 Aa, ), (2.1)

Here a is the average number of collisions per unit ler f path, and

en
8 the average number of secondaries produced per cm. I GS, Op and O, are
the macroscopic scattering, fission and capture cross sections in cm™
respectively, then

+ 0r v,
and (B-e¢)/z is the quantity usually denoted by f in U.S. reports.
For the core,

¢, = .22408 cm™

B, = .23388 cn™

If the coolant is lost Aa, = —-.(B337 and A , and there is a
reactivity change of -.76%.

The new values of @ and £ are .20072 and .21054 respectively.

The amount of reactivity controlled by the delayed neutrons is .8%, this
being higher than the U,ss figure owing to the fissions in the U,se. The

total change of reactivity following loss of coolant bnfore prompt critical
is reached is, therefore, 1.868%. ¥

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

- 10.42 (f;) (B, - .SB12a, ), (2.2)

where h 1is the height of the core.
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r a factor (1 + =)

so that the ic terms in x/h,

is given by

- [.93‘-’2][.20%1)%

- [.2812][.20072] )

right hand side of

hange due to a given fractional change

The total reactivity change is given by
ps = 304 x/h,

When p = 1.68%, x/h = 5.46 107%, i.e. x = 2.61 cnms.

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

let t be the time the core has fallen the distance X.

* . -
Strictly speaking the core is not collapsing freely under gravity. ToO
achieve a uniform increase in density the top layer of the core musti
travel faster than the lower layers.
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i.e. the reactivity is increasing at

per second.

uenITaN PINNIRTI.TNG
NEULAUVIN DVUWSLLING

We shall now
the core has been heated

If the neutron density

Nig,t) = Riz) n(i)

n(t) satisifes the equation,

n(t) = (Bpt — 8%) wn, (8.1)

8* is the value of the number of secondaries per unit path which will
make the system critical, and qpt is the actual number of prompt
neutrons per unit path. v is the neutron velocity. In this equation we
have neglected the delayed neutrons.

The multiplication rate is given by
;R V(épt "-B*).

It is related to the reactivity by (2.1) i.e.

Oe
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Near to prompt critical we assume the reactivity to vary linearly with
as given by (2.7), and set

Bt

if pt is large.

. - We shall assume that there is a certain neutron source strength in
the reactor. The most dangerous state will arise when the reactor has been
shut down after running at full power, so that the neutron population has
died down but the fission product activity is still high.

let us make some assumptions about n(o). Following Hurwitz (4) e
assume that there is a neutron 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.
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8+ 4 ] S of thi { heat to the rate of heat
production 1

Solving equation (3.4) to determine the time 1, after prompt critical
when this amount of heat has been supplied we have,

}\1 ut-& - Eogclo‘-

The e folding time is approximately 5Ops. The reactivity reachea is
p = TA, =1.2.10™°, or ¢12% over prompt critical.

Suppose that in error by a factor of 10°, i.e. the neutron
population. was 10° ti value which we have assumed, then

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

ut, varies as u& i.e. as x%, it is not very sensitive to the height of

the drop.

*We assume a specific heat of 10 calories/gm atom, and that the boiling point

of uranium is 4000°C.
7.
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t which the ceollapsi

A

{f solid uranium is 6.10°%/°C.

the density

8,107% < a < 12:107%

tile same as i0le uranium.

We shall ‘ ! he canning ma 2 e
the density of the

.
I =1

After the loss o© contraction of the core,

latter is 11.5. Th ipere To at which the core loses its
i

porosity is given by,

+ a[T, - 12

8.107% then
12.107°
assume & mean value of 6,800°C.

The amount of heat per gram necessary to bring the uranium up to a
temperature of 6600°C is 275 calories i.e. 1.1.10*° ergs.

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

let E be the energy supplied per unit mass to the uranium above that
required to bring it up to the temperature T,.

8.
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Then the pressure is given by formula

p o= (y- (4,1)

. -

is the ratio of the specific heats. For the solid is high but
which has expanded to a2 density of 11, a 1 ble value would
g 1is the density of the uranium.

CALCULATION OF THE ENERGY RELEASE

In most calculations of the energy release in an accident until now, it
has been assumed that the entire core expands simultaneously. This assumption
s justified in the limiting cases of either very slow or very fast accidents.
nary thermal expansion of the solid or liquid is

i
I

n the former case the ordi
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
ther hand, pressure is built up simultaneously throughout the reactor, the
ressure gradient is approximately proportional to r(cf.Eq. 5.8) and this
leads to uniform expansion. This case is rezliea, e.g., in the N.D.A.

maximum accident calculations.

In our case, however, the situation is intermediate. Inertial effects
and pressure gradients 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 T, must be
reached in 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 region 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 accummulate somewhat farther out, and there will be a
"pressure wave" travelling outwards (not with the speed of sound).

We consider a spherical model. The neutron flux is assumed to vary as
1 —q r?/b?.in the core, where b is the core redius. The value of g is
calculated to give approximately the variation of flux which occurs in the
actual reactor and is equal to .6. '
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where lyy end
respectively.

If the materi

altered by a factor © then the mean free
paths change by a '

before the expansion stage.

3a, (B - 24) ,

where @, is the original inverse mean free path, and 8 is the number of
secondaries per unit path.

e

Consider the original density N

o (before collapse) which satisfies the
equation:

I"\-
K2 No = O

L]

where K3 = 8a, (B - o).

Ro is the number of secondaries per unit path such that the original system

is just critical, and the change in criticality when the expansion has occurred
is measured by B-8,.
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(5.2) becomes,

d

ar

J r?(K2 - K2) No N dr +

Therefore,

o—B

= — =

{-"G o

where p 1s the reactivity change correspoading %2

~_ We have neglected changes in the neutron density. Tz= Zoezeals <

; . N Z= S
space including the tamper, but u#0 only in the ==ps e

2
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This overestimates the denominator of (5.7), i.e. underestimates p and

- -

overestimates the energy release.

We obtain,

caleculation of u.

differentiation with respect to

using equation (4.1)

Now E = @Q(ret) - Q%

where @* is the 2mount of heat required to bring the uranium up to a
temperature To.

Qlr,t) = Q(t) (1 —q r2/b%)

where @(1) is the heat release per gram at the centre.
12.
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To integrate the

124 1o
eguatlior

jation w su h ) ( we underestimate the acceleration

=1t -
B e dWil L

l1s commencing

equation

let us now discuss how @Q(t) varies with time. The time when the pressure
commences to build up at the centre of the core will be wery nearly equal to
t, (see 8.7). After, this time t, the neutron density will still increase

until the system is brough back to eritical. Q(t) like the neutron density

essentially exponentially as ekt, and A 1is nearly equal to

n 1lncreases
A, at the beginning of the expansion stage. The heat generated after t, at

wil

the centre 1is given by,

From (5.18) and (5.14) we find,

A (to=ty) o 1
eMtbo b/ =
1—qr? /b?

Mlto=ty) = — tn (1 <gF" %)

13.

CONFIDENTIAL

- AR .




the pressure begins to build up at r;.

1bstituting into (5.12)

4 —2

3 ' s I >
Q*{y-1) =7 |9 WS 59 ¢+ |

the numerator of

Substituting into (5.7)

+ .55 q*

2.54 p = -

Q‘(Y—lj q5v5 (“ e a rﬂ
- 2 (5.18)

2 b2A2 _51-) kS
: |

For the system to return to prompt critical the reactivity must change by
—112110_00

Ty

—= 1 iven by,
b s given DYy

2 4
T3

r qr ;
{-biJ" [1 + 1.48 bz‘+ 85" —1 = 2.78.

s = 1.m

b 14.
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e{r,t) - Q% ,

x

@*.q.(ri-r?)

b® (1—qr2/b?)

The total disposable energy W generated up to prompt critical is given by

x

2

of the uranium.

2 q-r?’bs Q’
i —q r2/b?

where M and w are the mass and the energy released per unit mass
respectively.
15.
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ergs/granm

The centre has a disposable energy of E = @* ( -3} ™15 Q% L@,

1.7.10%° ergs/gram and intermediate energy points have less disposable

energy.

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

we obtain

When

dr
i 2]

= 2.10° cms per second.

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 2.10° ems., it would seem that the

method which has been used to evaluate the 2qergy release is correct.

8. SUMMARY OF RESULTS

We have shown that when the core of a fast reactor collapses, the
reactivity might increase at a rate of between 40 and 50 dollars per
second. When enopgh heat has been generated in the system to raise the
uranium to its boiling point, 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 amount by which the system is over
prompt critical is proportional to the fourth root of the drop.

18.
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The energy release per

uyantities by the approximate

-':{l *Jé- }\1abop

(y=1 Ly q?

is a constant.

b

o : 3 ; : : : 5.5 s \@ .
relation is obtained by altering the terms q=°° and (-—) in (5.18)
N1 0

i

and

r S Y r . B
s ) neglecting higher powers of ?? and substituting into

\
\

The term 1 - q ri/b?* } be constant and approximately
1-q.

We made an approximation in ] rating (5.11), the final answer will

the square ro

A, varies as ut ) from 8.5,

$

. 2 ! o de \2
So that the term Ap¥ in (B.1) varies as - Lee. as 1'*(EE)* . Thus the

dependence on the neutron generation time is very weak, T }; and on the rate
of increase of reactivity not very strong (& power). Since the latter varies

e . g s X - - - s r
as vx, the dependence on the height of the drop is XS,

The energy release of .68.10*° 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.
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